
Edited by

Application of 
Nanomaterials 
in Biomedical 
Imaging and 
Cancer Therapy

James C L Chow
Printed Edition of the Special Issue Published in Nanomaterials

www.mdpi.com/journal/nanomaterials



Application of Nanomaterials in
Biomedical Imaging and
Cancer Therapy





Application of Nanomaterials in
Biomedical Imaging and
Cancer Therapy

Editor

James C. L. Chow

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

James C. L. Chow

University Health Network and

University of Toronto

Canada

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Nanomaterials (ISSN 2079-4991) (available at: https://www.mdpi.com/journal/nanomaterials/

special issues/Cancer Therapy Nanomaterials).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-3513-5 (Hbk)

ISBN 978-3-0365-3514-2 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

James C. L. Chow

Special Issue: Application of Nanomaterials in Biomedical Imaging and Cancer Therapy
Reprinted from: Nanomaterials 2022, 12, 726, doi:10.3390/nano12050726 . . . . . . . . . . . . . . 1

Sarkar Siddique and James C. L. Chow

Application of Nanomaterials in Biomedical Imaging and Cancer Therapy
Reprinted from: Nanomaterials 2020, 10, 1700, doi:10.3390/nano10091700 . . . . . . . . . . . . . . 5

Costica Caizer

Computational Study Regarding CoxFe3−xO4 Ferrite Nanoparticles with Tunable Magnetic
Properties in Superparamagnetic Hyperthermia for Effective Alternative Cancer Therapy
Reprinted from: Nanomaterials 2021, 11, 3294, doi:10.3390/nano11123294 . . . . . . . . . . . . . . 45

Mehwish Jabeen and James C. L. Chow

Gold Nanoparticle DNA Damage by Photon Beam in a Magnetic Field: A Monte Carlo Study
Reprinted from: Nanomaterials 2021, 11, 1751, doi:10.3390/nano11071751 . . . . . . . . . . . . . . 65

Yunfeng Yan and Hangwei Ding

pH-Responsive Nanoparticles for Cancer Immunotherapy: A Brief Review
Reprinted from: Nanomaterials 2020, 10, 1613, doi:10.3390/nano10081613 . . . . . . . . . . . . . . 73

Thais P. Pivetta, Caroline E. A. Botteon, Paulo A. Ribeiro, Priscyla D. Marcato and Maria

Raposo

Nanoparticle Systems for Cancer Phototherapy: An Overview
Reprinted from: Nanomaterials 2021, 11, 3132, doi:10.3390/nano11113132 . . . . . . . . . . . . . . 89

Paolo Emidio Costantini, Matteo Di Giosia, Luca Ulfo, Annapaola Petrosino, Roberto

Saporetti, Carmela Fimognari, Pier Paolo Pompa, Alberto Danielli, Eleonora Turrini, Luca

Boselli and Matteo Calvaresi

Spiky Gold Nanoparticles for the Photothermal Eradication of Colon Cancer Cells
Reprinted from: Nanomaterials 2021, 11, 1608, doi:10.3390/nano11061608 . . . . . . . . . . . . . . 127

Yunying Zhao, Zheng He, Qiang Zhang, Jing Wang, Wenying Jia, Long Jin, Linlin Zhao and

Yan Lu

880 nm NIR-Triggered Organic Small Molecular-Based Nanoparticles for Photothermal
Therapy of Tumor
Reprinted from: Nanomaterials 2021, 11, 773, doi:10.3390/nano11030773 . . . . . . . . . . . . . . 143

Oscar Knights, Steven Freear and James R. McLaughlan

Improving Plasmonic Photothermal Therapy of Lung Cancer Cells with Anti-EGFR Targeted
Gold Nanorods
Reprinted from: Nanomaterials 2020, 10, 1307, doi:10.3390/nano10071307 . . . . . . . . . . . . . . 155

Sreekar Babu. Marpu, Brian Leon. Kamras, Nooshin MirzaNasiri, Oussama Elbjeirami,

Denise Perry. Simmons, Zhibing Hu and Mohammad A. Omary

Single-Step Photochemical Formation of Near-Infrared-Absorbing Gold Nanomosaic within
PNIPAm Microgels: Candidates for Photothermal Drug Delivery
Reprinted from: Nanomaterials 2020, 10, 1251, doi:10.3390/nano10071251 . . . . . . . . . . . . . . 169

v



Masfer Alkahtani, Anfal Alfahd, Najla Alsofyani, Anas A. Almuqhim, Hussam Qassem,

Abdullah A. Alshehri, Fahad A. Almughem and Philip Hemmer

Photostable and Small YVO4:Yb,Er Upconversion Nanoparticles in Water
Reprinted from: Nanomaterials 2021, 11, 1535, doi:10.3390/nano11061535 . . . . . . . . . . . . . . 195

Neeraj Prabhakar, Ilya Belevich, Markus Peurla, Xavier Heiligenstein, Huan-Cheng Chang,

Cecilia Sahlgren, Eija Jokitalo and Jessica M. Rosenholm

Cell Volume (3D) Correlative Microscopy Facilitated by Intracellular Fluorescent
Nanodiamonds as Multi-Modal Probes
Reprinted from: Nanomaterials 2021, 11, 14, doi:10.3390/nano11010014 . . . . . . . . . . . . . . . 205

vi



About the Editor

James C. L. Chow is a Medical Physicist working in the Princess Margaret Cancer Centre,

University Health Network, Canada, and an Associate Professor at the Department of Radiation

Oncology, University of Toronto, Canada. He is also a Scientist of the Cancer Clinical Research

Unit in the Princess Margaret Cancer Centre; an Affiliated Scientist of the TECHNA Institute for

the Advancement of Technology for Health, University Health Network, Canada; and a member

of Temerty Centre for Artificial Intelligence Research and Education in Medicine, University of

Toronto, Canada.

As a Clinical Physicist specializing in radiation dosimetry and treatment planning, he uses

the Monte Carlo method to develop a precise and accurate dose-delivery process in radiation

treatment. He is especially interested in the DNA dosimetry and damage of cancer cells in

nanoparticle-enhanced radiotherapy. Moreover, his work includes the use of machine learning

to predict dose–volume variables in radiation treatment plan QA, and generating radiation-beam

segments for a photon-fluence map used in intensity-modulated radiotherapy. Chow has published

over 175 peer-reviewed research papers, 15 book chapters and has delivered over 190 presentations

at national and international conferences. He is a senior member of the Institute of Electrical

and Electronics Engineers in USA, a fellow of the Institute of Physics in the UK, and a fellow of

the Canadian College of Physicists in Medicine in Canada. He is also an editor of international,

peer-reviewed journals such as Biomedical Physics & Engineering Express, Biomedical Engineering

Online, IOP SciNotes, Practical Radiation Oncology and Frontiers in Oncology

vii





Citation: Chow, J.C.L. Special Issue:

Application of Nanomaterials in

Biomedical Imaging and Cancer

Therapy. Nanomaterials 2022, 12, 726.

https://doi.org/10.3390/

nano12050726

Received: 11 February 2022

Accepted: 16 February 2022

Published: 22 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Editorial

Special Issue: Application of Nanomaterials in Biomedical
Imaging and Cancer Therapy

James C. L. Chow 1,2

1 Radiation Medicine Program, Princess Margaret Cancer Centre, University Health Network,
Toronto, ON M5G 1X6, Canada; james.chow@rmp.uhn.ca

2 Department of Radiation Oncology, University of Toronto, Toronto, ON M5T 1P5, Canada

Nanomaterials of different types—namely, inorganic-based, organic-based, carbon-
based, and composite-based ones, with various structures such as nanoparticles, nanofibers,
nanorods, nanoshells, and nanostars, all have demonstrated a wide range of medical
biophysical and chemical properties. Taking advantage of recent advanced synthetic
and drug delivery techniques, nanomaterials become superior candidates for a wide
range of usages, including dose enhancers, contrast agents, and drug delivery vehicles in
biomedical imaging and cancer therapy. To celebrate the rapid application development
of nanomaterials in biomedical imaging and cancer therapy, this Special Issue entitled
“Application of Nanomaterials in Biomedical Imaging and Cancer Therapy” is an innovative
collection of nanomaterial studies on various types of cancer therapy such as hyperthermia,
radiotherapy, immunotherapy, photothermal therapy, and photodynamic therapy, as well
as medical imaging such as high-contrast and deep-tissue imaging, quantum sensing, super-
resolution microscopy, and three-dimensional correlative light and electron microscopy.

This Special Issue begins with a review of nanomaterial applications in biomedi-
cal imaging and cancer therapy [1]. This topical review focuses on the latest studies of
nanotechnology on theranostic applications and explores the role of nanomaterials in
biomedical imaging and cancer therapy. Studying hyperthermia, Caizer carried out a com-
putational study on the magnetic properties of CoxFe3−xO4 ferrite nanoparticles used in
superparamagnetic hyperthermia [2]. Through computational simulations on the Cox

2+ ion
concentration with x = 0 to 1, the efficiency of hyperthermia of tumours can be optimized
to maximum using the CoxFe3−xO4 nanoparticles. Focusing on radiotherapy, Jabeen et al.
performed a Monte Carlo simulation to investigate the DNA dosimetry and damage when
photon beams irradiated a DNA molecule with a gold nanoparticle under a magnetic
field [3]. The simulation results provided significant information regarding dose enhance-
ment at the DNA in gold nanoparticle-enhanced radiotherapy, using magnetic resonance
imaging-guided linear accelerator. Examining immunotherapy, Yan et al. provided a
comprehensive review on the pH-responsive nanoparticles in cancer treatment [4]. The
review investigated the challenges of immunotherapy on inadequate efficacy and toxic side
effects. They concluded that using pH-responsive nanoparticles in immunotherapy could
manage these challenges. This is because the nanoparticles can target tumour tissues and
organelles of antigen-presenting cells, which have an acidic microenvironment.

Pivetta et al. reviewed the nanoparticle systems for photodynamic and photother-
mal therapy [5]. They highlighted the technical developments of drug encapsulation and
surfaces’ functionalization of organic- and inorganic-based nanoparticles to improve the
effectiveness of phototherapy. In photothermal therapy, spiky gold nanoparticles were syn-
thesized by carefully controlling the nanoparticle growth process [6]. These branched gold
nanoparticles demonstrated large absorption in the first near-infrared (NIR) window and
efficient light-to-heat conversion capability under 880 nm lasers. It is, therefore, possible to
use these gold nanoparticles in photothermal therapy for colon cancer. At the same time,
Zhao et al. developed organic molecular-based nanoparticles, which were novel 880 nm
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NIR laser-triggered agents for photothermal therapy of tumour [7]. The in vitro results
showed that these organic-based nanoparticles had superior biocompatibility and photo-
toxicity. Moreover, the nanoparticles exhibited good photothermal stability and conversion
efficiency. To treat lung cancer using photothermal therapy, plasmonic gold nanorods were
developed and functionalized with anti-EGFR antibodies [8]. The performance of nanorods
was tested by the pulsed lasers and continuous-wave lasers based on lung cancer cells
(A549). The in vitro results demonstrated that the combination of pulse wave laser illumi-
nation of nanorods could produce about a 93% reduction in cell viability, compared with
control exposures. In studying drug delivery, Marpu et al. proposed a one-step method for
the photochemical formation of NIR-absorbing gold nanomosaic using thermoresponsive
poly(N-isopropylacrylamide) microgels [9]. This nanomosaic was generated based on
photochemical reduction of a gold precursor, without reducing agent or growth-assisting
surfactants. In a drug release model, photothermal shrinkage in microgels was shown by
the release of a model luminescent dye.

For biomedical imaging, a silica coating method was reported for upconversion
nanoparticles that did not agglomerate post-annealing [10]. These photostable, YVO4:Yb,Er
nanoparticles produced bright visible emission reacting to NIR light and had potential in
many imaging applications such as quantum sensing, super-resolution microscopy, and
deep-tissue imaging. Furthermore, Prabhakar et al. proposed a method for executing three-
dimensional correlative light and electron microscopy using fluorescent nanodiamonds
as multimodal probes [11]. Nanodiamonds are fluorescent, nanosized, and electron-dense
materials, which are biocompatible and easily identified in living cell fluorescence imaging
and serial block-face scanning electron microscopy.

This Special Issue covered a wide spectrum of most recent nanomaterial applications in
biomedical imaging and cancer therapy. The results and findings in this issue are expected
to be useful for researchers who are working in medical nanotechnology. Finally, I would
like to express my heartfelt gratitude to all authors who contributed their innovative
research to this Special Issue.

Funding: This research received no external funding.

Acknowledgments: I would like to thank all authors and reviewers who have contributed to this
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Abstract: Nanomaterials, such as nanoparticles, nanorods, nanosphere, nanoshells, and nanostars, are
very commonly used in biomedical imaging and cancer therapy. They make excellent drug carriers,
imaging contrast agents, photothermal agents, photoacoustic agents, and radiation dose enhancers,
among other applications. Recent advances in nanotechnology have led to the use of nanomaterials
in many areas of functional imaging, cancer therapy, and synergistic combinational platforms.
This review will systematically explore various applications of nanomaterials in biomedical imaging
and cancer therapy. The medical imaging modalities include magnetic resonance imaging, computed
tomography, positron emission tomography, single photon emission computerized tomography,
optical imaging, ultrasound, and photoacoustic imaging. Various cancer therapeutic methods
will also be included, including photothermal therapy, photodynamic therapy, chemotherapy,
and immunotherapy. This review also covers theranostics, which use the same agent in diagnosis
and therapy. This includes recent advances in multimodality imaging, image-guided therapy,
and combination therapy. We found that the continuous advances of synthesis and design of novel
nanomaterials will enhance the future development of medical imaging and cancer therapy. However,
more resources should be available to examine side effects and cell toxicity when using nanomaterials
in humans.

Keywords: nanoparticles; application; biomedical imaging; cancer therapy

1. Introduction

In the past 10 years, there have been advances in nanomaterials, such as the development of
hundreds of nanoparticles (NPs)-based probes for molecular imaging. The use of NPs has enhanced
almost all major imaging techniques, particularly magnetic resonance imaging (MRI), positron emission
tomography (PET), and optical imaging. Some of the important milestones are the use of iron oxide
NPs in T1 weighted and/or T2 weighted MRI, the design of radioisotope chelator free (use of radioactive
metals that form a stable interaction directly with the surface or core of the NP) particles for PET,
and the development of fluorescent NPs such as carbon dots and upconverting NPs [1]. On the other
hand, novel types of optical nanoprobes, such as persistent luminescence nanoparticles (PLNPs), are
being developed to take advantage of long lasting near-infrared (NIR) luminescence capability [2].
This allows optical imaging without constant excitation and autofluorescence [3].

The latest research and advancement in nanotechnology lead to the development of various NPs
for diagnostic and therapeutic applications. Even though clinically, the number of usages of NPs
is limited by the complex demands on their pharmacokinetic properties, nanodiagnostics improve
the understanding of important physiological principles of various diseases and treatments. On the
other hand, NPs are widely used in the clinic for therapeutic purposes. Therapeutic NPs improve the

Nanomaterials 2020, 10, 1700; doi:10.3390/nano10091700 www.mdpi.com/journal/nanomaterials5
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accumulation and release of pharmacologically active agents at the pathological site, which overall,
increases therapeutic efficacy and reduces the incidence and intensity of the side effects. NPs hold great
promise for integrating diagnostic and therapeutic agents into a single NP for theranostic purposes.
A good example would be monitoring biodistribution and target site accumulation, quantifying and
visualizing drug release, and longitudinally assessing therapeutic efficacy. Theranostic NPs can be
used for personalized nanomedicine-based therapies [4]. Nanoparticles’ intrinsic unique magnetic or
optical properties make their application ideal for various imaging modalities. Nanoparticles make
excellent contrast agents due to their high sensitivity, small size, and composition. Nanoparticles are
often conjugated with suitable targeting ligands on the surface of the particles. Multifunctional NPs
can be developed by incorporating various functional materials, and this enables multimodal imaging
and therapy simultaneously, also known as theranostics [5].

Although each of the imaging and therapy modalities has improved significantly over the past
few years, there are caveats in nanomaterial application that are impeding its application. For example,
no single molecular imaging modality can offer all the required data fully characterizing the properties of
an administered agent. Each imaging modality has a major shortcoming, such as MRI has high-resolution
but low sensitivity, optical techniques have limited tissue penetration, and radioisotope imaging
techniques have relatively poor resolution but high sensitivity. Combining multiple imaging techniques
can enable these applications to complement one another, and a multimodal imaging agent becomes
the key to enhancing those imaging systems [6].

This review analyzed the different roles of nanomaterials, such as contrast agent and dose enhancer,
in biomedical imaging and cancer therapy. Moreover, the review discussed the underlying mechanisms
of nanomaterials including physical, chemical, and biological mechanisms. Some new applications of
nanomaterials as theranostic agents are explored. Through a thorough understanding of the recent
advances in nanomaterial application in biomedical imaging and cancer therapy, we identified new
directions for the optimization and clinical transformation of nanomaterials.

2. Medical Imaging

Medical imaging has improved significantly in recent decades and allows us to precisely obtain
anatomical information via different modalities. Nanoparticles play a significant part in medical
imaging, as discussed below:

2.1. Magnetic Resonance Imaging

Magnetic resonance imaging is a noninvasive imaging technique that can provide multiparametric
and comprehensive information [7]. In 1980s, magnetic resonance imaging was introduced, and it
revolutionized modern medical imaging technology. It quickly became one of the best paraclinical
diagnostic and monitoring tools available [8]. In 2015, an estimate of 17 million MRI examinations
were performed in the United States with the use of contrast agents. The contrast agent enhances the
image and plays an important role in MRI. An ideal contrast agent should be injected and eliminated
from the body without any adverse effects; however, many of the current contrast agents show side
effects such as allergic reactions, nephrotoxicity, gadolinium deposition, and physiologic reactions [9].
Recent advances in NPs show their potential to be used as a contrast agent in MRI and minimize many
of the side effects.

2.1.1. Gadolinium (Gd)

Gadolinium-based contrast agents have been used for diagnostic MRI for the last 30 years and
have continued to be studied for more functional and improved applications. Recent advances in Gd
show that when it is exposed to Zn+2 ions, they have increased r1 relaxivity [10]. This characteristic has
multiple advantages in various applications. Since Zn+2 ions are important in the biological process
involving enzyme catalyst reaction, they can be used as a biomarker for insulin secretion in β-cells.
The prostate contains a high volume of Zn+2, which can be used to enhance the image contrast in MRI.

6
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Collagen is dysregulated in the diseased cell or cancer cells, and excess production of collagen is seen
in common liver conditions such as alcohol and/or drug abuse. Magnetic resonance imaging can be
used to detect excess collagen with Gd NPs-based contrast agents. With increased r1 relaxivity, Gd can
covalently attach to a larger molecule, which does not involve water exchange. Multiple Gd can be
attached to a target molecule, along with enhanced permeation and retention effects, which increases
MRI contrast significantly [11]. Gadolinium can also be used as a contrast agent and carrier for IL-13
liposome to bypass the blood–brain barrier and use the interleukin-13 receptor as a targeting moiety in
the detection of glioma [12].

Dendrimers have great potential in nanomedical imaging and MRI applications. They have very
adventitious properties such as their rigidity, low polydispersity, and ease of surface modification.
Some applications of dendrimers in MRI are cell tracking, lymph node imaging, blood pool imaging,
and tumour-targeted theranostic. Gadolinium is a paramagnetic agent with one of the highest
relaxivities due to the high rotational correlation time of the large dendrimer molecules. The relaxivity
per Gd (III) ion of the dendrimer is enhanced up to six-fold compared to that of a single Gd (III)
chelate. Dendrimer-based Gd contrast agents provide excellent contrast on 3D time of flight MR
angiograms. Target-specific bindings of Gd dendrimer can significantly enhance cellular uptake, for
example, a cyclic peptide specifically binds to fibrin fibronectin in conjugation with the Gd dendrimer.
In one study, Arg-Gly-Asp-Phe-Lys (mpa)(RGD) peptide complex was used as a targeting moiety in
combination with a multimodal Gd dendrimer contrast agent and gold nanoparticles (Au NPs) as
carriers. It was able to visualize alpha V beta 3-integrin overexpressing tumour cells on both computed
tomography (CT) and MRI. Targeted dendrimers can also be used as a therapeutic agent. In neutron
capture therapy, dendrimers are irradiated with an external neutron beam; then, the dendrimer-bound
Gd generates auger electrons that are highly cytotoxic to tumour cells. This method requires a high
accumulation of Gd in the target cell and has been tested on SHIN3 ovarian carcinomas. Recently,
Gd-based dendrimers have been even further optimized and provided us with Gd-17, which is
based on a poly-L-Lysine dendrimer scaffold, glycodendrimers, and self-assembled dendritic-like
NPs. In one study, a manganese-chelating hexametric dendrimer containing six tyrosine-derived
[Mn(EDTA)(H2O)](-2) moieties exhibited relaxivities ranging from 8.2 to 3.8 nM−1 s−1 under 0.47 to
11.7 T, which was six-fold higher on a per molecule basis compared to a single moiety. This study also
showed in a targeted manganese dendrimer, when conjugated with antibody-specific malondialdehyde
lysine epitopes, observed enhancement larger than 60% compared to the untargeted counterpart.
Along with MRI, manganese dendrimer can also be used as a dual-mode agent for CT-MRI [13].
Another study showed gadolinium oxide with diethylene glycol polymer and magneto liposome NPs
in Hepa 1–6 cell lines could be used as a positive MRI contrast agent and marker for cell tracking [14].
Gadolinium chelates have been used in clinical use for a long time and were primarily considered safe.
However, recent studies showed an association between a clinically approved Gd-based contrast agent
and the development of nephrogenic systemic fibrosis [15]. A few other studies showed a Gd-based
contrast agent can potentially result in Gd deposition in human bone and brain tissue, even in the
presence of normal renal function [16,17].

2.1.2. Super Paramagnetic Iron Oxide Nano Particles (SPIONs)

Magnetic resonance imaging contrast agents are classified as either T1 (positive) or T2 (negative).
Radiologists primarily prefer the T1 positive contrast due to the ease of distinguishability of internal
bleeding and air tissue boundaries. Gadolinium-based contrast agents are T1 contrast agents, and even
though they provide good image enhancement, they have a small risk of adverse side effects.
Superparamagnetic iron oxide nanoparticles are a good alternative to Gd. They have a hydrodynamic
diameter ranging from 1 to 100 nm. In general, large SPIONs function as T2 contrast agents, whereas
small SPIONs function as T1 [18]. Superparamagnetic iron oxide nanoparticles are particles formed by
small crystals of iron oxide, and the coating can be made of organic compounds. Three different types
of iron oxide may make up the SPIONs core: hematite (α-Fe2O3), magnetite (Fe3O4), and maghemite
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(γ-Fe2O3). Superparamagnetic iron oxide nanoparticles can be conjugated to a variety of particles,
such as antibodies, and can also be used as a drug carrier in cancer therapy [19]. A study was
conducted to observe the efficiency and viability of SPIONs’ tracking ability of stem cells. In one study,
FereTRack Direct, a SPION was used in various stem cells. Magnetic resonance imaging was used
to monitor the homing-labelled stem cell and cytotoxicity was observed. The study results showed
that it was effective at tracking the stem cells in glioma-bearing mice [20]. Clinical translation was
greatly increased with the improvement in the delivery system and the ability to track and monitor
injected cells. Superparamagnetic iron oxide nanoparticles can be used to label cells and can easily be
monitored using MRI [21]. Clustering SPIONs into a raspberry shape within a polymeric envelope
outputs a vastly superior image contrast. A study was conducted to observe the effect of increased
transverse relaxivity in ultra-small superparamagnetic iron oxide NPs used in MRI contrast agents.
Spherical magnetic iron oxide NPs with 12 ± 2 nm size exhibited having superior T2 relaxation rate and
high relaxivities. Due to strong relaxation properties of the NPs before and after NP administration,
MRI analysis shows the clear distinguished signal intensity of specific organ imaging, tumour imaging,
and whole-body imaging [22]. Superparamagnetic iron oxide nanoparticles have gained considerable
attention as a T2 contrast agent due to their unique magnetic properties. However, several SPIONs
have recently been discontinued due to a variety of reasons, such as poor contrast enhancement
when compared with Gd-based contrast agents. Gadolinium-based contrast agents still need to be
investigated thoroughly due to toxicity concerns [23].

Molecular imaging combines multidisciplinary knowledge and expertise from several disciplines
such as medical physics, imaging technology, molecular biology, bioinformatics, and mathematics.
Molecular imaging allows the study of biochemical processes of disease without disturbing the integrity
of the living subject (noninvasive imaging). Magnetic resonance imaging is well-suited to molecular
imaging due to its inherent noninvasive properties and excellent spatial resolution. Inflammation
is a process that prepares the ground for tissue healing. Due to the involvement of inflammation
in the pathogenesis of various human conditions including infection, ischemia, atherosclerosis,
and formation of tumour metastasis, monitoring the inflammatory process is clinically important.
Misdirected leukocytes may damage healthy tissue by inducing inflammation, where molecular
methods and markers can monitor such processes. Target inflammatory cells can be tagged with
SPIONs through the internalization of the NPs. Superparamagnetic iron oxide nanoparticles-tagged
macrophages can invade tissues through inflammatory processes. In one study, this method was tested
on a model of inflammation in the central nervous system. Upon internalization of SPIONs, microglial
cells were detected by MRI. In tumour targeting and imaging, macromolecular antibodies with cancer
cell surface receptors are the most favoured targeting moieties for the functionalization of NPs due
to their high specificity. A well-known tumour target, human epidermal growth factor receptor
2 (Her-2/neu receptor), was attached to poly (amino acid)-coated NPs, where approximately eight
Her-2/neu antibodies attached per particle. T2 weighted MRI confirmed that the functionalized NPs
could specifically target the Her-2/neu receptors on the cell surface. Drawbacks to antibody-targeted
NPs are their large hydrodynamic size and poor diffusion through biological barriers. Nanoparticles
functionalized with single-chain antibody fragments (scFvs) can help to solve that problem, since
they are smaller in size and can more easily cross the biological membrane. In the case of breast
cancer, more than half of human breast cancers express receptors for luteinizing hormone-releasing
hormone (LHRH). Nanoparticles functionalized with LHRH can selectively accumulate in primary
tumour cells and metastatic cells. Some of the tumour cells overexpress transferrin receptors (TfRs),
so Tf-SPIONs can be used for specific labelling and detection of gliosarcoma and breast carcinoma.
Folate receptors are generally overexpressed in cancerous tissues. Folate molecules as a targeting
ligand can be grafted on SPIONs with different coatings such as PEG, Dextran, and 2-carboxyethyl
phosphoric acid target-specific binding [24].
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2.1.3. Carbon

Carbon-13 (13C)

Carbon-13 (13C) MRI is a very useful metabolic imaging technique because carbon is the backbone
for all organic molecules. It can observe a wide range of biological processes relevant to human disease.
The MRI signal of carbon-13 is very low due to its natural abundance (1.1%). However, hyperpolarization
of 13C increases the signal significantly (more than 10,000-fold) and allows nonradioactive, real-time,
safe, and pathway-specific investigation of dynamic metabolism and physiologic processes, which were
previously not possible in imaging. The most used hyperpolarized carbon probe is [1-13C] pyruvate.
Its polarization reached up to 50% polarization level in current clinical polarizers and it has a long T1

relaxation (approximately 67 sec in solution at 3.0 T). Pyruvate has been used to study metabolism
in a variety of diseases such as ischemia inflammation and cancer. Pyruvate is also useful for
monitoring early anticancer therapies and study energy metabolism involving cardiovascular disease.
It can also be used to investigate metabolic changes related to hypoxia and oxidative stress [25].
Pyruvate can be used as a tool to predict cancer progression, characterize cancer biology, and be
used as a biological marker [26]. The Warburg effect is where cancer cells exhibit elevated levels of
glycolysis and lactic acid fermentation. Hyperpolarized pyruvate can be used to quantify the flux.
Lactate dehydrogenase-mediated conversion of pyruvate to lactate is elevated in malignant cells as a
result of the Warburg effect. The high concentration of glutathione, which correlates to the increased
reduction in 1-13C dehydroascorbate to 1-13C vitamin C, can be associated with malignancy, and can
be used as a detection tool [27]. A NP-based pyruvate biosensor was developed that can detect total
pyruvate level in sera [28].

Nanodiamonds

Nanodiamond is a nontoxic substrate that can be used for drug delivery and cellular tracking
(fluorescent marker). The Overhauser effect is a proton–electron polarization transfer technique that
can enable high contrast MRI of nanodiamond in water at room temperature and in an ultra-low
magnetic field. Magnetic resonance imaging cannot efficiently detect nanodiamond directly due to
low abundance and the small gyromagnetic ratio of spin 1

2
13C nuclei, which compromise the carbon

lattice. At ultra-low magnetic field, efficient Overhauser polarization transfer between electronic and
nuclear spins in a compatible radiofrequency is possible. Radiofrequency pulsing of the electron
paramagnetic resonance transition between MRI signals continually transfers spin polarization from the
paramagnetic centers at the surface of nanodiamond to 1H nuclei in the surrounding water. Therefore,
the presence of nanodiamond in water produces an enhancement in the 1H MRI signal, which can
produce images with contrast sensitivity to nanodiamond concentrations [29].

Carbon Nanotubes

Carbon nanotubes can be synthesized single-walled or multiwalled commercially and have
diameters in the nm range and length in the μm range. Since carbon nanotubes can easily be
internalized by living cells, they are expected to have a wide range of applications in biomedicine
such as imaging and therapy. However, carbon nanotubes are insoluble in most solvents. Therefore,
noncovalent coating of amphiphilic molecules or functionalization of various chemical groups on
the nanotube surface are carried out to make the nanotubes soluble in biologically compatible
buffers. The unique electromagnetic property of carbon nanotubes makes them highly sensitive
in various imaging modalities such as photoacoustic molecular imaging and NIR imaging [30].
Photoacoustic imaging allows higher resolution and deeper imaging depth than optical imaging. It is
found that a single-walled carbon nanotube conjugated with cyclic ArgGly-Asp (RGD) peptides can
be used as an effective contrast agent for tumours. A preclinical study showed that eight times the
photoacoustic signal in the tumour could be acquired with mice injected with targeted nanotubes
compared to mice with nontargeted nanotubes [31]. For NIR imaging, another preclinical study
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showed that single-walled carbon nanotubes with sodium cholate could be used as in vivo imaging
agents to produce high-resolution imaging with deep tissue penetration and low autofluorescence in
the NIR region beyond 1 μm [32].

Graphene

Graphene is a single layer of carbon atoms arranged in a 2D honeycomb lattice. Due to its excellent
physicochemical, surface engineering, and biological properties such as small hydrodynamic size,
low toxicity, and biocompatibility, graphene-based nanomaterials, namely, graphene–dye conjugates,
graphene–antibody conjugates, graphene–NP composites, and graphene quantum dots can act
as an in vitro and in vivo imaging agent for molecular imaging [33]. In an in vitro and in vivo
study, carboxylated photoluminescent graphene nanodots were synthesized for photoluminescent
experiments. It was found that the nanodots could enhance the visualization of tumour in mice and
therefore, was proved to be an effective optical imaging agent for detecting cancer in deep tissue
noninvasively [34].

2.1.4. Manganese (Mn)

Manganese-based contrast agents have good biocompatibility and ideal characteristics for MRI,
such as the short circulation time of Mn(II) ion chelate in the T1 weighted image. Manganese oxide NPs
have negligible toxicity and good T1 weighted contrast effects. If manganese oxide NPs are retained
by the reticuloendothelial system and stored up in the liver and spleen, it will lead to Mn2+ induced
toxicity. Pegylated bis-phosphonate dendrons are attached to the surface of the manganese oxide
NPs, which can solve the problem. This improves colloidal stability, excretion ability, and relaxation
performance. Manganese oxide NPs with a hydrodynamic diameter of 13.4 ± 1.6 nm will eventually
be discharged through the hepatobiliary pathway as feces or urinary excretion. Polyethylene glycol
coating also has a high potential to reduce toxicity with manganese oxide NPs [35].

2.1.5. Silicon (29Si)

Hyperpolarized silicon particles can be used in MRI applications. Large silicon particles with
an average size of 2.2 μm generally have larger polarization than NPs. However, a recent study
showed that a much smaller silicon-29 particle (APS = 55 ± 12 nm) can be hyperpolarized. For MRI
application, a silicon-based contrast agent can be produced by incorporating transition metal ions
into a particle’s body. This contrast agent shortens the nuclear spin-lattice relaxation time (T1) of
the protons of nearby tissues, and ultimately, amplifies the signal in T1 weighted proton imaging.
Direct detection of the silicon signal is not possible due to its low sensitivity of 29 Si nuclei, which leads
to long acquisition times. However, this limitation can be solved via hyperpolarization. Utilizing this
technique, the imaging window span lasts around 60–120 s, which allows rapid enzymatic reactions
and anaerobic metabolism to be studied and further be used to characterize the pathology of the tissue.
One of the advantages of using a silicon-based contrast agent is its versatility of surface chemistry;
the attachment of functional organic molecules on the surface of the particles does not significantly
reduce any of the desired nuclear magnetic resonance properties [36].

2.1.6. Peptide

Atherosclerosis contributes to cardiovascular disease and is the leading cause of morbidity and
mortality in the United States. Atherosclerosis is characterized as a chronic and inflammatory disease.
Early detection of unstable plaques improves treatment success rate significantly. Magnetic resonance
imaging is an important imaging modality for cases such as this, due to its ability to image and
characterize the blood vessel wall and plaque in a noninvasive manner and without any ionizing
radiation. Peptide-based NPs are useful for enhancing MRI images due to their biodegradable
properties and inherent biocompatibility. Super molecular peptide amphiphile micelles can be
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used to target unstable atherosclerotic plaques displaying microthrombi. The peptide amphiphile
micelles can be functionalized using two types of amphiphilic molecules containing Gd chelator.
This target-specific NP compound enhances the image and detection probability. It can be used in dual
optical imaging-MRI [37].

2.2. Computed Tomography

Computed tomography works by making use of an x-ray source and a detector array to form
images. It has been widely used in clinical imaging for a long time and can produce an image with
high spatial and temporal resolution. It can provide 3D anatomical information of specific tissues
and organs such as the cardiovascular track, gastrointestinal track, liver, and lung noninvasively.
One drawback to CT is that it lacks sensitivity toward contrast agents, where other modalities such as
MRI shine. However, there are still few promising contrast agents available for CT [38].

2.2.1. Gold Nanoparticles

Gold nanoparticles have unique x-ray attenuation properties and easy surface modification.
Au NPs can be functionalized with glucosamine to be an effective contrast agent [39]. Gold nanoparticles
have a high x-ray absorption coefficient and can specifically image tumours using CT with an enhanced
permeability and retention effect (EPR). In a breast cancer experiment, Au NPs were conjugated with
PEG chains and tumour biomarkers (human epidermal growth factor 2). They were able to provide
an enhanced image in CT due to their specific targeting ability [40]. A mesenchymal stem cell is a
type of adult stem cell that has high potential in cellular-based regenerative therapy and is able to
treat various medical conditions such as autoimmune, neurodegenerative, and cardiovascular disease.
They can also be used to repair cartilage and bones. Their most adventitious property is being able to
migrate into different tissue, and monitoring this migration is very beneficial for studying metastases.
A study was done to observe such migration of mesenchymal cells using Au NPs as a marker, and a
micro CT was used to obtain movement information from the Au NP marker [41]. The study observed
the comparison between porous and solid Au NPs as a contrast agent and their effect on the liver
and kidney. Porous Au NPs show brighter contrast of 45 HU, where solid AuNPs show almost half
less (26 HU). Computed tomography scans of porous Au NPs show significantly enhanced contrast
as compared to solid Au NPs [42]. A new approach to Au NP-based contrast agents for CT was
developed, where they encapsulated biodegradable poly-di (carboxylatophenoxy) phosphazene into
gold nanospheres. They can function as a contrast agent, then, subsequently break down into harmless
by-products, and the Au NPs can be released through excretion. The CT image shows that these
contrast agents can enhance the image significantly and produce a strong contrast image [43].

2.2.2. Iodine (131I)

Iodine-based polymer iodine NP contrast agents were introduced for high vascular contrast and
tumour loading. They have low cost and their organic structure provides biodegradation and clearance
compared to many metal NPs. They are also very small (~20 nm) in size, which provides better
tumour penetration compared to larger NPs. The contrast agents have long blood half-life (40 h) that
provides better tumour uptake and clearance from the liver when compared to Au NPs. The agents
also efficiently accumulate in tumours and provide high contrast vascular tumour imaging [44]. In the
imaging of thyroid diseases and radionuclide therapy, iodine has been routinely used due to its high
affinity for thyroid and relatively long half-life (8.01 days). It also has other adventitious properties,
such as gamma emission that can be used for SPECT imaging and beta minus decay, which can be
used for therapeutic purposes. Iodine-labelled glioma targeting ligands such as chlorotoxin have high
potential in targeted SPECT imaging and radionuclide therapy of glioma. A study was carried out
to functionalize polyethylenimine (PEI)-entrapped Au NPs, which were PEGylated and combined
with targeting peptide BmK, and used in CT for targeted CT/SPECT imaging and radionuclide
therapy of glioma [45]. The regional lymph node is one of the most frequent sites of early carcinoma
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metastasis. There was a study to develop a sentinel lymph node tracer consisting of iodine and
docetaxel. The results of the study showed that it can simultaneously perform sentinel lymph node
CT and locoregional chemotherapy of the draining lymphatic system [46]. In functional imaging of
tumours, simultaneous imaging of multiple contrast agents is useful due to simultaneous visualization
of multiple targets that allow observation of cancer progression and its development. Iodine and Gd
have a previous record of clinical use as image enhancing agents. A study was carried out to see the
viability of them to be used as contrast agents in both dual-energy micro CT with energy integrating
detectors and photon-counting detector-based spectral micro CT. The experimental results showed
that the contrast agents provided enhanced images. The photon-counting detector provided a lower
background signal, a better simultaneous visualization of tumour vasculature, and an intratumoural
distribution pattern of NPs compared to dual-energy micro CT with energy integrating detectors [47].

2.2.3. Bismuth

In a study, a hybrid cluster was synthesized using PEG 2000-DSPE. It contained hydrophobic
bismuth (Bi2S3) NPs and quantum dots, and could be used as a contrast enhancer for combined
CT/fluorescence imaging. The cluster produced contrast enhancement in CT imaging of the liver and
spleen after 30 min and lasted for more than 4 h. The experimental results showed that the probe had
good biocompatibility and did not disrupt normal organ function [48].

2.3. Positron Emission Tomography

Positron emission tomography (PET) is a nuclear medicine imaging technique. It uses radiotracers
to produce images of radionuclide distribution. These tracers can provide information on biological
pathways via a noninvasive method [49].

2.3.1. Gold Nanoparticles

Gold nanoparticles are commonly used in PET. Visualization of dendritic cell migration is
possible with the recent development in highly sensitive, biocompatible, and stable imaging
agents. Tracking dendritic cell migration is important in dendritic-based immunotherapy.
Novel radioiodine-124-labelled tannic acid gold core–shell NPs were introduced for dendritic cell
labelling and tracking using PET imaging. This nanoplatform had good labelling efficiency, high
radiosensitivity, and excellent chemical stability. It also had a negligible effect on cell biological function,
including phenotype marker expression and proliferation. The experimental results showed they were
successful at tracking dendritic cell migration [50]. For early evaluation of photothermal therapy (PTT),
a study combined 18F—FDG PET with CT, and diffusion weighted images in tumour-bearing mice
using silica gold nanoshells. The NP-treated mice exhibited inhibited tumour growth compared to
control mice. Changes in 18F—FDG uptake and apparent diffusion coefficient correlates with tumour
survival and it can be used for early evaluation of PTT [51]. For brain tumours, a new 124I-labelled gold
nanostar probe using PET was introduced. The experimental results showed that it can potentially
reach sub-mm intracranial brain tumour detection, which is superior to any available noninvasive
imaging modality [52]. Another study focused on the PEGylated crushed gold shell- radioactive
124I-labelled gold core nanoballs for in vivo imaging application with PET. It has high stability and
sensitivity in various pH solutions. Positron emission tomography in combination with Cerenkov
luminescent imaging showed tumour lesions at 1 h after an injection of NPs and signals remained
visible in tumour lesions up to 24 h [53].

2.3.2. Copper (64Cu)

Copper sulfide (CuS) NPs have noncomplex chemistry, low toxicity, and small particle size,
which makes them an ideal imaging agent. Radioactive [64Cu]CuS NPs can be used as a radiotracer for
PET and photothermal ablation therapy using near infra-red NIR laser irradiation. When [64Cu]CuS
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NPs are conjugated to RGDfK peptide through PEG linkers, they have targeting ability and significantly
higher tumour uptake (8.4 ± 1.4% injected dose/tissue). They can be used as an enhancing PET imaging
contrast agent and also be used for theranostic application [54]. A study conjugated natriuretic peptide
receptor-binding peptide (targeting entity) with a C-type atrial natriuretic factor was conducted to
produce comb 64Cu-CANF NPs. The study showed improved biodistribution profiles and significantly
reduced accumulation in both the liver and spleen compared to the control. The study results also
demonstrated the potential for it to be a PET imaging agent to detect atherosclerosis progression [55].
For quantitative PET imaging macrophages in tumours, pharmacokinetically optimized 64Cu-labelled
polyglucose NPs (Macrin) were developed [56]. Single chain antibodies have high antigen specificity
and affinity, modular structure, and fast urinary clearance, which makes them ideal to be used
as targeting ligands. An antiprostate membrane antigen, scFv, has site-specific cysteine and was
evaluated in the prostate cancer xenograft model by Cu-64 PET imaging. scFv-cys was conjugated
to copolymer distearoyl phosphatidyl ethanolamine monomethoxy polyethylene glycol-maleimide
that spontaneously assemble into homogeneous multivalent lipid NPs, which enhances tumour
accumulation. It exhibited a 2-fold increase in tumour uptake compared to scFv alone. The antiprostate
membrane antigen scFv lipid NPs exhibited a 1.6-fold increase in tumour targeting over the nontargeted
lipid NPs. This shows its potential to be used in PET as an image enhancer [57].

2.3.3. Other Nanoparticles

Abundant inflammatory macrophages destructing tissue leads to atherosclerosis, myocardial
infarction, and heart failure. Monitoring macrophages in patients can be useful for avoiding or early
treating many of these diseases. 18F-Macroflor modified polyglucose NPs have high avidity for
macrophages. They have a small size and can excrete renally. Macroflor enriches cardiac and plaque
macrophages and they increase the PET signal [58]. A nanoplatform of farnesylthiosalicylate-based
copolymer consisting of a poly (oligo (ethylene glycol) methacrylate) hydrophilic block, a poly
hydrophobic block, and a poly (4-vinyl benzyl azide) middle block was introduced. The in vivo and
vitro nanoplatform inhibits tumour growth and can also serve as a carrier for paclitaxel. It also provides
an active azide group for incorporating a PET imaging modality via a facile strategy based on metal-free
click chemistry. Its compatible properties allow it to be used for PET image-guided drug delivery [59].
The pH-sensitive pharmaceutical-grade carboxymethylcellulose-based NPs were introduced for white
blood cells to be used in PET imaging. 68Ga3+ was used for labelling, which provides greater spatial
resolution and patient convenience for PET over SPECT [60]. Polyphenol and poloxamer self-assembled
supramolecular NPs have multiple hydrogen bonding between tannic acid and Pluronic F-127 in
combination with hydrophobic reactions of poly (propylene oxide) chains, which can be applied in NIRF
and PET imaging. Their excess phenolic hydroxyl groups chelating positron-emitting radionuclide 89Zr
function as PET contrast agents. They have good biocompatibility in various cell lines, and in vitro, they
do not induce hemolysis [61]. Cerium oxide NPs have unique surface chemistry. Cerium oxide NPs
coated with 89Zr, a clinical PET isotope, for PET imaging and in vivo biodistribution were synthesized
and showed great potential to be used in PET imaging [62].

2.4. Single Photon Emission Computerized Tomography

Single photon emission computerized tomography is a nuclear imaging technique that uses
gamma rays to assess biochemical changes and the level of the molecular target within a living subject.
For the past few decades, SPECT has been the nuclear imaging technique thanks to 99mTc [63].

2.4.1. Gold Nanoparticles

Gold nanoparticles have high potential in SPECT imaging and can be used as a contrast
agent [64]. A study showed an alternative method for functionalizing Au NPs with mannose.
Technetium (99mTc)-radiolabelled Au NPs functionalized with mannose can track and accumulate in
lymph nodes. It can be used as a SPECT contrast agent for lymphatic mapping [65].
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2.4.2. Technetium (99mTc)

For the diagnosis of metastases in early-stage cervical cancer patients, a study was carried out to
evaluate the accuracy of 99mTc SPECT/MRI fusion for selective assessment of nonenlarged sentinel
lymph nodes (SLN). The fused datasets of the SPECT and MR images can be used to identify SLN
on the MRI with an accurate correlation to the histologic result of each SLN. The results of the study
showed that the size and absence of sharp demarcation can be used to noninvasively assess the
presence of metastasis in cervical cancer patients without enlarged lymph nodes [66]. 99mTc can
be used as a targeting agent in SPECT for mapping SLN. 99mTc in conjunction with SPECT-MRI
has been used for SLN mapping in preoperative assessment of SLN metastases in the early-stage
cervical cancer in women [67]. Single photon emission computerized tomography following 2D planer
lymphoscintigraphy in conjunction with 99mTc NP can be used for dynamic sentinel lymph node biopsy
in penile cancer patients. Single photon emission computerized tomography and 99mTc improved the
rate of detection of true tracer acid lymph nodes and delineated their precise anatomic localization
in drainage basins [68]. With the help of 99mTc nanocolloid tracer, lymph drainage mapping with
SPECT/CT can be used to select patients with minimal risk of contralateral nodal failure for unilateral
elective nodal irradiation in head-and-neck squamous cell carcinoma patients [69]. Sentinel lymph
node biopsy after intertumoural injection of 99mTc-labelled nanocolloid with imaging of scintigraphy
and SPECT/CT in renal tumours is feasible. However, the nondetection rate is high [70].

2.5. Optical Imaging

Noninvasive optical imaging can visualize various classes of structures involved in autophagy
at macroscopic and microscopic dynamic levels. Optical imaging is involved in fluorescence,
chemiluminescence, and Raman imaging, which can obtain noninvasive 2D or multidimensional image
data at both the macro and micro scale. Fluorescence imaging provides intuitive results, is less time
consuming, and can more easily be interpreted than other methods. That is why it is widely preferred
by researchers and is used in biomedical imaging application [71].

2.5.1. Fluorescence

In biological study, fluorescent NPs are generally used to localize molecule or highlight processes
in living organisms or cell culture. For fluorescence imaging, the excitation and absorption wavelengths
should be in the NIR optical window to allow good signal detection. In general, 700–750 nm excitation
and 750–800 nm emission wavelengths are found to be the optimal range [72]. Although fluorescence
has been used for a long time in biomarker analysis, immunoassays, and diagnostic imaging, it has
several shortcomings such as wavelength range, photobleaching, and fluorescence self-quenching.
Fluorescent NPs can mitigate some of the shortcomings as they often contain multiple fluorophore
entities, which leads to increased photoluminescent emission. Their encapsulation into the particle
provides improved stability, reduced photobleaching, and reduced toxicity [73]. Fluorescence imaging
in the NIR II window using organic fluorophores has great advantages, but has a few shortcomings,
such as relatively low fluorescence quantum yield (less than 2%). There was a study to develop a
system with organic NPs (L1013 NPs) with a high fluorescence quantum yield of 9.9%. This was able
to noninvasively visualize real-time mouse hindlimb and vessels under a very low power density
and short exposure time. It was also able to localize tumour pathology with a tumour to normal
tissue ratio of 11.7 ± 1.3. The study results showed its great potential to be used in optical imaging
application [74]. The NIR IIb (1500–1700 nm) window is ideal for deep tissue optical imaging, but
it faces the same general NIR issues such as lack of bright and biocompatible probes. Cubic phase
(α-phase) erbium-based rare earth NPs were introduced to be used in the NIR IIb window. It was
functionalized with a cross-linked hydrophilic polymer layer that was attached to the anti-PF-L1
antibody for molecular imaging of PD-L1 in a mouse model of colon cancer. It achieved a tumour to
normal tissue signal ratio of ~40%. It had a luminescence lifetime of ~4.6 ms that enabled simultaneous
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imaging of the nanocomplex. Its cross-linked functionalized layer facilitated 90% of the nanocomplex
excretion within two weeks and showed negligible toxicity in mice [75]. Indocyanine green (ICG) is
an FDA-approved dye that has been shown to exhibit NIRII fluorescence. It was used to perform
imaging tests of real-time visualization of vascular structures in hindlimb and intracranial regions
in vivo. Fluorescence spectra show strong NIR II fluorescence of liposomal ICG. In vivo results show
the enhanced performance of liposomal ICG over control for imaging of deep (>4 mm) vascular
mimicking structures. It also provided a significantly higher contrast to signal ratio for an extended
period which allows visualization of the hindlimb and intracranial vasculature for up to 4 h post
injection [76]. In current clinical practices, the recent development of fluorescent probes is very
important for cancer diagnosis and surgery. Functionalized fluorescent probes can be used as contrast
agents. This allows for real-time visualization of the molecular edge between cancer and adjacent
normal tissue. Fluorescence-guided surgery helps the operator decide the tissue spearing margin and
generally results in a good surgical outcome. It also reduces costs. Fluorescent Au NPs conjugated with
diatriozoic acid and nucleolin targeted AS1411; the aptamer can be used as a molecular contrast agent
to reveal tumour location in the CL1−5 tumour. It can also be used as an enhancer for CT due to its high
attenuation. The conjugate has good biocompatibility, high water solubility, strong x-ray attenuation,
and visible fluorescence [77]. For triple-negative breast cancer and ovarian cancer, a fluorinated
tracer, which enables MRI (19F MRI), shows potential for repeated imaging sessions due to the use
of nonionizing radiation. A fluorous particle is derived from the low molecular weight amphiphilic
copolymer. It self-assembles into micelles with a hydrodynamic diameter of 260 nm, and it shows
negligible toxicity. Fluorine MRI detects molecular signatures by imaging a fluorinated tracer. In vitro
and vivo, it was capable of tracking and monitoring immune cells and cancer cells. Their systemic
administration exhibited significant uptake into triple negative breast cancer and ovarian cancer with
minimum accumulation in off-target tissue [78]. Unravelling complex neural interactions at multiple
scales in the brain is complex and often very difficult. However, optical imaging offers a solution.
A fluorescent NPs-based probe, particularly calcium-based NPs, correlate with neuronal activity and
can be used to monitor a full array of chemicals in the brain with improved spatial temporal and
chemical resolution. This enables mapping of the neurochemical circuit with finer precision [79].
Treatment of inflammatory disorders with glucocorticoids is possible with NPs delivery, but their
delivery needs to be controlled and monitored to minimize adverse side effects. In vivo glucocorticoid
betamethasone phosphate, in conjunction with NPs and fluorescent dye DY-647, can improve the
treatment of inflammation with simultaneous monitoring of the delivery [80].

2.5.2. Quantum Dots

Fluorescence imaging allows for visualization of real-time details at a cellular level. However,
long-term imaging is difficult due to the poor light stability of organic fluorescent dyes.
Graphene quantum dots are a good alternative solution. They have outstanding optical properties
and unique structural features. Graphene quantum dots are loaded on the surface of NPs for example
optical magneto ferroferric oxide@polypyrrole core–shell NPs. They have longer metabolic processes
in blood. In vivo results show they are capable of monitoring the distribution and metabolism of
NPs [81]. Mesoporous silica NPs with graphene quantum dots can simultaneously monitor real-time
localization of the doxorubicin (DOX) carrier for proper drug targeting as a fluorescent imaging
agent. The nanoplatform shows stable suspension and excitation-dependent photoluminescence.
They also show pH and temperature-dependent release behaviour that can be utilized in theranostic
applications. Their fluorescence properties make them suitable for optical imaging with minimal
cytotoxicity [82]. Quantum dots offer superior optical characteristics compared to organic dyes.
Their potential toxicity, however, limits their application. Topical administration can reduce toxicity.
In vivo endoscopic imaging of human bladder cancer by topical administration of quantum dots
conjugated to anti-CD47 was successful and showed no indication of acute toxicity up to 7 days after
installation [83]. The molecular profile of most cancer varies greatly between patients as well as spatially
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and temporally within a single tumour mass. To account for such variance, multiplexed molecular
imaging has high potential. Multiplexed molecular imaging enables multiplexed imaging of large
panels of cancer biomarkers. Polymer dots can be used in multiplexed molecular imaging and utilizes
semiconducting polymers with strong fluorescence. Studies show a 10-fold enhanced brightness of
polymer dots over commercial fluorescent dyes. Quantum dots are fluorescent semiconductor NPs that
typically contain group II-VI (e.g., CdSe and CdTe), III-V (e.g., InP and InAs), IV-VI (e.g., PbTe, PbSe),
or I-III-VI (e.g., CuInS2) elements. They have a narrow and symmetric emission band (~30 nm) that can
be tuned precisely by changing the NP sizes and compositions. The broad absorption spectra and large
stokes shifts of quantum dots allow simultaneous imaging of multiple types of quantum dots with single
wavelength excitation. Quantum dots are also often coupled to a biomolecule for targeted imaging [84].
Lead sulfide quantum dots with 1100 nm emission peaks can be used in NIR fluorescence imaging of
cerebral venous thrombosis. This was tested in septic mice and the results showed it to be a useful
tool for the evaluation of the pathological state of cerebral blood vessels in septic mice [85]. A study
introduced short wavelength infrared region emissive indium arsenide quantum dots. They have
high-resolution multicolour imaging, are readily modifiable, provide deep penetration, and have fast
acquisition speed in small-animal model. It was capable of quantifying metabolic turnover rates of
lipoproteins in several organs simultaneously. It was also able to generate detailed 3D quantitative
flow maps of the mouse brain vasculature [86]. Carbon quantum dot (CDs) have excitation dependent
emission, high fluorescence quantum yields, photostability, and long photoluminescence decay lifetime.
These properties make them ideal to be used in imaging modalities [87]. A versatile imaging probe
with highly luminescent cadmium free CuInSe2/ZnS core/shell quantum dots conjugated to CGKRK
(cys-Gly-Lys-Arg-Lys) tumour-targeting peptide was developed. It had strong tumour-specific homing
property, long circulation time, excellent photostability, and minimal toxicity. It was tested on the
glioblastoma mouse model and the targeted probe distinguished tumour boundaries and positively
labels a population of diffusely infiltrating tumour cells. This shows their potential to be used in optical
imaging [88].

2.5.3. Gold Nanoparticles

The identification and characterization of disease-related mRNA in cells are of great significance for
early diagnosis and treatment of numerous diseases. Oligonucleotide functionalized Au NPs have high
stability, high intracellular delivery efficiency by endocytosis and high signal-to-background ratio for
mRNA detection. Spherical nucleic acid Au NPs conjugates consisting of densely packed recognition
oligonucleotides with complementary sequences to the target mRNA was studied. It was able to
detect intracellular mRNA level [89]. Ultrasmall polyaminocarboxylate-coated Au NPs, a dithiolated
derivative of diethylenetriaminepentaacetic acid, and 1,4,7,10-tetraazacyclododecan-1-glutaric
acid-4,7,10-triacetic acid functionalized by thioctic acid show potential for image-guided radiotherapy.
The immobilization of organic Cy5-NH2 dyes onto the Au NPs adds radiosensitizer fluorescence
properties that can be used for monitoring their internalization in cancer cells for determining their
localization in cells by fluorescence microscopy. This allows for following up their accumulation in
tumour after intravenous injection [90].

2.5.4. Persistent Luminescence NPs

Recently, optical imaging nanoprobes are studied as contrast agents for biomedical imaging.
These nanoprobes are used to provide early detection, accurate diagnosis, and treatment monitoring at
the cellular and molecular level. One type of nanoprobes, called PLNPs, are developed as biomedical
imaging agents (bioluminescence and fluorescence imaging), because their optical property can be
varied by chemical and physical variables such as composition, size, and surface nature [2]. The PL
mechanism is that when the PL materials are irradiated by light and the materials are charged until the
excitation is stopped. Then, the PL materials emit light [91]. Preclinical studies on bioimaging were
carried out to show that PLNPs have advantages of high signal-to-noise ratio, high sensitivity, deep
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penetration, and no interference from tissue autofluorescence [92,93]. For biocompatibility of PLNPs,
a study was conducted on small animals using the zinc gallate (ZGO) in vivo. Mice were injected
various amounts of ZGO from 1 to 8 mg. Toxicity was investigated after one day, one month, and half
a year after injection. It is found that only the elevated amount of ZGO (i.e., 8 mg per mouse) would
cause significant weight change in the mice, and this amount is about 5 times larger than the amount
typically used for in vivo imaging [94].

2.6. Ultrasound

Ultrasound is a noninvasive imaging technique that can assess morphology, internal structure,
orientation, and margins of the lesion from multiple planes with a high resolution both in predominantly
fatty breast and dense glandular structures [95]. Ultrasound-guided drug delivery using nanobubbles
(NBs) has become a promising strategy in recent years. Nanobubbles are usually composed of gas
cores and stabilized shells. They can cross the capillary wall easily and have been used in many
targeted therapies for cancer treatment, such as 5-fluorouracil loaded NBs for hepatocellular carcinoma.
Chitosan is the N-deacetylated derivative of chitin and is one of the most abundant biological materials
on earth. Chitosan NBs have gained considerable attention in cancer therapy due to their biosafety
and drug transportability. A study was conducted to synthesize DOX-loaded biocompatible chitosan
NBs. Nanobubbles-mediated DOX uptake and apoptosis on Michigan cancer foundation-7 cells were
measured with flow cytometry and the results showed it to have excellent drug loading capability and
ultrasound enhancement [96]. A new ultrasound imaging contrast agent was introduced, where the
NBs were conjugated to poly (lactic-co-glycolic acid) and carried DOX as a cancer drug. The diameter
of the NBs was 500 nm and the potential was −23 mV. Their multifunctionality allow it to be a
great theranostic agent as well. The enhanced ultrasonic and antitumour functions were observed in
in vivo results. The DOX-NBs had a drug loading efficiency of 78.6% and an encapsulation efficiency
of 7.4% [97]. Bypassing the brain blood–brain barrier opening is possible with focused ultrasound.
A study examined the stimulated acoustic emission of NBs at a different concentration to evaluate the
blood–brain barrier opening under real-time acoustic feedback control across concentration. The study
results showed that the successful opening of the blood–brain barrier was reliably achievable under
real-time feedback [98]. An ultrasound-responsive phosphatidylserine-based paclitaxel liposomes
NBs conjugate that has a proapoptotic effect toward enhanced anticancer efficacy and image guidance
was studied. In vitro results showed the conjugate had a 10-fold increase in cellular internalization
as compared to the control. The synergy between phosphatidylserine and paclitaxel (combination
index, CI < 0.1) provides significantly high tumour efficacy both in vitro and in vivo (98.3 ± 0.8%
tumour grown inhibition). The results also showed a significant reduction in tumour proliferation
index [99]. Enhancement of macromolecular permeation through layers of retina is possible with
ultrasound-responsive NBs. In one study, intracellular delivery of the antibody in the cell was
quantified using Cy3-streptavidin with negligible toxicity. The results showed that macromolecular
internalization was achieved to a significant amount [100]. Fluorescence upconversion NPs are highly
sensitive and can function as nanocarriers. They can also label the tumour in a specific organ under
NIR light. NIR has a few drawbacks to it, such as having a penetration depth of approximately
15 mm. Fluorescence in combination with ultrasound can overcome that shortcoming and provide a
high-resolution signal-to-noise ratio. A system in combination with Nd3+-sensitized upconversion
NPs, graphic carbon nanodots, and NBs were used for a dual modality imaging and treatment on a
mouse model [101]. Apatinib is an oral molecular antiangiogenetic medicine used to treat patients with
advanced hepatocellular carcinoma. It has significant systemic toxic side effects. Ultrasound-targeted
NBs destruction technology can minimize systemic drug exposure and maximize therapeutic efficacy.
A study was carried out to develop novel GPC3-targeted and drug-loaded NBs for this purpose and to
be used on hepatocellular carcinoma cells. The results showed ultrasound-targeted and drug-loaded
NBs successfully achieved the desired destruction, selective growth inhibition, and apoptosis in
HepG3 cells in vitro [102]. There was a study done to investigate the possibility of cancer therapy
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using a combination of NB-liposomes and ultrasound. NB-liposome was injected intratumourally,
then, exposed to ultrasound (1 MHz, 0–4 W/cm2, 2 min) in BALB/c mice that were inoculated with
colon-6 cells. Tumour temperature was significantly higher when treated with NB-liposome compared
to just ultrasound. It caused extensive tissue necrosis at 3–4 W/cm2 of ultrasound exposure [103].
An oxygen encapsulated cellulosic NB agent for imaging and ultrasound-guided drug delivery was
introduced. It was tested on a urothelial carcinoma model. It was propelled (max 40 mm/s) and
guided oxygen NBs to the tumour using an ultrasound beam. This can localize 500 μm inside the
tumour using beam guidance. It enhanced the efficacy of mitomycin-C, which yielded significantly
lower tumour progression rate, while using 50% lower concentration of chemotherapeutic drug [104].
An antitumour-targeted FoxM1 siRNA-loaded cationic NBs conjugated to A10-3.2 aptamer was
introduced for prostate cancer. It has high specificity to the binding of prostate-specific membrane
antigen positive LNCaP cells. In vitro results showed it significantly improved transfection efficiency,
cell cycle arrest, and cell apoptosis, while reducing FoxM1 expression [105].

2.7. Photoacoustic Imaging

Photoacoustic imaging (PAI) is based on the photoacoustic effect. It reconstructs images from
captured ultrasound signals generated from the materials that thermally expand by laser pulse [106].
Photoacoustic imaging is often referred to as optoacoustic imaging. It is a low-cost modality that can
provide regional imaging of blood vessels. It has high spatial and temporal resolution with clinically
approved imaging depth [107].

2.7.1. Gold Nanoparticles

In cancer patients, metastases rather than the primary tumour often determine tumour mortality.
A new noninvasive immune functional imaging method was proposed, where ultrasound-guided
PAI can be used to detect sentinel lymph node metastases with the aid of chitosan-coated Au NPs
(GC-Au NPs). This was tested on tumour-bearing mice. Volumetric analysis was used to quantify
GC-Au NP accumulation in the sentinel lymph node after cellular uptake and transport by immune
cells. The analysis results showed that the spatial-temporal distribution of GC-Au NPs in the sentinel
lymph node was affected by the presence of metastases. This imaging method can successfully detect
metastatic from nonmetastatic lymph nodes using Au NPs [108]. There was a study to visualize murine
lymph vessels using PAI and Au NPs as a contrast agent, and the study showed great potential for it
to be used to detect sentinel lymph nodes [109]. Another study found that ultrasound-guided PAI
and anti-epidermal growth factor (EGFR) antibody conjugated to gold nanorods can effectively detect
EGF-expressing primary tumour and regional lymph node metastases. The nanoconjugation was
tested on tumour-bearing mice. Anti-EGFR gold nanorods provided significant enhancement in PAI
signal in MDA-MB-231 tumour and axillary lymph node metastases relative to MCF-7 tumour and
non-lymph node metastases [110]. Moreover, a new nanorod was synthesized through seed-mediated
synthesis with an aspect ratio ranging from 8.5 to 15.6. It could tune a longitudinal surface plasmon
resonance absorption band that covered a broad NIR range (~680–1100nm). The gold nanorods
showed good biocompatibility and stability. The nanorods provided great contrast enhancement in PAI
(3.1 times to the control group) and excellent signal-to-noise ratio (5.6 times to the control group) [111].
When administering Au NPs as a contrast agent in PAI, it is important to note that the Au NPs are
below the renal clearance (10 nm). A study showed that biodegradable Au NPs assembled from
5 nm primary gold particles had strong NIR absorbance. Ultra-small 5 nm Au NPs can be used to
develop molecular-activated plasmonic nanosensors for molecular-specific PAI [112]. In NIR-II tissue
generating the least background signal in PAI, large contrast agents in the spectral range delay their
pharmacokinetics and reduce their thermal stability that yields unreliable PAI. Miniaturized Au NPs
can help to solve that problem. They are 5–11 times smaller than regular gold nanorods with a similar
aspect ratio in NIR-II. They are 3 times more thermally stable and can generate 3.5 times stronger PA
signal under nanosecond pulsed laser illumination. These results were verified with thermotical and
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numerical analysis [113]. Gold nanoparticles coated with glycol chitosan (GC) can be used as a contrast
agent in PAI. In breast cancer cells, GC-Au NPs have strong cellular uptake and yield a strong PA signal
in a tissue phantom. After just 3 h of incubation, the phantom displayed a strong signal and did not
require any additional antibodies or complex surface modification. The endocytosis of GC-Au NPs was
also confirmed with dark microscopy, which is beneficial for minimizing toxicity [114]. Photoacoustic
tomography (PAT) is an emerging technology that can image cells or tissue using contrast agents
such as NPs and pigments. An interesting UV–vis absorption peak in NIR was observed when Au
NPs were synthesized with astaxanthin. Studies showed that this astaxanthin-based Au NPs had the
potential to be used in PAI and therapy [115].

In brain tumours, getting past the blood–brain barrier (BBB) is a major obstacle. The majority of
contrast agents cannot get past the BBB; thus, a study was done to use gas microbubble-assisted focused
ultrasound to transiently open the blood–brain barrier and locally deliver silica-coated gold nanorods
across the BBB. This contrast agent had strong optical absorption, which allowed for visualization of
the agent using ultrasound-guided PAI [116]. The enhancement of the amplitude of the PA signal with
microbubbles conjugated to gold nanorods (Au MBs) was studied. Fluence below 5 mJ cm−2 provided
negligible microbubble wall motion and weak PA signal. However, fluence above 5 mJ cm−2 produced
significantly higher thermal expansion and emitted 10-fold greater amplitude PA signal compared to
the control. This phenomenon can be explained by the idea that explosive boiling may occur at the
nanorod surface, which produces vapor NBs and contributes to Au MBs expansion. In vivo imaging
of Au MBs in a murine kidney model shows that it is an effective alternative to the existing contrast
agents for PAI [117].

2.7.2. Carbon Nanotube (CNT)

Carbon-based NPs have gained considerable attention due to their unique physicochemical
properties in nanotechnology [118]. In one study, a single-wall CNT complex with long circulation was
fabricated. It was capable of self-assembly loading of an albumin-coupled fluorescent photosensitizer
and Chlorin e6 via high affinity between albumin and Evans blue, which provided them with fluorescent
imaging and photodynamic ability. It was capable of providing fluorescence and PAI of tumours for
optimizing therapeutic time window [119].

2.7.3. Fluorescent

A metabolically digestible imaging probe was developed from nanoprecipitation of biliverdin.
These NPs are composed of a biliverdin network and are cross-linked with a bifunctional amine
linker. Their excitation at NIR wavelengths provides a strong photoacoustic signal. In vivo, they
accumulated in a lymph node in mice and have the potential to be used as a photoacoustic agent for
sentinel lymph node detection [120]. The nanocomplex consists of split fluorescent protein fragment
used as a molecular glue and switchable Raman reporters to assemble Au NPs into photonic clusters.
The fluorescent protein-driven assembly of metal colloids yields an enhanced PA signal that can
be used as PAI agent [121]. A photoacoustic contrast agent, formulated from an FDA-approved
antimycobacterial agent, clofazimine hydrochloride NPs, for a different purpose, was introduced
to be used for prostate cancer. It had macrophage targeting ability and high contrast absorbance at
495 nm. The experimental results on transgenic adenocarcinoma of the mouse prostate model showed
a preferential accumulation of the NPs in a cancerous prostate cell over the control. This allows PAI
and analysis of prostate cancer [122]. Photoacoustic imaging has a penetration depth of a few cm and
can generate useful endogenous contrast from melanin and oxy-/deoxyhemoglobin. ICG is a small
molecule dye with fast clearance, bleaching effects, and rapid protein binding, and it can be used for
PAI. A study was done to entrap ICG in poly (lactic-co-glycolic acid) NPs together with perfluorocarbon
using a single emulsion method. The encapsulation of ICG within NPs decreases its photobleaching
and increases the retention of signals within the cells. It can detect as little as 0.1 × 106 cells in PAI and
the nanocomplex [123]. Core–shell silica PEG NPs were developed with photothermal, photoacoustic,
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and NIR optical imaging properties. They were doped with triethoxysilane-derivatized cyanine 5.5
and cyanine 7 dyes, which give them photoacoustic properties. The study results showed they have
outstanding stability and enhanced photoacoustic signal [124]. Photoswitchable hybrid probes with
thermochromic dye and absorbing NPs were introduced where temperature-sensitive light–dark states
and spectral shifts in absorption can be switched through controllable photothermal heating of doped
NPs. It provided high contrast in PEI [125]. Hypoxia is often correlated with tumour aggressiveness
and poor treatment outcome. Early diagnosis of hypoxic tumour cells has a high potential in tumour
control. Hypoxia-activated NPs can be used to enhance the efficiency of photoacoustic intensity,
fluorescence, and chemotherapy. Hypoxia-activated NPs are inactive during blood circulation and
normal physiological conditions. They activate in the hypoxic condition when they extravasate into
the hypoxic tumour microenvironment. Azobenzene hypoxia-activated fluorescence nanoparticles
have high potential to be used in PAI [126].

3. Cancer Therapy

Cancer therapy is the technique of inhibition or irradiation of cancer cells. There are several
techniques available and each one is more beneficial to one type of cancer treatment than
others. Nanomaterials offer significant enhancement to many of the cancer therapies and they
are discussed below:

3.1. Photothermal Therapy

Photothermal therapy is a hyperthermia-based cancer therapy. The goal of this therapy is to destroy
tumour tissue while avoiding excessive heating of normal tissues. Biological tissue lacks NIR-absorbing
chromophores. The use of laser wavelength in the ‘tissue optical window’ (700–1000 nm) minimizes
tissue heating, while Au NPs have strong and tunable absorption in the NIR region. Therefore, Au NPs
and NIR can be used to facilitate selective heating of tumours with NPs [127]. Gold nanoparticles with
thiol and amine groups can be functionalized with targeted antibodies or drug products. Colloidal gold
exhibits localized plasmon surface resonance. It can absorb light at specific wavelengths, which makes
them useful for hyperthermic cancer treatment application. A gold nanoparticle’s localized plasmon
surface resonance can be changed with the modification of the particle’s shape and size, which alters
its photothermal and photoacoustic properties, allowing utilization of different wavelengths of light.
Its nanosize allows the particle to localize in the tumour through passive distribution and excrete
through the urinary system [128]. One of the major problems with PTT is that heat distribution is often
heterogeneous throughout the tumour, which leaves part of the tumour untreated. A new idea was
proposed which uses silica gold nanoshells to deliver fractionated PTT [129]. Gold-based NPs are the
main mediator of PTT because they offer biocompatibility, efficient light to hear conversion, ability
to be tuned to absorb NIR light which penetrates tissue more deeply, a small diameter that enables
tumour penetration, and simple gold thiol bioconjugation chemistry for the attachment of the desired
molecule. Nanoshells, nanocages, nanorods, and nanostars are the most common nanomaterials as
photothermal transducers. The majority of Au NPs have been designed to maximally absorb within
the first NIR window, which can safely penetrate 2–3 cm of tissue [130]. A PET-based nanoplatform
was introduced to quantitatively correlate to the heat generation of plasmonic NPs with their potential
as a cancer-killing agent. Heat generation was evaluated in human tumour xenografts in mice
using 2-deoxy-2-[F-18]-fluoro-D-glucose (18F—FDG) PET imaging. The platform was validated by
quantifying the photothermal efficiency of the NIR silica gold nanosphere and benchmarked it against
the solid Au NPs. The results showed the heat generation of the resonant gold nanospheres (in vitro
and in vivo) performed better compared to the control. It also showed PET could reliably be used to
monitor early treatment response in PTT [131].

In PTT, the temperature of the tumour is raised above 42 degrees Celsius to destroy the cancer
cells. A light-absorbing material or photothermal agent must be introduced into the tumour to improve
the efficacy and selectivity of the energy to heat transduction. Even though gold is the most employed
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agent in PTT, magnetic NPs are a good alternative. Magnetic NPs formed by iron oxide can be used
in combination with other substances or used by themselves as photothermal agents. They can be
directed to the tumour site magnetically and their distribution in tumours and other organs can be
imaged. Their molar absorption coefficient in NIR is low when they are used alone. However, this can
be mitigated by clustering of the NPs. They can also be designed to release a drug upon heat generation,
which can be beneficial for combination therapy of PTT and chemotherapy [132].

Polymer-based NP systems have been investigated to overcome some of the limitations
associated with traditional inorganic NPs. Some of the materials that have been investigated for this
purpose include polyaniline, polypyrrole, polydopamine, and poly-(3,4-ethylene dioxythiophene):
poly(4-styrene sulfonate). They are often conjugated with ligands for targeting ability. A specific set of
requirements should be met for NPs to be an ideal candidate for PTT, such as suitable size and uniform
shape, good dispersibility in aqueous solution, respond to light in NIR range 650–950 nm to prevent
damage to surrounding healthy tissue, sufficiently photostable to ensure adequate diffusion time to
reach tumour before losing their photosensitivity, and exhibit low or no cytotoxicity in a living system.
Current available PTT enabling agents mainly comprise metal NPs such as gold, palladium, silver,
germanium, and carbon-based NPs. Some of the polymer-based NPs systems are listed in Table 1
below [133].

Table 1. Polymer-based nanoparticle system for PTT [133].

Polymer Configuration Testing Stage

Polyaniline

NPs

In vitro and in vivo

F-127 Conjugated NPs

Silver core, Polyaniline shell (ICG-Ag@PANI)

NPs with lanreotide and methotrexate (LT-MTX/PANI NPs)

WS core, polyaniline shell with hyaluronic acid and chlorin e6 (Ce6)

Polyaniline and cisplastin within folate-poly (ethylene
glycol)-distearoylphosphatidylcholine (FA-PEG-DSPE), cRGD[cyclic

(Arg-GLY-Asp-D-Phe-Lys)]-PEG-DSPE, and lecithin conjugates dubbed
FA/cRGD-PNPs

Polydopamine

Dopamine-melanin colloidal nanospheres In vitro and in vivo

PEGylated polydopamine NPs conjugated with ICG (PDA-ICG-PEF) loaded
with DOX In vitro

Pegylated NPs loaded with 7-ethyl-10-hydroxycamptjotheticin (SN38) In vivo

DOX encapsulated with DSPE-PEG micelles coated with polydopamine In vitro and in vivo

Fe(3)O(4) core polydopamine coated nanoshell In vitro

Polydopamine coated gold nanorods In vitro

Polydopamine coated gold/silver NPs In vitro

Polypyrrole

Base NPs In vitro and in vivo

Base NPs In vitro

Spindle-like hollow polypyrrole nanocapsules (PPy HNCs) loaded with DOX In vivo

Ppy and rapamycin loaded into liposomes conjugated with trastuzumab
(LRPmAB) In vitro

TBDOPV-DT
D-A conjugated polymer (TBDOPV-DT), with 2,2-bithiophene serving as a donor
and thiophene-fused benzo-difuran dione-based oligo (p-phenylenevinylene) as

an acceptor (TBDOPV-DT NPs)
In vitro and in vivo

PEDOT:PSS

PEGylated PEDOT:PSS NPs (PDOT:PSS-PEG) In vivo

PEDOT: PSS-PEG loaded with DOX, SN38, and Ce6 In vitro

Magnetic NPs with PEDOT: PSS Cyanine7 (Cy7), and 2-deoxyglucose
(2-DG)-polyethylene glcol (MNP@PES-Cy7/2-DG) In vitro and in vivo

Magnetic NPs with PEDOT: PSS coating In vivo
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In PTT, red blood cell-coated NPs show improved efficacy with a faster decrease in tumour
volumes and a higher survival rate than bare NPs. It is speculated that red blood cell NPs inherit the
photothermal conversion effect from inner cores and the long blood retention from the red blood cell
coating. One study showed that the combination of biodegradable, natural, and nontoxic melanin NPs
extracted from living cuttlefish and red blood cell membrane have significantly higher PTT efficacy.
Au NPs encapsulated with the antitumour drug paclitaxel-coated by anti-EpCam antibodies-modified
red blood cell membranes show increased cancer-targeting ability due to anti-EpCam antibodies.
Paclitaxel can be released when the membrane is destroyed by the heat generated from the Au NPs
under laser irradiation to yield the anticancer effect [134].

3.2. Photodynamic Therapy (PDT)

Photodynamic therapy is a form of light therapy that uses molecular oxygen, visible light,
and photosensitizers (PS) to destroy cancer cells and pathogenic bacteria. Photodynamic therapy
is noninvasive and selectively cytotoxic to malignant cells. It causes direct tumour cell damage
by apoptosis necrosis and autophagy. The photosensitizer is distributed directly into the tumour
site or systematically via the vascular system. In the presence of molecular oxygen, light at a
specific wavelength is applied in PDT, followed by the production of reactive oxygen species (ROS),
which results in oxidative damage of the intracellular elements within the cell. This leads to cancer cell
death. When PS targets the vascular system of the tumour, it results in hemostasis, vessel constriction,
and breakdown. This ultimately leads to a decrease in oxygen and nutrient supply to the tumour,
which eventually results in tumour cell death. Gold nanoparticles are primarily used in PDT [135].
Porphyrins have been approved for the treatment of cancer in PDT. They have low physiological
solubility and lack of selectivity toward tumours, which is not efficient. Nanoparticles can be used
to transport porphyrins. Silica NPs (80 nm) coated with xylan–TPPOH conjugate was studied for
such purpose and showed significant phototoxic effects from post-PDT ROS generation, and stronger
cellular uptake in the human colorectal cancer cell line. They showed high anticancer efficacy [136].
The dual specificity of PDT relies on the accumulation of PS in tumour tissue and localized light
delivery. Tetrapyrrole structures such as bacteriochlorins, porphyrins, chlorins, and phthalocyanines
with functionalization have been widely investigated in PDT. Several compounds have already received
clinical approval. Photosensitizers conjugated to antibody, proteins, peptide, and other ligands with
specific cellular receptors are used in targeted PDT. Nanotechnology has also been widely used for
targeted delivery. Fullerene-based PS, titania photocatalysis, and the use of upconverting NPs to
increase light penetration into tissue have been studied [137]. Table 2 is a list of several nanoplatforms
for PDT and their advantages [138].

Table 2. Nanoplatforms for PDT and their advantages [138].

Nanoparticle Platform Advantages

Passive PDT PS tumour drug
micelles and Liposomes Enhanced tumour uptake and improved phototoxicity

Dendrimer encapsulated NPs High loading drug

Metal oxide NPs High loading capability, biocompatibility, easy surface modification

Immuno NPs The highly specific molecule, improved drug release within the desired cell

Quantum dots Large absorbance cross-section and size-tunable optical properties

To achieve synergistic chemiexcited photodynamic starvation therapy against tumour metastasis,
a biomimetic nanoreactor was developed. Photosensitizers on the hollow mesoporous silica NPs
were excited by chemical energy in deep metastatic tumour tissue to generate singlet oxygen,
and then, glucose oxidase catalyzed glucose into hydrogen peroxide in PDT. This blocked nutrient
supply for starvation therapy and provided hydrogen peroxide to synergistically enhance PDT [139].
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Photosensitizer chlorin e6 (Ce6) and the ferroptosis inducer erastin were self-assembled into a novel
supramolecular Ce6-erastin nanodrug though bonding and π−π stacking. Ferroptosis with nanodrug
enhances anticancer actions by relieving hypoxia and promoting ROS production [140].

3.3. Chemotherapy

Chemotherapeutic agent DOX is a member of the anthracycline class. It is heavily used in
many clinical cancer therapies. It is also one of the most used chemotherapeutic drugs for the
treatment of breast cancer. Paclitaxel is another popular chemotherapeutic agent used in breast
cancer. Other commonly used chemotherapy regimens are cisplatin, tamoxifen, trastuzumab,
and docetaxel. The efficiency of the drug increases significantly with targeted drug delivery.
Nanoparticle-based carriers are often conjugated to them for targeted delivery. Some of the NPs
that are used in chemotherapy for breast cancer are polymer-based NPs, liposomal NPs, metal-based
NPs (Au NPs, SPIONP), carbon-based NPs, mesoporous silica NPs, and protein-based NPs [141].
Nanoparticle vehicles are currently in clinical use and some are undergoing clinical investigation for
anticancer therapies, including dendrimers, liposomes, polymeric micelles, and protein drug NPs.
There are many new NPs drug formulations in development and undergoing early and late phase
clinical trials, including several that utilize active targeting or triggered release based on environmental
stimuli. A variety of NP formulations have been approved by the FDA and EMA for the treatment
of a wide range of cancers. Some examples are pegylated liposomal doxorubicin and liposomal
daunorubicin, which are available in the United States. Nonpegylated liposomal doxorubicin is
approved in Europe. Nab-paclitaxel is an FDA- and EMA-approved therapy using NP albumin-bound
particles [142]. Various types of proteins and small peptides are often conjugated to the surface of
NPs to improve the selectivity of chemotherapeutic drugs. Serum glycoprotein is one of the targeting
ligands used with NPs in chemotherapy drug delivery [143]. The antimalarial agent chloroquine can
reduce the immunological clearance of NPs by resident macrophages in the liver, leading to increased
tumour accumulation of the nanodrug [144].

Gold nanoparticles have high stability, surface area-to-volume ratio, surface plasmon resonance,
and multifunctionalities. The nontoxic, nonimmunogenic nature, high permeability, and retention
effect of Au NPs provide additional benefits by enabling penetration and accumulation of the drug at
tumour sites. DOX-BLM-PEG-Au NPs and EpCAM-RPAnN are two Au NP carriers that have high
potential to be used in chemotherapy [145]. Cisplatin is a genotoxic agent that can be used alone or
in combination with radiation or other chemotherapeutic agents. It is used in chemotherapy for a
broad range of cancers. However, the agent is limited by the intrinsic and acquired resistance, and the
dose to normal tissue. It shows little selectivity for tumour vs. normal tissue, which leads to toxicity.
Nanoparticles can be used to deliver cisplatin to reduce toxicity. Some organic NPs that can be used to
transport cisplatin are liposomes, polymeric NPs, polymeric micelles, and dendrimers. Some inorganic
NPs are Au NPs, ferromagnetic NPs, and mesoporous silica NPs. Some hybrid NPs are CNT, nanoscale
coordination polymers, and polysilsesquioxane NPs [146].

Organic NPs are a popular choice for chemotherapeutic drug delivery. They can increase the
circulation half-life and tumour accumulation of a drug. Combination chemotherapy is used in the
treatment of a broad range of cancers. Nanoparticles are essential to delivering many of these drugs to
the target site and also provide a theranostic platform for multifunction [147]. Multidrug-loaded NPs
formulation consists of different classes of therapeutic agents. It has been studied for breast cancer
therapy in preclinical breast cancer models. One example would be polymer lipid hybrid NPs for
coencapsulated DOX and mitomycin C. It has demonstrated its efficacy in the human breast cancer
model, including multidrug resistance cells. Multidrug-loaded NPs micellar formulation was also
developed for the delivery of three drugs: paclitaxel, 17-AAG (Triolimus), and rapamycin. They were
evaluated on MDA-MB-231 tumour-bearing mice [148]. Hypoxia promotes the invasiveness of tumour
cells and chemoresistance. Tumour-associated macrophages (TAMs) reside in the hypoxic region
to promote proliferation and chemoresistance. Nanoparticles MnO2 with high reactivity toward
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hydrogen peroxide for the simultaneous production of O2 and regulation of pH can affectively alleviate
tumour hypoxia by targeted delivery of MnO2 to the hypoxic area. It was conjugated to DOX and
significantly increased the apparent diffusion coefficient value of breast cancer and inhibited tumour
growth [149]. A novel carrier, targeting nanomicelles for synchronous delivery of curcumin and
baicalin, was introduced, which could effectively overcome tumour resistance. Mannose binds to
CD206 receptors on the surface of tumour-associated macrophages, subsequently increasing the
number of nanodandelions engulfed by tumour-associated macrophages. To increase tumour cellular
uptake, oligomeric hyaluronic acid can also be used as a targeting material. Nanodandelions can easily
enter tumour tissue through the vascular barrier due to their small size. Effective antitumour activity
and reduced side effects were confirmed in antitumour experiments in A549 tumour-bearing mice [150].
Sustained-release characteristics of NPs may aid the effectiveness of chemotherapy by maintaining
drug concentrations at the tumour site for longer durations. Nanoparticles can increase penetration
and accumulation of the inhaled drug in tumour tissue and cells. This yield improved antitumour
activity compared to the free drug. These characteristics make them suitable for chemotherapy for
lung cancer [151].

3.4. Immunotherapy

During recent decades, cancer immune therapy has made significant progress with the
improvement in nanotechnology. Immunotherapy is a therapy based on stimulation or activation
of the patient’s immune system to recognize and destroy cancer cells [152]. Understanding how to
increase the response rate to various classes of immunotherapy is to improving cancer treatment
efficacy and minimizing adverse side effects. There are five classes of cancer immunotherapy:
lymphocyte-promoting cytokines, agonistic antibodies against co-stimulatory receptors, checkpoint
inhibitors, engineered T cells such as CAR T and T cell receptor (TCR) T cells, and cancer vaccines.
Nanoparticles can be used to target T cells in the blood or transport mRNA to the cancer cell, or transport
other vaccines in immunotherapy [153]. Nanoparticle systems have shown to be a promising tool for
effective antigen delivery. The antigen is generally in peptide form that can stimulate an adaptive
immune response. For conditioning a robust and long-lasting adaptive immune response, stimulation
of the innate immune system through natural killer cells is necessary. Therefore, an adjuvant that
works to recruit natural killer cell response is vital for effective vaccination. Table 3 summarizes the
different antigens being studied for different cancer treatments and their delivery NP conjugate [154].

Table 3. Nanoparticle vaccine delivery for various cancer [154].

Cancer Type Nanoparticles Antigen

Melanoma

Poly(lactic-co-glycolic acid)
(PLGA) NPs Ag, Poly(I:C)

Liposome TRP2, α GalCer

CNT α CD40, CpG

Cowpea mosaic virus (CPMV) NPs Empty Cowpea mosaic virus (eCPMV)

Non-small cell lung cancer L-BLP25 liposome MUC1

Breast cancer PLGA-PEG Ovalbumin (OVA), Monophosphoryl
lipid A (MPLA), CpG

Prostate cancer Virus-like particle Polyethylenimine-stearic acid (PSA)

Cervical cancer Tumour virus vaccine HPV

An adjuvant is a molecule that increases immunogenicity. They sometimes are lacking in tumour
antigens when presented alone. Commonly used adjuvant in cancer treatment are 3-O-desacyk-4′-
monophosphoryl lipid A (MPLA), CpG oligodeoxynucleotides (ODNs), lipopolysaccharide (LPS),
polyinosinic:polycytidylic acid (poly I:C), and agonists of the stimulator of IFN genes (STING).

24



Nanomaterials 2020, 10, 1700

When they are internalized in antigen-presenting cells with tumour antigens, they promote anticancer
immune response [155]. Nanoparticles have a multifaceted role in modern immunotherapy. They can
reduce tumour-associated macrophages and act as a tumour suppressor agent, selectively knockdown
Kras oncogene addiction by the nano-Crisper-Cas9 delivery system, and serve as an efficient alternative
to the chimeric antigen receptor [(CAR)-T] [156]. Immunotherapy is one of the effective modalities
for cancer treatment. Targeting the tumour environment along with the immune system is a viable
strategy to use for cancer treatment. Systematic delivery of immunotherapeutic agents to the body
using NP delivery is of great importance. Liposomes, Au NPs, polylactic-co-glycolic acid (PLGA) NPs,
micelles, iron oxide NPs, and dendrimers are widely used for immunotherapy. Polymeric NPs are the
most commonly used ones in immunotherapy where PLGA is an FDA-approved polymeric carrier.
Table 4 below lists the commonly used NPs used in immunotherapy, their therapeutic agent conjugate,
target, function, and studied tumour model [157].

Table 4. Nanoparticle used in immunotherapy [157].

NP Materials Therapeutic Agents Target Function Tumour Model

PLGA-based NPs

AUNP12 anti-PD-1
peptide Tumour cells Blockage of PD-1/PDL-1

pathway
4T1 Subcutaneous

tumour

Trastuzumab
Human epidermal

growth factor 2
(HER2)

GER2 degradation and
antibody-dependent

cell-mediated cytotoxicity

In vitro HER2 Positive
breast model

Pam3CSK4 and
α-CD40-mAb CD40 T cell response B16-OVA

Subcutaneous tumour

Liposomes

SB505124 TGF-β 1
inhibitor

Tumour specific
cytotoxic

T-lymphocyte CTLs

Block TGF-β Signal and
promote CD8 + T cell

infiltration

E.g7-OVA
Subcutaneous tumour

Curdlan and mannan Cytosol of DCs Activation of DCs via Th1
cytokine production DC2.4 in vitro model

Stimulator of
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Cyclic dinucleotides (CDNs) is a potent stimulator of the interferon receptor (STING) agonist.
Its efficacy is limited to micromolar concentration due to the cytosolic residence of STING in the
ER membrane. Biodegradable poly (beta-amino ester) NPs were introduced to deliver CDNs to the
cytosol, which leads to robust immune response > 100-fold lower extracellular CDN concentration
in vitro. This NP-mediated cytosolic delivery for STING agonists synergizes with checkpoint inhibitors
and has the potential for enhanced immunotherapy [158]. A new strategy of cancer immunotherapy
using plant virus-based NPs was proposed. In vaccine development, plant virus has already been
utilized extensively. Successful employment of plant viruses in cancer treatment has been observed
using hibiscus chlorotic ringspot virus, tomato bushy stunt virus, and red clover necrotic mosaic
virus. Plant viruses offer the advantage of uniformity concerning shape and size and ability to
self assemble into highly repeating nanostructures. They also exhibit structurally defined chemical
attachment sites, cargo capacity, and tolerance against high temperature and pH [159]. Metallic NPs
also have high potential in immunotherapy. Several metallic NPs such as Au NPs have been
studied to be used with several immunotherapeutic agents such as ovalbumin (OVA). Metallic NPs
have also shown to improve antitumour cytotoxic T cell response. Metallic NPs have advantages
which can be utilized with combination therapy of immunotherapy and PTT [160]. Elimination or
reprogramming of the immune-suppressive tumour microenvironment is a major challenge in
immunotherapy. Immune checkpoint inhibition targets regulatory pathways in T cells to enhance
tumour response and has been the most successful method in immunotherapy. Some FDA-approved
immune checkpoint agents are ipilimumab against CTLA-4, and pembrolizumab and nivolumab against
PD-1. Lipid-based NPs are generally used to transport these materials to the target site [161]. A study
showed that R848-loaded β—cyclodextrin NPs can efficiently be delivered to tumour-associated
macrophages in vivo to macrophages to acquire an antitumourigenic M1-like phenotype. The functional
orientation of the tumour immune microenvironment toward an M1 phenotype was achieved through
the administration of CDNP-R848 in multiple mouse models. An improved immune response rate
was observed when combined with immune checkpoint inhibitor anti-PD-1 [162]. Exosomes are
nanosized particles secreted from most cells. This allows crosstalk between cells and their surrounding
environment through cargo transfer. Tumour cells also secrete exosomes, known as tumour-derived
exosomes. They have tumour modulation activity and can affect the tumour microenvironment and
antitumour response. Their immunological activity influences both innate and adaptive immune
systems, including regulatory T-cell maturation, natural killer cell activity, and anti-inflammatory
response. Their characteristics allow them to be used for metastasis lung cancer treatment [163].

4. Theranostics

Theranostics involves the administration of a diagnosis agent. They are referred to as a combination
of diagnosis and therapy using the same agent [164].

4.1. Multimodality Imaging

SPIONs, (Feraheme, FH) and [89Zr]Zr was used as a nanoplatform for PET and MRI. PET-MRI
integrates the excellent sensitivity of PET with the spatial resolution and contrast of soft tissue by
MRI. Feraheme can shorten the transverse relaxation time, T2, and is generally used for dark contrast
enhancement. However, dark contrast is often difficult to implement in clinical settings for applications
such as detection and diagnosis of metastases in the lymph nodes. FH radiolabelled with OET tracer can
take advantage of highly sensitive bright signals from PET. It can detect the presence of FH in regions,
where the MRI contrast is too low or noisy. Experimental results showed that FH is a very suitable
SPION for chelate-free labelling of PET tracers, and can be used in hybrid PET-MRI [165]. For combined
magnetomotive ultrasound PET/CT and MRI for sentinel lymph nodes, 68Ga-labelled SPIONs were
proposed. The results showed that the SPIONs provided viable contrast enhancement [166]. TAM is
significantly associated with poor prognosis of tumours. Using super magnetic iron oxide and
perfluorocarbon nanoemulsions, quantitative monitoring of TAM is possible with MRI-based TAM
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imaging. A study was conducted using MRI-based measurements of TAMs as a prognostic marker and
PET to observe tumour behaviour with 18F-2-fluroro-2-deoxy-D-glucose as a radioactive tracer [167].
Ultra-small AGulX NPs are made of polysiloxane and are surrounded by gadolinium chelates. They are
generally obtained via the top-down process. They are the first multifunctional silica-based NPs that
are small enough to escape hepatic clearance. Their hydrodynamic diameter is under 5 nm, and they
have excellent radiosensitizing properties for radiotherapy. They can be used in four different types
of imaging modalities: MRI, SPECT, fluorescence imaging, and CT. A recent study showed that they
can be used in MRI-guided radiotherapy. The study found that 68Ga-AGulX@NODAGA has great
potential in PET/MRI-guided radiotherapy. They can be used as a dual modality PET/MRI imaging
agent with passive accumulation in the diseased area [168].

Image-guided radiotherapy can improve cancer outcomes significantly [169–171]. A theranostic
platform and a combination of bismuth and gadolinium were proposed for onsite radiosensitization and
image contrast enhancement. A study showed that NPs provided image enhancement in both CT and
MRI, and tumour suppression with prolonged survival in non-small cell lung carcinoma models with
minimal off-target toxicity [172]. Mesoporous silica NPs for CT and optical imaging were introduced.
The high density of platinum NPs in the surface of mesoporous silica NPs greatly enhances CT contrast.
NIR fluorescent dye Dy800 was conjugated to the platform to enhance optical imaging contrast. It was
tested on a breast tumour mouse model. In vivo imaging showed significant enhancement in images
after 24 h injection [173]. A multimodal imaging probe for PET/SPECT and MRI (T2) was developed
using SPIONs and deblock copolymer with either methoxy polyethylene glycol or primary amine NH2

end groups. 57Co2+ ions were used as a radioactive tracer and the study results found the probe to be
nontoxic [174]. Another biomedical probe with an Au NP platform was introduced that is capable
of coordinating Gd3+ for MRI and 67Gd3+ for SPECT imaging. The Au NPs had high affinity toward
the gastrin-releasing peptide receptor. These receptors are overexpressed in various human cancer
cells, mainly in PC3 prostate cancer cells [175]. A multifunctional targeting NP probe for pancreatic
cancer was introduced that consists of 1,2 Distearoyl-sn-glycero-3-phosphoethanolamine-N-amino
(polyethylene glycol)-modified SPIONs, which were conjugated with the plectin-1 antibody. In vivo
optical imaging and MRI show that they highly accumulate in MIAPaCa2 and XPA-1 carcinoma cells.
They can be used as a theranostic tool in fluorescence and MRI to visualize pancreatic cancer [176].
Myocardial infection (MI) is a common disease and has a high mortality rate. MnO-based NPs in
conjunction with MRI and NIR fluorescence imaging can help to combat against MI. MnO possess
high r1 relaxivity and has none or minimal toxicity. They can be used as an MRI contrast agent and
as a drug carrier due to their preference to accumulate in the infarcted myocardium, as shown in
fluorescence imaging [177]. Dendrimers with size range between 7–12 nm have advantages over other
NPs due to their improved tumour penetration ability and inclusion of a tumour-specific drug release
mechanism. G5 PAMAM dendrimer can be used with a paramagnetic chemical exchange saturation
transfer (PARACEST) MRI contrast agent in MRI-optical imaging as dual mode MRI-optical glioma
imaging NPs. Experimental results showed they were able to identify glioma tumours at a mm scale
due to the perseverance of the MRI contrast throughout the glioma [178].

Nanoparticles that have high absorption in the NIR region are valuable in biomedical applications.
Photoacoustic imaging (PAI) is an imaging modality that makes use of optical excitation. The imaging
provides deep tissue penetration and high spatial resolution. In PAI, the photoacoustic signal is
primarily determined by the pulsed laser. Therefore, the contrast agents used in PAI generally can also
be used in PTT. Mesoporous carbon nanospheres (Meso-CNS), as a stable suspension with broadband
and intense absorption in the UV–vis–NIR region, were studied. The analysis of photothermal
conversion and photoacoustic generation show Meso-CNS possess absorption coefficients that are
1.5–2 times higher than those of CNT and graphene in the broad wavelength region, and comparable
to gold nanorod in both NIR-I and NIR-II region. They can efficiently (35 wt%) load DOX due to
their large surface area, appropriate pore volume, and size. All of these characteristics make them an
excellent theranostic platform [179]. A dual-mode imaging system of photoacoustic microscopy and
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fluorescence optical microscopy with Au NPs was also proposed. Gold nanoparticles have a large
absorption coefficient and enough fluoresce emission with a wavelength of 512 nm. They can be used
to label certain drugs in tobacco cells, and also can be used to carry the labelled drug in the target
position [180].

4.2. Image-Guided Therapy

A semiconducting plasmonic nanovesicle was proposed that consisted of semiconducting poly
(perylene diimide) (PPDI) and poly(ethylene glycol (PEG) tethered to Au NPs (Au@PPDI/PEG).
The complex was highly localized and had a strong electromagnetic field between adjacent Au NPs
in the vesicular shell. The electromagnetic field enhanced the light absorption efficiency of PPDI.
It generates a great photothermal effect. It also provides a strong photoacoustic signal that can be
used in PAI. Overall, the complex has high potential as a theranostic agent [181]. Gold nanorods
in PAI and plasmonic PTT have been studied. The advantageous properties of Au NPs such as
biocompatibility, tuneable surface plasmonic resonance, and controlled synthesis make them a great
choice for theranostic applications. PAI-guided PTT is possible when the pulse is used to destroy the
cancer cells. This application has great potential to be used for lung cancer [182]. A hybrid reduced
graphene oxide (rGO)-loaded ultra-small plasmonic gold nanorod vesicle (rGO-AuNRVe) had excellent
photoacoustic signal amplification ability, and the photothermal effect was proposed as a theranostic
tool to be used in PIA, PTT, and chemotherapy. It had high DOX loading capability and efficiency, and it
can unload upon light NIR photothermal heating. This ability makes them ideal for a combination of
photochemotherapy. When rGO-AuNRVe was labelled with 64Cu, it showed high accumulation in
U87MG tumours via passive accumulation in PET imaging [183]. Pure bismuth NPs have ultrahigh
x-ray attenuation coefficient and light to heat conversion capabilities. These characteristics make them
suitable to be used in PAI and PTT. In one study, bismuth NPs were able to increase the temperature
by 70 degrees Celsius within 4 min under infrared irradiation in PTT [184]. Carbon nanotubes have
advantageous optical, thermal, mechanical, electrical, and magnetic properties. Some of the applications
of CNT in biology are as a heating agent, contrast agent, and drug delivery agent. Carbon nanotubes
can increase the temperature in the tissue during laser irradiation in PTT, and at the same time, enhance
photoacoustic signals. The nanotubes can potentially be used as a theranostic agent in PTT and
PAI [185]. A theranostic agent was developed that consists of perfluorohexane liquid and Au NPs
that make up the core and is stabilized by a polymer shell (poly (lactide-co-glycolic acid)(PLGA)).
When PLGA-Au NPs localize in tumour cells and are exposed to laser pulses, cell viability decreases,
leading to cell death. The study results showed they have viable potential to be used as a PAI and
therapeutic agent for future clinical cancer therapy [186].

Gold nanoparticles have a high atomic number and they strongly absorb low and medium energy
x-rays by the photoelectric effect [187–189]. During the photoelectric effect, characteristic x-rays and
Auger electrons released in the surroundings are in a short-range. They can cause additional local
damage [190]. Gold nanoparticles can be conjugated to targeting ligands or they can selectively be
accumulated into the tumour via passive permeability and retention effects. Due to these abilities, they
have high potential to be very effective in tumour radiotherapy augmentation without increasing the
dose to the surrounding normal tissues, and can also be used as a contrast agent in CT, making it an
excellent theranostic tool [191,192]. A hyaluronic acid-functionalized bismuth oxide NP was synthesized
using a one-pot hydrothermal method used in targeting specific CT imaging and radiosensitizing
of tumour. The integration of hyaluronic acid Bi2O3 NPs provides solubility in water and excellent
biocompatibility. Targeting mechanism allows them to be taken up specifically by CD44 receptors
overexpressed in cancer cells. HA-Bi2O3 NPs have high x-ray attenuation efficiency. They also have
ideal radiosensitivity through synergizing x-rays to induce cell apoptosis and arrest cell cycle in a
dose-dependent manner. A study showed that these active targeting NPs provide excellent CT imaging
enhancement and can be used as a theranostic tool [193].
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A liposome-coencapsulated DOX, hollow Au NPs, and perfluorocarbon were synthesized into a
theranostic agent. It had an efficient light-to-heat conversion effect under 808 nm NIR laser irradiation
and small size that enabled high accumulation in the tumour sites. It also had an efficient DOX release
and enhanced ultrasound signal. All of these properties make it an excellent theranostic agent in PTT
and ultrasound imaging [194]. Another ultrasonic photothermal agent was introduced that consists of
NBs, graphene oxide, and hairpin sulfate proteoglycan glypican-3 (target molecule). It can work as a
molecularly targeted contrast agent and contrast enhancer for ultrasound imaging. It can also be used
in combination with ultrasound and PTT [195]. A new NBs–paclitaxel liposome complex for ultrasound
imaging and ultrasound responsive drug delivery was introduced. The complex was 528.7 ± 31.7 nm in
size with paclitaxel entrapment efficiency of 85.4 ± 4.39%, and conjugation efficiency of ~98.7 ± 0.14%
with 200 nm-sized liposomes. When treated with the NBs–paclitaxel liposome, the sonoporation
of MiaPaCa-2 cells had 2.5-fold higher uptake of liposomes compared to the control. It also had
more than 300-fold higher anticancer activity compared to the commercial formulation ABRAZANE.
The conjugate exhibits echogenicity comparable to the commercial ultrasound contrast agent SonoVue,
where the echogenic stability of NBs–paclitaxel was more than one week. These properties and the
image enhancing properties make it an excellent theranostic agent [196].

Silica NPs have been intensively studied in drug delivery and can be integrated with other
materials for theranostic capabilities. The MnO/SiO2 core–shell can be used for multimodal imaging.
Its localization can be monitored with MRI and poly (propylene fumarate) scaffolds. The anticancer
drug DOX can be loaded into it. Its porous silica shell enhances the water dispersibility of the core and
minimizes leakage of the core iron [197]. Carbon dots are widely used in optical imaging nanoprobes.
They are generally used for labelling cells in cancer treatment. A study proposed a gadolinium
complex that consists of carbon nanodots. They have high fluorescent properties, excellent water
solubility, and biocompatibility. They can also be conjugated to apoferritin nanocages for drug loading
capabilities such as DOX. Folic acid can be used as a targeting molecule for MCF-7 cells and the
results showed it is a viable theranostic tool with negligible toxicity [198]. A new iron (III)–tannic
complex-based NP (Fe–TA NP) was introduced. It had good physicochemical properties with the
capability of inducing autophagy in both hepatocellular carcinoma cells (HePG2.2.15) and normal rat
hepatocytes (AML12). Experimental results showed the Fe–TA NP was capable of inducing HepG2.2.15
cell death via autography and did not affect cell viability in AML12 cells due to much higher uptake
of the Fe-TA NPs by the HepG2.2.15 cells. Enhancement of the T1 MRI contrast was achieved in
HepG2.2.15 cells due to these circumstances. These results also suggest that the Fe–TA NP can provide
new strategies for combining diagnostic and therapeutic functions for hepatocellular carcinoma [199].

A synergistic platform for synergistic therapy and real-time imaging was studied. It is very
advantageous when treating cancer patients. However, it also faces many challenges for clinical
use. Novel theranostic agent, bismuth sulfide@mesoporous silica (Bi2S3@mPs) core–shell NPs were
introduced to be used in targeted image-guided therapy for EGFR-2 positive breast cancer. The agent
was obtained by decorating polyvinylpyrrolidone with Bi2S3 NR. It was chemically encapsulated
with a mesoporous silica layer loaded with DOX, an anticancer drug. Trastuzumab was used as a
targeting molecule that targets EGFR-2. They overexpressed in breast cancer cells. Experimental results
showed the agent has good drug loading capabilities, biocompatibility, strong x-ray attenuation of the
bismuth element, and precise tumour targeting and accumulation. These characteristics allow it to
simultaneously act as a contrast enhancer for CT in deep tissue and as a therapeutic agent in synergistic
photothermal chemotherapy [200]. Another synergistic treatment platform was developed for PAI,
targeted PTT, and chemotherapy. Its use was studied in triple-negative breast cancer. The nanoplatform
was composed of magnetic hybrid NP (lipid, doxorubicin), gold nanorods, and an iron oxide nanocluster
(LDGI) loaded with mesenchymal stem cells. LDGIs have efficient cellular uptake by stem cells and
are still be able to maintain their cellular function. LDGI can simultaneously release drugs and achieve
photothermal properties upon light irradiation. The drug can then enter the cell and activate cell
apoptosis. Mesenchymal stem cells have the highest enhanced migration and penetration abilities in
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tumours. It also showed the best antitumour efficacy in chemophotothermal therapy compared to
other treatment groups in triple-negative breast cancer [201]. Another study showed a new strategy to
use gold nanorod conjugated with polyacrylic acid/calcium phosphate (AuNR@PAA/CaP) yolk-shell
NPs for dual-mode x-ray CT/PAI and PTT. It possesses extremely high DOX loading capabilities,
pH and NIR dual responsive drug delivery ability, and high photothermal conversion properties.
At low pH, the CaP shell takes damage and releases DOX. When the conjugate is exposed to NIR
irradiation, burst-like drug release occurs [202]. A human cytokine-induced killer cell (CIK) was
loaded with gold nanorods that were used for targeted PAI, enhanced immunotherapy, and PTT
for gastric cancer. The study results showed that CIK-labelled gold nanorods actively target gastric
cancer MGC803 cells and activate cell apoptosis under NIR laser irradiation. The results also showed
CIKAuNR can actively target and image subcutaneous gastric cancer vessels via PIA after 4 h of
injection. It can also enhance immunotherapy by regulating cytokines and kill gastric cancer cells by
PTT [203]. SPIONs have high r1and r2 relativities and they can be completely eliminated from the body.
They can accumulate in cancer through passive targeting permeability, and retention effects or active
targeting. The magnetite and maghemite cores of SPIONs can easily be detected with MRI. Polymer
coating SPIONs can be loaded with therapeutic agents to facilitate MRI-guided drug delivery, PTT, PDT,
gene therapy, or magnetic hyperthermia. SPIONs-delivered chemotherapy has high potential, and a
variety of small chemotherapeutic agents have been incorporated into SPIONs-based nanocarriers
through a cleavable linker or π–π stacking. They can increase blood circulation half-life, promote
tumour retention, and enable real-time drug tracking. Accumulation of SPIONs in the spleen or
other reticuloendothelial systems can exert toxic effects after multiple-dose administration. Smart or
responsive SPIONs have been developed to mediate that problem. SPIONs can also be used as a carrier
for small interfering RNA (siRNA) or microRNA (miRNA), which can protect the ribonucleic acid and
prevent enzyme degradation [204].

4.3. Combination Therapy

Combination therapy provides treatment of several malignancies to improve clinical outcomes.
They generally induce synergistic drug action and try to work around drug resistance. There are
several NPs used in combination therapy such as liposomes. Various liposomal formulation of DOX
include DaunoXome, Doxil, DepoCyt, and ONCO-TCS. Liposomes are one of the most established drug
delivery vehicles, with many clinical products. Some other NPs that are used in combination therapy
are polymeric NPs. They have high thermodynamic and kinetic properties used in site-specific delivery
of the anticancer drug to tumours. Metallic NPs, dendrimers, nanodiamonds, carbon NPs, and CNT are
some other ones used in combination therapy [205]. A mesoporous NP-based drug delivery system was
introduced to be used for real-time imaging in photothermal/photodynamic therapy and nanozyme
oxidative therapy. In one study on synthesized mesoporous carbon–gold hybrid nanozyme nanoprobes,
carbon nanospheres were doped with small Au NPs, and stabilized with a complex of reduced serum
albumin and folic acid. They were then loaded with IR780 iodide. Their large surface area and
numerous -COOH groups allowed for chemical modification for numerous targeting molecules, load
abundant NIR dye, and photothermal agents. Small Au NPs were utilized as nanozymes to catalyze
H2O2 located in the tumour cells to generate OH for intracellular oxidative damage to the tumour.
In vivo and vitro results showed the nanoprobe had excellent tumour targeting efficacy, long tumour
retention, and favorable therapeutic effect [206]. For combined PDT/PTT with photodecomposable,
photothermal, and photodynamic properties, SP3NPs were prepared from self-assembled PEGylated
cypate that consists of PEG and ICG derivate. It can generate singlet oxygen for PDT and photothermal
effect for PTT. It has high accumulation in tumour due to PEGylated surface and small size (~60 nm).
All of these properties make it a potential candidate to be used in image-guided PDT/PTT [207].

Chemotherapy is one of the most common cancer treatment options, but it has showed off-target
toxicity issues. Theranostic NPs integrates diagnostic and therapeutic functions within one platform,
increases tumour selectivity for more effective therapy, and assists in diagnosis and monitoring
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of therapeutic response. Core–shell NPs were synthesized by nanoprecipitation of blends of the
biodegradable and biocompatible amphiphilic copolymers poly (lactic-co-glycolic acid)-b-ply-L-lysine
and poly (lactic acid)-b-ply (ethylene glycol). The NPs were spherical and had an average size of
60–90 nm. DOX was encapsulated in the core of the NPs. The results showed a 33-fold increase
in NIR fluorescence in the mouse model and found it to be suitable for a controlled drug delivery
system and a contrast agent for imaging cancer cells [208]. PTT in combination with chemotherapy
can trigger powerful antitumour immunity against tumours. Polydopamine-coated spiky Au NPs
with high photothermal stability were introduced for PTT and chemotherapy. A single round of
PTT combined with a subtherapeutic dose of DOX can yield good antitumour immune response and
eliminate primary and untreated distant metastasis in 85% of animals bearing CT26 colon carcinoma.
Their efficacy was studied against TC-1 submucosa-lung metastasis, a highly aggressive model for
advanced head-and-neck squamous cell carcinoma [209]. Monotherapy of cancer is usually subjected
to some sacrifice and as such, limits therapeutic benefits. Generally, in the form of systemic toxicity,
a combination of chemo and PTT elevates the therapeutic benefits and is generally considered a
maximal cooperation effect achieved in combination therapy. Silica NPs with Cetuximab to target the
epidermal growth factor receptor were developed. They had a high drug loading capacity of Cet-SLN
that can be used to encapsulate photothermal agent ICG. It can simultaneously codeliver ICG and Cet
for combinational chemophotothermal therapy of breast cancer [210]. Approximately 90% of the cancer
therapeutic failure in patients is due to chemoresistance. Some cancer cells such as progenitor cells
or cancer stem cells develop radioresistance from a variety of chemotherapy agents. Chemo agents
generally aim to destroy rapidly dividing cells and do not have much effect on undifferentiated
cancer stem cells. Hepatocellular carcinoma is responsible for the third leading cause of cancer-related
death and the fifth most common type of cancer. Gold nanorods have been studied to provide a
solution. Gold nanoparticles in conjunction with PTT can destroy these cells and gold nanorods can
provide suitable contrast agents for PAI. Gold nanoparticles can also act as a carrier. They can carry
therapeutic agents such as Adr when in conjunction with EpCAM antibody on the surface of the
nanosystem. Adr/AuNPs@Pms-antiEpCAM can specifically target cancer stem cells and enhance the
concentration of drugs in the tumour. This complex can be useful as a future theranostic tool [211].
Modification of NPs allows administration of the drug across the brain and provide a theranostic
platform for Alzheimer’s, Parkinson’s, Huntington’s, and epilepsy disease. NPs can be used as a
carrier to get past the blood–brain barrier and deliver the drug to the brain [212].

Photoacoustic and fluorescence imaging in NIR-II hold great potential due to their noninvasive
nature and excellent spatial resolution properties. NIR-II is superior in biological imaging due to its
higher signal-to-noise ratio and deeper tissue penetration. Photoacoustic imaging in NIR-II allows
direct and wide visualization of dynamic biological tissues with high spatiotemporal resolution and
sensitivity. It cannot provide comprehensive and accurate diagnosis information, so fluoroscopic
imaging in NIR-II can make up the missing information in this dual imaging system. It can be used to
facilitate image-guided synergistic chemophotodynamic therapy using gold nanorods. It can also be
used as a carrier and allow precise controlled 1O2 drug release [213]. Nanoscale coordination polymer
core–shell NPs carry oxaliplatin in the core and photosensitize the pyropheophorbide–lipid conjugate in
the shell for effective chemotherapy and PDT. The synergy between oxaliplatin and pyrolipid-induced
PDT kills tumour cells and provokes an immune response. This results in calreticulin exposure on the
cell surface, antitumour vaccination, and an abscopal effect [214].

Photothermal therapy can be an effective antitumour therapy but it may not eliminate tumour
cells. This can lead to the risk of recurrence or metastasis. Photothermal therapy in combination with
immunotherapy can minimize that risk. Polydopamine-coated AI2O3 NPs were introduced for this
type of combination therapy. NIR laser irradiation can kill the majority of the tumour tissue via PTT.
It also releases tumour-associated antigens. The AI2O3 within the NPs, together with CpG that acts as
an adjuvant to trigger robust cell-mediated immune responses, can help eliminate the residual tumour
cells. Fifty percent of mice, after going through combined therapy, achieved goal tumour eradication
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and survived for 120 days, which was the end goal of the experiment [215]. Photothermal therapy can
be combined with blockage checkpoints to achieve an even more enhanced antitumour effect. Table 5
below summarizes different NPs that can be used in photothermal immunotherapy [216].

Table 5. Nanoparticles used in photothermal therapy (PTT) immunotherapy [216].

Photothermal NPs
Checkpoint

Blockade
Effector Cells Tumours

Prussian blue NPs Anti-CTLA-4 CD4+/CD8+ T cells Neuroblastoma

PEGylated single-walled
nanotubes Anti-CTLA-4 DCs, CD4+/

CD8+ T cells, CD20+ TILs

4T1 murine breast tumour,
murine B16 musculus skin

melanoma

PLGA-ICG-R837 NPs Anti-CTLA-4 DCs, CD4+/CD8+, memory
T cells

4T1 murine breast tumour,
CT26 colorectal cancer

Gold nanostars Anti-PD-L1 CD4+/CD8+ T cells, CD19+

B cells MB49 bladder tumour

ICG is a photothermal agent and imiquimod (R837) is a toll-like receptor-7 agonist. In one study,
they were coencapsulated by poly (lactic-co-glycolic) acid (PLGA). The formed NPs were composed
purely by three clinically approved components that can be used for NIR laser-triggered photothermal
elimination of primary tumours. This generates tumour-associated antigens, which in the presence
of adjuvant R837-containing NPs, show vaccine-like functions. In combination with the checkpoint
blockade using anticytotoxic T-lymphocyte antigen-4 (CTTLA4), the generated immunological
responses will be able to eliminate remaining tumour cells and will be very useful in metastasis
inhibition [217]. Metastatic breast cancer is one of the most devastating cancers and has very limited
therapeutic options. Nanoparticle-based platforms can offer some therapeutic options for it with
different combinations of therapy. The chemotherapeutic drug DOX can be delivered using NPs.
PTX formulated with albumin to form NPs is currently used in the clinic for breast cancer therapy.
siRNA can also be delivered using NPs for gene therapy. Nanoparticles offer an option for photothermal
therapy and magnetothermal therapy. They can also be used as a contrast enhancement agent for
image-guided radiotherapy [218]. Gastric cancer is the second most malignant tumour in the world.
HER-2 is one of the key targets for gastric cancer therapy. A gold nanoshell drug carrier was developed
for delivery of immunotherapeutic agent and selective photothermal release of genes that targets HER-2
and the immunologic adjuvant CPG sequence in gastric tumour cells. This allows multidimensional
treatment strategies such as gene, immune, and PTT. The study results showed good gene transduction
ability and combined treatment effect [219]. A nanosystem consisting of ER targeting pardaxin peptides
modified ICG conjugated to hollow gold nanospheres, together with oxygen delivering hemoglobin
liposome was studied in PDT, PTT, and immunotherapy. It induces robust ER stress and calreticulin
exposure on the cell surface under NIR light irradiation. CRT, a marker for ICD, acts as an eat-me signal
to stimulate the antigen-presenting function of dendritic cells. It triggers a series of immunological
responses including cytotoxic cytokine secretion and CD8+ T cell proliferation [220]. A theranostic
nanoplatform that was capable of PAI, as well as a combination of gene and photothermal therapy,
were studied. A gold nanorod was coated with dipicolyl amine, which forms stable complexes with
Zn2+ cations and yields a Zn (II) dipicolyl amine gold nanorod. It has a strong complexation with
anti-polo like kinase 1 siRNA used for gene silencing. The Au NPs can act as a photothermal agent as
well as an enhancer for photoacoustic imaging upon laser irradiation. Experimental results showed
that they yield significant antitumour activity in the PC-3 tumour mouse model [221].

5. Conclusions

Recent advances in nanotechnology have resulted in great progress of synthetic techniques,
which benefit from the design of many nanomaterials, such as nanoparticles, nanocages, nanodiamonds,
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nanoshells, and nanotubes. These nanomaterials can act as very effective contrast agents in various
medical imaging modalities and provide a large number of options in modern cancer therapy.
The nanomaterials allow delivery of many drugs to target sites that otherwise would not be possible
and provide a fundamental basis for some cancer therapy that is showing promising clinical outcomes.
It is expected that continuous discovery in nanotechnology will significantly influence future cancer
therapy and medical imaging. However, some of the limitations of nanomaterials as drug carriers,
contrast agents, and sensitizers, such as cytotoxicity and nonbiodegradability, should be studied further
in order to minimize the side effects on humans.

For the transition of nanomaterial applications in biomedical imaging and cancer therapy into
commercial clinical practice, it can be seen that many in vitro and in vivo studies have shown promising
results. However, numerous challenges, such as physicochemical properties, drug metabolism,
cytotoxicity and biocompatibility, pharmacokinetic screening, surface engineering, in vivo efficacy,
nanomaterial uptake, immunogenic issues, and preparation costs, still remain. The mechanisms of
action such as the potential impact on the cellular communication, which would limit its clinical
transformation, are still unclear. Based on the above challenges, possible future directions include
further optimizing various nanomaterials and elucidating the precise mechanisms between the cell
and nanomaterials, to achieve better imaging and therapeutic effects, and accelerate the translation of
nanomaterials into clinical practice.
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Abstract: The efficacy in superparamagnetic hyperthermia (SPMHT) and its effectiveness in de-
stroying tumors without affecting healthy tissues depend very much on the nanoparticles used.
Considering the results previously obtained in SPMHT using magnetite and cobalt ferrite nanoparti-
cles, in this paper we extend our study on CoxFe3−xO4 nanoparticles for x = 0–1 in order to be used
in SPMHT due to the multiple benefits in alternative cancer therapy. Due to the possibility of tuning
the basic observables/parameters in SPMHT in a wide range of values by changing the concentration
of Co2+ ions in the range 0–1, the issue explored by us is a very good strategy for increasing the
efficiency and effectiveness of magnetic hyperthermia of tumors and reducing the toxicity levels.
In this paper we studied by computational simulation the influence of Co2+ ion concentration in a
very wide range of values (x = 0–1) on the specific loss power (Ps) in SPMHT and the nanoparticle
diameter (DM) which leads to the maximum specific loss power (PsM). We also determined the
maximum specific loss power for the allowable biological limit (PsM)l which doesn’t affect healthy
tissues, and how it influences the change in the concentration of Co2+ ions. Based on the results
obtained, we established the values for concentrations (x), nanoparticle diameter (DM), amplitude
(H) and frequency (f ) of the magnetic field for which SPMHT with CoxFe3−xO4 nanoparticles can be
applied under optimal conditions within the allowable biological range. The obtained results allow
the obtaining a maximum efficacy in alternative and non-invasive tumor therapy for the practical
implementation of SPMHT with CoxFe3−xO4 nanoparticles.

Keywords: Co-Fe ferrite nanoparticles; magnetic hyperthermia; specific loss power; optimization;
alternative therapy; cancer

1. Introduction

The magnetic nanoparticles most often used in magnetic hyperthermia therapy in the
ferrimagnetic materials class are those of iron oxide due to their good magnetic character-
istics and their efficient use at high frequencies. Of these materials, Fe3O4 nanoparticles
(magnetite) are still the most used [1–17] due to their great magnetic properties for magnetic
hyperthermia [18–20], and also their low toxicity towards cells [21].

However, extensive studies have been conducted on the subject [22–30] with the aim of
finding other magnetic nanoparticles and magnetic nanomaterials/nanostructures suitable
for use in magnetic hyperthermia, with improved properties. In this regard, of particular
interest are cobalt ferrite and cobalt ferrite nanoparticles, CoxFe3−xO4, in order to be applied
in magnetic or superparamagnetic hyperthermia due to their magnetic anisotropy which is
very different from that of magnetite [18,19], and could lead to substantial improvements
in terms of magnetic or superparamagnetic hyperthermia. In terms of magnetic anisotropy,
CoFe2O4 ferrite is magnetically hard, having a magnetocrystalline anisotropy constant of
200 × 103 J/m3, while Fe3O4 ferrite (magnetite) is magnetically soft, having an anisotropy
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constant of only 11 × 103 J/m3, although their spontaneous magnetizations (Ms) differ only
slightly from each other (Ms = 480 kA/m for Fe3O4 and Ms = 425 kA/m for CoFe2O4) [18].

In superparamagnetic hyperthermia (SPMHT), the very high magnetic anisotropy of
CoFe3O4 ferrite nanoparticles compared to that of F3O4 magnetite, radically influences
the hyperthermia effect, which is reflected in the specific loss power and, finally, on the
heating temperature of the nanoparticles [31,32]. As a result, the maximum effect in
SPMHT given by the specific loss power is obtained in the case of soft nanoparticles of
Fe3O4 for a diameter (size) of nanoparticles (approximate spherical) of ~16 nm, and in the
case of CoFe2O4 hard ferrite nanoparticles for a diameter of only ~6 nm (the exact value
depending on the frequency of the alternating magnetic field). These nanoparticle sizes,
in terms of SPMHT which uses superparamagnetic nanoparticles would be too large for
Fe3O4 nanoparticles and too small for CoFe2O4 nanoparticles, both types of nanoparticles
thus having advantages and disadvantages in magnetic hyperthermia for cancer therapy.
More detailed results and discussions on these issues were previously presented [31,32].

Considering the above and the sporadic results of the overall research on the matter
so far, lacking a systematic approach, we’ve focused on studying SPMHT on CoxFe3−xO4
nanoparticles for the entire range of values x = 0–1, wherein the bivalent Fe2+ ions
are replaced by a percentage of Co2+ ions (x) in the octahedral lattice of the spinel of
Fe3+[Cox

2+Fe(1−x)
2+, Fe3+]O4

2- ferite (the right bracket comprises the Fe3+, Fe2+ ions and
Co2+ from the octahedral lattice, and outside the parentheses are the Fe3+ ions from the
tetrahedral lattice within the ferrite structure [18]). Thus, by replacing Fe2+ ions with Co2+

ions in the entire range of atomic percentage values (0–1), starting from Fe3O4 magnetite
(for x = 0) and reaching the CoF2O4 ferrite for x = 1, the magnetic anisotropy will change in
a very wide range of values, and thus different CoxFe3−xO4 nanoparticles which have dif-
ferent magnetic characteristics in magnetic hyperthermia depending on the concentration
of Co2+ ions can be obtained. Therefore, we can modify the parameter x (concentration of
Co2+ ions in the structure of magnetite) in order to obtain adjustable properties in super-
paramagnetic hyperthermia, thus, being able to find the optimal values of the parameters
which give the best results in magnetic hyperthermia. With this in mind, we focused on
a systematic study by using a 3D/2D computational tools and as complete as possible in
terms of the specific loss power in magnetic hyperthermia (which is the key value that
indicates whether the nanoparticles are good or not to obtain the maximum hyperthermia
effect) depending on the concentration of Co2+ ions (x), in order to find which nanoparticles
would give the best results in SPMHT. At the same time, we studied the maximum specific
loss power for the admissible biological limit (without affecting healthy tissues), depending
on the concentration of Co2+ (x) ions, in order to optimize SPMHT with CoxFe3−xO4 for its
practical implementation in vivo and, in the future, in clinical trials with maximum efficacy.

2. Theoretical Considerations on Specific Loss Power in Superparamagnetic
Hyperthermia

In superparamagnetic hyperthermia (SPMHT) of tumors with magnetic nanoparti-
cles [14,17,31,33] the basic mechanism that leads to the heating of dispersed and fixed
nanoparticles in the tumor are the Néel magnetic relaxation processes [8,9,34]. Thus, under
the action of an alternating magnetic field with a frequency in the range of hundreds of
kHz [20], superparamagnetic (biocompatible) nanoparticles dispersed in the tumor by
different techniques, heat to temperatures of 42–43 ◦C, thus, leading to the irreversible
destruction of tumor cells by apoptosis [35]. However, the efficiency of the method depends
very much on the type of magnetic nanoparticles used for this therapy and the magnetic
relaxation processes that take place in the alternating magnetic field.

The specific loss power (Ps) in magnetic nanoparticles in the presence of an alternating
magnetic field with frequency f and amplitude H is [20,36]:

Ps =
πμ0χ′′

ρ
f H2 (1)

46



Nanomaterials 2021, 11, 3294

where ρ is the density of the magnetic material, μ0 is the magnetic permeability of the
vacuum and χ′′ is the imaginary component of complex magnetic susceptibility, given by
the following expression:

χ = χ′ − jχ′′ (2)

According to Debye’s theory, the components of complex magnetic susceptibility are
given by the relations [20,37,38]

χ′ = χ0
1

1 + (ωτ)2 (3)

and:
χ′′ = χ0

ωτ

1 + (ωτ)2 (4)

where χ0 is the static magnetic susceptibility, τ is the magnetic relaxation time, and ω is
the pulsation of the alternating magnetic field (ω = 2π f ).

Static magnetic susceptibility in the case of magnetization of superparamagnetic
nanoparticles [39], according to Langevin’s law of magnetization:

M = Msat

(
cothξ − 1

ξ

)
(5)

is given by:

χ0 =
3χi
ξ

(
cothξ − 1

ξ

)
(6)

where χi is the initial magnetic susceptibility:

χi =
επμ0M2

s D3

18kBT
(7)

and the parenthesis from Equation (6) is the Langevin function in the case of magnetic
nanoparticles [39,40] having the argument:

ξ =
πμ0MsD3

6kBT
H (8)

In Equations (5), (7) and (8), Msat is the saturation magnetization, D is the diameter of
the nanoparticles (approximate spherical), Ms is the spontaneous magnetization, ε is the
packing fraction of nanoparticles kB is Boltzmann’s constant, and T is the temperature. In
the case of nanoparticle systems, the magnetic packing fraction expressed by the observable
ε in Equation (7) must also be taken into account.

The magnetic relaxation time, according to Néel’s theory [34], is:

τ = τ0exp
(

πKD3

6kBT

)
(9)

where K is the magnetic anisotropy constant, and τ0 is a time constant which usually has a
value of 10−9 s [41].

Thus, taking into account all the above formulas, the specific loss power in the mag-
netic nanoparticles in an alternating magnetic field (harmonic) with frequency f and
amplitude H, will have the expression [31]:

Ps =
3πμ0χi

ρξ

(
cothξ − 1

ξ

)
2π f τ

1 + (2π f τ)2 f H2 (W/g) (10)

This equation and the above will be used in our 3D/2D computational study con-
sidering the specific loss power in CoxFe3−xO4 nanoparticles for x = 0–1, as a function
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of the characteristic observables of the magnetic nanoparticles and the parameters of the
alternating magnetic field. The key parameters considered in our study are the size (di-
ameter) of the nanoparticles (D), the concentration of Co2+ (x) ions (which determines a
certain magnetic anisotropy), and the alternating magnetic field parameters, amplitude
(H) and frequency (f ), on which will depend to a large extent the specific loss power
(Ps) and the efficiency of the SPMHT method. The ultimate goal of the study is to find
the optimal observables/parameters that lead to a maximum specific loss power in the
biological allowable limit (PsM)l, so that the SPMHT method can be applied with maximum
effectiveness in tumor therapy in vitro, in vivo and then in the future in clinical trials.

3. Results and Discution

3.1. Characteristic Observables of Nanoparticles Depending on the Concentration of Co2+ Ions and
Alternating Magnetic Field Parameters, and Input/Output Data Used in SPMHT
3.1.1. Magnetic Anisotropy and Spontaneous Magnetization

In the case of cobalt-iron ferrite (Co-Fe) with the chemical formula CoxFe3−xO4 for
x = 0–1, depending on the concentration x of Co2+ ions in the structure of Fe3+[Cox

2+Fe(3−x)
2+,

Fe3+]O4
2− ferrite, where the bivalent Co2+ ions occupy the octahedral positions in the

spinel structure, the values of the magnetic anisotropy constant and of the saturation
magnetization at room temperature were determined by fitting the experimental reference
data [18,19] (Figures 1 and 2). These values extracted from the fit curves for different values
of concentration x, are given in Table 1.

 

Figure 1. Fit curve on experimental reference values for magnetic anisotropy constant of
CoxFe3−xO4 ferrite.
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Figure 2. Fit on experimental reference values for spontaneous magnetisation of CoxFe3−xO4 ferrite.

Table 1. Values of magnetocrystalline anisotropy constant, the spontaneous magnetisation, and the
density at room temperature in the case of CoxFe3−xO4 ferrite for different values of x in the range of
0–1.1 extracted from fit curves.

 Observables
No. 

x K 
(××103 J/m3) 

Ms 
(kA/m) 

ρ 
(×103 kg/m3) 

1 0 11 (I) 480 (I) 5.24 
2 0.05 38 477 ~5.243 
3 0.1 82 474 5.245 
4 0.2 156 469 5.25 
5 0.4 245 458 5.26 
6 0.67 294 443 ~5.27 
7 0.8 290 (I) 436 5.28 
8 1 200 (II) 425 (II) 5.29 
9 1.1 180 (I) - - 

(I) [18]; (II) [19].

Thus, a very important result was found for the magnetocrystalline anisotropy con-
stant K of the CoxFe3−xO4 ferrite, which varies in very wide limits when the concentration
of Co2+ ions changes from the value 0, corresponding to the spinel Fe3O4 (magnetite)
with K = 11 × 103 J/m3, to value 1, corresponding to the cobalt ferrite CoFe2O4 with
K = 200 × 103 J/m3. Also, it is observed that the variation of the anisotropy constant
presents a maximum (294 × 103 J/m3) at the value x = 0.67, and when the concentration
x decreases to 0 the constant K decreases to the value corresponding to the magnetite
(11 × 103 J/m3) (Figure 1).

In order to determine the sponteneous magnetization of the CoxFe3−xO4 ferrite as
a function of the concentration of Co2+ ions for the variation of x in the range (0–1), we
considered a linear variation of it with the concentration (x) of Co2+ ions (Figure 2). Thus,
the values for spontaneous magnetization in Table 1 are obtained. However, in the case
of nanoparticles the values may sometimes differ depending on the preparation method,
nanoparticle size, type of material, etc. Therefore, in order not to cause confusion in
our study for determining the values for K and Ms by fitting we used the well known
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standard values for Co-Fe [18,19] ferrite. For a better accuracy in the applications of
magnetic hyperthermia it is beneficial to determine experimentally the effective values of
the magnetic anisotropy constant and the saturation magnetisation of nanoparticles that
will be used.

3.1.2. Nanoparticles and Alternating Magnetic Field Parameters

Having in view that the values of nanoparticle diameters (D) corresponding to the
maximum loss power (PsM) in magnetic hyperthermia are ~16 nm for magnetite and ~6 nm
for cobalt ferrite, we considered for this study the range of interest to be 1–20 nm (Table 2)
for the nanoparticle size.

Table 2. Characteristic observables for CoxFe3−xO4 nanoparticles and parameters of magnetic field.

Observables D (nm) ε H (kA/m) f (kHz)

Value range 1–20 0.1 10–50 100–500

For our study on specific loss power, we considered the nanoparticles to be spherical
and the value of the packing volumetric fraction (ε) in Table 2 (which are the most commonly
used in magnetic and superparamagnetic hyperthermia). Also, based on our previous
results [31,32], we also considered the amplitude (H) and frequency (f ) of the alternating
magnetic field in the ranges given in Table 2.

3.1.3. Input and Output Data Used in Computational Study of SPMHT

For computational study using CoxFe3−xO4 (x = 0–1) nanoparticles we used a profes-
sional software for 3D/2D calculus and representation. The input data are the characteristic
observable of nanoparticles and the parameters of magnetic field from Table 2, and the
magnetic observables of nanoparticles as a function of Co2+ ions concentration (x) from
Table 1. The output data is mainly the specific loss power expressed by Equation (10) with
Equations (1)–(9). The aim is to determine the specific loss power by CoxFe3−xO4 nanopar-
ticles for different concentrations of Co2+ ions depending on their size and alternating
magnetic field parameters. At the same time, the maximum specific loss power for the
admissible biological limit was determined.

3.2. The Specific Loss Power in Superparamagnetic Hyperthermia with CoxFe3−xO4
Ferrite Nanoparticles

Using Equation (10) with the observables given by Equations (7)–(9), we calculated
the specific loss power in the case of CoxFe3−xO4 ferrimagnetic nanoparticles for the values
of the concentration of Co2+ ions (x) located in the range of x = 0–1 (Table 1). The specific
loss powers determined are 3D shown in Figure 3, as a function of nanoparticle diameter
(D) and magnetic field frequency (f ), for a constant magnetic field of 20 kA/m. For each
value of the concentration x, the corresponding values for the magnetic anisotropy constant
K and the saturation magnetization Ms given in Table 1 were used.
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(a) x = 0 

 
(b) x = 0.05 

 
(c) x = 0.1 

Figure 3. Cont.
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(d) x = 0.2 

 
(e) x = 0.4 

 
(f) x = 0.67 

Figure 3. Cont.
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(g) x = 0.8 

 
(h) x = 1 

Figure 3. Specific loss power variation in the case of CoxFe3−xO4 ferrimagnetic nanoparticles as a
function of the diameter of nanoparticles and the magnetic field frequency for different Co2+ ions
concentration: (a) 0, (b) 0.05, (c) 0.1 (d) 0.2, (e) 0.4), (f) 0.67, (g) 0.8, and (h) 1.

The results obtained and shown in diagrams (a)–(h) of Figure 3 are summarized in
Tables 3–5. Figure 3 shows the presence of the maximum specific loss power at a certain
values of the nanoparticle diameter (DM), which is a critical parameter; the maximum
specific loss power PsM decrease rapidly to zero for values slightly larger or smaller than
the DM diameter. Also, in all cases, the maximum specific loss power increases with
the frequency of the magnetic field (100–500 kHz) as shown in diagrams (a)–(h). These
variations of the specific loss power are in agreement with the variations previously
observed in the case of nanoparticles of Fe3O4 and CoFe2O4 [31,32]. However, a special
result obtained now is that the maximum specific loss power PsM decreases continuously
and rapidly at the beginning with the increase of the concentration of Co2+ ions (x) from
x = 0 to x = 0.8 after which a slow increase is obtained until x = 1 (Figure 4). Thus, the
maximum specific loss power PsM has a minimum at the concentration value of x = 0.8.
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Table 3. Maximum specific loss powers and corresponding diameter of nanoparticles as a function of
the Co2+ ions concentration (x) for f = 100 kHz and H = 20 kA/m.

      Observables
No. x 

PsM 
(W/g) 

DM 
(nm) 

1 0 31.69 17.4 
2 0.05 21.14 11.5 
3 0.1 11.85 9 
4 0.2 6.45 7.2 
5 0.4 3.96 6.2 
6 0.67 3.05 5.9 
7 0.8 3.03 5.9 
8 1 4.11 6.7 

Table 4. Maximum specific loss powers and corresponding diameter of nanoparticles as a function of
the Co2+ ions concentration (x) for f = 250 kHz and H = 20 kA/m.

     Observables
No. x 

PsM 
(W/g) 

DM 
(nm) 

1 0 77.6 16.7 
2 0.05 48.95 11.1 
3 0.1 26.59 8.6 
4 0.2 14.23 6.9 
5 0.4 8.66 6. 
6 0.67 6.81 5.6 
7 0.8 6.62 5.6 
8 1 9.13 6.4 

Table 5. Maximum specific loss powers and corresponding diameter of nanoparticles as a function of
the Co2+ ions concentration (x) for f = 500 kHz and H = 20 kA/m.

     Observables
No. x PsM 

(W/g) 
DM 

(nm) 
1 0 152.1 16.1 
2 0.05 91.06 10.7 
3 0.1 48.13 8.3 
4 0.2 25.61 6.7 
5 0.4 15.48 5.8 
6 0.67 12.2 5.4 
7 0.8 11.88 5.4 
8 1 16.25 6.2 

A similar variation of the concentration x is also obtained for the diameters of nanopar-
ticles DM corresponding to the maximum specific loss power PsM (Figure 5). The diameter
of nanoparticles that give the maximum of the specific loss power decreases very much
with the increase of the concentration x; e.g., for the frequency of 500 kHz the diameter of
nanoparticles decreases from 16.1 nm for x = 0 to 6.2 nm when x increases to 1, the diameter
also having a minimum value, which is 5.4 nm for x = 0.8.
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Figure 4. Maximum specific loss power variation in the case of CoxFe3−xO4 ferrimagnetic nanoparti-
cles as a function of the Co2+ ions concentration. Inset: magnified image for the range x = 0.2–1.

 

Figure 5. The variation of the nanoparticle diameters corresponding to the maximum specific
loss power in the case of CoxFe3−xO4 ferrimagnetic nanoparticles as a function of the Co2+ ions
concentration. Inset: magnified image in the range x = 0.2–1.
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This result, as well as the one regarding the specific loss power, are very important
from the SPMHT point of view, because it suggests that it is possible to tune the observ-
ables and parameters of interest in magnetic hyperthermia, such as the specific loss power,
nanoparticle size, and implicitly heating temperature and toxicity, magnetic packing frac-
tion, etc., in a very wide range of values, just by simply changing the concentration of Co2+

ions. Thus, by changing the x concentration, the most suitable conditions can be obtained
for the application of SPMHT in optimal conditions: obtaining maximum efficiency in
SPMHT, obtaining maximum effectiveness in destroying tumor cells, obtaining minimum
cellular toxicity on healthy tissues, or even lack of toxicity. This is a very important result
for the practical implementation of SPMHT in vitro, in vivo and in future clinical trials.

By extracting the values of the maximum specific loss power PsM and those of the
diameters of nanoparticles DM corresponding to the maximum powers, for each value of
the concentration x in the range 0–1 (Table 1) at the frequencies of 100 kHz, 250 kHz and
500 kHz, the values from Tables 3–5 were obtained. Then, representing the powers PsM and
the diameters DM as a function of the concentration x, the curves shown in Figures 4 and 5
were obtained.

From the curves in Figure 4 it is observed that for all the frequencies considered (100,
250 and 300 kHz) the maximum specific loss power PsM in SPMHT decreases rapidly
when the concentration of Co2+ ions increases in the range x = 0–0.2, and then the power
decreases very slowly until x = 0.8. Then, when the concentration increases in the range
x = 0.8–1 the power PsM also increases, but slowly. Thus, in the range of values x = 0.2–1
the variation of maximum loss power PsM presents a very wide minimum, having the
lowest value at x = 0.8, depending on the value of frequency (inset of Figure 4). When
the frequency decreases from 500 kHz to 100 kHz, the shape of the curves is preserved,
only the power values decrease with the decrease of alternating magnetic field frequency
(Figure 4, Tables 3–5).

Such a variation is also obtained for the diameter DM (Figure 5) which determines
the maximum specific loss power PsM. From the point of view of magnetic hyperthermia
both ranges of Co2+ ions concentration, both for x = 0–2 and for x = 0.2–1 are of interest
and must be taken into account. If in the range x = 0–0.2 it must be borne in mind that
the maximum specific loss power PsM decreases rapidly with increasing concentration
of Co2+ ions, which could sometimes be a disadvantage in terms of power obtained in
magnetic hyperthermia (which it will also be reflected on the heating temperature), in the
next interval x = 0.2–1 the specific loss power PsM changes only slightly, which would be
an advantage in magnetic hyperthermia. Thus, it results that it could be used in obtaining
nanoparticles much different concentrations for Co2+ ions, in the range 0.2–1 respectively,
without the maximum specific loss power to change too much in SPMHT. In addition, this
could be another advantage in terms of the size of magnetic nanoparticles, sizes that are
much smaller in this range (5.5–7 nm, depending on the frequency) (inset of Figure 5), and
which lead to beneficial effect on reduction of cellular toxicity (due to the small size of
the nanoparticles). Moreover, the much smaller size of the nanoparticles for the x = 0.2–1
range is also very beneficial in order to obtain intracellular hyperthermia, which is much
more efficient in destroying tumor cells. The nanoparticles, being very small, penetrate
much more easily into the cell (cytoplasm or even the nucleus) through the cell membrane,
and thus destroying the tumor cells by magnetic hyperthermia much more efficiently
inside them. At the same time, in this range of concentrations x = 0.2–1 the size of the
nanoparticles does not change much (Figure 5), obtaining practically the same effect by
magnetic hyperthermia for very different concentrations of Co2+ ions.

However, for the concentration range x = 0–0.2 the diameter of the nanoparticles
changes a lot; e.g., at 500 kHz the DM diameter decreases from ~17 nm to ~7 nm when
the x concentration increases from 0 to 0.2. This seems to be a disadvantage in terms
of the power obtained in magnetic hyperthermia, and finally, the efficient heating and
temperature obtained. However, if the power does not fall below a certain value, which is
required in magnetic hyperthermia to heat the nanoparticles sufficiently, then the apparent
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disadvantage can be turned into a great advantage, namely: by changing the concentration
of Co2+ ions in the range x = 0–0.2 the different diameters (sizes) of nanoparticles can
be obtained in a wide range of values (7–17 nm) which will lead to different maximums
of specific loss power in a very wide range of values. Thus, the best conditions can be
found regarding the nanoparticle sizes, specific loss power, heating temperature, toxicity
on healthy cells, etc., for SPMHT application in optimal conditions, by simply changing
the concentration of Co2+ ions in the field of x = 0–0.2.

Another important aspect that must take into consideration in the implementation of
SPMHT is that the values of nanoparticle diameters DM that give the maximum specific loss
power PsM depend on the frequency of alternating magnetic field besides the concentration
of Co2+ ions, as shown in Figure 6.

 

Figure 6. The variation of the nanoparticle diameters corresponding to the maximum specific loss
power in the case of CoxFe3−xO4 ferrimagnetic nanoparticles as a function of frequency for different
Co2+ ions concentrations in the range x = 0–1.

When the frequency in SPMHT increases from 100 kHz to 500 KHz the diameter of
nanoparticles DM that give the maximum specific loss power (PsM) decreases slightly for
each value of the concentration x when it increases from 0 to 1. The decrease in diameter is
more pronounced for the concentrations located in the range x = 0–0.2, being the largest at
x = 0 where diameter DM decreases by 1.3 nm (from 17.4 nm to 16.1 nm) (Tables 3 and 5).
The DM values at each concentration must be taken into account for each frequency value
used in the SPMHT in order to obtain the maximum loss power and the maximum thermal
effect. Otherwise, the diameter being a critical parameter (Figure 3), a value slightly lower
or slightly higher than that corresponding to DM value can greatly reduce the specific loss
power, with negative effects on the hyperthermia effect, and consequently on the efficiency
of SPMHT in tumor cells destruction.
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3.3. Superparamagnetic Hyperthermia Optimization with CoxFe3−xO4 Ferrite Nanoparticles: The
Optimal Conditions Determination for Biologic Limit

Based on our previous results [31,32] we used the range of study for the magnetic
field of 10–50 kA/m and the limit frequencies corresponding to these values, which results
from the condition [42]:

H × f = 5 × 109 AHz/m (11)

Using diagrams such as those in Figure 3 for all optimal magnetic fields (Ho) and
their corresponding frequencies for the allowable biological limit (fl), we determined the
specific loss power for the allowable biological limit (Ps)l depending on the concentration
of Co2+ ions in the considered range (x = 0–1). The diagrams obtained for x = 0; 0.1;
0.8 and 1, and for a field of 30 kA/m, and a limit frequency of 167 kHz, are shown in
Figure 7. The maximum values of the specific loss power for the admissible biological limit
(PsM)l and those of the nanoparticle diameters (DMo) that give the maximum loss power
(PsM)l under the given conditions were extracted from diagrams like those in Figure 7, for
Ho = 10−50 kHz, fl = 100–500 kHz and x = 0–1. All values obtained for (PsM)1 and DMo are
shown in Table 6. The very important result obtained is how the maximum specific loss
power (PsM)l depends on the amplitude of the applied magnetic field for the admissible
biological limit.

Thus, the variations of power (PsM)l depending on the amplitude of magnetic field
for different x concentrations of Co2+ ions are shown in Figure 8. The obtained results
show a progressive decrease of the power (PsM)l with the increase of the concentration x
of the Co2+ ions, decrease which is more accentuated for the first part of concentration
range x = 0–0.2. Also, for x = 0.67 and x = 0.8 the power values (PsM)l are the lowest for
the considered magnetic fields, being approximately the same for the two concentrations
(0.67; 0.8) (Table 6), the powers (PsM)l increasing linearly with the magnetic field up to
the value of 50 kA/m. Moreover, it is also observed that for the values x = 0.4 and
x = 1 the approximately same powers (PsM)l are obtained, but slightly higher than in the
previous case.

 
(a) 

Figure 7. Cont.
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(b) 

 
(c) 

 
(d) 

Figure 7. Specific loss power in the case of CoxFe3−xO4 nanoparticles as a function of diameters for
admissible biological limit (H = 30 kA/m and f = 167 kHz) and different Co2+ ions concentration (x):
(a) 0, (b) 0.1, (c) 0.8, and (d) 1.
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Figure 8. Maximum specific loss power for admissible biological limit (PsM)l in the case of
CoxFe3−xO4 (x = 0–1) nanoparticles as a function of the amplitudes of magnetic field, and for
different limit frequencies.

Considering our previous results [32] and considering for the efficient heating of the
nanoparticles a value of the power (PsM)l higher of 10–15 W/g, we have established the
optimal domains for magnetic field and concentrations which are recommended for the
efficient practical implementation of SPMHT in this case. As seen in Figure 8, for x = 0 and
magnetic fields greater than 25–30 kA/m the power (PsM)l increases only slightly, reaching
a saturation level, so the use of larger magnetic fields is not justified (it does not lead to
any significant increase in power). A similar effect is obtained in the case of x = 0.05 for
magnetic fields greater than 40 kA/m. For x = 0.1 the power saturation effect occurs at
fields greater than 50–60 kA/m. For values of concentration x greater than 0.2 and up to 1
the saturation is obtained at much higher values of the magnetic field, and up to 50 kA/m
the variations of the power (PsM)l with concentration x are approximately linear: the power
increases proportionally with the concentration of Co2+ ions, having low values for these
concentrations. However, for concentrations higher than 0.1 we delimited the range for the
magnetic field to reasonable values in SPMHT, respectively up to 50 kA/m, because it is
practically difficult to obtain large magnetic fields at frequencies of the order of 105 Hz, and
the magnetization of magnetic nanoparticles still remains in the superparamagnetic range.

In conclusion, taking into account all the above results and observations, in Table 7
we summarize the recommended values for the amplitude and frequency of the magnetic
field depending on the concentration of Co2+ ions (x) in order to obtain SPMHT in optimal
conditions, for maximum efficiency of the method. Thus, as a general observation it can
be said that for lower x concentrations (0–0.1) the SPMHT is more suitable to be obtained
for higher frequencies and lower magnetic fields, and for x concentrations higher than
0.1 the SPMHT becomes more suitable to be obtained at lower frequencies and higher
magnetic fields.

Thus, under these conditions that we found the superparamagnetic hyperthermia
with CoxFe3−xO4 nanoparticles can be applied with maximum efficiency in the destruction
of tumor cells. In addition, if necessary in order to further increase the effectiveness of
cancer therapy, superparamagnetic hyperthermia can be used in combination with other
methods [5,12,16,17,43].
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Table 7. Optimum values of the amplitude and frequency of magnetic field for different concentration
of Co2+ ions.

  Observables 
No. x Ho 

(kA/m) 
fl 

(kHz) 
1 0 10–30 500–167 
2 0.05 10–40 500–125 
3 0.1 10–50 500–100 
4 0.2 20–50 250–100 
5 0.4; 1 30–50 167–100 
6 0.67; 0.8 40–50 125–100 

4. Conclusions

Using CoxFe3−xO4 nanoparticles in SPMHT, by modifying the concentration x of Co2+

ions in the range x = 0–1 an efficient tuning can be obtained in a very wide range of values
of observables/parameters of interest in SPMHT: maximum specific loss power (implicitly
the heating temperature), the optimal diameter (size) of the nanoparticles corresponding to
the maximum of specific loss power, the amplitude and the frequency of magnetic field.
Thus, the optimal conditions for the application of SPMHT in the admissible biological
limit can be found, depending on the concrete practical situations (tumor therapy in vitro,
in vivo or in future clinical trials), to increase its efficiency in destroying tumor cells without
affecting healthy tissues. Thus, the results obtained regarding the maximum specific loss
power for the allowable biological limit (PsM)l, the optimal diameter of the nanoparticles
for obtaining the maximum loss power (DMo), the optimal range for the amplitude of
alternating magnetic field (Ho) and the limit frequencies (fl) (Table 6, Figure 8, Table 7) are
effective data/tools for working in the practical implementation of SPMHT in order to
obtain an increased efficacy in alternative therapy of tumors with as few toxicity as possible
or even without toxicity.
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Abstract: Ever since the emergence of magnetic resonance (MR)-guided radiotherapy, it is important
to investigate the impact of the magnetic field on the dose enhancement in deoxyribonucleic acid
(DNA), when gold nanoparticles are used as radiosensitizers during radiotherapy. Gold nanoparticle-
enhanced radiotherapy is known to enhance the dose deposition in the DNA, resulting in a double-
strand break. In this study, the effects of the magnetic field on the dose enhancement factor (DER) for
varying gold nanoparticle sizes, photon beam energies and magnetic field strengths and orientations
were investigated using Geant4-DNA Monte Carlo simulations. Using a Monte Carlo model including
a single gold nanoparticle with a photon beam source and DNA molecule on the left and right, it
is demonstrated that as the gold nanoparticle size increased, the DER increased. However, as the
photon beam energy decreased, an increase in the DER was detected. When a magnetic field was
added to the simulation model, the DER was found to increase by 2.5–5% as different field strengths
(0–2 T) and orientations (x-, y- and z-axis) were used for a 100 nm gold nanoparticle using a 50 keV
photon beam. The DNA damage reflected by the DER increased slightly with the presence of the
magnetic field. However, variations in the magnetic field strength and orientation did not change the
DER significantly.

Keywords: gold nanoparticle; nanoparticle-enhanced radiotherapy; MR-guided radiotherapy; DNA
damage; Monte Carlo simulation; dose enhancement; magnetic field

1. Introduction

In radiotherapy, the aim is to acquire a conformal dose at the tumor or target as
high as possible while, at the same time, sparing the surrounding normal tissues at the
minimum dose. One way to achieve this goal is to add a heavy-atom radiosensitizer such
as gold nanoparticles to the tumor to increase its compositional atomic number [1–3]. This
increase in radiosensitivity is due to a combination of the physical dose enhancement
and additional chemical and biological effects associated with the nanoparticle [4]. Gold
nanoparticles can be transported to living cells through a liposome-based system. This
makes the treatment delivery of gold nanoparticle-enhanced radiotherapy possible [5].
There are two advantages of adding gold nanoparticles to the tumor. First, the increase
in the compositional atomic number of the tumor increases the radiation dose absorption
through the enhancement of the photoelectric effect. This dose enhancement is particularly
significant when photon beam energy in the kilovoltage (kV) range is used, where the
photoelectric effect is dominant [6–8]. Moreover, the dose enhancement can increase cancer
cell killing. Second, due to the increase in the deviation of beam absorption between the
target (with gold nanoparticle addition) and its surrounding tissue (without gold nanopar-
ticle addition), contrast enhancement can be achieved in medical imaging modalities such
as computed tomography (CT) using a kV photon beam [9–11]. The increase in target
contrast will make it easier for the radiation oncologist to identify the tumor and contour it
more accurately in radiation treatment planning. Therefore, gold nanoparticle-enhanced
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radiotherapy has become popular, resulting in many studies on the basic science and
clinical application [12–15]. Many preclinical works have been carried out, and clinical
trials are being conducted, building a potential roadmap to clinical implementation [16].

In radiobiology, it is well known that cancer cell killing or control is caused by the
energy deposition from the secondary electrons at the deoxyribonucleic acid (DNA). These
secondary electrons generated by the ionizing radiation in the tumor medium (water
equivalent) would travel to the strands of DNA and damage the molecule, for example,
causing a single- and double-strand break [17,18]. The addition of gold nanoparticles to the
tumor can enhance the energy deposition because extra secondary electrons are produced
by the irradiated nanoparticles. Therefore, more lethal double-strand breaks would be
produced in the DNA [19]. Reproduction of the cancer cell is therefore terminated because
the DNA has been damaged by the radiation and irradiated gold nanoparticles.

Recently, with advances in magnetic resonance (MR)-guided radiotherapy [20–22],
MR images can be acquired during radiation dose delivery. This allows radiation staff to
examine the patient’s tumor when it is irradiated by photon beams. Moreover, MR imaging
can provide an excellent contrast of soft tissue compared to the routine CT imaging. This
results in better tumor contouring and targeting [23]. To date, MR-guided radiotherapy has
improved soft tissue visualization, management of the intrafraction and interfraction organ
motion and online adaptive radiotherapy [24]. However, there is a concern over the dose
distribution, affected by the magnetic field from the MR system, in the patient [25]. The
absorbed dose contributing to cancer cell killing is determined by the energy deposition in
the DNA, due to the secondary electrons generated from the interaction between the radia-
tion beam and tumor medium. Since an electron is a charged particle and its traveling path
is affected by the magnetic field, the electron distribution in the tumor can be affected by
the presence of a magnetic field, leading to a change in final dose distribution. This may, in
turn, affect the treatment outcome of MR-guided gold nanoparticle-enhanced radiotherapy.
Although there are macroscopic studies concerning the variation in dose distribution due
to the magnetic field in MR-guided radiotherapy [26–28], there is a lack of study on the
nanodosimetry regarding the DNA damage, not to say with gold nanoparticle addition.

In this study, we investigated this problem by focusing on the nanodosimetry of a gold
nanoparticle and DNA. Using Monte Carlo simulation, we examined the dose enhancement
of DNA in the presence of a gold nanoparticle when a magnetic field is or is not added to
the beam irradiation. Through determining the dose enhancement factor (DER) at the DNA
with different nanoparticle sizes, photon beam energies and magnetic field strengths and
orientations, we can find out the relationship between the DNA damage and the presence
of the magnetic field when an irradiated gold nanoparticle interacts with a DNA.

2. Materials and Methods

2.1. Monte Carlo Simulation

Monte Carlo simulation was used to investigate the influence of the magnetic field
on dose enhancement in the DNA when a gold nanoparticle was irradiated by a photon
beam. Monte Carlo simulation is a widely used mathematical method in medical physics to
model radiation techniques, assess the dose distribution and analyze radiation effects in a
certain environment under different experimental conditions [29,30]. In this study, Geant4
software developed by CREN was used to conduct Monte Carlo simulation [31]. The source
code, Geant4-DNA, is an extension of the Geant4 Monte Carlo toolkit used to simulate the
irradiation of gold nanoparticles and DNA with a photon beam [32]. The code can construct
the environment of a gold nanoparticle near a DNA irradiated by a photon beam at a
distance from the nanoparticle in the presence of a magnetic field. Geant4-DNA provides a
virtual machine containing CentOS Linux, and the latest version of Geant4 (version 10.7),
analysis tools, visualization tools and other utilities were used in the simulation. VMware
Workstation 16 player was used for running the virtual machine. This machine consists of
a Linux distribution of CentOS 8 64-bit. The virtual machine has pre-installed codes and
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all the software required to run Geant4. The virtual machine was installed from the CREN
website (https://geant4.cenbg.in2p3.fr/ accessed date: 1 January 2021).

The default DNA physics list class, “G4EmDNAPhysics_option2”, was implemented
in this study, which is recommended for cellular-scale simulations. It includes several
physics models that cover physical interactions needed for particle transport in water
medium [33]. Different physics models have to be defined in gold nanoparticles for
different particles such as photons and electrons. Since the transportation of particles
in Geant4-DNA is only valid in water medium, a macroscopic physics list, for example,
“G4LivemorePhysics”, is defined for physical interactions of photons with gold medium.
In this study, the environmental model of the cell was assumed to be water equivalent.

2.2. Simulation Model and Geomtry

A DNA model according to Henthorn et al. [34], alongside a gold nanoparticle, was
defined inside a spherical water phantom with a radius of 0.5 μm. The simulation variables
were similar to Chun et al. [35]. In this model, the backbones and bases were constructed
as tiny spheres with a radius of 0.24 nm and 0.208 nm, respectively. Figure 1 shows the
simulation setup for the study. The radiation source was defined as a circular plane source
with a radius of twice the radius of the gold nanoparticle. The three photon beam energies
considered for this simulation were 50, 100 and 150 keV. The primary photons emitted
from the left side of the gold nanoparticle reached the DNA molecule. The most important
cause of energy deposition in the DNA is the secondary electrons emitted from the gold
nanoparticle. In this study, different nanoparticle diameters (30, 50 and 100 nm) with a
nanoparticle-to-DNA distance of 30 nm were used. Photon beam energies of 50, 100 and
150 keV were used with a uniform magnetic field (0, 1 and 2 T) defined along each axis, in
order to examine the effect of the magnetic field on the dose enhancement. In Figure 1, three
orientations were considered for the magnetic field (Bx, By and Bz), separately. Since the
primary photons were emitted along the z-axis, the magnetic field orientation parallel to the
z-axis was also parallel to the trajectory of the photon, and the magnetic field orientation
parallel to the x-axis and y-axis was perpendicular to the trajectory of the photon.

 

Figure 1. The Monte Carlo model geometry simulated in Geant4-DNA (not to scale). The gold
nanoparticle was placed between the photon beam (green) and the DNA molecule. Nanoparticle
diameters of 30, 50 and 100 nm were used in the simulation.

Figure 2 shows electron tracks in the simulation model. Energy deposition happened
when secondary electrons (yellow dots) were generated along the electron tracks (red). If
energy deposition occurred in the DNA (i.e., right-hand side of Figure 2), ionization of the
strand of DNA may happen, leading to DNA damage [9,19,36]. The number of histories
for the photons interacting with the gold nanoparticle was equal to 300 million in this
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study, and more photons (~2 billion) were required to achieve a similar uncertainty (2–5%
standard deviation) for the simulation model without the gold nanoparticle.

 

Figure 2. Schematic diagram showing the gold nanoparticle irradiated by the photon beam with electron
tracks (red) generated from the nanoparticle. Energy deposition happens when the secondary electrons
(yellow dots) are generated along the electron paths. When energy deposition occurs in the DNA, lethal
DNA damage such as a double-strand break may be produced, leading to cancer cell killing.

2.3. Dose Enhacnement Ratio

The enhancement of energy deposition in the presence of gold nanoparticles, resulting
in DNA damage, can be expressed as the DER [37]:

Dose Enhancement Ratio (DER) = Dose in the DNA with gold nanoparticle addition
Dose in the DNA without gold nanoparticle addition

When no gold nanoparticle was added to the simulation model, the material of the
particle was changed from gold to water. This mimicked the environment of a homoge-
neous tumor with water equivalent. The DER is therefore equal to one. A DER greater than
one shows a dose enhancement due to the gold nanoparticle addition.

3. Results and Discussion

The relationships between the DER and different simulation variables, namely, nanopar-
ticle size and magnetic field strength and orientation for photon beam energies of 50, 100
and 150 keV, are shown in Figure 3a–c, respectively. The gold nanoparticle diameters were
equal to 30, 50 and 100 nm, and the magnetic field strengths were equal to 0, 1 and 2 T, with
orientations parallel to the x-, y- and z-axis, as shown in Figure 1. The distance between the
nanoparticle and DNA was equal to 30 nm.

3.1. Dependence of DER on Nanoparticle Size and Beam Energy

When there was no magnetic field present in the simulation model (i.e., magnetic field
strength = 0), the DER was found to increase with the gold nanoparticle size. The rates of
increase in the DER were 3.4%, 4.5% and 2.9%/nm for photon beam energies equal to 50,
100 and 150 keV, respectively (Figure 3a–c). The maximum DER was found to be 7.16 for
the gold nanoparticle with a diameter equal to 100 nm using the 50 keV photon beam, while
the minimum DER was 3.59 for the nanoparticle with a 30 nm diameter using the 150 keV
beam. The reason for an increase in the DER with an increase in the nanoparticle size is that
the larger particle contains more gold atoms to interact with photons in order to produce
secondary electrons, resulting in more energy deposition in the DNA [6]. However, when
the nanoparticle size becomes larger, the self-absorption of electrons in the nanoparticle
also becomes more significant. This self-absorption effect would decrease the DER when
the nanoparticle size increases [38].
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Figure 3. Relationships between the DER and simulation variables of gold nanoparticle size and magnetic field strength
and orientation using photon beams with energies equal to (a) 50, (b) 100 and (c) 150 keV.
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For the same nanoparticle size with various photon beam energies, it was found
that the DER decreased with a beam energy increase. For the nanoparticle with a 50 nm
diameter, as shown in Figure 3a–c, the DER was found to decrease from 6.09 to 4.55
when the photon beam energy increased from 50 to 150 keV. This can be explained by the
enhancement of the photoelectric effect as the cross-section or attenuation coefficient of
the photoelectric interaction decreased with an increase in the photon energy [7–9]. The
trends of variation in the DER on the nanoparticle size and photon beam energy agreed
with results of our previous work using an older DNA model in the simulation [35].

3.2. Dependence of DER on Magnetic Field Strength and Orientation

For the nanoparticle with a 100 nm diameter using the 50 keV photon beam, as shown
in Figure 3a–c, the DER was found to be 7.16, 7.35 and 7.36 when the magnetic field strength
was equal to 0, 1 and 2 T along the z-axis. These were increases of about 2.5% and 2.7% in
the DER when a magnetic field of 1 and 2 T was added to the simulation model along the
z-axis (Figure 1). Similar increases in the DER could be found in the nanoparticles with
diameters equal to 30 and 50 nm. It is found that the presence of the magnetic field along
the central beam axis would increase the energy deposition in the DNA slightly. However,
the increase in the magnetic field strength did not lead to a significant increase in energy
deposition in the DNA.

When considering the nanoparticle with a 100 nm diameter using the 50 keV photon
beam, with the magnetic field perpendicular to the central beam axis, but parallel to the
DNA (i.e., x-axis in Figure 1), the DER was found to be 7.16, 7.36 and 7.46 when the
magnetic field strength was equal to 0, 1 and 2 T (Figure 3a–c). These were increases of
about 2.7% and 4.0% when a magnetic field of 1 and 2 T was added to the simulation model
along the x-axis. Similar increases in the DER were found for nanoparticles of 30 and 50 nm
diameter. However, the increase in the DER was in the range of 0.50–1.8%, which was
smaller than the nanoparticle with a 100 nm diameter. It is seen that the presence of a
magnetic field perpendicular to the central beam axis would increase the energy deposition
in the DNA more than along the central beam axis, and the increase was more significant
for the larger nanoparticle.

With the same photon beam energy of 50 keV, with the magnetic field along the y-axis
(Figure 1), the orientation of the field was perpendicular to the central beam axis and the
DNA. This beam and magnetic field geometry was different from placing the magnetic field
along the x-axis because the DNA was parallel to the x-axis of the photon beam. For the
nanoparticle with a diameter of 100 nm, the DER was found to increase by 2.8% and 4.9%
when the magnetic field strength increased by 1 and 2 T, respectively (Figure 3a–c). This
increase in energy deposition in the DNA was very similar to the magnetic field orienting
in the x-axis. It is seen that the orientation of DNA did not affect its energy deposition
significantly regarding the magnetic field orientation.

This work focused on the nanodosimetric change in the DNA interacting with an
irradiated gold nanoparticle in the presence of a magnetic field. Based on the results in
this study, it is worthwhile to further investigate the dependence of the DER on multiple
nanoparticles with different distribution patterns, sizes and shapes. Moreover, macroscopic
Monte Carlo simulation [39] can be carried out to investigate the dose enhancement of a
tumor in a patient treated with magnetic resonance-guided radiotherapy. This multi-scale
study can help us to understand, in detail, the impact of the magnetic field on cancer
control from the nanometer to centimeter scales.

4. Conclusions

The DER determined, based on the energy deposition in the DNA, for varying gold
nanoparticle diameters (30, 50 and 100 nm), photon beam energies (50, 100 and 150 keV)
and magnetic fields (0 T, 1 T and 2 T) in the x, y and z orientations was investigated using
Monte Carlo simulation. In general, the DER with no magnetic field present increased as
the gold nanoparticle size increased. Moreover, the DER decreased as the photon beam
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energy increased, since the secondary electrons generated at high energies are less than
the electrons generated at lower energies. In the presence of a magnetic field, the DER
increased by about 2.5–5% for various field strengths (1 and 2 T) and orientations (x-, y-
and z-axis) for the largest nanoparticle (diameter equal to 100 nm) using the lowest photon
beam energy (50 keV) in this study. It was found that the increase in the DER was even
smaller for smaller gold nanoparticles using a higher photon beam energy.

The results in this work provide important information concerning the variation
in energy deposition in DNA when a magnetic field is present in an irradiated gold
nanoparticle. Moreover, this single-nanoparticle model can act as a base for the construction
of a more complicated multi-nanoparticle model focusing on a more realistic cellular
environment for clinical practice.
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Abstract: Immunotherapy has recently become a promising strategy for the treatment of a wide range
of cancers. However, the broad implementation of cancer immunotherapy suffers from inadequate
efficacy and toxic side effects. Integrating pH-responsive nanoparticles into immunotherapy is a
powerful approach to tackle these challenges because they are able to target the tumor tissues and
organelles of antigen-presenting cells (APCs) which have a characteristic acidic microenvironment.
The spatiotemporal control of immunotherapeutic drugs using pH-responsive nanoparticles endows
cancer immunotherapy with enhanced antitumor immunity and reduced off-tumor immunity. In this
review, we first discuss the cancer-immunity circle and how nanoparticles can modulate the key steps
in this circle. Then, we highlight the recent advances in cancer immunotherapy with pH-responsive
nanoparticles and discuss the perspective for this emerging area.
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1. Introduction

Immunotherapy has revolutionized the cancer treatment by activating the innate and adaptive
immune system against tumor cells with immune checkpoint inhibitors (ICIs), agonists, antigens, or
engineered T cells. In contrast to the conventional cancer treatment modalities, e.g., chemotherapy,
radiotherapy, and surgery, which directly kill cancer cells or resect tumor tissues, immunotherapy
aims to restore the antitumor activity of the immune system to attack abnormal cells through natural
mechanisms, allowing better potency and fewer off-target effects in the treatment of advanced
malignancies [1–4]. Several notable clinical successes in cancer immunotherapy have been made over
the past decade, including the FDA approval of the chimeric antigen receptor (CAR) T cell therapy and
therapies with monoclonal antibodies (mAbs) targeting cytotoxic T lymphocyte antigen 4 (CTLA4),
programmed cell death 1 (PD-1), or its ligand (PD-L1) as the immune checkpoint inhibitors. Due to
their contributions in the discovery of cancer therapy through the immune checkpoint blockade, the
Nobel Prize in Physiology or Medicine 2018 was awarded to James P. Allison and Tasuku Honjo.
Now, there is a large number of active clinical trials worldwide and immunotherapy has become a new
pillar of cancer treatment owing to these tremendous achievements [5].

1.1. Modulation of Anticancer Immunity

The generation of endogenous immune response against tumors involves several distinct
steps (Figure 1) [1,6,7]. First, tumor-associated antigens (TAAs) are released from cancer cells.
The immunogenic signal could be proinflammatory cytokines or factors which are produced in
oncogenesis (step 1). Then, TAAs are captured by antigen presenting cells (APCs) (e.g., dendritic
cells) and presented on major histocompatibility complex (MHC) class I and class II molecules (step 2).
Tumor antigen-loaded dendritic cells migrate to lymph nodes, resulting in the priming and activation of
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T cells (step 3). This is a crucial step to generate T cell response against cancer-specific antigens. In the
presence of immunogenic stimulators, the antigen presentation elicits effector T cells which are killers
to cancer cells. Without such stimulation, dendritic cells will induce T cell deletion and the production
of regulatory T cells which relate to the immunosuppression. The activated T cells subsequently leave
the lymph node, traffic to tumors through the bloodstream, and infiltrate into tumor parenchyma
(steps 4 and 5). Finally, effector T cells recognize cancer cells by the specific binding of T cell receptor
(TCR) to the antigen on cancer cell surface (step 6), and kill target cancer cells (step 7). The death of
cancer cells further promotes the release of TAAs and elicits the subsequent immune response.

Figure 1. The cancer-immunity cycle. Seven steps are involved in the generation of antitumor
immunity, i.e., the release of tumor antigens from cancer cells, the presentation of tumor antigen to
antigen-presenting cells (APCs), the priming and activation of T cells in lymph nodes, the trafficking
and infiltration of T cells to tumors, the recognition and the killing of cancer cells.

Durable cancer immunotherapy requires the complete cancer-immunity cycle. However, a few
factors may waken or suspend the generation and performance of antitumor immunity in cancer
patients. The approaches to overcome these obstacles derive the major classes of cancer immunotherapy.
The cancer antigens may not be sufficiently released from solid tumors and captured by dendritic
cells for the further processing. In this respect, treatments with conventional chemotherapeutics or
radiation induce the apoptosis of cancer cells that promotes the release of tumor antigens from dead
cells [5]. The immunization could be also initiated with the delivery of exogenous vaccines including
conventional protein or peptide antigens, nucleic acids, and dendritic cells. The tumor-associated
proteins, peptides, and nucleic acids could be directly administered to cancer patients, then,
processed by dendritic cells and cross-presented to T cells in vivo. Alternatively, dendritic cells are
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engineered with specific antigens ex vivo and injected into patients for personalized immunization [8].
Stimulatory molecules are requisite for dendritic cell maturation, antigen presentation, and T cell
activation. For example, agonists of Toll-like receptor (TLR), e.g., cytosine-phosphate-guanine
oligonucleotide (CpG-ODN) for TLR9 and Imiquimod for TLR7, and stimulator of interferon genes
(STING) are able to promote the maturation of APCs [9,10]. Incubation with interferon-α (IFN-α) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) facilitates dendritic cell development
and the expression of leukocyte antigen (HLA), B7 co-stimulatory molecules, MHC proteins, and
CD40, which benefits the TAAs presentation and immunization [11]. Interleukin-2 (IL-2) is able
to stimulate the expanding and activation of T cells in lymph nodes [12]. These cytokines and
agonists are legitimately utilized to improve the immune activity of T cells for cancer immunotherapy.
To circumvent the elaborate procedures of T cell priming and activation in vivo, T cells are collected
from tumors or peripheral blood, selected, genetically engineered, and proliferated in vitro, followed
by the reinfusion into the tumor-bearing patient [13]. This strategy of adoptive T cell therapy represents
a major advancement of cancer immunotherapy in the past decade. In particular, T cells modified with
chimeric antigen receptor (CARs) show exceptional immune activity which have been approved for
clinical use to treat B cell acute lymphoblastic leukemia and B cell non-Hodgkin lymphoma [14,15].

Abnormal angiogenesis and proliferation of cancer cells and cancer-associated fibroblasts (CAFs)
contribute to the formation of solid tumors with high interstitial fluid pressure (IFP) that hinders
the infiltration of all therapeutics into tumor parenchyma from blood vessels [16]. In addition to
physical barriers, reduced blood flow and substance exchange further induce the hypoxia and acidity
in tumor, resulting in the immunosuppressed tumor microenvironment (TME) that is a major cause
of the resistance to the current cancer immunotherapy. The therapeutics for the normalization of
TME, e.g., antiangiogenic and CAF-reprogramming agents, have been broadly utilized to improve
the tumor perfusion and immunity for cancer immunotherapy [1]. The activity of effector T cells
could be suppressed by immunosuppressive macrophages in the TME, including regulatory T cells,
M2-like tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells because they
are able to secrete a number of immunosuppressive factors (e.g., NO, reactive oxygen species, arginase,
iterleukin-10, indoleamine 2,3-dixoygenase, and transforming growth factor-β) and to down-regulate
the cytotoxicity of effector T cells [5]. Reprogramming or eliminating immunosuppressive cells has
proven to be a complementary approach to augment the antitumor immunity of T cells in solid
tumors. Cancer cells usually express immune checkpoint proteins on the surface, leading to the
immune resistance when these proteins bind to the specific ligands on T cells. Inhibition of the
immune checkpoints with anti-CTLA4, anti-PD-1, or anti-PD-L1 antibodies represents the most notable
approach in the current cancer immunotherapy [2]. There are now at least six FDA-approved immune
checkpoint inhibitors for the treatment of a wide range of cancers [3].

1.2. Ongoing Challenges in Cancer Immunotherapy

Despite the substantial progress in recent years, the broad implementation of cancer
immunotherapy remains challenging. The response rate and magnitude of cancer patients to
immunotherapies remains moderate. Only <13% of cancer patients effectively respond to the current
immune checkpoint inhibitors because the expression level of checkpoint proteins varies with cancer
types and patients [17]. CAR-T cell therapy shows high potency for the treatment of hematologic
malignancies. However, its clinical application to solid tumors is still unfulfilled due to the compact and
immunosuppressive microenvironment of solid tumors [18]. In addition to the unsatisfactory efficacy,
the safety issues further limited the broader clinical use of immunotherapeutics. CAR-T therapy
requires successive infusion of CAR-T cells that may cause severe side effects including cytokine-release
syndrome (CRS) and CAR-T cell-related encephalopathy syndrome (CRES) [18]. The advance of
immune checkpoint inhibitors (ICI) therapy is also associated with some immune-related adverse
events (irAEs) including colitis, pneumonitis, hepatitis, myocarditis, and neurotoxic effects [19].
Some immune modulators are toxic and the repeated administration leads to accumulative toxicity
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for the patients. In addition, the stimulating and activating circulating lymphocytes out of tumors
may lead to the attack on normal tissues, causing the off-target side effects [2,19]. The ideal cancer
immunotherapy should be capable of precise modulation on the strength and the site of immune
response to optimize the clinical outcomes.

2. Cancer Immunotherapy with Nanoparticles

Nanoparticles, particles with a typical size of 1–100 nm in diameter, have been widely
utilized in cancer treatments [2,16,20]. Nanoparticle-based delivery offers potent approaches for
the spatiotemporal control of immunotherapeutic agents to reduce the adverse effects and maximize
the therapeutic index of cancer immunotherapy [1–5]. First, the formulation of immunotherapeutics in
nanoparticles can improve the pharmacological properties of drugs, including the solubility and stability.
Of particular importance, some biologic drugs, e.g., nucleic acids and antibodies, require protection from
degradation and macrophage clearance in blood after systemic administration. Second, nanoparticle
platforms enable versatile modification or functionalization to modulate the pharmacokinetic profile
of drugs and regulate the interaction between drugs and cells or organs. The level of antibodies or
small drugs can be tuned by controlled release to extend the efficacy and avoid the systemic toxicity
due to the instantaneous high concentration after systemic administration. In addition, the structure
of nanoparticles can be readily designed for the active targeting and the smart response to external
stimuli (e.g., light, electronic, and magnetic fields) or the biochemical changes from normal tissues to
tumors (e.g., pH, redox potential, and enzymes), resulting in the enhanced tumor accumulation and
reduced off-target side effects. For the highly hydrophilic and negatively charged nucleic acid drugs,
nanoparticle carriers play significant roles in their cellular uptake, endosomal escape, and release in
target cells that are the critical steps for the implementation of nucleic acid-based immunotherapy.
Finally, nanoparticle technologies allow feasible combinations of immunotherapy with conventional
chemotherapy, radiotherapy, as well as photothermal and photodynamic therapy for the normalization
of immunosuppressive TME and improved immunotherapy efficacy.

3. pH-Responsive Nanoparticles for Cancer Immunotherapy

pH-responsive nanoparticles have received intensive attention in cancer immunotherapy because
of the distinct acidic features of a tumor microenvironment compared with normal tissues. Deregulated
glycolysis in cancer cells results in the high level of lactic acid and consequent acidic pH (6.5–6.9) in
tumor tissues [21]. pH-sensitive nanoparticles afford cancer immunotherapy improved pharmacology
and enhanced accumulation of immunotherapeutics in tumor tissues. In addition, the intracellular
trafficking of drug nanoparticles usually undergoes early endosomes, late endosomes, and fusion
with lysosomes with a decreased pH from 6.5 to 4.5 [22,23]. The formulation of biologic drugs with
pH-sensitive carriers is able to response to the subtle pH change, facilitating the endosomal escape
and avoiding the degradation of nucleic acids or proteins in lysosomes. It is worth noting that
pH-responsive nanoparticles have been extensively used in other cancer therapies (e.g., chemotherapy)
besides immunotherapy. For these topics, readers may refer to the published reviewer articles [24–26].
This review will focus on the recent advances in cancer immunotherapy using pH-responsive
nanoparticles and offer perspectives on this burgeoning field.

Nanoparticles’ response to pH change in two typical ways: the protonation/ionization of
functional groups and the degradation or the cleavage of acid-labile bonds (Figure 2). pH-dependent
protonation/ionization is frequently utilized in the design of pH-triggered delivery systems. In this
strategy, various ionizable groups (e.g., amines and carboxyl acids) are incorporated into the delivery
carriers, endowing drug-loaded nanoparticles with sensitivity to acid environments. pH variation
alters the protonation of amines or the ionization of carboxyl groups that result in the change of the
surface charge, the stability, and the interaction with cells or tissues. The pH-dependent protonation of
carriers enables the “proton sponge” effect in the intracellular trafficking of nanoparticles which is
crucial for the endosomal escape of biological immunotherapeutics (e.g., nucleic acids and proteins) [23].
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The protonation of amines increases with the acid degree in endosomes, leading to the extensive
influx of water and counterions into the late endosomes, which further results in the rapture of
the endosomal membrane and the release of cargoes into the cytoplasm, therefore, avoiding the
degradation of the biological drugs in lysosomes. In contrast to the physical changes in pH-responsive
protonation/ionization, the increase of acidity may lead to the break of covalent bonds including
amide, ester, imine, oxime, acetal, and ketal bonds or the disintegration of inorganic components,
altering the physicochemical properties of drug-loaded nanoparticles. For example, acid cleavable
PEG segments are incorporated into nanocarriers to shield nanoparticles from protein adsorption
and aggregation under physiological conditions. When nanoparticles are circulated to the acidic
tumors, the acid-labile linkers break and shielding PEGs are detached from nanoparticles, shifting the
surface from a hydrophilic to a hydrophobic one or from a neutral to a positive one that improves
the accumulation and retention of nanoparticles in tumor tissues [27,28]. In contrast to changes
on the surface, the hydrolysis inside the nanoparticles triggers the degradation and disassembly of
nanoparticles under acidic conditions, leading to the rapid release of immune cargoes and facilitating
the antigen presentation in the target tissue [29,30]. Several pH-responsive inorganic components have
been utilized to construct nanocarriers for cancer immunotherapy because they are highly sensitive to
pH change from a physiological to a tumor environment [30,31].

Figure 2. The typical approaches to the pH-response of nanoparticles for cancer immunotherapy.
(a) Protonation/ionization and (b) cleavage of acid-labile shells or degradation of nanoparticles at acid
pH enables the significant change of surface properties or the disintegration of nanoparticles.

3.1. Nanoparticles with pH-Responsive Protonation/Ionization for Cancer Immunotherapy

pH-responsive polycations (e.g., poly(2-diethylamino ethyl methacrylate), PDEAEMA) take
positive charges upon the protonation of amine groups and enable the proton sponge effect
after internalization into cells (Figure 3). Therefore, they could be used to encapsulate
negatively charged immunotherapeutic nucleic acids, improve their cellular uptake, and protect
intrinsically unstable nucleic acids from degradation in acidic lysosomes in dendritic cells [32].
For example, poly(dimethylaminoethyl methacrylate)-b-(dimethylaminoethyl methacrylate-co-butyl
methacrylate-co-propylacrylic acid) (P(DMAEMA)-b-(DMAEMA-co-BMA-co-PAA)) (Figure 3a) was
utilized for the delivery of a RNA agonist of the retinoic acid gene (3pRNA) to dendritic
cells. The pH-responsive polymer-nucleic acid nanoparticles reduce nuclease degradation and
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improve cellular uptake and endosomal escape of 3pRNA, enhancing the immunostimulatory
activity and the therapeutic efficacy of anti-PD-1 immune checkpoint blockade in a CT26 colon
cancer model [33]. Similar pH-responsive polymers, poly(ethylene glycol)-b-poly(diisopropanol
amino ethyl methacrylate-co-hydroxyethyl methacrylate) (PEG-b-P(DPA-co-HEA)) (Figure 3b) and
1,2-epoxytetradecane alkylated oligoethylenimine (OEI-C14) were utilized to deliver a photosensitizer
(PS) and small interfering RNA against PD-L1 (siPD-L1) for combination of photodynamic therapy
and RNA interference (RNAi)-based PD-L1 blockade [34]. At physiological pH, the carriers and
payloads form stable nanoparticles wherein the fluorescence of photosensitizers is quenched due to
the fluorescence resonance energy transfer, implying reduced dark toxicity in the blood circulation
upon laser irradiation. After entering the weakly acidic endocytic vesicles in tumor cells (pH 5.0–6.0),
the protonation of the tertiary amines of PDPA increases, resulting in the dissociation of nanoparticles
and the release of photosensitizers into tumor cells that mediates photodynamic immunotherapy with
laser irradiation. Furthermore, the photodynamic treatment induces tumor-specific reactive oxygen
species (ROS) and promotes the release of antigens, stimulating the adaptive anti-tumor immunity.
The combination of photodynamic immunotherapy and PD-L1 knockdown on the acid-activatable
nanoplatform significantly inhibits tumor growth and metastasis in a B16-F10 melanoma xenograft
tumor model.

 

Figure 3. Representative materials with pH-dependent protonation/ionization for cancer
immunotherapy. (a) P(DMAEMA)-b-(DMAEMA-co-BMA-co-PAA): poly(dimethylaminoethyl
methacrylate)-b-(dimethylaminoethyl methacrylate-co-butyl methacrylate-co-propylacrylic acid);
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(b) PEG-b-P(DPA-co-HEA): poly(ethylene glycol)-b-poly(diisopropanol amino ethyl methacrylate-
co-hydroxyethyl methacrylate); (c) pH-responsive lipids; (d) PC7A: poly(ethylene
glycol)-b-poly(2-(hexamethyleneimino)ethyl methacrylate); (e) MGlu-Dex: dextran derivatives
having 3-methylglutarylated residues; (f) CECm: amphoteric methacrylamide N-carboxyethyl
chitosan; HTCCm: methacrylamide N-(2-hydroxy)propyl-3-trmethylammonium chitosan chloride;
(g) histamine and mPEG modified poly(β-amino ester)s; (h) PAH: PEG-histidine modified
alginate; and (i) PEG-b-PAEMA-PAMAM/Pt: platinum (Pt)-prodrug conjugated and poly(ethylene
glycol)-b-poly(2-azepane ethyl methacrylate)-modified polyamidoamine. The key pH-sensitive groups
are indicated in red.

Messenger RNA (mRNA) has great potential in cancer immunotherapy [35]. A successful delivery of
TAAs-encoded mRNA into DCs enhances the antigen presentation and the tumor specific immune response.
In comparison with a short double-stranded RNA, a single-stranded mRNA is much longer, more flexible,
and less stable. Further application of mRNA in cancer immunotherapy requires robust delivery carriers [36].
pH-responsive lipid nanoparticles (Figure 3c) are proven carriers for the cellular uptake and the endosomal
escape of mRNA both in vitro and in vivo [17]. There is not a universal carrier for the delivery of any RNAs in
different tumor models. In general, a proper content of pH-responsive amines and a delicate balance between
hydrophilicity and hydrophobicity is needed to tackle the complicate challenge in RNA delivery. Of particular
importance, amines with a pKa of 6.0–6.5 are crucial for the binding, cellular uptake, and the release of RNAs.
A recent research shows that the alteration of the component of lipid nanoparticles changes the global apparent
pKa and the protein corona of nanoparticles that enables the selective delivery of RNAs and proteins to target cells
and tissues [37].

Ultra-pH-sensitive nanoparticles consisting of copolymers containing varying tertiary amines have been
developed for the delivery of protein antigens to APCs in draining lymph nodes. Due to the robust response to the
subtle pH change in organelles, the leading nanoparticle PC7A (Figure 3d) enables excellent cytosolic delivery and
efficient surface presentation of tumor antigens, generating a strong cytotoxic T cell response with low systemic
cytokine expression [38].

Carboxyl groups have been incorporated into pH-responsive nanoparticles for cancer immunotherapy
because their pH-dependent ionization enables the change of hydrophilicity/hydrophobicity of carriers and the
modulation of drug release from nanoparticles at varying pHs. For example, dextran was functionalized with
carboxyl pendants and C12 alkyl side chains for the fabrication of pH-responsive liposomes for the delivery of a
model antigen, ovalbumin (OVA) (Figure 3e). The modified liposomes are stable at neutral pH but destabilized at
weakly acidic pH because the solubility of carboxy-bearing dextran decreases with pH, enhancing the release of
OVA in the cytosol of dendritic cells. The pH-sensitive OVA-loaded liposomes demonstrate significant suppression
of tumors upon subcutaneous injection to E.G7-OVA tumor-bearing mice [39].

In addition to improving the delivery efficacy at a cellular level, pH-responsive nanoparticles benefit cancer
immunotherapy by enhancing the accumulation of immunotherapeutic drugs or targeting TAMs in tumor tissues
through the charge change in acidic conditions. Paclitaxel (PTX) and interleukin-2 were encapsulated in nanogels
composed of hydroxypropyl-β-cyclodextrin acrylate, red blood cell membrane, and two opposite charged chitosan
to remodel the immunosuppressive tumor microenvironment (Figure 3f). With the pH decrease in the tumor
environment, the ionization of –COOH decreases while the protonation of –NH2 increases, reversing the main
driving force in nanogels from electrostatic attraction to repulsion, which further leads to the disintegration of the
nanogel and the release of drugs in tumor tissues. The combinational chemotherapy and immunotherapy with
the tumor microenvironment responsive nanogel significantly enhance the infiltration of immune effector cells
and reduce the immunosuppressive factors in a murine melanoma model [40].

TAM is one of the key targets for the cancer immunotherapy besides tumor cells. Reversing TAMs from a
tumor supportive phenotype to a tumoricidal phenotype is an effective way to remodel the immunosuppressive
TME and enhance the antitumor immunity of immunotherapy. Histamine and mPEG modified poly(β-amino
ester)s (Figure 3g) were prepared for the delivery of IL-12 to re-educate TAMs in TME. The drug-polymer
nanoparticles swell under weak acidic conditions (e.g., pH 6.5), resulting in effective accumulation and prolonged
release of IL-12 in TME that reverses the tumor-infiltrated macrophage phenotype from M2 to M1. This nanoparticle
platform shows great potential in local re-education of TAMs in solid tumors with low systemic side effects in
cancer immunotherapy [41]. In another report, pH-sensitive PEG-histidine modified alginate (PAH, pKa ~ 6.9)
(Figure 3h) was developed for the delivery of a combination of CpG oligodeoxynucleotide (ODN), anti-IL-10
ODN and anti-IL-10 receptor ODN, to alter the phenotype of TAMs and stimulate their antitumor immunity.
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Galactosylated cationic dextran was selected for the fabrication of a ODNs nanocomplex (GDO) for TAM targeting
because of high level of galactose-type lectin on TAMs. GDO forms nanoparticles with PAH via electrostatic
attraction at physiological pH. After entering the acidic TME, the charge of PAH changes from negative to positive,
resulting the detachment of PAH from the GDO complex and the exposure of galactose for TAM targeting.
The acidic tumor microenvironment-responsive and TAM-specific approach significantly reduces the systemic
side effects of cancer immunotherapy by inhibiting the upregulation of serum proinflammatory cytokines [42].

Cancer therapy can be improved by targeting the delivery of chemotherapeutics and immune modulators
to both TAMs and tumor cells. BLZ-945, a small molecule inhibitor of colony stimulating factor 1 receptor
(CSF-1R) of TAMs, was encapsulated in ultra-pH-sensitive cluster nanoparticles (SCNs) which was constructed
from the self-assembly of platinum (Pt)-prodrug conjugated and poly(ethylene glycol)-b-poly(2-azepane ethyl
methacrylate)-modified polyamidoamine (PEG-b-PAEMA-PAMAM/Pt) (Figure 3i). At neutral pH, PAEMA is
hydrophobic and maintains the stable nanoparticles for prolonged blood circulation and reduced systemic toxicity
of payloads. PAEMA is rapidly protonated at tumor pH and becomes hydrophilic, leading to instantaneous
disintegration of SCNs into small dendrimer nanoparticles (<10 nm) for deep tumor penetration and the release
of BLZ-945 for TAM depletion. Comparing with BLZ-945 or Pt-loaded nanoparticles, the spatial targeting
nanoparticles demonstrate better tumor growth suppression, metastasis inhibition, and mouse survival in multiple
tumor models [43].

Silica nanoparticles with a pH-responsive surface have been used as scaffolds for the controlled release
of drugs or enhanced accumulation in tumor tissues [28,31]. Mesoporous silica nanoparticles with pH- and
GSH-responsive molecular gates were developed for doxorubicin (DOX) delivery for the treatment of metastatic
tumors. The highly integrated nanoplatform demonstrates a robust response to the simultaneously acidic and
reductive tumor microenvironment, enabling a precise release of drugs in tumor tissues. The smart nanoparticles
not only show good chemotherapy efficacy but also stimulate the maturation of DCs and the release of antitumor
cytokines [31]. Hollow silica nanoparticles were coated with PEG and 2-propionic-3-methylmaleic anhydride
(CDM)-grafted PEI, enabling prolonged blood circulation and negative-to-positive charge conversion at acidic pH.
The catalase and photosensitizer-loaded hybrid nanoparticles show enhanced retention in tumor tissue, leading
to greatly relieved tumor hypoxia via decomposition of tumor endogenous H2O2 and improving anti-PD-L1
checkpoint blockade therapy [28].

3.2. Nanoparticles with pH-Responsive Bond Cleavage or Degradation for Cancer Immunotherapy

In addition to the physical change induced by protonation/ionization, the break of covalent bonds triggered
by pH change can lead to the physicochemical property change on the surface of nanoparticles or the disintegration
of the nanoparticle that mediates the targeting or the controlled release of payloads to tumors.

OVA was grafted to alginate (ALG) via pH-sensitive Schiff base bonds and formed nanovaccines with
mannose modified ALG by CaCl2 crosslinking (Figure 4a). The nanovaccines are relatively stable at pH 7.4
and release OVA remarkably in the release in the endo/lysosomes (pH 4.5–5.5) due to the detachment of OVA
from delivery vehicles after cleavage of a Schiff base linkage at acidic pH. Subcutaneous administration of
the nanovaccines enables efficient trafficking of the OVA-bearing nanoparticles from the injection site to the
draining lymph nodes, remarkably stimulating the major cytotoxic T lymphocytes (CTL) response and inhibiting
E.G7 tumor growth in C57BL/6 mice [44]. Similarly, pH-responsive hydrazone bond has been utilized for the
construction of alltrans retinal-loaded nanogels which show long-term stability at physiological pH but dissociate
and release antigens in acidic lysosomes in DCs (Figure 4b) [29]. In a recent study, amphiphilic charge-altering
releasable transporters (CARTs) (Figure 4c) were developed for mRNA delivery to multiple lymphocytes in which
cationic poly(α-amino ester)s bind mRNA at acidic pH but release mRNA after a time-dependent rearrangement
of poly(α-amino ester)s to neutral small molecules (diketopiperizine) at pH 7.4, resulting in enhanced lymphocyte
transfection in primary T cells and in vivo in mice. In contrast to conventional polycations, CARTs provide a new
mechanism for mRNA release and great potential to avoid polycation-associated tolerability issues [45].
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Figure 4. Representative materials with acid-labile bond cleavage or degradation for cancer
immunotherapy. (a) ALG = OVA: ovalbumin-conjugated alginate; (b) GDR: galactosyl
dextran-retinal conjugates; (c) CART D13:A11: charge-altering releasable transporter with 13
carbonate repeating units and 11 amino ester repeating units; (d) PEG2000-hydrazone-C18: conjugates
of polyethylene glycol (molecular weight of 2000) and stearic hydrazide; (e) PEG-CDM-PDEA:
conjugates of PEG and poly(2-(diethylamino) ethyl methacrylate with 2-propionic-3-methylmaleic
anhydride linkers; (f) DiPt-ASlink-PEG2k: conjugates of PEG2000 and hexadecyl-oxaliplatin(IV)
with 2-propionic-3-methylmaleic anhydride linkers; (g) PEG = TMC-Man: PEG and mannose
doubly modified trimethyl chitosan; PAH-Cit (PC): citraconic anhydride-grafted poly (allylamine
hydrochloride); (h) HA-ADH-DOX: conjugates of hyaluronic acid and doxorubicin with hydrazine
linkers; (i) PLGA: poly(lactic-co-glycolic acid); (j) PLGA-NaHCO3/NH4HCO3 NP: NaHCO3 or
NH4HCO3-encapsulated PLGA nanoparticle; and (k) MOF: Metal-organic framework. The acid-labile
groups are indicated in red.
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Acid liable-PEG has been frequently used in pH-responsive nanoparticles to stabilize nanoparticles in
the blood circulation while enhancing the nanoparticle accumulation in acidic tumor tissues. For example,
nanoparticles composed of acid liable-PEG-hydrazone-C18 (PHC) (Figure 4d), poly(lactic-co-glycolic acid) (PLGA),
and O-stearoyl mannose (M-C18) enable a decreased accumulation in the mononuclear phagocyte system (MPS)
owing to the PEG shielding at normal pH, and thus reduce the off-target immune activation, while they can be
effectively accumulated in TAM via mannose-receptor recognition after the hydrolysis of hydrazone bonds and
the detachment of PEG in acidic TME [46].

The detachment of the PEG shell also enables the exposure of positively charged groups or negative-to-positive
charge conversion on the nanoparticle surface [27,47]. The PEG block was conjugated with poly(2-(diethylamino)
ethyl methacrylate (PDEA) using 2-propionic-3-methylmaleic anhydride (CDM) and formed mix micelles with
PEI-PDEA for the delivery of siRNA against PD-L1 and a mitochondrion-targeting photosensitizer (Figure 4e).
The detachment of the PEG corona at acidic pH endows nanoparticles with significant size reduction and surface
charge increase in TME, facilitating the penetration of nanoparticles to tumors and improving the antitumor
immune response in vivo. Using the same pH-sensitive linker, the PEG block was attached to a lipid with two tails
(Figure 4f). The nanoparticle is negatively charged at neutral pH due to the partial ionization of carboxyl groups
in the side chain. After entering acidic tumor tissue, the acid-labile linker was cleaved, resulting in the detachment
of the PEG shell with negative carboxyl groups and the charge conversion from negative to positive. The smart
nanoparticle shows enhanced tumor accumulation and deep penetration, consequently enabling efficient delivery
of a combination of immunoregulators to suppress tumor growth and metastasis in mice [47].

Moreover, the cleavage of PEG induces simultaneous exposure of targeting ligands and positively charged
groups that benefit cancer immunotherapy with enhanced accumulation and specific targeting to M2-TAMs
or cancer cells in tumor tissues. For example, nanoparticles composed of PEG and mannose doubly modified
trimethyl chitosan and citraconic anhydride-grafted poly (allylamine hydrochloride) (PC) have been developed
for the delivery of siRNAs against the vascular endothelial growth factor (VEGF) and placental growth factor
(PIGF) to breast cancer cells and M2-TAMs (Figure 4g). The PEG shell is able to mask mannose to reduce
the uptake by resident macrophages in the reticuloendothelial system and improve the blood circulation time.
When nanoparticles enter acidic tumor tissues, the benzamide bond between PEG and the mannose-modified
trimethyl chitosan is cleaved, which results in the detachment of PEG and the exposure of mannose and cationic
amines, enabling effective accumulation in tumor tissues and uptake by cancer cells and macrophages. In the
more acidic late endosomes or lysosomes (pH 4.5–5.5), the side chains of PC are hydrolyzed, leading to the
charge reversal from negative to positive and promoting the endosomal/lysosomal escape of siRNAs. The dual
pH-responsive nanoparticle could be a robust platform to reverse TME from pro-oncogenic to anti-tumoral and
suppress the tumor growth and metastasis [48].

A combination of an acid-cleavable bond and pH-dependent ionization has been utilized to construct a
sequential pH-responsive delivery system for the co-delivery of a TLR7/8 agonist R848 and chemotherapeutic
doxorubicin (DOX) (Figure 4h). Hyaluronic acid-DOX (HA-DOX) conjugates were prepared by coupling using
acid-cleavable hydrazone bonds. R848 was bound with poly(L-histidine) (PHIS) and the PHIS/R848 nanocomplex
were further coated with HA-DOX to form HA-DOX/PHIS/R848 nanoparticles. When pH decreases from neutral
to acidic, the mixed nanoparticles undergo two distinguished changes. The ionization of PHIS at pH 6.5 leads to
the hydrophobic-to-hydrophilic transition and the release of the encapsulated R848 in to TME. The cleavage of the
hydrazone bond around pH 5.5 triggers the release of the covalently bound DOX to the cytosol of cancer cells,
enabling the synergistic effects of immunotherapy and chemotherapy against breast cancer in 4T1 tumor-bearing
mice [49].

In contrast to the cleavage of pH-responsive linkers, the break of acid-liable bonds in the polymer backbone
induces the degradation of polymers and the disintegration of nanoparticles that facilitates the release of payloads
into an acidic compartment of APCs or tumor tissues. For example, biodegradable PLGA-based nanoparticles have
been used for the delivery of protein antigens (Figure 4i) (e.g., gp100, OVA) and JSI-124 (a small molecule inhibitor
of activator of transcription-3, STAT3) to protect the immunoregulators and achieve the sustained release of drugs
to DCs [50,51]. Biodegradable nanoparticles could be prepared by using acid degradable primary amine monomer
and cross-linker in which anti-DEC-205 mABs were encapsulated for cytotoxic T lymphocyte activation [52].

The incorporation of pH-responsive inorganic components into nanoparticles is a robust approach to promote
the release of antigens in APCs because they can generate CO2 and/or NH3 in acidic conditions which leads
to the rupture of antigen-loaded nanoparticles (Figure 4j). In comparison with the degradation of polymers,
the disintegration is more readily available for nano-sized inorganic components in mild acidic conditions.
For example, ammonium bicarbonate (NH4HCO3) was encapsulated in PLGA nanoparticles and could react
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with hydrogen ions in endosomes and lysosomes that produce NH3 and CO2, mediating the dissociation of
nanoparticles and the rapid release of encapsulated OVA to cytoplasm [30]. Similarly, PLGA-sodium bicarbonate
(NaHCO3) hybrid nanoparticles have been utilized to deliver an agonist 522 to stimulate the maturation of DCs
and the secretion of pro-inflammatory cytokines. The incorporation of bicarbonate salts into PLGA nanoparticles
enables 33-fold higher loading of the hydrophobic agonist and the rapid rapture of nanoparticles at acidic pH,
resulting in an increased expression of co-stimulatory molecules and improved antigen presentation [53].

Metal-organic frameworks (MOFs) have acid-labile metal–ligand bonds and are therefore able to respond
to the acidic environment endo/lysosome (Figure 4k). OVA was incorporated into the frameworks during the
synthesis of MOF using Eu and guanine monophosphate (GMP). The OVA-loaded MOFs were further coated
with CpG as an endosomal-acting oligonucleotide adjuvant. The MOF-based nanocarriers show high loading
of antigens. Moreover, the coordination of Eu and GMP is interrupted under pH 5.0 which results in the rapid
degradation of MOF and facilitates the endosomal escape and cytosol release of antigens [54].

4. Conclusions and Perspectives

pH-responsive nanoparticles show tremendous potential in cancer immunotherapy because they are
capable of targeting the acidic microenvironment of tumor tissues and organelles in cells, therefore, reducing
the off-targeting toxic side effects and improving therapeutic efficacy. Current pH-responsive nanoparticles
for cancer immunotherapy are constructed via distinct mechanisms involving the protonation/ionization of
pH-sensitive groups or the break of acid-labile covalent bonds. The key components of pH-responsive
nanoparticles and their delivery payloads as well as the related disease models in this review are summarized
in Table 1. The protonation/ionization varies with pH, leading to the change of surface charges or the
hydrophilicity/hydrophobicity balance of nanoparticles, consequently promoting the accumulation of nanoparticles
and release of payloads in target sides. The acid-cleavable bonds have been incorporated into the backbone of
polymers or the linker of PEG and the backbone in pH-responsive nanoparticles. The pH-sensitive linkers are
stable at physiological pH, affording nanoparticles’ great serum stability upon protection by PEG corona while
their cleavage at acidic pH leads to the detachment of the PEG corona and the subsequent exposure of positively
charged or targeting groups on nanoparticles, resulting in the enhanced accumulation of nanoparticles in tumors
or target cells. The degradation of polymer backbone at acidic pH results in the dissociation of nanoparticles,
promoting the release of immunotherapeutic drugs into target sides. Incorporating pH-responsive inorganic
components into nanoparticles is a robust approach to the construction of pH-sensitive nanoparticles for cancer
immunotherapy because they are able to rapidly respond to the acidic environment and trigger the instant
disintegration of nanoparticles at low pH.

Table 1. Selected pH-responsive nanoparticle systems for cancer immunotherapy.

pH-Responsive
Components

Immunotherapeutic Drugs Disease Models Refs.

pH-responsive
protonation/ionization

Amines

3pRNA CT26 colon cancer [33]

Photosensitizer, siPD-L1 B16-F10 melanoma [34]

Luciferase mRNA C57BL/6 mice [17]

OVA C57BL/6 mice,
INF-α/βR−/−mice et al. [38]

BLZ-945, Pt-prodrug B16 melanoma, CT26 colon cancer [43]

IL-12 B16-F10 tumor [41]

CpG ODN, anti-IL-10 ODN,
anti-IL-10 receptor ODN Hepa 1–6 tumor [42]

Carboxyl groups OVA E.G7-OVA tumor [39]

Amines and
Carboxyl groups PTX and IL-2 Murine melanoma [40]
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Table 1. Cont.

pH-Responsive
Components

Immunotherapeutic Drugs Disease Models Refs.

Acid-liable bonds

Schiff base bonds OVA E.G7 tumor [44]

Hydrazone bonds

OVA Melanoma [29]

TLR7/8 agonist, R848, DOX 4T1 tumor [49]

/ C57BL/6 mice [46]

Amide bonds
siPD-L1, photosensitizer B16-F10 tumor [27]

Oxaliplatin, NLG919 4T1 tumor [47]

Ester bonds
EGFP and luciferase mRNA Multiple cell lines, BALB/c mice [45]

gp100, OVA et al.,
and JSI-124 B16-F10 tumor [50],

[51]

Benzamide bonds siVEGF and siPIGF 4T1, lung metastasis tumor [48]

NH4HCO3, NaHCO3 OVA, agonist 522 C57BL/6 mice, B16-F10 tumor [30,
53]

Metal–ligand bonds OVA, CpG B16 melanoma [54]

The convergence of pH-responsive nanotechnology and immunotherapy provides a promising strategy for
improving the unsatisfactory efficacy and reducing the off-target side effects in cancer treatments. Despite the
substantial advances in animal models, challenges remain in the clinical translation of cancer immunotherapy
with pH-responsive nanoparticles. The therapeutic efficacy should be further evaluated in clinical relevant tumor
models. Moreover, clinically translatable materials should be developed for the construction of pH-responsive
nanoparticles to meet the strict requirements in clinical use. With the rapid progresses in material chemistry,
immunology, and nanotechnology, pH-responsive nanoparticles are expected to exert a significant role in cancer
immunotherapy in the near future.
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Abstract: Photodynamic therapy (PDT) and photothermal therapy (PTT) are photo-mediated treat-
ments with different mechanisms of action that can be addressed for cancer treatment. Both pho-
totherapies are highly successful and barely or non-invasive types of treatment that have gained
attention in the past few years. The death of cancer cells because of the application of these therapies
is caused by the formation of reactive oxygen species, that leads to oxidative stress for the case of
photodynamic therapy and the generation of heat for the case of photothermal therapies. The ad-
vancement of nanotechnology allowed significant benefit to these therapies using nanoparticles,
allowing both tuning of the process and an increase of effectiveness. The encapsulation of drugs,
development of the most different organic and inorganic nanoparticles as well as the possibility of
surfaces’ functionalization are some strategies used to combine phototherapy and nanotechnology,
with the aim of an effective treatment with minimal side effects. This article presents an overview on
the use of nanostructures in association with phototherapy, in the view of cancer treatment.

Keywords: nanoparticles; phototherapy; cancer; photodynamic therapy; photothermal therapy

1. Introduction

Cancer is a leading cause of death worldwide, with an estimated 19.3 million new
cases and nearly 10 million deaths caused by cancer in 2020 [1]. During the 20th century,
there was an undeniable technological development aiming to enhance the treatment of
cancer, mainly regarding to the discovery of chemotherapy. Nowadays, chemotherapy is
one of the pillars for cancer treatment, along with surgery and radiotherapy [2,3]. However,
it is known that chemotherapy and radiotherapy have severe side effects to the patient,
mainly due to the non-specificity of the treatment [4]. Within this context, phototherapy
has gained attention as an alternative treatment with reduced side effects [4].

Photodynamic therapy (PDT) and photothermal therapy (PTT) are photo-mediated
therapies with different damage mechanisms that consist in the generation of reactive oxy-
gen species (ROS) and heat, respectively [4,5]. These effects result in the cells’ death, thereby,
with a potential application for treatment of several types of cancer [6]. PDT requires the
application of photosensitizer drugs (PS) that will be triggered by radiation.

These drugs generally present poor solubility in physiological conditions, which can
impair therapy’s success [7]. For this purpose, it is necessary to find appropriate nanopartic-
ulate systems that can deliver these drugs to the cancer cells. Currently, there is not a unique
definition that is accepted internationally, however nanomaterials are often described in
the scale of 1–1000 nm [8]. Nanotechnology emerged in order to enhance problems related
to drugs’ solubility and provide a targeted treatment, enabling to reduce drugs’ dosage and
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also minimize several side effects in patients [9]. Additionally, through nanotechnology
research, there are several types of nanoparticles, particularly metallic nanoparticles such
as gold nanoparticles, that can generate heat upon exposition to light, which can be useful
for PTT [10] as it induces hyperthermia in the tumor environment, consequently leading to
cancer cells’ death [11]. PTT is a non-invasive and selective technique which can potentially
suppress many kinds of tumors [12]. Cancer treatment with the PTT approach offers many
advantages, such as sensitization of hypoxic regions, reinforcement of the immune system,
releasing of thermo-sensitive substances and increasing susceptibility of cancer cells to
chemotherapeutic agents [13]. The combination of PDT and PTT is also possible through
the use of a sensitizing agent able to produce ROS and hyperthermia [5].

NPs for phototherapy have been extensively investigated and reported in the litera-
ture [14,15], and in this work, new issues concerning NP systems’ design, in view of cancer
treatment under photodynamic and photothermal therapies, will be addressed. The re-
ferred new issues are intended to exemplify recent approaches related to nanoparticle
conditions, such as the targeting of drugs in the tumor site and problems and/or new
achievements related to the phototherapy. The overall situation and trend of research in
both therapies using nanoparticles is clearly demonstrated in Figure 1, which shows, in the
last ten years, both number of publications and number of citations listed in the Web of
Science platform using “Photodynamic Therapy AND Nanoparticles” and “Photothermal
Therapy AND Nanoparticles” as search topics, where both number of publications and of
citations are increasing strongly in recent years.

(a) 

Figure 1. Cont.
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(b) 

Figure 1. Updated number of publications and number of citations in the last ten years listed in the
Web of Science platform using as search topics: (a) “Photodynamic Therapy AND Nanoparticles”
and (b) “Photothermal Therapy AND Nanoparticles” (November 2021).

2. Photodynamic Therapy

2.1. A Brief Introduction

PDT has been used for centuries, mainly to treat skin disorders, with most treatments
involving the intake of extracts of some types of plants followed by exposition to the
sun [16]. The main discovery took place in Germany in 1900, where Oscar Raab and
Hermann von Tappeiner were investigating the behavior of protozoan Paramecium spp. in
the presence of the dye acridine orange. They verified that the protozoan died after the
exposure to the sunlight coming from an adjacent window. This discovery was important
later for the successful achievements on the human skin carcinoma treatment, and by 1904,
it was found that the presence of oxygen was important for the treatment, originating the
name photodynamic [17]. Currently, PDT is a highly successful and barely or non-invasive
type of treatment for several skin disorders, such as psoriasis and cancers [18]. There are
three important elements to perform PDT, which are a photosensitizer drug, the light
source, and the presence of oxygen. The interaction of these elements results in reactive
oxygen species (ROS), which play a key role in the treatment [19]. Upon a specific light
wavelength, the photosensitizers (PS) can absorb a photon, which will lead to a conversion
from the single basic state to the single excited state, as shown in Figure 2. From there,
it can make an intersystem, crossing to a metastable triplet state, which in turn can take
two possible paths known as PDT type I or type II. In type I, the activated photosensitizer
can trigger a series of reactions with biomolecules generating radicals that interact with
oxygen molecules, creating ROS. On the other hand, in PDT type II, the PS by itself can
transfer energy directly to oxygen, resulting in ROS molecules [20,21]. Due to their high
oxidizing power, ROS molecules have cytotoxic effects, however, due to the short lifetime,
the effect of ROS on cell damage will occur around the created species [22].

However, PDT has a limited application that can depend on several factors to achieve
a successful treatment. A special mention should be given to the light source. This is an
important variable to take into consideration because different light wavelengths have
different penetration depths in tissues. For example, ultraviolet (UV) light is known
to cause several damages in biomolecules, such as the DNA presents low penetration
compared to longer light wavelengths [23–27]. Near-infrared (NIR) light, on the other
hand, is capable of higher penetration depths, with the capability of generation of local
heat even with low energy input. NIR is also safer than UV, which can cause sunburns,
inflammation, and even skin cancer [23,28].
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Figure 2. Jablonski diagram representation and the photodynamic therapy mechanism of action.

Another factor that can impair the efficacy of PDT is the hypoxic tumor microenviron-
ment. To overcome this challenge, some strategies involved the elaboration of nanoparticles
with molecules such as catalase, that can react and generate oxygen, or hemoglobin and
perfluorocarbon, that serve as an oxygen carrier. Therefore, the inclusion of these molecules
in nanoparticles is able to improve the PDT efficacy [29].

The photosensitizer drugs themselves are another variable that can interfere with the
PDT. For example, some PS can present poor solubility under physiologic conditions and
impair the correct distribution of the drug to the target tissue, which of course will interfere
with the therapy’s success. To circumvent such a drawback, the use of nanoparticulate
systems is addressed, enhancing the drug’s solubility and the cellular uptake, and conse-
quently the PDT efficacy [7,30]. Many types of nanoparticles for PDT have been attempted
for different types of cancers, and some aspects of nanoparticle systems for PDT will be
discussed in this section.

2.2. Nanoparticles with Application for PDT

As mentioned before, in phototherapy, the delivery of PS molecules to the target tissue
is a relevant issue, as it is in all cases of drug delivery systems. The NP systems to be used
should be suitable to release the active components over a defined period of time with
control over the nanoparticle size. The raw materials employed, and their biodegradability,
is also important to consider for nanoparticles’ preparation. The most common NPs used
in PDT are not only organic-based but also inorganic, such as silica and magnetic NPs.
In the next sections, some of the best achievements with the use of nanocarriers will be
presented.

2.2.1. Organic Nanoparticles

Organic nanoparticles are the most used systems to encapsulate molecules which can
be used in PDT. There are several categories based on different materials and respective
organization. Figure 3 is a representation that summarizes the most common categories
of organic nanoparticles, and in Table 1, there is a brief description with examples of
nanoparticulate systems that are cited in this review.
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Figure 3. Different organic nanoparticles that can be used for photodynamic therapy: (A) solid
lipid nanoparticles, (B) liposomes, (C) micelles, (D) nano-emulsions, (E) polymeric nanoparticles,
(F) cyclodextrins and (G) protein nanoparticles.

Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) were developed in the 1990s, and ever since, these
particles have become the perfect model of safe nanoparticles with an occlusive effect that
can also increase the drug permeation in the skin [31]. Generally, these NPs are composed
of a surfactant layer, with a lipidic nucleus (Figure 3A, and can be prepared by the Müller
and Lucks method based on high-pressure homogenization (1996) or by the microemulsion
technique developed by Gasco (1993) [32,33].

Either way, SLNs’ production requires lipids that are solid at body temperature,
such as some triglycerides or glycerides mixtures. Due to their composition, SLNs are
well-tolerated, are biodegradable and can easily be produced on a large scale and at
low cost [31,34,35]. However, SLNs present some disadvantages, such as the limited
encapsulation efficiency and the possibility of drug release during the storage time. In order
to overcome these problems, a second generation of SLNs was developed [34], the so-called
nanostructured lipid carriers (NLCs). They consist of SLNs with a less ordered solid matrix
based on a mixture of lipids. There are three types of NLCs: imperfect, amorphous and
multiple [34]. The imperfect NLCs are composed by a blend of solid lipids with different
chain lengths as well as the lipid saturation degree, characteristics that lead to the creation
of an imperfect solid matrix. The amorphous type is produced from special solid and liquid
lipids, creating a solid particle that does not crystalize. The combination of solid lipids with
higher amounts of liquid lipids results in the multiple type, in which there is the creation
of oil nano-compartments inside the solid matrix [34,36].

Nanostructured lipid carriers with a photosensitizer precursor (5-aminolevulinic acid)
were developed by Qidwai and collaborators [37], aiming for use in basal-cell carcinoma
treatment. In their study, the nanoparticles exhibited a sustained release profile, higher
retention of the drug in the skin layers and enhanced toxicity. Similarly, solid lipid nanopar-
ticles were used to encapsulate curcumin, a natural product with potential in phototherapy
application. Curcumin nanoparticles were revealed to enhance drug uptake into the lung
cancerous cells and were able to produce ROS under light exposition, thus presenting
potential for phototherapy [38].

Most of the studies employing SLNs and NLCs are intended for skin delivery. For ex-
ample, Goto et al. [39] developed solid lipid nanoparticles containing aluminum chloride
phthalocyanine for melanoma treatment. The developed system showed great stability
and the measurements of forced stability indicated that the system would be stable for
12 months. In vitro studies showed no toxicity under dark conditions but, when submitted
to a light source, the toxicity was seen dependent on the radiation dose. Almeida et al. [40]
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also encapsulated phthalocyanine in lipid nanoparticle formulations and demonstrated
an enhancement of the drug penetration in the skin, when compared to the control group.
Interestingly, NLC formulation with higher amounts of the liquid lipid oleic acid showed
greater retainment (89.5%) in the deeper skin layers when compared to the NLC with
less oleic acid and the solid lipid nanoparticle. In vitro studies carried out on melanoma
cells revealed that that the free drug did not lead to cell toxicity under light conditions,
probably due to poor accumulation in the cells but, on the other hand, drugs encapsulated
in NLC showed a significant reduction in cell viability starting from 0.1 μg/mL. Therefore,
the composition of solid lipid nanoparticles is a relevant parameter that can directly result
in a higher effect in therapeutics.

Liposomes

Liposomes are formed by auto-organization of phospholipids in bilayers that, in an
aqueous medium, tend to fold on themselves, creating vesicles (Figure 3B) [41]. Due to
the lipid’s amphiphilic nature, hydrophilic and hydrophobic drugs can be stored in dif-
ferent compartments of liposomes [42]. These vesicles are usually employed as a model
in the study of cell membranes, considering the similarity between them, however, li-
posomes can also be applied to drug delivery [43,44]. The lipid composition provides
great biocompatibility, biodegradability and additionally, does not present toxicity [42,45].
The functionalization of these particles with polyethylene glycol (PEG) can lead to the
creation of stealth liposomes, that are able to evade from the immune system and increase
their blood circulation [46,47]. Other types of ligands can be used in the functionalization,
such as antibodies, which in turn manage a robust targeted drug delivery [48]. Due to the
system’s versatility, liposomes are great candidates for photodynamic therapy application.

Foscan® is a commercial photosensitizer formulation already approved in Europe for
neck and head cancers’ application. The active drug of Foscan®, known as temoporfin,
also originated Foslip® and Fospeg®, which are liposomes formulations [49]. The temo-
porfin encapsulation in the lipid carriers presents a similar phototoxicity as Foscan® with
significantly lower toxicity. Fospeg®, a derivative from Foslip® and distinguished by a
PEGylation, is able to provide enhanced pharmacokinetics with longer circulation in the
blood [50,51]. Studies in HeLa spheroids showed that the drug delivery via liposomes is a
way to decrease the drug’s toxicity in the absence of light, increase the cellular internal-
ization and, consequently, PDT effectiveness [49]. Foslip® and Fospeg® are just examples
of formulations developed that are currently approved, however many other liposomal
systems containing photosensitizers can be explored targeted to different tumor types.

To overcome issues related with low encapsulation efficiency, drug expulsion and
quenching caused by molecules’ aggregation, Cai et al. [52] incorporated fluorogens with
singular aggregation-induced emission characteristics (AIEgens) in the lipid, creating a
conjugate. Liposomes produced from these conjugates (AIEsomes) were able to show a
superior ROS production compared to conventional liposomal systems containing photo-
sensitizer molecules. In vitro studies carried out under dark conditions proved that both
AIEsomes and conventional liposomes were toxic for a breast cancer cell line, however
when irradiated with white light, AIEsomes exhibited more toxicity compared to conven-
tional liposomes. Afterwards, in vivo studies revealed AIEsomes’ ability to target and
image in the tumor site, factors intrinsically related to their accumulation mainly in tumors.
Furthermore, irradiation of animals after injection of AIEsomes was able to suppress tumor
growth and induce necrosis in the tissue, which did not happen to other experimental
groups, revealing the potential of liposomes prepared with AIEgen-lipid conjugates for
targeted PDT.

A similar technique was employed by Kim et al. [53] with liposomes prepared from
lipid conjugated with pheophorbide A, which were used as photosensitizers aiming for
photo-induced immunotherapy in cholangiocarcinoma. Regardless of whether the tech-
nique used to exploit photosensitizer incorporation in liposomes consists in a PS-lipid
conjugation or encapsulation, these systems have been studied for PDT in several types
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of cancer, such as gastric, breast, ovarian, liver, skin and others [45,54–57]. Liposomes’
features provide an extensive range of new possibilities to create therapeutic carriers that
can improve PDT.

Micelles

Similar to the previous description of liposomes formation, micelles (Figure 3C)
are also formed by the self-organization of amphiphilic molecules, and the resultant
particle is different from the vesicles because of the different packing parameters [58,59].
The concentration of amphiphilic molecules must reach values above the designated critical
micellar concentration (CMC) to form stable micelles, with a confined hydrophobic interior
isolated from the aqueous medium. Polymers can also be materials used for micelles’
preparation if the polymers present hydrophobic and hydrophilic segments. Therefore, the
choice of the amphiphilic molecule that will be used is important due to different CMC
values [60].

Aiming at a dual action of chemo- and photo-therapy in melanoma, Zhang et al. [61]
investigated the preparation of micelles from block copolymer for the co-delivery of the
classical anticancer agents Doxorubicin and pheophorbide A. These compounds were
incorporated in the polymer chain, and the prepared micelles were successfully internalized
into melanoma cells with ROS formation induced by light observed in vitro and in vivo.
Micelles showed high inhibition of tumor growth, almost twice that of micelles without
irradiation treatment, and significantly higher than treatment with only Doxorubicin.

To obtain a target system for ovarian cancer and metastatic melanoma cells, Lamch
et al. [62] developed micelles with a di-block copolymer mPEG45-PLLA70 conjugated
with folic acid for the encapsulation of the photosensitizer zinc (II) phthalocyanine. Wang
et al. [63], in turn, used hyaluronic acid functionalization in micelles containing protopor-
phyrin IX to target cells with overexpression of CD44 receptors. The in vitro application of
these micelles in monolayers and spheroids of human lung adenocarcinoma cells suggested
that the enhanced cytotoxicity was due to higher internalization, and the effect of the in-
teraction between the ligand hyaluronic acid and the receptor. Therefore, these studies
suggest that micelles’ functionalization can be an approach to enhance photodynamic
therapy using this kind of nanostructure.

Nano-Emulsions

A nano-emulsion is a mixture of oil and surfactant in aqueous phase, which demands
energy to form small droplets of 20–200 nm (Figure 3D) [64]. Nano-emulsions can be em-
ployed as a strategy to enhance the bioavailability of several lipophilic drugs. For example,
studies by Machado et al. [65] on formulations of nano-emulsions containing curcumin,
a natural product, as a photosensitizer drug revealed that curcumin-nano-emulsion was
highly phototoxic to breast cancer cells and produced high levels of ROS. Mongue-Fuentes
et al. [66] also used natural raw materials for the development of nano-emulsions for PDT.
In their work, acai oil was used for the nano-emulsion preparation, which, combined
with light irradiation, resulted in 85% death of melanoma cells, results which were also
confirmed by animal studies in mice, with a decrease of tumor volume.

Polymeric NPs

On the nanotechnology timeline, polymer-based nanoparticles were firstly reported in
1976 [67]. Since then, the great interest in these NPs resulted in the development of several
methods to produce polymeric nanoparticles or PNPs (representation of 1-nanospheres
and 2-nanocapsules in Figure 3E), such as nanoprecipitation and solvent evaporation.
The solvent evaporation method is an example of a two-step procedure where an emulsion
is created, homogenized or sonicated, and then an evaporation step is required to remove
the organic solvent in which the polymer was dissolved. On the other hand, nanoprecip-
itation is a one-step procedure where the polymer and drug are dissolved in a solvent
miscible in water and dripped in an aqueous solution containing stabilizer. In both meth-
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ods, organic solvents are employed, and although toxic solvents such as chloroform are no
longer used, ether and acetone are currently used for the preparation of nanoparticles. In
these cases, evaporation and purification methods are required to remove solvent residues
from the dispersion [68–70].

Eltahan and collaborators developed polymeric nanoparticles co-loaded with NVP-
BEZ235 and Chlorin-e6 (Ce6), named NVP/Ce6@NPs [71]. Ce6 was the selected photo-
sensitizer and NVP-BEZ235 was used due to its ability to inhibit the PI3K/AKT/mTOR
pathway that is related to tumor progression and proliferation and inhibit the repair of DNA
damage in tumor cells. This sophisticated system plus irradiation was able to generate
ROS by the Singlet Oxygen Sensor Green method, followed by tests in the triple-negative
breast cancer cell line, and by flow cytometry, the authors discovered that treatment with
NVP/Ce6@NPs and irradiation presented a fluorescence approximately 5 times greater
compared to the control and nanoparticles without Ce6. These achievements showed the
effect of a biochemical and PDT combination to treat a severe type of cancer.

Polymeric nanoparticles can be used to enhance the solubility of drugs as well as to
provide drug’s stability and sustained release [72]. PNPs were used to encapsulate the
photosensitizer zinc phthalocyanine, and as result, the phototoxicity showed a 500 times in-
crease compared to the free drug in a lung cancer cell line [73]. Polymers’ functionalization
is another strategy able to achieve multifunctional nanoparticles [74]. The addition of some
type of ligand such as an antibody to the nanoparticle surface allows it to bind specifically
to sites where there is an overexpression of the receptor (Figure 4). Transferrin receptors,
for example, are overexpressed in breast cancer. Regarding this, Jadia and collaborators [75]
functionalized polymers with a peptide (hTf) that is able to bind to transferrin receptor
and prepared nanoparticles containing the drug benzoporphyrin monoacid. As expected,
functionalized nanoparticles exhibited specificity to the cell line in this study and enhanced
the phototoxicity compared to non-functionalized nanoparticles. This successful strategy
led to the synthesis of polymers containing different ligands, resulting in nanoparticles
with different biological activities such as bioimaging and photodynamic therapy [74].

Figure 4. Representation of examples of functionalization to NPs with PEG for stealth NP, with
fluorophores for imaging. Functionalization with ligands (e.g., antibody, peptide, carbohydrate and
others) can show an advantage in abnormal cells with receptor’s overexpression to enhance uptake
by the cells mediated by a receptor endocytosis.
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Polyethylene glycol (PEG) has gained attention due to its stealth behavior [72].
PEG has shown promising application due to several properties, namely, inertness in
biological systems combined with the non-activation of immune components and low
adsorption of biomolecules, such as proteins providing a prolonged circulation in the
blood [30,76]. The importance of PEG in PDT was investigated by Yang and collabora-
tors [77] using Ce6 as a photosensitizer, a PDT light source based on a 660 nm laser and
synthetized polymers with different densities. It was demonstrated that the drug was de-
tected in the circulation for a prolonged time and a higher amount of Ce6 was detected with
high-density PEG nanoparticles. On the other hand, the PDT effectiveness was dependent
on the cellular internalization, which is maximized when low-density PEG nanoparticles
are applied [77]. Therefore, these achievements debate the need of a parameter’s balance
in the design of the nanoparticles to achieve an effective therapy.

Studies developed by Luo et al. [78] focused on the development of polymeric nanopar-
ticles with co-encapsulation of Doxorubicin and a photosensitizer. To avoid the known
toxicity of Doxorubicin, the strategy used was to link DOX to the polymer, a link that can be
cleaved by ROS, and thereby the activation of the nanoparticle is ROS-dependent. They en-
capsulated the catalase enzyme to act on the intracellular H2O2 to produce more O2 and
functionalized particles with a peptide IF7 to target the tumor. This versatile and complex
system (IF7-ROSPCNP) was shown to be an effective nanoparticle with accurate tumor
targeting, that was able to inhibit tumor growth and prolong survival time when submitted
to laser irradiation (Figure 5A–D). Mice treated with ROSPCNP and IF7-ROSPCNP, but
not irradiated, were also submitted to histopathological studies, which showed that other
tissues were no different from the control group, which suggests that the nanoparticles
were safe (Figure 5F).

 
Figure 5. Evaluation of animal studies treated with several samples, such as free DOX, ROSPCNP
and IF7-ROSPCNP, in the presence or absence of laser irradiation. (A,B) Evolution of tumor volume,
(C) relative inhibition rate of tumor (IRT), (D) survival of the animals along the days of the experiment,
(E) evolution of body weight and (F) histopathological analysis of heart, liver, spleen, lung and kidney
of animals treated with different approaches (reproduced from Reference [78] with permission from
Elsevier. Copyright 2019. Nanomedicine: Nanotechnology, Biology and Medicine).

Deng and collaborators [79] developed systems with tetrakis(4-carboxyphenyl)porphyrin
as a photosensitizer, where the drug Doxorubicin was encapsulated forming π-π interactions
with PNP to enhance the drug loading. These researchers obtained high drug loading
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(17.9%) and encapsulation efficiency (89.3%) associated with π-π interactions, as proven by
the fluorescence method. Furthermore, in vivo studies showed that the PNPs developed were
able to inhibit the growth of breast tumor in Balb/c mice when exposed to laser irradiation.
The studies discussed in this topic were a few examples among many reports of photodynamic
therapy exploiting PNPs in several types of cancer, such as in cervical adenocarcinoma,
glioblastoma, highly aggressive breast cancer and hepatocellular carcinoma, showing the
versatility of combining PNPs and PDT for cancer treatment [72,79–81].

Cyclodextrins

Cyclodextrins (CD) are biodegradable and biocompatible structures composed by
oligosaccharides of D(+)-glucose that are able to form nanosized particles by self-organization
in aqueous medium [82,83]. As shown in Figure 3F, CD present a conic shape where the
hydrophobic cavity provides a way for the solubilization and delivery of hydrophobic
drugs [84,85]. The conjugation of the photosensitizer (phthalocyanine) and cyclodextrin was
a strategy employed to increase the PS solubility. Assays performed in human bladder cancer
cells demonstrated that those conjugates, with higher solubility in water, were more photo-
toxic to the cells [86]. A similar strategy was adopted by Semeraro and collaborators with
a cyclodextrin-chlorophyll α conjugate, with a potential photo-induced toxicity in human
colorectal adenocarcinoma cells reiterating the versatility of CD-PS complexation for PDT
applications [87].

Protein Nanoparticles

Proteins are polymeric-type macromolecules formed by repeated amino acid monomers.
Due to their biodegradability and low toxicity, proteins gained attention as drug delivery
systems, as represented in Figure 3G [88,89]. Recently, Ye and Chi [90] published a review
about the recent progress in drug and protein encapsulation. This includes a revision on the
different encapsulation techniques, namely, emulsion evaporation, self-emulsifying drug
delivery system as well as supercritical fluid, and proposed a novel method using foam that
can be quite interesting in the encapsulation. Many types of proteins have been explored for
the formation of protein-based nanoparticles, such as albumin.

Nanoparticle albumin-bound (NAb™) technology was developed to produce albumin
nanoparticles. The success of these NPs has already generated a commercial formula-
tion containing paclitaxel, Abraxane®, which presented advantages mainly with respect
to tumor targeting and drugs’ toxicity decrease [91,92]. In order to be applied to PDT,
the association of protein nanoparticles with photosensitizers such as chlorin e6 was inves-
tigated by Phuong and collaborators using NAb™ technology [92]. The treatment with the
nanoparticles and submission to 660 nm light radiation resulted in a significantly higher
toxicity in breast cancer cells and in vivo tumor suppression of 7 times less than the control
group, revealing a promising application of protein nanoparticles in PDT.
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2.2.2. Carbon-Based Nanomaterials

Nanotubes, fullerenes and graphenes are among the several carbon-based nanomate-
rials that became widely explored for medical purposes, mainly due to the π-π interactions
in their chemical structure and the ability to produce ROS, as a result of acting as a photo-
sensitizer in PDT [93–95].

The potential of graphitic carbon nitride nanoparticles in PDT using visible light
was analyzed by Heo et al. [95] using cervical cancer cells. Their study showed that
the PDT allied with nanoparticles selectively killed more cancer cells than the normal
cell lines. Other light sources in the NIR region are also found in the literature to carry
out PDT with carbon nanoparticles derived from glucose, which resulted in an efficient
ROS production [93]. The surface modification technique can also be employed to bind
specifically to receptors that are overexpressed in some cancer cells types, as investigated by
Xie and collaborators [96]. In their studies, hollow carbon nanospheres with Doxorubicin
presented peptide and hyaluronic acid moieties in the surface to enhance the uptake and
damage by dual targeting in a lung cancer cell line.

Carbon dots are carbon-based nanomaterials that can be applied for bioimaging, drug
delivery and can also be used for PDT [97]. He et al. [98] designed diketopyrrole-based
fluorescent carbon dots and the in vitro and in vivo studies showed that they were able to
inhibit the tumor growth when irradiated.

2.2.3. Silica Nanoparticles

Silica nanoparticles (SNPs) present several advantages that can be useful for the design
of nanoparticles for PDT, such as the easy production, possibility of functionalization and
to obtain particles with a controlled size [99]. An efficient anti-tumor effect was achieved by
Liu et al. [100] when exploring the complex combination of a photosensitizer (rose Bengal),
carbon dots and the drug Doxorubicin in mesoporous silica nanoparticles. In their studies,
the developed nanoparticle had high drug loading capacity and the problems related to
carbon dots and PS aggregation were prevented. This system was also able to produce a
higher amount of singlet oxygen compared to PS rose Bengal, and the combination with
Doxorubicin provided a synergy between chemotherapy and phototherapy that resulted in
a 90% decrease of cell viability.

The high surface area of silica nanoparticles is another advantage as it allows its modi-
fication and functionalization, as demonstrated by the work of Lin and collaborators [101],
who developed silica nanoparticles with the PS chlorin e6 encapsulated and a gene plas-
mid at the surface. Through a photo-induced cleavage of coumarin and detachment of
the polycation PDMAEMA, with which the cytocidal gene presented an interaction, the
nanoparticles could provide the release of the gene, activation of the PS and therefore a
synergistic effect of the gene and phototherapy.

Bretin et al. [102] studied the anticancer potential of the photosensitizer 5-(4-
hydroxyphenyl)-10,15,20-triphenylporphyrin (TPPOH) and developed silica nanoparticles
coated with the conjugate xylan-TPPOH for photodynamic therapy of cancer. In the xenograft
tumor model of colorectal cancer, they studied the biodistribution using Cy5.5-labeled free
TPPOH and TPPOH-X SNPs. The fluorescence signal was observed at 24 h post-injection, and
as shown in Figure 6A, it was a strong signal for TPPOH-X SNPs, while it showed a minimal
accumulation for free TPPOH administration. An ex vivo fluorescence imaging of tumors and
organs showed that liver and kidney presented higher intensity compared to the others, but
the fluorescence of tumors treated with TPPOH-X SNPs had a superior intensity compared to
the other organs when compared to the free TPPOH (Figure 6B). It was also confirmed by a
quantitative analysis of fluorescence (Figure 6C).
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Figure 6. Evaluation of Cy5.5-labeled free TPPOH and TPPOH-X SNPs biodistribution by fluorescence imaging at 24 h
post-injection. (A) In vivo fluorescence imaging of HT-29 tumor-bearing mice, (B) ex vivo fluorescence of tumors and
organs, (C) fluorescence analysis of tumor and organs. Data are shown as mean ± SEM (n = 3). * p < 0.05 and NS: not
significant (adapted from Reference [102] with permission from MDPI. Copyright 2019, Cancers).

2.2.4. Magnetic Nanoparticles

Due to their magnetics properties, magnetic nanoparticles can be used in therapy
based on the application of an external magnetic field to a targeted tissue. Besides this, it is
also possible to attach molecules to it, thus working as a carrier [103].

For example, a delivery system prepared with iron oxide magnetic nanoparticles was
employed for the targeted delivery of the anticancer Doxorubicin and PDT therapy using a
hematoporphyrin. The synergistic effect of PDT with the anticancer drug was shown to
provide an effective inhibition of breast cancer in vivo [104]. Recently, Zhang et al. [105]
used nanomotors with iron oxide nanoparticles for the delivery of zinc phthalocyanine,
and due to the magnetic properties of the iron nanoparticles, the NPs can be targeted to the
desired tumor tissue These nanomotors generate O2 by catalyzing endogenous H2O2 for
the creation of O2 as power to create the nanomotor’s displacement. The system allowed
an extended distribution of the photosensitizer as well as ROS generation. Additionally,
the generation of O2 also supplied an efficient PDT process.

2.2.5. Hybrid Nanoparticles

The hybrid NPs consist in a combination of two or more types of NPs to achieve
a unique multifunctional structure [106]. Hybrid NPs composed by the combination of
polymers and lipids is a quite common topic found in the literature over the past few
years that can also be applied to PDT, as investigated by Pramual and collaborators [107].
In their study, the polymer-lipid-PEG nanoparticles were used for the encapsulation of a PS
molecule that exhibited enhanced ROS production and phototoxicity in thyroid cancer cells.

102



Nanomaterials 2021, 11, 3132

3. Photothermal Therapy

3.1. A Brief Overview

Photothermal therapy (PTT) is a therapeutic strategy using a near-infrared (NIR)
laser/light to heat the tumor region and induce cancer cells’ death [108] (Figure 7). Other ra-
diation sources able to generate hyperthermia include visible light, microwaves, radiofre-
quency and ultrasound waves [109]. PTT has many advantages when compared with
conventional therapeutic approaches, including minimal invasiveness and high speci-
ficity [110]. In general, PTT approaches explore two mechanisms: The first one involves the
exposition of the tumor site to high temperatures (superior to 45 ◦C) for a few minutes, lead-
ing to cellular death by thermal ablation. This approach usually results in stasis in tumor
vessels and hemorrhage, which prevent the combination with other treatments. The second
one refers to the mild hyperthermia and involves the increasing and setting of tempera-
tures between 42 and 43 ◦C, prompting cellular damage and enhancing permeability of
tumor vessels, which can be used to improve nanoparticles’ uptake by tumors [111,112].
Tumor tissues are more hypoxic and acidic than normal tissues [109]. It is believed that
these characteristics make them more susceptible to temperature, thus allowing PTT to
selectively destroy cancer cells and protect healthy ones around the tumor [113]. Therefore,
since the cancer cells are responsive to this temperature range, this procedure allows the
union with synergistic therapies.

 

Figure 7. Mechanism of cell death induced by a photothermal agent in the presence of NIR light.

PTT displays promising therapeutic efficacy in the treatment of primary tumors or
metastasis, in such a way that it has been studied in animal models with various types of
cancer, including bone, lung or lymph metastasis [110]. The photothermal effect can also be
enhanced using organic dyes or photothermal nano-agents, including metallic nanoparticles,
nanocarbons, metal oxide nanomaterials and organic nanostructures [113,114].

A synergistic way to improve cancer treatment is its combination with current available
therapies, such as chemotherapy, immunotherapy and radiotherapy [109]. The combination
of hyperthermia therapy and chemotherapy is commonly explored through hydrophobic
interactions, in which nanostructures loading antitumor drugs, such as Doxorubicin and
paclitaxel, demonstrated anticancer effects. Moreover, imaging-guided PTT is another
improvement to minimize adverse effects and to provide better patient outcomes [115,116],
making it possible to plan a therapeutic strategy before and during treatment.

In the following sections, attention will be given to the recent developments in nan-
otechnology for photothermal applications of cancer.
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3.2. Nanoparticles with Application in PTT
3.2.1. Metallic Nanoparticles
Gold Nanoparticles

Gold nanoparticles (AuNPs) have attracted great interest as photothermal agents
for cancer therapy, as they demonstrate efficient local heating after light irradiation [115].
The photothermal conversion phenomenon in AuNPs is based on the collective oscillations
of free electrons at AuNPs surface (Surface Plasmon Resonance, SPR) in the presence of
electromagnetic radiation (Figure 8). Due to electron excitation and relaxation, this single
physicochemical property supplies high localized heating around AuNPs, resulting in
destruction of cancer tissues [113,116].

Figure 8. Surface Plasmon Resonance of gold nanoparticles.

It is known that the SPR band of noble metal nanoparticles is much stronger than
other metals [117]. Changing AuNPs sizes and shapes, the range of the SPR wavelength of
AuNPs is shifted from the visible to the near-infrared (NIR) region, and optical properties
can be readily tuned. One of the most interesting parts of the diminished nanoparticles’
diameter is due to the fact that decreasing the size (<5 nm) allows them to be excreted by
urine, improving their clearance from the body [118].

Moreover, AuNPs size affects the cellular uptake and influences the photothermal
conversion efficiency. According to Mie’s theory, smaller nanoparticles show superior heat
conversion compared to the larger ones. It was reported that 20 nm gold nanospheres
exhibited 97–103% of conversion efficiency [119]. Saw et al. [120] studied the use of four
sizes of cystine/citric acid-coated confeito-like gold nanoparticles (confeito-AuNPs) (30, 60,
80 and 100 nm) (Figure 9A) in the photothermal treatment of breast cancer cells. The authors
observed that the smallest sizes (30 and 60 nm) of confeito-AuNPs showed higher cellular
uptake into MDA-MB-231 cells, compared to larger sizes of AuNPs (Figure 9B). This same
size range has been reported in the literature [121]. In vitro studies showed that smaller
sizes reached the better PTT cytotoxicity activity against cancer cells (Figure 9C). This result
is due to the high surface area in relation to the total mass of NPs, which is observed in
smaller nanoparticles.

Sun et al. [115] employed gold nanoparticle-coated Pluronic-b-poly(L-lysine) nanopar-
ticles (Pluronic-PLL@AuNPs) for the delivery of paclitaxel (PTX) in PTT of solid tumors.
The nanoparticles showed efficient photothermal heating capabilities after exposure to an
808 nm NIR laser irradiation and a synergistic effect of chemo-photothermal treatment.
The temperature of the PTX-loaded Pluronic-PLL@Au NP-injected tumors increased to
34 ◦C, which was adequate to eliminate tumors in vivo.
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Figure 9. (A) Characterization of confeito-AuNPs at (i) 30 nm, (ii) 60 nm, (iii) 80 nm and (iv) 100 nm,
by (a) FESEM images and (b) TEM images. (B) Evaluation of the cellular uptake of confeito-AuNPs
into MDA-MB-231 cells. * p < 0.05 (ANOVA). (C) In vitro photothermal treatment: MDA-MB-231
cell viability after laser treatment (2 W/cm2, 1 min of irradiation) with confeito-AuNPs. * p < 0.05
(ANOVA) (adapted from Reference [120] with permission from Elsevier. Copyright 2018, Colloids
and Surfaces B: Bio-interfaces).

Gold nanoparticles are readily synthesized and allow easy surface modification. Bind-
ing a specific ligand on AuNPs surface promotes their targeting to the disease areas and
their interactions with cells, such as cancer cells. This procedure increases the effectiveness
of the treatment and decreases possible toxic effects in healthy areas of the body [122].

One of the strategies of passive targeting to the tumor site is based on the enhanced
permeation and retention mechanism that takes place when gold nanoparticles are intra-
venously administered. However, the AuNPs presence in the blood can arouse attention
of the mononuclear phagocytic system (MPS), leading to the rapid elimination of the
nanoparticles from the body [123].

The functionalization with polyethylene glycol (PEG) is one of the most effective
strategies to optimize the hydrophilic surface and to improve the blood circulation time
of nanoparticles [124]. Wang et al. [125] developed PEGylated hollow gold nanoparticles
(mPEG@HGNPs) for combined X-ray radiotherapy and photothermal therapy in cancer
cells. The in vitro results using the combination of the 808 nm NIR laser and X-ray radiation
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demonstrated a synergistic antitumor effect with cell viability decreased to 61% and 65%
for HGNPs and mPEG@HGNPs, respectively. The nanoparticle cytotoxicity was decreased
after PEGylation, due to less mPEG@HGNPs internalized into the cells. Despite that,
the targeting enhanced to the tumor site by the mPEG@HGNPs was confirmed using CT
imaging in xenografted breast tumor models, due to the EPR effect.

Cheng et al. [126] reported photolabile AuNPs covalently cross-linkable with a di-
azirine (DA) terminal group of PEG ligand on the AuNPs surface. The 20.5 nm diazirine-
decorated AuNPs (dAuNPs) were obtained after laser excitation at 405 nm. The photother-
mal therapy in tumor-bearing BALB/c mice was investigated by monitoring the average
tumor size in different mice groups. The mice groups that were treated with dAuNPs +
λ405 nm and dAuNPs + NIR showed weak tumor inhibition, while the group treated with
dAuNPs exhibited a high tumor volume decrease upon 808 nm irradiation (0.75 W cm−2).
The tumor region reached 26.7 ◦C after 10 min of light exposure. The PTT efficacy was
further confirmed through tissue analysis, which showed extensive necrosis in dAuNPs +
λ405 nm + NIR group.

The extracellular environment of solid tumors has an acidic pH. pH-sensitive AuNPs
with potential application in PTT have been reported in the literature [127]. Natural pep-
tides can be used as tumor-targeting agents. Barram et al. [122] used glutathione (GSH),
soluble in water, as a coating for AuNPs. GSH is a pH-sensitive polymer, with its isoelectric
point (IEP) close to the pH of the cancer cells (~6). Consequently, GSH-AuNPs become
responsive to the tumor’s acidic environment, improving its targeting to the desired loca-
tion. In vitro photothermal therapy was applied to rhabdomyosarcoma (RD) cancer cells,
using two types of low-power laser (visible green light (532 nm) and infrared light (NIR)
(800 nm)). The study observed cell death values of tumor cells for both types of lasers, and
these values were proportional to the longer periods of radiation exposure and, even more
so, to the highest concentrations of GSH-AuNPs.

From the molecular point of view, several studies on the effect of nanoparticles on
DNA molecules and DNA bases have been performed. These studies clearly demonstrate
the damage effect of the gold nanoparticles. Recently, Marques et al. [128] analyzed the
decomposition of halogenated nucleobases by Surface Plasmon Resonance excitation of
gold nanoparticles. In fact, the halogenated uracil derivatives can be of great interest for
cancer therapy [129,130] and the authors demonstrated that the presence of irradiated
gold nanoparticles decomposes the ring structure of uracil and its halogenated derivatives
with similar efficiency. This decomposition is associated with the fragmentation of the
pyrimidine ring, for 5-bromouracil, with cleavage of the carbon-halogen bond, whereas for
5-uorouracil, this reaction channel was inhibited. Locally released halogen atoms can react
with molecular groups within DNA, and hence this result indicates a specific mechanism
by which doping with 5-bromouracil can enhance DNA damage in the proximity of laser-
irradiated gold nanoparticles.

Gold Nanorods

Gold nanorods (AuNRs) are one of the many tools employed in cancer photothermal
therapy, due to their high capability to transform near-infrared light into heat. The in-
vestigation of their aspect ratio allows to adjust a particular SPR band in the NIR [131],
consequently reducing damage in normal tissues as these ones have minimal NIR en-
ergy absorption. Despite their ability as PTT agents, AuNRs are considered to be toxic
to cells, because of the stabilizers, e.g., hexadecyl-trimethylammonium bromide (CTAB),
used in their synthesis [132]. Several approaches have been used to minimize the toxic-
ity of AuNRs, such as the binding of polymers to increase their biocompatibility. Kirui
et al. [133] improved biocompatibility of AuNRs using poly(acrylic acid) (PAA) for coating
of nanoparticles. Liu et al. [134] reduced the toxicity of PEG-AuNRs using multidentate
PEG (AuNT-PTP Gm950).

PTT induced by NIR is known to improve chemotherapeutic efficacy by triggering
drug release or increasing the cancer cells’ sensitivity to chemotherapeutics [135]. Hauck
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et al. [136] revealed that the heat produced by gold nanorods together with the chemother-
apeutic drug cisplatin killed 78% more cancer cells than cisplatin alone. Combination
therapy can reduce toxicity associated with chemotherapeutics through reducing the ef-
fective drug dosage. Duan et al. [137] developed gold nanorods coated with chitosan
(CS) derivatives as a carrier of Doxorubicin (DOX) to combine chemical and photothermal
effects. In vitro studies demonstrated that these nanoparticles showed low cytotoxicity
and potential against cancer cells. Wang et al. [138] developed gold nanorods coated with
polydopamine (PDA) and loaded with thiolated poly(ethylene glycol) tumor-homing pep-
tides (NGR and TAT), as a carrier of Doxorubicin. NGR/TAT-DOX-PDA@GNRs allowed a
pH-triggered controlled release of DOX and a synergistic effect with the combination of
chemo-photothermal therapy.

Moreover, the efficacy of a targeted synergistic photothermal chemotherapy of breast
cancer using gold nanorods (GNRs) functionalized with hyaluronic acid (HA) and folate
(FA) to deliver DOX was demonstrated by Xu et al. [139]. The therapeutic system showed
a long blood circulation time and high tumor site accumulation. In vitro photothermal
chemotherapy was evaluated. Cell viability of MCF-7 cells treated with GNRs-HA-FA-
DOX + NIR was reduced to 31%. The authors also investigated the synergistic effect of
PTT chemotherapy in vivo and GNRs-HA-FA-DOX exhibited an excellent antitumor effect
against MCF-7 breast tumors in nude mice. After 5 min of light exposure, the temperature
of MCF-7 breast tumors in nude mice treated with GNRs-HA-FA-DOX reached 67.5 ◦C
(1.5 W/cm2), leading to irreversible tumor cell death.

In metastasis, cancer cells migrate and invade the surrounding tissues, and therefore
collective cell migration is directly related to cancer aggressiveness. This process involves
interactions between neighboring cells through the cell junctions and contraction motions
of the cytoskeleton filaments [140]. Studying the migration and invasion of cancer cells, Wu
et al. [141] developed AuNRs functionalized with PEG and Arg-Gly-Asp (RGD) peptides.
These authors found morphological changes of many cytoskeletal and cell junction proteins
after PTT treatment, suggesting that interactions between integrin-targeted AuNRs and
cells could trigger inhibition of cancer collective migration.

It should also be reported that an effective combined therapy of paclitaxel-loaded
gold nanorods against head, neck and lung cancer cells was developed by Ren et al. [142].
Paclitaxel was loaded into a hydrophobic pocket of the polymeric monolayer on the
surface of NIR-absorbing AuNRs, which allowed the efficiently direct cellular release of the
hydrophobic drug via a cell membrane mimicking two-phase solution. It was demonstrated
that the PTT approach with this developed nanocomplex led to total eradication of tumor
cells at a dosage of 0.5 nm of nanomaterials with low-intensity (0.55 W/cm2) NIR light.

Stimuli-responsive materials have attracted attention due to their capability to control
the timed release of the entrapped drugs. Near-infrared light (NIR)-responsive polymers
have been used for triggered drug delivery in specific tissues [143]. Hribar et al. [144]
reported a NIR light-sensitive polymer−nanorod composite for controlled drug release,
in the range of body temperature. As the glass transition temperature is near to the
physiological temperature, it can be used to control and improve the release of a molecule.
The researchers applied this heating system to trigger release of the Doxorubicin from the
nano-system. After NIR light exposure, Doxorubicin-encapsulated microspheres were able
to decrease 90% of the activity of T6-17 cells.

Gold Hybrid Nanoparticles

Although the research on hybrid nanoparticles to improve the diagnosis and cancer
treatment has attracted attention due to its potential use in medicine, its safe application in
therapy still remains limited [145,146]. In recent years, it has been reported that the develop-
ment of iron-gold nanocomplexes are used for the combined PTT with magnetic resonance
imaging (MRI). The Au shell composes the light-responsiveness portion, while the iron
core can be used to improve the ratio of water molecules’ transverse relaxation, leading
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to strong MRI signals. Additionally, the magnetic center allows the nanocomplex to be
directed to the tumor site by means of a magnetic field [147,148].

Dong et al. [149] developed gold-nano-shelled magnetic hybrid nanoparticles function-
alized with anti-human epidermal growth factor receptor 2 (Her2) antibodies (Her2-GPH
NPs) for multi-modal imaging and cancer treatment. The nanoparticles were produced
by loading gold nano-shells with poly (lactic-co-glycolic acid) (PLGA) attached to perfluo-
rooctyl bromide (PFOB) and superparamagnetic iron oxide nanoparticles, and then binding
the antibody. Her2-GPH NPs showed high ability as a contrast agent for both ultrasound
(US) and magnetic resonance (MR) imaging. The in vitro cytotoxicity studies demonstrated
that Her2-GPH NPs specifically promoted Her2-positive human breast cancer SKBR3 cells’
death after NIR exposure. Abed et al. [148] directed Iron (III) oxide–gold (Fe2O3@Au) core-
shell nanoparticles to the tumor site through a magnetic field in Balb/c mice bearing a CT26
colorectal tumor model after intravenous administration of the nanoplatform. The in vivo
antitumor studies showed the complete tumor growth eradication after magnetic targeting
and subsequent NIR eradication.

The toxicity of Au and magnetic nanocomplexes is still concerning. These nanoparti-
cles can lead, among others, to DNA damage, production of free radicals and modification
in cell signaling. Additionally, the toxicity can be caused by nanoparticles’ aggregation in
biological fluids. Using biocompatible and water-soluble polymers as a coating makes it
possible to improve the colloidal stability and decrease nanoparticles’ aggregation, thus di-
minishing the cytotoxicity. Abedin et al. [150] improved the colloidal stability of Au–Fe3O4
NPs in aqueous media using poly-l-lysine (PLL) polymer as a surface coating. Additionally,
PLL-Au-Fe3O4 NPs demonstrated cytocompatibility and NIR light absorption ability.

Mesoporous silica nanoparticles (MSNPs) are highly versatile drug carriers due to
their biocompatibility and high surface area, consequences of their well-defined internal
mesopore structure, varying from 2 to 10 nm in diameter and with large pore volume.
Depending on surface charge and nanoparticle size, the characteristics such as nanoparticle
cytotoxicity and cellular uptake can change [151]. Yang et al. [152] designed a system
composed of ultra-small gold nanoparticles attached to mesoporous silica nanoparticles
(MSN) through Au-S bonds. The in vitro studies showed the fast release of DOX upon NIR
light irradiation and synergistic cytotoxic effect against A549 cells.

Gold nanoparticles lose their ability to convert light into heat under repetitive NIR laser
irradiation, including gold nanorods that can change their shape and extinction after NIR
exposure. Cheng et al. [153] projected gold/mesoporous silica hybrid nanoparticles (GoMe)
for lung cancer detection and treatment. This hybrid system has a good photothermal ability
and stability, and maintains its capacity of photothermal conversion after repetitive NIR
exposures. In addition, 64Cu-labeled GoMe was used to detect lung tumors in vivo through
PET imaging, demonstrating to be a potential theranostic system for cancer therapy.

Silver Nanoparticles

Silver nanoparticles (AgNPs) are multifunctional materials which have been used
for many applications, such as biosensors, electronic compounds, antimicrobials and
medicines [154]. Their general use is due to singular characteristics such as size and
shape being controllable, easily modified surface and optical and electrical properties [155].
Additionally, their antibacterial activities are widely known [156].

AgNPs can be produced through various physical and chemical methods [157]. Spher-
ical AgNPs are frequently synthesized using the Turkevich method [158] with citrate as a
reducing and stabilizing agent or with NaBH4 as a reducing agent [159]. In recent years,
many researchers are using biological methods to produce AgNPs. These techniques
utilize plants, fungi, algae and other organic sources to synthesize nanoparticles with great
stability [160].

Application of AgNPs in the biomedical field is still limited due to the concern of
their intrinsic toxicity. Interactions of AgNPs with the human body are not yet well-
understood [161]. Modifying its surface with biodegradable molecules and polymers or
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incorporating these nanoparticles into hybrid systems are some of the ways that many
researchers have found to increase the biocompatibility of AgNPs. Kim and coworkers [162]
developed bovine serum albumin (BSA)-coated silver NPs (BSA-silver NPs) by a single-step
reduction process.

Similar to gold nanoparticles, SPR of silver nanoparticles can be tuned to the infrared
region by altering their size and shape [163]. Boca et al. [164] designed chitosan-coated
silver nanotriangles (Chit-AgNTs) for hyperthermia of human non-small lung cancer
cells (NCI-H460) using a 800 nm laser. Wu et al. [165] engineered a nanoplatform for
fluorescent probe and label-free imaging of cell surface glycans composed of DNA/silver
nanoclusters (DNA/AgNCs) via hybridization chain reaction (HCR). The nanoparticles
showed a great ability to convert light to heat, reaching 53.6 ◦C after irradiation with the
808 nm laser at 1 W cm−2 for 10 min. The confocal results demonstrated the applicability
of the DNA/AgNCs for labeling glycans on the surface of tumor cells. Moreover, in vivo
experiments showed that DNA/AgNCs were able to ablate and inhibit tumor growth
under the laser exposure.

PEGylated bovine serum albumin (BSA)-coated silver core/shell nanoparticles loaded
with ICG (“PEG-BSA-AgNP/ICG”) were synthesized by Park et al. [166]. These nanoparti-
cles were tested for anticancer activity in B16F10 cells after light exposure. The cytotoxicity
results revealed a cell viability of 6% when temperature reached at 50 ◦C. PEG-BSA-
AgNP/ICG also displayed a long plasma half-life, which led to the higher accumulation
in the tumor. At 4 h post-administration of PEG-BSA-AgNP/ICG in a B16F10 nude mice
model, the tumor temperature reached 49.6 ◦C with a laser power of 0.95 W. Furthermore,
among the treatment groups, the “PEG-BSA-AgNP/ICG + PTT group” was the only one
that exhibited significant inhibition in tumor growth.

3.2.2. Carbon-Based Nanomaterials
Carbon Nanotubes

Carbon nanotubes (CNTs) are cylindrical structures constructed from a sheet of
graphene [167]. These NPs are allotropic forms of carbon, with diameter in the nano-
metric dimension and various millimeters in length [168]. CTNs are classified into two
types, according to the number of layers in their structure: single-walled carbon nanotubes
(SWCNTs), which consist of a single graphene sheet, and multiwalled carbon nanotubes
(MWCNTs), consisting of several sheets forming concentric cylinders [169].

CNTs have a wide range of properties that make them unique nanomaterials, such as
excellent electrical, thermal and optical conduction, mechanical strength [170] and high
surface areas, which can be easily functionalized [171]. Indeed, CNTs are usually modified
with molecules that help to enhance their biocompatibility or enable specific functions [172].
Attachments to PEG is one of the major types of CNTs’ functionalization to improve
biocompatibility, water solubility and stability [173]. Sobhani et al. [174] successfully
attached PEG onto the CNTs’s surface.

CNTs have a wide NIR absorption which is dependent on the size and shape of these
nanomaterials [175]. Exposing CNTs to NIR light releases vibrational energy in the form
of heat, and could be used for cancer cell ablation [176]. The application of CNTs in PTT
for the treatment of various kinds of human cancer xenografts in animal models has been
investigated in the literature and has been demonstrated to be effective [177].

Li and collaborators [178] designed an interesting system for curcumin (Cur) delivery
composed of functionalized single-walled carbon nanotubes by phosphatidylcholine and
polyvinylpyrrolidone (SWCNT-Cur). Results of the cellular uptake study showed that
SWCNT-Cur effectively improved the delivery of Cur into cells within 4 h. Compared
with native Cur, the formulation developed obtained an uptake amount 6-fold higher.
Additionally, biodistribution studies demonstrated that SWCNT-Cur could enhance cur-
cumin blood concentration up to 18-fold. Lastly, this system was evaluated for its ability
of photothermal ablation in an in vivo model. Among all the groups tested (saline + laser,
Cur + laser, SWCNT + laser, SWCNT-Cur + laser), the SWCNT-Cur and laser (808 nm)
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groups showed the most significant suppression on tumor weight and volume, indicating
the synergistic anticancer effect of Cur and PTT.

Waghray et al. [179] synthesized MWCNTs coated with phospholipid-poly(ethylene
glycol) and conjugated with an anti-P-glycoprotein (Pgp) antibody, to enhance Pgp-specific
cellular uptake. Pgp is an ATP-binding transporter, expressed on tumor cell membranes,
and it is related to cancer drug resistance. The phototoxicity of Pab-MWCNTs was in-
vestigated in 3T3 and 3T3-MDR1 cells and in a tumor spheroid model (NCI/ADR-RES
cells). The nanostructures demonstrated not only Pgp-specific endocytosis by 3T3-MDR1,
but they also exhibited dose-dependent phototoxicity only in 3T3-MDR1 cells. Moreover,
NCI/ADR-RES spheroids treated with Pab-MWCNTs showed the highest cell death after
NIR laser irradiation when compared with control groups.

Zhang and colleagues [180] engineered MWNTs/gemcitabine/lentinan (MWNTs-
Ge-Le) to overcome Gemcitabine’s clinical application problems related to short plasma
half-life and low cellular uptake. It was observed that the MWNTs-Ge-Le conjugated with
rhodamine were internalized by MCF-7 cells about 3 h after incubation. Additionally,
encouraged by the results in vitro, the authors evaluated the synergistic antitumor effect
of MWNTs-Ge-Le on tumor-bearing mice. MWNTs-Ge-Le nanoparticles have reached
the tumor site through the EPR effect. After 3 min of NIR irradiation, the temperature of
the tumor surface increased to approximately 42.6 ◦C, while the PBS group only reached
about 36.6 ◦C. Moreover, it was observed that the size of the tumor significantly decreased,
confirming the high synergetic effect of chemotherapy and PTT.

Zhao et al. [181] developed SWCNTs and MWCNTs coated with peptide lipid (PL)
and sucrose laurate (SL) (denoted as SCNT-PS and MCNT-PS, respectively), which were
conjugated with siRNA (anti-survivin siRNA) for synergistic PTT and gene therapy (GT).
The engineered CNTs exhibited excellent temperature-sensitivity and biocompatibility. The
effective cellular internalization was confirmed after they observed nanoparticles’ presence
in the cytosol of HeLa cells. The in vitro cytotoxicity after 808 nm laser irradiation was
evaluated treating cells with 30 μg/mL of SCNT-PS or MCNT-PS. The results showed that
76.2% ± 4.4% and 75.3% ± 3.5% of the cells were led to death by combined therapy in the
SCNT-PS and MCNT-PS, respectively. The PT efficacy of CNTs was also evaluated in vivo.
After tumor irradiation (1 W/cm2 for 5 min), the local temperature reached 42–45 ◦C.
Furthermore, they investigated whether the SCNT-PS/siRNA and MCNT-PS/siRNA com-
plexes could be able to downregulate survivin. The data obtained were promising, indi-
cating that cells that received treatment with SCNT-PS + P + G and MCNT-PS + P + G,
followed by PTT, had about a 60% decrease of survivin expression in comparison with GT
alone (SCNT-PS + G and MCNT-PS + G).

Besides PTT generating anticancer immune responses, evidence suggests that it could
also induce an effect called the abscopal effect [182]. This effect refers to the immune
response generated when the primary tumor site is irradiated, which can lead to the re-
gression of metastatic cancer in distant sites that were not irradiated [183]. Nevertheless,
some tumors are capable of creating inhibitory binders, which connect to inhibitory co-
receptors (immune checkpoints) expressed on tumor immune cells [184]. This activity
induces negative regulatory pathways leading to loss of immunological control, allow-
ing tumor growth progression and decreasing immune response to various therapies [185].
New immunotherapeutic approaches are focusing on blocking immune checkpoints in
order to recover the suppressed immune response [186]. Among the immune checkpoints,
the cytotoxic T-lymphocyte antigen 4 (CTLA-4) is an inhibitory receptor expressed by
regulatory and conventional T cells, which suppresses T cell activation via cell intrinsic and
extrinsic pathways. Ipilimumab, an antibody against the inhibitory co-receptor CTLA-4,
is one of the main targets of immunotherapy [187,188].

CNT-mediated photothermal therapy in combination with checkpoint inhibitors can
be used to maximize the abscopal effects of PTT. Li et al. [189] designed SWNT function-
alized with glycated chitosan (GC), an immunoadjuvant, for specific treatment of an ag-
gressive 4T1 murine breast cancer model, upon 1064 nm laser irradiation. Putting together
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SWNT-GC-laser therapy with anti-CTLA-4, they have achieved synergistic immunomodu-
latory effects, inducing antitumor immune response and an increase of the survival time of
the treated mice group (up to 58 days).

Recently, McKernan and his group [190] presented a delivery nano-system to treat
metastatic breast cancer composed of SWCNTs that integrates PT therapy and checkpoint
inhibitor immuno-stimulation with anti-CTLA-4. The SWCNTs were functionalized with
the protein annexin A5 (ANXA5), which has great affinity to the anionic phospholipid
phosphatidylserine expressed on endothelial cells of the tumor vasculature and on tumor
cell membranes. The authors noted that PTT with SWCNT-ANXA5 alone was able to
destroy primary EMT6 tumors, reaching a temperature of 54 ◦C at the site, but failed to
eliminate the metastasis. On the other hand, the combination of photothermal therapy
with SWCNT-ANXA5 and anti-CTLA-4 improved overall survival, leading to 55% of the
treated mice surviving at 100 days post-injection. Moreover, in animals who received this
combined therapy, increases in the numbers of helper T cells CD4+ and cytotoxic T cells
CD8+ were observed, indicating an increase in the immune response.

Hollow Carbon Nanospheres

Hollow carbon nanospheres (HCNs) are mesoporous nanomaterials with high pore
volume and surface area [191]. Due the carbon chains, a great amount of a hydrophobic
drug can be loaded into their structure, making them a potent drug carrier [192]. Similar to
carbon nanotubes, HCNs have a great ability to convert NIR light into heat, which can be
used to modulate the drug release at the tumor site [193].

Wang et al. [194] produced biocompatible HCNs for loading and release of paclitaxel
(PTX) and PT therapy. The nanoparticles have demonstrated excellent photostability and
ability to effectively release the loaded PTX. Additionally, in vitro experiments showed
great thermal ablation of HCT116 cells using 50 μg/mL of HCNs and a 3 W/cm2 laser
power density for 180 s.

Xu and his group [195] produced a hollow carbon nanosphere capped with olyethylene
glycol-graft-polyethylenimine (HPP) as a photothermal agent. Optical properties were
investigated using a 1064 nm laser and power density of 0.6 W/cm2. After 7 min of laser
exposure of the nanoparticle’s dispersion, an increased temperature in the range of 17 to
44 ◦C was observed, indicating an excellent heat conversion efficiency. The photothermal
therapeutic effect in vitro (4T1 cells) and in vivo (Balb/c mice inoculated subcutaneously
with 4T1 cells) was also evaluated. The percentage of cell death for in vitro experiment
varied from 40% up to 95%, using the HPP concentrations of 10, 20, 40, 80 and 160 μg/mL.
4T1 tumor-bearing mice treated with only 40 μg/mL were irradiated. After 14 days,
tumors were measured, showing a significant decrease of volume.

3.2.3. Metal Oxide Nanoparticles
Iron Oxide Nanoparticles

Magnetic nanoparticles are mostly formed using magnetite (Fe3O4), maghemite
(γ-Fe2O3) or a combination of both [196]. Due to their intrinsic magnetic properties (super-
paramagnetism), these nano-systems have emerged as potent contrast agents (CAs) for
magnetic resonance imaging (MRI) and biomedical purposes [197].

In the field of cancer therapy, magnetic nanoparticles can be specific delivery drugs by
application of alternating magnetic fields to targeting tumor sites and eliminating them
using localized moderate heating [198].

Cabana and coworkers [199] compared the application of photothermal (PT) therapy
using magnetic multicore nanoflowers versus magnetic hyperthermia (MHT) of magnetic
nanospheres. The NPs’ performance in MHT and PT was carried out in water and in cancer
cells. They found that nanoflowers are heaters that are more effective for both modalities.
In the cellular environment, PT showed excellent results at low doses, while MHT was lost
for all NPs. Additionally, magnetite nanoflowers demonstrated the highest cellular uptake
and the best antitumor activity after the laser exposure (0.3 W/cm2).
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Liu and collaborators [200] synthesized the polyethylene glycol-coated ultrasmall
superparamagnetic iron oxide nanoparticle-coupled sialyl Lewis X (USPIO-PEG-sLex) with
excellent photothermal conversion properties. The nanoparticles were applied for MRI
and PTT in human nasopharyngeal carcinoma (NPC) xenografts on a mouse model. After
808 nm laser exposure, the cytotoxicity results showed a reduction of viability of NPC 5-8F
cells at reasonable concentrations of USPIO-PEG-sLex nanoparticles. Moreover, the NPs
were able to inhibit xenografts’ tumor progression after in vivo post-injection.

Iron oxide NPs exhibit excellent photothermal conversion efficiency, good chemical
stability and low toxicity in the biological environment [201]. The in vivo application of
iron oxide NPs has been approved by the US Food and Drug Administration (FDA) [202].
However, their use in many clinical approaches is limited due to the low tumor delivery
efficiency of the NPs [203].

Aiming to enhance the tumor delivery of iron oxide NPs, Wang and his group [203]
developed an Ac-Arg-Val-ArgArg-Cys(StBu)-Lys-CBT probe coupled with monodispersed
carboxyl-decorated SPIO NPs to form SPIO@1NPs. When SPIO@1NPs entered tumor
cells overexpressing furin, a reaction chain developed, resulting in SPIO NPs’ aggregates
by cross-linking. The self-aggregation of NPs improved their retention in the tumor site,
leading to better T2 imaging results and PTT of cancer cells more effective at low doses.

Surface modification of synthetic nanomaterials with biomimetic cell membranes is
a smart strategy to make it harmless and invisible to the immune system [204]. Meng
et al. [205] employed vesicles formed from macrophage membranes reconstructed to obtain
a biomimetic system for cancer phototherapy. These vesicles coated onto magnetic iron
oxide nanoparticles (Fe3O4 NPs) resulting in Fe3O4@MM NPs exhibited good biocompat-
ibility and light-to-heat conversion efficiency. Cancer targeting of Fe3O4@MM NPs was
confirmed by cellular uptake in MCF-7 cells. The authors also found that the NPs were
able to evade from immune cells, and this activity could be related to the presence of cell
membrane components on the nanoparticles’ surface. The Fe3O4@MM NPs were targeted
to the tumor site with application of an external magnetic field, in a breast cancer mouse
model. The tumor volume was measured after the laser irradiation, reaching a high tumor
regression over time.

Researchers have been employing phytochemical compounds together with mag-
netic nanoparticles in order to achieve nanomaterials for phototherapy and drug delivery
systems [206]. Kharey et al. [207] obtained 15 nm eugenate (4-allyl-2-methoxyphenolate)-
capped iron oxide nanoparticles (E-capped IONPs) through green synthesis using a medic-
inal plant, Pimenta dioica. These NPs showed good biocompatibility in Human cervical
cancer (HeLa) and Human embryonic kidney 293 (HEK 293) cell lines, and excellent efficacy
of hyperthermia generation upon laser irradiation at NIR wavelength.

A delivery nano-system composed of R837-loaded polyphenols coating ICG-loaded
magnetic nanoparticles (MIRDs) was constructed for spatio-temporal PTT/immunotherapy
synergism in cancer. This system inhibited tumor growth, metastasis and recurrence,
which resulted in potent anticancer therapeutic effects with few side effects [208].

Silica-coated Fe3O4 magnetic nanoparticles loaded with curcumin (NC) were syn-
thesized by Ashkbar and colleagues [209] for hyperthermia and singlet oxygen produc-
tion improvement for in vitro and in vivo experiments. Curcumin (CUR) belongs to the
polyphenol class of natural compounds, known for its photosensitizing properties and
antitumor activities [210]. The PDT was assessed using diode lasers at 450 nm and PTT
was achieved by an 808 nm laser. After injection in a breast tumor mouse model, the
results showed that CUR + PDT achieved a tumor volume reduction of about 58%, in com-
parison with the untreated group, while the NC + PDT + PTT group exhibited more
than an 80% reduction compared with other treatment groups. The authors found that
the NC + PDT + PTT treatment strategy could interrupt the tumor growth until day ten.
This result was related to the synergistic effect achieved by hyperthermia plus ROS genera-
tion in the tumor site [209].
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Manganese Oxide Nanoparticles

In recent years, manganese oxide nanoparticles (MONs) have emerged as contrast
and photothermal agents due to their low toxicity and good T1-weighted contrast signals,
constituting a promising alternative to the traditional PTT agents [211].

Xiang and colleagues [212] developed biocompatible and pH-sensitive MnO-loaded
carbonaceous nanospheres (MnO@CNSs) for simultaneous PTT and MRI. The mimetic
pH-responsive release of Mn2+ in the biological environments (pH 7.4, 6.5 and 5.0) was
measured. They observed that MnO@CNSs were stable in neutral solution (pH 7.4),
while in acidic pH, the nanoparticles quickly released Mn2+ ions (pH 6.5 and 5). These
data were confirmed in in vivo experiments, which demonstrated that MRT1 signal values
were higher in the acid region of the tumors. The MnO@CNSs PTT effect was investigated
under irradiation by an 808 nm laser (2 W/cm2) for 10 min. The results showed an elevated
efficiency of the MnO@CNSs for in vivo tumor ablation, making this system a potent
nanotheranostic tool.

Molybdenum Oxide Nanoparticles

Molybdenum oxide nanostructures are reported to display good biocompatibility and
biodegradability, making them a safe platform for cancer therapy. MoO3 nanoparticles
have excellent absorption in the NIR region, and can also generate singlet oxygen under
NIR light exposure, which enables their use for both photodynamic and photothermal
therapy [213].

Chen et al. [214] synthesized molybdenum oxide (MoOx) nanosheets using the single-
pot hydrothermal method and functionalized them with pluronic F127 (MoOX @ F127)
to obtain a biocompatible nano-system with pH-dependent degradable properties for
chemotherapy and photothermal therapy. It was observed that MoOx @ F127 showed
reasonable stability at pH 5.4 and rapid degradation at pH 7.4, indicating that intact
nanoparticles could reach the tumor site through the EPR effect. The ability of MoOx @
F127/DOX to kill tumor cells was investigated in MCF-7 cells after 5 min of 808 nm laser
irradiation. Cytotoxicity assessment showed that almost 60% of cells died after treatment.
Furthermore, in vivo experiments showed that mice injected with MoOx @ F127/DOX had
a tumor temperature greater than 50 ◦C, suggesting high hyperthermic efficiency of the
nanoparticles.

Zinc Oxide Nanoparticles

The element zinc has diverse medical applications [215]. Zinc oxide (ZnO) shows
high chemical stability, low toxicity, optical, electrical and anticancer properties, becoming
a potential alternative for PTT [216]. Production of intracellular reactive oxygen species
(ROS) is one of the cytotoxic mechanisms of ZnO NPs [217]. Kim et al. [218] applied hybrid
nanoparticles composed of ZnO and berberine (BER) for the chemo-photothermal therapy
of lung cancer. The in vitro results revealed an effective antiproliferation activity against
A549 (human lung adenocarcinoma) cells without severe toxicity signals observed in rats’
blood tests.

Liu et al. [219] designed a core-shell nanoplatform based on a zinc oxide (ZnO) core
and a polydopamine (PDA) shell to combine chemotherapy with Doxorubicin (DOX), gene
DNAzyme (DZ) and photothermal therapy. The nanoparticles showed good photothermal
conversion and stability after application of the 808 nm laser for 500 s. Additionally,
confocal microscopy demonstrated that ZnO@PDA-DOX/DZ could be internalized by cells
and consequently could deliver DZ to stimulate gene-silencing activity. Moreover, tumor-
bearing mice treated with ZnO@PDA-DOX/DZ exhibited an effective NP accumulation in
the tumor site. The tumor tissue achieved a temperature of up to 47.3 ◦C, leading to death
of the cancer cells and inhibition of the tumor growth. Lastly, the authors measured the
levels of survivin in the tumor tissue by Western blotting. The results found low levels of
survivin, suggesting the triggering of DZ for in vivo gene silencing.
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3.2.4. Transition Metal Dichalcogenide Nanomaterials

Molybdenum disulfide (MoS2) nanoparticles display several characteristics that make
them excellent photothermal agents for cancer therapy, such as biocompatibility, wide sur-
face plasmon resonance, good light-to-heat conversion efficiency and low cost [220]. In 2014,
Liu and collaborators [221] pioneered using PEG-functionalized MoS2 nanosheets as drug
carriers for therapy of cancer. Two-dimensional MoS2-PEG nanosheets have achieved
excellent synergistic anti-tumor effects in in vivo studies, after intravenous administration
of MoS2-PEG/DOX.

Xie and coworkers [222] synthesized egg yolk phospholipid-modified molybdenum
disulfide (MoS2) as a PTT agent and drug delivery system for MCF-7 cells’ treatment.
The lipid layers on the surface of layered MoS2 nanosheets were modified to improve
the NPs’ stability and the accumulation of the nanocarrier in mice tumors. Addition-
ally, Doxorubicin (DOX) was conjugated with MoS2-lipid nanocomposites for synergistic
chemotherapy. Ding et al. [223] produced well-dispersed L-cysteine-modified MoS2 (MoS2-
Cys) nanospheres measuring 422 nm in size. MoS2-Cys exhibits biocompatible and good
photothermal conversion efficiency (35%) upon 808 nm laser irradiation. The in vitro
PTT activity of MoS2-Cys nanospheres in S180 mouse ascites tumor cells displayed high
cytotoxicity, with the IC50 value of 2.985 μg/mL. In vivo experiment data demonstrated a
remarkable decrease of the tumor volume of the mice treated with MoS2-Cys nanospheres
coupled with NIR irradiation.

Qian et al. [224] developed titanium disulfide (TiS2) nanosheets functionalized with
polyethylene glycol (PEG), obtaining a great PTT agent for in vivo tumor ablation. Balb/c
mice bearing 4T1 tumors were treated with TiS2-PEG, and after 24 h, exposed to an 808 nm
laser at 0.8 W cm−2 for 5 min. The researchers found that tumors in the mice were
completely ablated. Moreover, TiS2-PEG nanosheets were tested as a contrast agent in
photoacoustic imaging. Strong photoacoustic signals were observed around the mice tumor
after injection of TiS2-PEG, indicating the efficient accumulation of these nanoparticles at
the targeted site.

Cao et al. [225] produced TiS2 nanosheets using a human serum albumin (HSA)-
assisted exfoliation method, and later, modification with PEGylated folic acid (FA).
TiS2-HSA-FA showed photothermal conversion efficiency of about 58.9% after NIR laser
irradiation. In vitro and in vivo experiments demonstrated TiS2-HSA-FA to have a high
biocompatibility and specificity for targeting tumors. In vivo synergistic PTT/radiotherapy
(RT) evaluation was assessed in a CT26 tumor xenograft model, under 5 min laser irradi-
ation (808 nm, 0.8 W/cm2). Researchers found that the highest tumor growth inhibition
effect was achieved by TiS2-HSA-FA + NIR+RT, suggesting the combined therapy effect.

3.2.5. Other Nanoparticles

Over the years, many kinds of inorganic and organic materials have been employed to
build an effective PTT system. Graphene quantum dots (GQDs) have excellent photother-
mal conversion efficiency, incomparable morphology and ease of functionalization [226].
Fang et al. [227] fabricated graphene quantum dots (GQDs) as a pH-sensitive delivery
system for chemotherapeutic drugs inside cancer cells. After their cellular uptake, the
nanocarriers released Doxorubicin (DOX) upon laser irradiation and upon acidification of
the intracellular environment. Studies in vitro and in vivo demonstrated the targeting of
HA-functionalized carriers to the CD44 receptor overexpressing human cervical carcinoma
HeLa cells and inhibition of tumor growth.

Phase change material (PCM) is a type of storage material that stores and releases
energy in the form of heat [228]. An example of this kind of substance, fatty acid, has been
studied in the thermal response to release drugs [229]. Yuan and coworkers [230] fabricated
CuS-DOX-MBA@PCM nanoparticles by a nanoprecipitation method. The system was
composed of copper sulfide (CuS) and DOX, encapsulated with stearic acid and lauric
acid. Due to drug release in physiological conditions, this nanocarrier was used as a
photothermal and imaging-guided agent. In vivo results exhibited improved inhibition of
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tumor growth related to the synergistic effect of 808 nm laser irradiation and antitumor
therapy with DOX.

The potential anticancer activity of selenium nanoparticles has already been described
in the literature [231]. Fang et al. [232] designed a combination of chemo- and PT-therapy
based on SeNPs to carry both ICG and Doxorubicin (DOX). Additionally, they conjugated
two peptides (RC-12 and PG-6) to SeNPs using chitosan (CS) as the linker. These peptides
acted as specific tumor-targeting ligands, which helped to improve the cellular uptake
of SeNPs-DOX-ICG-RP. The photothermal effect of NPs was confirmed by the raise of
temperature to 78.2 ◦C after NIR irradiation for 100 s (3 W cm−2). In vitro experiments
demonstrated that SeNPs-DOX-ICG-RP generated ROS in HepG2 cells and promoted
an efficient anticancer activity. Mohammadi et al. [233] engineered nanostructures of
selenium-polyethylene glycol-curcumin (Se-PEG-Cur) for PTT and sonodynamic therapy
(SDT). The nanoparticles showed great photothermal conversion efficiency (16.7%) and
ability to trigger ROS production in C540 (B16/F10) cancer cells. The percentage of viable
cells after irradiation of the 808 nm laser decreased to 33.9%, while ultrasound waves could
reduce viability to 22.9%.

4. Final Remarks

This review shows that nanoparticles are being extensively investigated for pho-
totherapies nowadays. Regardless of the type of nanoparticle, there a few characteristics,
shown in Figure 10, that can summarize the current state of this technology for medical
application. The main advantages include the minimally invasive method of therapy,
the minimization of side effects and the possibility to target and enhance accumulation
of drugs in the tumor. Therefore, it is possible to achieve a targeted therapy with a re-
duction of drug dosage and greater drug stability. In conclusion, nanoparticle systems
are multifaceted structures that are under extensive investigation to create alternatives
for conventional therapies of cancer in combination with phototherapy. There are still
parameters such as the hypoxic tumor microenvironment that can be an obstacle for PDT,
and for phototherapy in general, the limited penetration depth of the light can hinder the
use of these systems in cancer therapy. Finally, scale-up and clinical studies are indeed the
main challenges in the next few years, however, the incredible diversity of nanoparticles as
well as their multiple qualities allied to phototherapy are a promising combination that can
result in a more effective and safer treatment for the patients.

Figure 10. Strengths, weaknesses, opportunities and threats (SWOT) analysis of nanoparticles
for Phototherapy.
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Abstract: Colorectal cancer (CRC) is a widespread and lethal disease. Relapses of the disease and
metastasis are very common in instances of CRC, so adjuvant therapies have a crucial role in its
treatment. Systemic toxic effects and the development of resistance during therapy limit the long-
term efficacy of existing adjuvant therapeutic approaches. Consequently, the search for alternative
strategies is necessary. Photothermal therapy (PTT) represents an innovative treatment for cancer
with great potential. Here, we synthesize branched gold nanoparticles (BGNPs) as attractive agents
for the photothermal eradication of colon cancer cells. By controlling the NP growth process, large
absorption in the first NIR biological window was obtained. The FBS dispersed BGNPs are stable in
physiological-like environments and show an extremely efficient light-to-heat conversion capability
when irradiated with an 808-nm laser. Sequential cycles of heating and cooling do not affect the
BGNP stability. The uptake of BGNPs in colon cancer cells was confirmed using flow cytometry and
confocal microscopy, exploiting their intrinsic optical properties. In dark conditions, BGNPs are fully
biocompatible and do not compromise cell viability, while an almost complete eradication of colon
cancer cells was observed upon incubation with BGNPs and irradiation with an 808-nm laser source.
The PTT treatment is characterized by an extremely rapid onset of action that leads to cell membrane
rupture by induced hyperthermia, which is the trigger that promotes cancer cell death.

Keywords: photothermal therapy; gold nanoparticles; spiky nanoparticles; phototheranostics; colon
cancer cells; NIR triggering

1. Introduction

Colorectal cancer (CRC) is one of the major causes of cancer-related death [1]. Nearly
two million new cases and about one million deaths are expected each year worldwide,
with an increasing trend in CRC incidence, especially in more economically developed
countries [1].

CRC is commonly treated by surgery; however, up to half of patients diagnosed
with early-stage CRC experience recurrent disease after a surgical resection and may also
develop a metastatic disease. As such, neoadjuvant and adjuvant therapies have a crucial
role against CRC [2]. These include chemotherapy, radiotherapy, interventional therapy,
and biotherapy [2,3]. Unfortunately, systemic toxic effects, which impair the patient quality
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of life, and the development of resistance during therapy limit the long-term efficacy of
these therapeutic approaches, especially in metastatic cases. A search for alternatives is
both timely and necessary in this case.

Thermal ablation and laser-induced thermotherapy are techniques that potentially
address these issues [4,5]. These are localized physical treatments that use hyperthermia to
damage and kill cancers cells and tumorous tissues and that do not develop resistance in
cells [5]. Clinical trials are in progress to evaluate their safety and efficacy and additionally
the treatment of metastatic CRC [6].

Similar to the heat-mediated cytotoxicity observed in thermal ablation and in laser-
induced thermotherapy, photothermal therapy (PTT) represents an innovative treatment
for cancer with great potential [7,8]. The procedure for PTT is based on accumulation of
photosensitive molecules/nanoparticles in cancer cells, followed by light irradiation of the
target tissue [9]. The irradiation with the appropriate wavelength (usually near-infrared
(NIR) light) promotes photosensitizer activation from the ground state to any of their
excited states. When they relax back to the ground state via non-radiative de-excitation, the
energy dissipation causes a localized release of heat that causes severe damage to nearby
cells and tissues [9]. In PTT, the intracellular temperature of cancer cells easily exceeds
50 ◦C, resulting in rapid cell death [9]. Compared to the traditional treatment methods, PTT
has significant advantages including the use of soft and penetrating irradiation sources to
activate the photothermal agent (NIR light) and lower collateral damage to healthy tissues
because it is possible to focus the irradiation at the desired (localized) site of action.

Gold nanoparticles (GNPs), characterized by a very high light-to-heat conversion effi-
ciency, are among the most important photothermal agents for PTT [9,10] and have shown
remarkable results in recent years. Examples include cancer treatments (solid tumor abla-
tion) reaching the clinical trial stage [11], suggesting promise for future applications [12–14].
The unique size and shape-dependent optical properties of GNPs, based on the localized
surface plasmon resonance (LSPR) phenomenon, allow for tunable and intense absorption
cross-sections and a consequent photothermal conversion ability. According to their size,
GNPs present an extinction coefficient up to five order of magnitude larger than other
molecular dyes commonly employed in PTT [15–17]. Among other shapes, anisotropic
GNPs exist in rod-like, [18,19] prism-like, [19–21] and more recently branched (spiky)
nanostructures [22–25], whose geometrical features can be controlled to obtain the LSPR in
the near-infrared (NIR) spectrum and appear to be particularly promising due to superior
light tissue penetration of NIR light [26].

Branched GNPs (BGNPs) present several advantages. These advantages include
the lack of a need to involve highly toxic reagents in the synthesis process (i.e., CTAB,
commonly employed for rods), and their complex nanostructure discloses a wider choice
of shape-dependent biological and optical properties, which can be carefully tailored
by controlling the NPs growth process to obtain the desired average length, width, and
tip density, as well as the proper dimension of the central core [27–30]. Changing these
parameters not only leads to a spectral shift in the LSPR but also to the modification of their
absorption efficiency. While tuning the tip length (and the core-to-tip size ratio) allows
modulating the absorption wavelength, the tip density, and the core size mainly impact the
LSPR intensity. Here, BGNPs were designed for effective absorbance of NIR light, which is
an attractive energy source because human tissues and blood are minimally absorptive in
these wavelengths. NIR lasers and fiber optics, which represent minimally invasive and
versatile energy delivery systems, are already commercially available, allowing an easy
translation to the clinic of NIR based PTT. In the NIR region, two biological windows, i.e.,
spectral ranges where tissues are partially transparent due to a simultaneous reduction in
both absorption and scattering, can be defined. The first biological window (I-BW) extends
from 650 nm to 950 nm and corresponds to the spectral range delimited by the absorption
of hemoglobin and water. The second biological window (II-BW) extends from 1000 nm to
1350 nm and it is limited by water absorption bands. The I-BW region is characterized by a
negligible absorption from tissue and the photothermal agents represent the sole heating
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sources. In the II-BW window, water absorbs in the whole range, generating background
heating upon irradiation, leading to a reduced PPT selectivity and efficiency.

In this work, we design and synthesize highly photostable BGNPs that can be strongly
absorbed in the first biological window (I-BW). We develop protocols to ensure the colloidal
stability of the BGNPs under physiological conditions and evaluate the BGNP photothermal
conversion ability upon irradiation with an 808-nm laser light source. The applicative
potential of BGNPs is tested in vitro against a well-established colon cancer cell line, using
in vivo-like protein concentration conditions. Hereafter, the biocompatibility, cellular
uptake, and ability of the BGNPs to eradicate colon cancer cells following PTT treatment
are described.

2. Materials and Methods

2.1. Materials

All chemicals and reagents employed were of the highest technical grade available and
stored following the vendor recommendations. Hydrogen tetrachloroaurate(III) hydrate
(≥99.9%, Alfa Aesar, Haverhill, MA, USA, 42803), trisodium citrate trihydrate ReagentPlus®

(≥99%, SigmaAldrich, St. Louis, MO, USA, 25114), hydroquinone (SigmaAldrich, 605970),
and O-(2-carboxyethyl)-O′-(2-mercaptoethyl) heptaethylene glycol (SigmaAldrich, 672688)
were used. A PVC calibration standard at 483 nm (PVC000476) was purchased from
Analytik Ltd. (Cambridge, UK).

2.2. Synthesis and Characterization of BGNPs

The BGNP colloidal suspension was prepared by slightly modifying previously re-
ported methods [27,31,32]. Briefly, 15-nm gold seeds were first synthesized by adding
4.5 mL of trisodium citrate (34 mM, 0.15 mmol) to 150 mL of HAuCl4·3H2O (0.038 mmol,
0.25 mM) in a boiling solution. After 30 min, the mixture was let cooled to RT, stirred
overnight, and filtered through 0.2-μm syringe filters.

Then, 120 μL of HAuCl4·3H2O (95 mM), 72 μL of the prepared seeds, 280 μL of
trisodium citrate (34 mM), and 280 μL of hydroquinone (140 mM) were subsequently
added to 96 mL of ultraclean deionized H2O under vigorous stirring. After 2 min, 30 μL of
O-(2-carboxyethyl)-O′-(2-mercaptoethyl) heptaethylene glycol was added to the colloidal
suspension and the mixture was stirred for 6 h. The pegylated BGNPs were finally filtered
through 0.4-μm syringe filters and purified from the free ligands by several washing cycles
using centrifugal filters.

2.3. UV–Vis–NIR Absorption Spectroscopy

BGNP absorption spectra were examined with a Varian Cary5000 using a 1 cm path
length with Hellma quartz cells, measuring in the 400–1200 nm range. Stability tests in
serum were performed with a Thermo Fisher NanoDrop® (350–900 nm range) instrument
using small-volume PMMA disposable cuvettes (Sarstedt, Nümbrecht, Germany). The
samples were diluted prior to analysis to obtain an absorbance of ≤1.

2.4. Dynamic Light Scattering (DLS) Analysis

BGNP sample analysis was performed using a Zetasizer Nano Range (Malvern,
Worcestershire, UK) instrument and the reported values are an average of three inde-
pendent measurements (each consisting of an accumulation of 11 runs).

2.5. Differential Centrifugal Sedimentation (DCS) Analysis

The analysis was carried out using the CPS DC24000 UHR ultrahigh resolution particle
analyzer (CPS Instrument Inc., Prairieville, LA, USA). DCS measurements were performed
using 8–24% sucrose density gradient in ultraclean deionized water (or in PBS when
measuring BGNPs stability in FBS) with a disc speed of 18,000 rpm. PVC standard particles
(0.483 μm, Analytik Ltd., Jena, Germany) were employed to calibrate the instrument before
each sample measurement.
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2.6. Transmission Electron Microscopy (TEM) Analysis

The samples were prepared by drop casting 1 μL of a BGNP suspension on a formvar-
coated copper grid cleaned with oxygen plasma (200 mesh, Ted Pella, Redding, CA, USA)
and were left to dry in air for 2 h. A JEOL JEM 1400 microscope (JEOL, Tokyo, Japan)
operating at 120 kV was employed for imaging. The images were analyzed using ImageJ
to estimate the mean BGNP diameter (average of the longest tip-to-tip distance).

2.7. Inductively Coupled Plasma (ICP-OES) Elemental Analysis

ICP elemental analysis was performed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) using a ThermoScientific (Waltham, MA, USA) iCAP 6300 DUO
ICP-OES spectrometer. Chemical analyses by ICP-OES are affected by a systematic error of
5%. Furthermore, 30–50 μL of a BGNP sample was dissolved overnight in 1 mL of aqua
regia and then diluted to 10 mL with ultraclean deionized water before analysis.

2.8. BGNPs-Biomolecular Corona Preparation

Next, 50 μL of BGNP stock solution (2.5 mM Au0) was diluted with 250 μL of fe-
tal bovine serum (FBS) and gently mixed by pipetting. Then, 200 μL of the RPMI cell
medium was added to the mixture, obtaining a final concentration of 0.25 mM Au0 of
BGNPs in 50% fetal bovine serum (FBS). Following this, 1% L-glutamine at 200 mM and
1% penicillin/streptomycin solution at 100 U/mL were added for in vitro experiments.
The mixture was then incubated at 37 ◦C under continuous shaking (700 rpm) for 1 h
(ThermoMixer HC, S8012-0000; STARLAB, Hamburg, Germany).

2.9. Cell Culture

The authenticated colorectal cancer cells (DLD1) were obtained from LGC Standards
(Teddington, Middlesex, United Kingdom), grown in adhesion, and propagated in a RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% L-
glutamine 200 mM, and 1% penicillin/streptomycin solution 100 U/mL (all purchased
by Euroclone, Pero, Italy). Cells were maintained at 37 ◦C in a humified atmosphere
containing 5% CO2.

2.10. Instrumental Setup for Photothermal Measurements

The photothermal performances of BGNPs were evaluated by measuring the tempera-
ture increase during NIR laser irradiation on 96-well plate. A fully automated experimental
setup in collaboration with Crisel Instruments (Rome, Italy), integrating a (i) NIR laser
source, (ii) XY micropositioning stage, and (iii) thermal camera, was used to perform
the treatment.

2.10.1. NIR Laser Source

CW fiber-coupled infrared diode lasers (MDL-F-808; CNI Optoelectronics; Changchun,
China) with a nominal power of 2.2 W and emission wavelength of 808 nm were used.
A multimode fiber with a core diameter of 400 μm was used to couple the laser with a
collimating spherical lens (FOC-01-B, CNI Optoelectronics; Changchun, China), producing
a spot size of 6.5 mm at a distance of 10 cm, matching the single well diameter (for 96-well
plate). The laser irradiation comes from the top and is perpendicular to the multiwell plate.

2.10.2. XY Micropositioning Stage

The positioning of the plate under the laser spot was performed using the XY mi-
cropositioning OptiScan® stage (Prior Scientific, Cambridge, UK), including the XY stage,
controller, joystick, and plate holder. The stage was remotely controlled with the Micro-
manager control software.
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2.10.3. Thermal Camera

Real-time temperature changes were recorded by thermal images acquired with an
Optris Xi 400 camera (Optris, Berlin, Germany) coupled with a 18◦ × 14◦ lens (f = 20 mm)
at a framerate of 27 Hz. Data acquisition and analysis were performed with Optrix PIX
Connect software.

2.11. Photothermal Treatment in Phantom System

The light to heat conversion performances of the BGNPs were evaluated using the
abovementioned integrated setup. Volumes of 200 μL of the different solutions was used
to carry out all the PTT measurements. Different concentrations of BGNPs (0.25, 0.1, 0.05,
0.025 mM Au0) were prepared by diluting the stock solution with milliQ water.

2.12. Cell Treatment

About 15,000 cells were seeded in each well in a 96-well plate. After overnight
incubation, cells were treated with FBS-dispersed BGNPs for 24 h. Cells were washed twice
with RPMI supplemented with 50% FBS in order to remove free BGNPs, and then were
irradiated with an 808 nm NIR laser at 3.3 and 6.6 W cm−2 for 1 or 3 min. At the end of
irradiation, the medium was removed and cells were incubated for 3, 6, or 24 h according
to experimental exigences for the analysis.

2.13. BGNP Uptake by Flow Cytometry

After 24 h of BGNP exposure, cells were trypsinized, centrifuged at 1200 rpm for 5 min,
and resuspended with PBS for the uptake analysis via flow cytometry. A side scattering
setting associated with a 488-nm excitation laser was used to detect BGNPs uptake [33,34].
The median fold-increase was used to quantify the SSC of BGNP-treated cells compared
to not treated cells. All the flow cytometric analyses were performed using an EasyCyte
6-2L (Guava Technologies, Merck, Darmstadt, Germany) instrument. At least 10,000 events
were evaluated for each analyzed sample.

2.14. BGNP Uptake by Confocal Microscopy

Following the cell treatment, cells were fixed on 12-mm glass coverslips with 4%
paraformaldehyde (PFA) in PBS for 15 min at RT, then washed three times with PBS. The
coverslips were mounted with an antifade mounting medium (vectashield H-1000, Vector
Laboratories, Burlingame, CA, USA) on a glass microscopy slide. Images were acquired by
a confocal microscope (Leica SP8 TCS, Leica Microsystems GmbH, Wetzlar, Germany) with
63× and 100× oil immersion objectives. Z-stacks were acquired by using a 1024 × 1024
scan format and 400 msec speed.

2.15. Cell Viability and Analysis of Cell Death Mechanism

To assess DLD1 viability, a MTT test was performed. Briefly, after cell treatment with
BGNPs and 24 h after irradiation, the media were removed from each well and cells were
incubated with a 0.5 mg/mL MTT solution for 90 min at 37 ◦C with 5% CO2. At the end of
the incubation, the MTT solution was removed and formazan salts were dissolved in 100 μL
of DMSO. The absorbance was measured at 570 nm using an EnSpire multimode microplate
reader (Perkin Elmer, Waltham, MA, USA). To investigate if the recorded cytotoxic effects
were triggered by regulated mechanisms, such as the apoptotic cell death, the Guava Nexin
Reagent (Merck, Dramstadt, Germany) was used while containing 7-aminoactinomycin (7-
AAD) and annexin V-phycoerythrin. Early events in regulated cell death are characterized
by the exposure of phosphatidylserine on the cell membrane, whose integrity remains
preserved. Exposed phosphatidylserine is detected by the binding protein annexin V. On
the contrary, necrotic cells suffer from the loss of membrane integrity, resulting in being
permeable to the dye 7-AAD, which is a DNA intercalator. Accordingly, by using the
Guava Nexin Reagent it is possible to distinguish three cell populations, i.e., (i) living cells
(annexin V −/7-AAD −), (ii) cells undergoing early phases of regulated cell death (annexin
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V +/7-AAD −), (iii) and necrotic cells (annexin V +/7-AAD +). Cell viability was analyzed
at 3, 6, and 24 h post-irradiation. According to manufacturer instructions, 2 × 104 cells
were stained with the reagent for 20 min in the dark at room temperature and analyzed via
flow cytometry.

2.16. Statistical Analyses

Results are expressed as the mean ± SEM of at least three independent experiments.
The analysis of variance for reported measures and Bonferroni as posttest were used. The
statistical software GraphPad InStat 5.0 version (GraphPad Prism, San Diego, CA, USA)
was used. In this work, p < 0.05 was considered significant.

3. Results and Discussion

3.1. Synthesis and Characterization of BGNPs

A BGNP colloidal suspension was prepared by seed-mediated synthesis [31,32] (see
experimental section) to guarantee good shape control [27,30,35,36], despite the irregular
(non-geometrical) shape. This aspect is crucial when aiming for a biological application,
since different shapes can lead to different biomolecular corona, uptake, biodistribution,
and immune response characteristics [27,37–40]. The BGNPs were functionalized with
O-(2-carboxyethyl)-O′-(2-mercaptoethyl) heptaethylene glycol (HS-PEG7-COOH) to gain
better colloidal stability and strong surface anchoring, which are essential to maintain and
stabilize the shape. The short length of the thiol ligand was selected to allow high-density
coating, potentially providing better resistance of the nanostructure (and therefore of the
optical properties) to thermal annealing and laser irradiation [41]. Furthermore, compared
to the bare NPs, the negatively charged PEG ligand coating helps reduce the strength of
protein interactions with the surface [42,43], while a positive charge can lead to stronger
interactions with proteins [44].

BGNPs were fully characterized (see Figure 1). TEM analysis showed a monodis-
tributed sample with an average size (calculated measuring the particle longest tip-to-tip
distance) of 180 ± 10 nm (Figure 1a,b); the nanostructures presented a large core with a
multitude of tips, which are the main responsible for the characteristic NIR-LSPR band
centered near 800 nm (Figure 1c). The DLS and DCS analyses confirmed the high quality
of the prepared BGNPs and the monodisperse size distribution (Figure 1d,e). Only the
apparent size of BGNPs could be obtained by DCS in this case, as the technique estimates
the diameter considering the object analyzed as a solid sphere of a specific density. The
technique is nevertheless suitable to spot the presence of multiple populations or aggrega-
tion. In addition, it allows performing direct analysis of the BGNPs in the biological media
with no need for purification/isolation steps to remove the excess of proteins. The stability
test of the BGNPs in cell culture media showed excellent stability of the sample, with only
a slight shift towards smaller sizes due to protein adsorption (biomolecular corona), which
leads to a minor total density of the particles (Figure 1e,f) [45]. Further tests in 50% FBS (the
in vivo-like conditions employed in our in vitro studies) were performed by absorption
spectroscopy, confirming the stability of BGNPs. The slight DCS shift (3 nm) and the
absence of a significant shift in the LSPR suggested a limited strength of the NP–proteins in-
teraction, as expected (see Figure 1f). Nevertheless, the observed protein corona formation
can actually lead to improved colloidal stability and biocompatibility [46,47] and might
still play an essential role in the particle interaction with cells (i.e., specific interactions
with cell receptors and internalization) [48,49]. For this reason, to present a more realistic
behavior of the BGNPs in the biological environment (different protein concentrations can
lead to different biomolecular corona compositions), [50] the nanostructures were exposed
to an in vivo like protein concentration (50% v/v of serum), which will also be employed
for in vitro testing [51].
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Figure 1. Characterization of BGNPs. (a) TEM micrograph. (b) TEM BGNP size distribution. (c) Vis–NIR absorption
spectrum in H2O. (d) DLS analysis (Dh = 164 nm, PDI = 0.06). (e) DCS analysis of BGNP in H2O and cell culture media
FBS 50% (apparent sizes of 100 nm and 97 nm respectively). (f) Absorption spectra related to the stability test of BGNPs in
biological media: BGNPs were incubated in 50% FBS (in PBS) at 37 ◦C for different times (1 and 6 h). In the case of anisotropy,
DLS and DCS do not represent the actual particle diameter. Consequently, representative particle distributions are reported
rather than the actual sizes because of the incorrect geometrical assumption/approximation involved in the measurements.

3.2. Photothermal Performances of BGNPs in Phantom System

To explore the photothermal conversion efficiency of the BGNPs, we monitored the
temperature of water solutions containing different concentrations of BGNPs during laser
irradiation. The photothermal heating curves take the transferred heat from the BGNP to
the medium into account. As such, the medium temperature only allows for an indirect
view of the heat generated locally. In fact, the nanoparticles themselves may have much
higher temperatures in their close proximity. Temperature differences of 70–90 ◦C were
observed over distances of ∼100 nm [52]. This aspect is crucial in biological experiments,
where cells are sensitive to the local temperature of the nanoparticles, rather than medium
temperature. The solutions were exposed to an 808-nm laser light source at a fixed power
density (6.6 W cm−2) for 90 s. The photothermal heating curves (Figure 2a), measured
by an IR thermal camera (Figure 2b), showed a concentration-dependent photothermal
effect, with the highest temperature increment of the solution with 0.25 mM Au0 up to
65 ◦C (from 25 ◦C to 90 ◦C). The temperature increased proportionally with the increase
of BGNPs concentration. In contrast, a negligible heating of only 2.2 ◦C was observed for
water without BGNPs at the same exposure conditions. To provide a quantitative heating
efficiency of our BGNPs comparing the results to similar gold nanoparticles presented
in literature, the molar rate of heat transfer (Equation (1)) was calculated as proposed by
Kuttner et al. [53].

ΔQ
cAu

=
(Qsample − Qmedium)

cAu
(1)

The delivered thermal energy ΔQ = (Qsample − Qmedium) was calculated following the
method described by Roper et al. [54] and Quintanilla et al. [55] (see Equations (S1)–(S4)
and Figure S1 in Supplementary Materials), while the cAu was calculated by inductively
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coupled plasma (ICP-OES) elemental analysis. The result of molar heat transfer rate is
0.53 W mM−1, which is a value similar to suitable gold nanoparticles in PTT, such as gold
nanorods [53].

Figure 2. The photothermal effect of BGNPs in a phantom system. (a) Heating curves for different concentrations of BGNPs
in water (0.25 mM Au0 in violet, 0.1 mM Au0 in red, 0.05 mM Au0 in blue, 0.025 mM Au0 in green, H2O in yellow) and
the BGNP biomolecular corona in water (0.25 mM Au0 in black) during 808 nm NIR laser irradiation (6.6 W cm−2). (b)
Thermal imaging of the solution containing BGNPs (0.25 mM Au0) for different times. (c) Temperature change of the
solution containing BGNPs (0.25 mM Au0), showing three laser on/off cycles of 808 NIR laser (6.6 W cm−2). The sample
was heated for 30 s, then the laser was switched off for 15 min and the solution was left to cool. (d) Vis–NIR spectra of the
BGNPs before (black) and after (red) laser irradiation/heating.

The interaction with proteins may affect the photophysical properties of photosensi-
tizers, [56–61] so we evaluated the BGNP performances in a physiological-like conditions,
investigating the possible effects of the biomolecular corona during laser the irradia-
tion/heating process [44]. We repeated the irradiation experiment for the FBS-dispersed
BGNPs, using the highest concentration of BGNPs (0.25 mM Au0 BGNPs). The results
(Figure 2a, curves in violet and in black) are practically superimposable to the protein-free
sample, indicating that the protein corona does not affect the photothermal behavior of
the nanoparticles. It is known that some photothermal agents can degrade and eventually
lose their photothermal properties during laser irradiation, in particular organic dyes such
as cyanines and photobleach [62]. Other nanoparticles, like gold nanorods, are known to
change their structure with laser absorption [63,64]. Thus, it is important to determine
the photothermal stability of BGNPs to exclude heat-induced morphological changes and
consequent LSPR shifts, which could prevent further cell death during in vitro laser treat-
ment. As such, the BGNPs were subjected to multiple irradiation cycles (Figure 2c) and
high-temperature treatment. A variation of 32 ± 1 ◦C (from 25 ◦C to 57 ± 1 ◦C) was
obtained within 30 s and the light-to-heat conversion performances were maintained over
the three cycles of heating and cooling performed, confirming the reproducibility of the
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photothermal response of the BGNPs (Figure 2c). To ensure the stability of the BGNPs
after irradiation, the vis–NIR spectra were recorded before and after NIR laser irradiation
(Figure 2d). The vis–NIR absorption spectrum of BGNPs remains unchanged after the
three sequential cycles of heating and cooling, revealing that NIR irradiation does not
affect the BGNPs colloidal stability and that there is no structural rearrangement of the
gold nanoparticle due to laser irradiation/thermal heating. In fact, it is well-known that
aggregation phenomena and the surface modification of BGNPs cause evident changes
in their vis–NIR spectra. In addition, these results clearly confirm that BGNPs does not
photodegrade during NIR treatment, as opposed to many organic dyes commonly used as
photothermal agents. TEM analysis after irradiation were also performed (see Figure S2),
confirming the thermostability of the nanostructures.

3.3. Uptake of BGNP in Colon Cancer Cells

A representative colon cancer cell line, DLD1, was used to study the uptake of BGNPs.
To better take into account the potential influence of bio-nano interactions and biomolecular
corona on the BGNP cell uptake (which are protein concentration-dependent), in vitro
experiments were performed using culture media supplemented with 50% of the serum
to get closer to an in vivo-like scenario with regards to the protein concentration. A large
excess of protein can influence the nature of the biomolecular corona and the interactions of
BGNPs with the cell [65]. In fact, binding competition of the free proteins crowds the media
and commonly leads to reduced uptake, especially for large NPs [66]. BGNPs pre-dispersed
with 50% FBS were incubated with DLD1 cells for 24 h, and then the cellular uptake of
the BGNPs was studied by flow cytometry. BGNPs are phototheranostic platforms [60,67]
that allow both therapy (PTT) and label-free imaging. In fact, BGNPs can be used for
optical imaging because of their capacity to absorb and scatter light in the visible and
NIR regions. In particular, the LSPR responsible for the photothermal effects of BGNPs,
also provides large scattering cross sections, allowing for convenient detection of the
BGNPs by scattering-based detection methods. Flow cytometry can measure quantitatively
intracellular GNPs by collecting the light scattering from a large population of living
cells through efficient single-cell analysis [33]. In flow cytometry, there are two modes
of scattering measurements: side scattering and forward scattering. The side scattering
channel (SSC) is commonly used as an indication of the cell’s internal complexity or
granularity. When nanoparticles are internalized by cells, the SSC intensity increases as
a consequence of augmented intracellular complexity [33]. The (gated) side (SSC-A) and
forward scatter (FSC-A) plots for DLD1 and DLD1 BGNPs-treated cells are reported in
Figure 3A. Debris and death cells were excluded from the analysis based on morphology,
thus gating the viable cells (R3) (Figure 3(Ac,Ad)). The cell granularity (SSC-A channel) of
BGNPs-treated cells increased 1.74-fold compared to unexposed cells (Figure 3B,C), clearly
indicating BGNP uptake. The same gating scheme was used for all the experiments.

To corroborate the BGNP cell internalization, reflectance confocal imaging [68] was
performed in order to directly exploit the optical properties of the nanomaterials (label-
free approach), avoiding potential problems related to dye leaching and conjugations,
which inevitably alter the surface chemistry of the NPs and potentially also their biological
interactions [69]. Performing a Z-stack across the whole cell body allowed the observation
of the presence of BGNPs inside the cell cytoplasms (red spots) while in the close proximity
of the nuclei (see Figure 4), where they are likely to be accumulated in the lysosomes [22,70].
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Figure 3. Flow-cytometric analysis of DLD1 after 24 h of BGNP exposure. (A) Representative gating plot of side scattering
(SSC-A) versus forward scattering (FCS-A) of non-treated (NT) cells and BGNP-treated cells with all acquired events (a,b)
and gated on living cells (R3) (c,d); (B) representative overlay of a side scattering histogram of cells exposed to BGNP
compared to NT cells (dark line); (C) median relative fold-increase of SSC compared to NT cells of four independent
experiments. *** p < 0.001 versus NT cells.

Figure 4. Confocal microscopy analysis. Representative images showing the XY planes and Z projections for (a,b) DLD1
cells after 24 h of BGNP exposure and (b) untreated DLD1 cell control. Nuclei are visualized by Hoechst staining (blue);
BGNPs are visualized by reflected light (red). Bright filed XY transmission images are reported in Figure S3.

3.4. Efficacy of PTT Treatment in Colon Cancer Cells

To investigate the efficacy of BGNP-mediated PTT treatment on a cancer cell line, we
incubated the DLD1 cells with 0.25 mM Au0 BGNPs that were pre-dispersed in FBS for
24 h. After washing to remove the BGNPs that were not taken up, the DLD1 cells were
irradiated with a NIR laser for different irradiance times and intensities. After 24 h from
the irradiation, cell viability was measured using the MTT test. One of main concerns
related to nanoparticle-based treatments is their potential intrinsic toxicity. Despite the
well-known biocompatibility of GNPs, it is crucial to perform case-by-case studies to
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exclude size/shape-depended cytotoxicity against this particular cell line. Therefore, MTT
assays were performed, to confirm the biocompatibility of BGNPs in the absence of laser
irradiation (Figure 5a). No cytotoxic effect was observed on BGNPs treated DLD1 cells
in dark conditions. On the opposite, a remarkable decrease in cell viability (4.76% viable
cells, see Figure 5a) was observed after 3 min of irradiation at 6.6 W cm−2. Interestingly,
there was no cytotoxic effect when reducing the exposure time to 1 min or halving the laser
irradiance to 3.3 W cm−2 while maintaining a period of 3 min of irradiation (Figure 5a).

Figure 5. PTT treatment in colon cancer cells. (a) Percentage of viable cells (MTT) incubated with or without BGNPs, in
dark condition or irradiated for different times and laser irradiance determined by MTT test. Percentage of viable cells
is normalized on not treated (NT) cells in dark. (b) The percentage of living cells (white), cells undergoing programmed
cell-death (red), and necrotic cells (black) after incubation or not with BGNPs in the dark or 3 h, 6 h, and 24 h after 3 min
of irradiation at 6.6 W cm−2. Data are the mean values of at least three independent experiments. *** p < 0.001 versus
non-treated (NT) cells.

These results let us hypothesize the presence of a threshold for PTT to achieve cell
death. The level of this threshold is paramount to reducing PTT side effects. For example,
photosensitivity represents a major side effect of photodynamic therapy (PDT), in which a
patient remains photosensitive for several weeks after cessation of the treatment, because
sunlight or bright lights may activate a non-controlled generation of ROS, induced by
the non-eliminated photosensitizer. In our case, BGNPs only generate heat/phototoxicity
in the presence of a controllable source of laser light. Direct sunlight (~0.1 W cm−2) or
bright lights have irradiance intensities well below the threshold for BGNPs activation,
thus they are not able to activate BGNP-dependent PTT. This aspect increases the control
of the therapy such that PTT is activated only at the desired (localized) site of action, i.e.,
where the irradiation is focused, without collateral damage to surrounding tissues.

Typically, the application of PTT produces rapid temperature ramping, causing cel-
lular death. Hyperthermia leads to cell membrane rupture, DNA damage and protein
denaturation [13]. To discriminate the mechanisms of cell death, cells were counted for
annexin V and 7-AAD staining in a flow cytometer, after 3 min of irradiation at 6.6 W cm−2,
with or without FBS-dispersed BGNPs. No significant increase in programmed cell death
events was recorded, nor after short (3 h, 6 h) or long (24 h) post-treatment times. In
contrast, a significant increase in the fraction of necrotic cells was observed already after
3 h after irradiation in BGNP-treated cells when compared to non-treated cells (62% versus
7%, respectively) (Figure 5b). Necrotic events reached the highest percentage 24 h after
irradiation (75%) (Figure 5b). These results indicate that under laser irradiation, BGNPs
induce cellular necrosis as the main cell death mechanism, conceivably due to the direct
effect of the thermal stress on the cells. Our findings agree with several previous studies
that identify necrosis as the main in vitro cellular response to PTT [13].
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4. Conclusions

In this work, we have synthesized branched gold nanoparticles (BGNPs) as attractive
agents for the photothermal eradication of colon cancer cells. The optical properties of the
BGNPs were carefully tailored for effective absorbance in the first biological NIR window,
a wavelength region of the light characterized by an optimal tissue penetration.

The FBS dispersed BGNPs were stable in physiological-like environments and were ir-
radiated with an 808 nm laser source. They show an extremely efficient light-to-heat conver-
sion capability. Sequential cycles of heating and cooling did not affect the BGNP stability.

Exploiting the intrinsic optical imaging offered by BGNPs, the uptake of BGNPs in
colon cancer cells was confirmed using flow cytometry and confocal microscopy. In dark
conditions BGNPs were fully biocompatible, while, when irradiated, BGNP-mediated PTT
triggered rapid (3 h) cell death characterized by cell membrane rupturing, as evidenced
by the high proportion of necrotic cells. These results agree with previous studies that
identified necrosis as the main in vitro cellular response to PTT, leading to cell membrane
rupture, DNA damage and protein denaturation. The passive accumulation of GNPs
within cancer tissues, mediated by the enhanced permeability and retention effect, together
with the possibility to easily functionalize the gold surfaces with targeting ligands [71],
paves the way to providing robust double-targeting therapy approaches. The latter could
exploit the recognition ability of conjugated targeting moieties with the possibility to focus
the triggering light radiation at the desired site of action, lowering the collateral damage
to healthy tissues, thus working towards a clinical need of crucial importance for the
treatment of colon cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11061608/s1, Figure S1: Representative cooling curve of a dispersion of BGNPs with
an exponential regression, Figure S2: Nanostructure thermal stability. TEM micrographs of BGNPs
before and after laser irradiation, Figure S3: Confocal microscopy analysis of BGNPs uptake.
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Abstract: Photothermal therapy (PTT) has received constant attention as an efficient cancer therapy
method due to locally selective treatment, which is not affected by the tumor microenvironment. In
this study, a novel 880 nm near-infrared (NIR) laser-triggered photothermal agent (PTA), 3TT-IC-4Cl,
was used for PTT of a tumor in deep tissue. Folic acid (FA) conjugated amphiphilic block copolymer
(folic acid-polyethylene glycol-poly (β-benzyl-L-aspartate)10, FA-PEG-PBLA10) was employed to
encapsulate 3TT-IC-4Cl by nano-precipitation to form stable nanoparticles (TNPs), and TNPs exhibit
excellent photothermal stability and photothermal conversion efficiency. Furthermore, the in vitro
results showed TNPs display excellent biocompatibility and significant phototoxicity. These results
suggest that 880 nm triggered TNPs have great potential as effective PTAs for photothermal therapy
of tumors in deep tissue.

Keywords: photothermal therapy; NIR-triggered; photothermal agent; deep tissue; nanoparticles

1. Introduction

Phototherapy has attracted extensive attention in recent years as a powerful cancer
treatment method due to characteristics such as convenience, noninvasiveness, locally
selective treatment, negligible drug resistance and minimized adverse side effects [1]. Pho-
todynamic therapy (PDT) and photothermal therapy (PTT) are two typical phototherapy
approaches, PTT is based on the photothermal agents (PTA), which are preferentially taken
up and retained by diseased tissue; then after excitation by appropriate wavelength laser,
the PTA convert light to heat to induce cancer cell apoptosis or necrosis. Compared to PDT,
PTT is not affected by the tumor microenvironment, such as the local oxygen level, so PTT
has received increasing attention and developed rapidly in recent years.

PTAs are one of the most important factors determining the efficiency of PTT, and
many kinds of PTA have been developed in recent years. Current PTAs can be classified
as inorganic and organic materials, and compared to inorganic PTAs, the organic PTAs
with easy chemical structure tuning, good biocompatibility, low-toxicity and an easy
metabolism in the biological system are more desirable for clinical photo-theranostics [2–7],
such as cyanine dyes [8–13], diketopyrrolopyrrole derivatives [14,15], croconaine-based
agents [16,17], porphyrin-based agents [18–21], conjugated polymers [22–29], squaraine
derivatives [30,31], boron dipyrromethane (BODIPY) dyes [32] and so on. In organic PTAs,
the polymeric PTA was limited due to its complicated fabrication processes, indistinct
biodegradation and potential biosafety [21]. Therefore, the small organic molecules have
received increasing attention as potential alternatives to nanomaterials in the area of
PTT recently.
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In addition, another main challenge for phototherapy is to efficiently treat cancers at a
deep tissue level. Near-infrared (NIR) light is referred to as the “optical window” of the
biological tissues due to the minimal light absorption and scattering. Compared with the
UV or visible light, NIR shows larger penetration distance in tissue, lower photodamage
effect and higher signal-to-noise ratio [33,34]. The organic molecules with extended π-
conjugation usually show strong NIR absorbance, which is beneficial for deep tumor tissue
diagnosis and phototherapy [35–37]. The well-designed, conjugated small molecules of
organic PTA, especially the recently reported acceptor-donor-acceptor (A-D-A) structure
PTA, would open a new gate for efficient PTT of tumor in deep tissues [38–40].

However, a problem limiting the use of conjugated small molecules of organic PTA is
their low water solubility; the hydrophobic PTAs are difficult to use to prepare pharma-
ceutical formulations and cannot be directly injected intravenously. To overcome these
problems, various strategies have been employed to prepare water-soluble and stable for-
mulations of hydrophobic organic PTA, such as conjugate to water-soluble polymers [11],
loaded into mesoporous materials [19] or carbon materials [41–43], encapsulate in colloidal
carriers such as liposomes [18] and polymer nanoparticles [9,10,14,15,20–24,32,44,45].

In this study, an A-D-A structure non-fullerene molecule, 3TT-IC-4Cl, which includes
three fused thieno[3,2-b]thiophene as the central core and difluoro-substituted indanone
as the end group was selected as PTA for PTT. Similarly to other A-D-A structure non-
fullerene molecules, 3TT-IC-4Cl exhibits both broad absorption and effectively suppressed
fluorescence [39], and especially, 3TT-IC-4Cl exhibits strong and broad absorption in the
800–900 nm region after forming nanoparticles, and it is indicated that the 3TT-IC-4Cl has
the potential as PTA for NIR-triggered PTT of cancer in deep tissue. In order to effectively
utilize 3TT-IC-4Cl for PTT, herein, our previous reported folic acid (FA) conjugated am-
phiphilic block copolymer (folic acid-polyethylene glycol-poly (β-benzyl-L-aspartate)10,
FA-PEG-PBLA10) was employed to encapsulate 3TT-IC-4Cl by nano-precipitation and
dialysis process to form stable nanoparticles (TNPs) and improve 3TT-IC-4Cl solubility in
aqueous solution. In the TNPs system, the 3TT-IC-4Cl and PBLA segment of the copolymer
was an inner core for 3TT-IC-4Cl storage, 3TT-IC-4Cl was the heat source and the PEG
segment was the outer shell to improve solubility, stability and biocompatibility of this
system, and the active targeting ligand FA was introduced to the surface of nanoparticles
to enhance the selectivity of nanoparticles.

Recently, the NIR-triggered organic small molecular based PTT systems have been
developed [9,10,14,15,19,24,32,46]; however, few systems of A-D-A type small molecular
organic PTA-based and 880 nm-triggered PTT have been reported.

2. Materials and Methods

2.1. Materials

Folic Acid (FA), PEG-bis(amine) (Mn: 3.4 kDa), β-benzyl-L-aspartate (BLA), Triethy-
lamine (TEA), Thiazolyl Blue Tetrazolium Bromide (MTT), Phosphate Buffered Saline
(PBS), and Sodium Bicarbonate were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). Triphosgene was purchased from Aldrich Chemical Co. (Milwaukee, WI, USA).
N-hydroxysuccinimide (NHS) and N,N’-dicyclohexylcarbodiimide were purchased from
Fluka (Buchs, Switzerland). Then, 3TT-IC-4Cl was provided by Zhongsheng Huateng
Technology Co., Ltd. (Beijing, China) according to a previously reported method [47].
Indocyanine Green (ICG) was purchased from Adamas (Shanghai, China). CHCl3 was
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dimethyl
sulfoxide (DMSO) was purchased from Fuchen Chemical Reagent Co., Ltd. (Tianjin, China).
Chloroform-d was purchased from Tenglong Weibo Technology Co., Ltd. (Qingdao, China).
DMSO-d6 was purchased from Ningbo Cuiying Chemical Technology Co., Ltd. (Ningbo,
China). Dulbecco’s modified Eagle’s medium (DMEM), Fetal Bovine Serum (FBS), Peni-
cillin and Streptomycin were purchased from Gibco BRL (Invitrogen Corp., Carlsbad,
CA, USA). All other chemicals were of an analytical grade and used as received without
further purification.
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2.2. Characterization

The chemical structure was determined by 400 MHz 1H NMR (AVANCE III HD
400 MHz, Bruker, Fällanden, Switzerland) using CHCl3-d and DMSO-d6 as the solvent.
The photophysical properties of samples in aqueous solution were confirmed by UV-visible
spectrophotometry (UV-2550, Shimadzu, Tokyo, Japan) and fluorescence spectrophotome-
ter (F-4600, Hitachi, Tokyo, Japan). The morphologies, sizes and size distributions of
nanoparticles were determined by transmission electron microscopes (TEM) (TECNAI G2
Spirit TWIN, FEI, Hillsboro, FL, USA) and dynamic light scattering (DLS) (Zetasizer Nano
ZS90, Malvern Instruments Co, Malvern, UK) at 25 ◦C using a He-Ne laser (633 nm) as a
light source. The temperature was monitored by IR thermal camera (TiS65, Fluke, Everett,
WA, USA). The NIR laser (880 nm) used in this study was purchased from Beijing Laser-
wave Optoelectronics Technology Co., Ltd. (LWIRL880-20W-F, Laserwave, Beijing, China).

2.3. Preparation of TNPs

In order to prepare TNPs, first, the amphiphilic block copolymer FA-PEG-PBLA10
used for 3TT-IC-4Cl encapsulation was synthesized by ring-opening polymerization as our
previous reported [48]. The chemical structure of FA-PEG-PBLA10 was confirmed by 1H
NMR (400 MHz, DMSO). Then, the TNPs were prepared by the nanoprecipitation method.
Briefly, 5 mg 3TT-IC-4Cl was dissolved in 1 mL THF; then, the 3TT-IC-4Cl solution was
added into to 50 mL FA-PEG-PBLA10 solution (0.5 mg/mL in DMSO) dropwise, and then
the mixture was transfered to dialysis tubs (Cut-off 3.5 K Mw) to remove THF and DMSO,
followed by freeze drying, after which the TNPs were obtained.

2.4. Photothermal Effect

To confirm the PTT application potential, the photothermal property of TNPs was
investigated, and a series of concentrations of TNPs (0, 30, 90, 180 and 250 μg/mL) in water
were irradiated by 880 nm laser (0.7 W/cm2, where, the power densities (W/cm2) = laser
beam power/laser beam area) for 720 s, the temperature of TNPs solution was recorded by
an IR thermal camera every 30 s. In addition, the constant concentration (180 μg/mL) of
TNPs were irradiated by an 880 nm laser for 720 s with various power densities (0.3, 0.5,
0.8 and 1.5 W/cm2) was investigated by the same method.

2.5. Stability of TNPs

In order to investigated the stability of TNPs, TNPs (180 μg/mL, 30 μg/mL free 3TT-
IC-4Cl equiv.) and free ICG (30 μg/mL) were irradiated with an 880 nm laser (0.7 W/cm2)
for 5 min; then the laser was turned off and the sample was cooled to the room temperature
naturally, and the temperature of samples was recorded using the IR thermal camera every
30 s. Subsequently, the procedures were repeated four times.

2.6. In Vitro Phototoxicity and Biocompatibility of TNPs

HeLa cells (provided by Dingguo Biology Technology Co., Ltd., 1 × 104 cells/well)
were seeded onto 96-well plates in 200 μL DMEM and allowed to attach for 24 h. After
cell attachment, the medium was replaced with 100 μL of fresh medium containing FA-
PEG-PBLA10 (the polymer dispersed in aqueous medium) and TNPs with a series of
concentration (0, 30, 60, 90, 120, 180 and 250 μg/mL), and then incubated for 4 h. The cells
were washed with PBS and replace with fresh DMEM. The samples were irradiated with a
laser (880 nm, 0.7 mW/cm2) for 5 min. Then, irradiated cells were incubated at 37 ◦C for
24 h and cell viability was evaluated by MTT assay. Data presented are averaged results
of quadruplicate experiments. For biocompatibility, HeLa cells (1 × 104 cells/well) were
seeded onto 96-well plates in 200 μL DMEM and allowed to attach for 24 h. After cell
attachment, the medium was replaced with 100 μL of fresh medium containing FA-PEG-
PBLA10 and TNPs with a series of concentration (0, 30, 60, 90, 120, 180 and 250 μg/mL),
and then they were incubated for 24 h. The cell viability was evaluated by an MTT assay.
Data presented are averaged results of quadruplicate experiments.
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3. Results and Discussion

3.1. Synthesis and Characterization of TNPs

A novel PTA with an 880 nm-triggered A-D-A structure non-fullerene molecule,
3TT-IC-4Cl, which included three fused thieno[3,2-b]thiophene as the central core and
difluoro substituted indanone as the end group [47] was selected for PTT. In order to
effectively utilize 3TT-IC-4Cl for tumor therapy. An amphiphilic block copolymer (FA-PEG-
PBLA10) was synthesized as in our previous reported method [48] and used for 3TT-IC-4Cl
encapsulation, 3TT-IC-4Cl was encapsulated in FA-PEG-PBLA10 by nano-precipitation and
a dialysis process to form stable nanoparticles (TNPs), as shown in Figure 1, the PBLA
segment of the copolymer was used as a reservoir for 3TT-IC-4Cl storage in the inner
core, the PEG segment was used as the outer shell to improve solubility, stability and
biocompatibility of TNPs, the active targeting ligand FA was introduced to the surface of
nanoparticles to enhance selectivity of nanoparticles, the chemical structure was confirmed
by 1H NMR, as shown in Figure 2A, and the characteristic peaks a and b are belong
to FA-PEG-PBLA10, and the characteristic peaks c, d, e, f, g and h attribute to 3TT-IC-
4Cl, respectively. It indicated that the 3TT-IC-4Cl was encapsulated in FA-PEG-PBLA10
successfully, the encapsulation rate (93.5%) was calculated by the relative intensity ratio of
the methylene proton of PEG at 3.5 ppm and the proton of the alkane chain of in 3TT-IC-4Cl
at about 1 ppm.

For nanomedicine used in cancer therapy, size, morphology and stability are the key
properties that influence in vivo performance. These factors affect the bio-distribution and
circulation time of the drug carriers. Stable and suitable-sized particles have reduced up-
take by the reticuloendothelial systems (RES) and provide efficient passive tumor targeting
ability via an enhanced permeation and retention (EPR) effect [49]. The incomplete tumor
vasculature results in leaky vessels with gap sizes of 100 nm to 2 μm depending on the tu-
mor type, and some studies have shown that particles with diameters of <200 nm are more
effective [49,50]. The morphology of TNPs was evaluated by TEM, as shown in Figure 3.
The TNPs were submicron in size and uniform and nearly spherical with no aggregation
between nanoparticles observed due to the polymer modification, the average diameter
was 150 nm. DLS measurements showed average hydrodynamic diameters of TNPs were
about 200 nm (Figure 3, inset), a suitable size for passive targeting ability through the EPR
effect. The size distribution of TNPs maintained a narrow and monodisperse unimodal
pattern. Zeta potential of TNPs was measured as shown in Figure S1. It was shown
that TNPs have negative surface charges, and zeta potential is about −13.2 mV. The zeta
potential of TNPs showed that it would more stable against aggregation. Furthermore, the
size of TNPs in DMEM remains almost same within 60 days (Figure S2).

Figure 1. Schematic illustration demonstrating of stable nanoparticles (TNPs) formation and pho-
tothermal therapy (PTT) effect.
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Figure 2. 1H NMR spectra of (A) TNPs, (B) 3TT-IC-4Cl, and (C) FA-PEG-PBLA10.

 
Figure 3. TEM image of TNPs and typical size distributions of TNPs (insert).

3.2. Optical Properties of TNPs

The optical properties of TNPs were investigated by UV-vis absorption spectra and
fluorescence spectra (Figure 4A,B), for free 3TT-IC-4Cl in CHCl3 solution, and it shows
strong absorption at 772 nm and a maximal fluorescence at about 840 nm. However, after
the formation of nanoparticles, the TNPs aqueous solution exhibits strong absorption
at 874 nm, the significant red shift was due to the π-π stacking of 3TT-IC-4Cl during
the nanoparticles formation and this result would be conducive to trigger TNPs by an
880 nm NIR light source for the phototherapy of the tumor in deep tissue. On the other
hand, compared to free 3TT-IC-4Cl in CHCl3 solution, in the TNPs aqueous solution,
nearly no fluorescence signal was observed due to the 3TT-IC-4Cl aggregation during the
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nanoparticle formation, which would significantly increase non-radiative heat generation
and enhance PTT efficiency [20,51].

 

Figure 4. (A) UV–Vis absorption spectra of free 3TT-IC-4Cl (red) and TNPs (black), and (B) Fluorescence spectra of free
3TT-IC-4Cl (red) and TNPs (black).

3.3. Photothermal Properties of TNPs In Vitro

To investigate the photothermal conversion property of the TNPs, the temperature
of TNP aqueous solution with a series of concentrations (from 0 to 250 μg/mL) under
the 880 nm laser irradiation (0.7 W/cm2) for 15 min was monitored (Figure 5A), and the
related infrared (IR) thermal images of TNPs aqueous solution were showed in Figure 5C.
As shown in the Figures, the temperature increased significantly as TNP concentration
increased. It is noted that the TNPs at 90 μg/mL exhibit effective hyperthermia (>50 ◦C),
which is sufficient to induce apoptosis or necrosis of cancer cells [52]. The relationship
between temperature of TNPs aqueous solution (180 μg/mL) and different laser power
(from 0.3 to 1.5 W/cm2) was future measured, as shown in Figure 5B, and the temperature
of the TNPs aqueous solution depends on the laser power. The related infrared (IR) thermal
images of TNP aqueous solution were showed in Figure 5D. On the other hand, we also
investigated the photothermal conversion efficiency of TNPs through a cycle of heat-up
and cooling using the previously reported method (Figure S3) [53]. The photothermal con-
version efficiency of the TNPs was 31.5%, which is higher than other PTAs such as cyanine
dyes (e.g., ≈26.6%) and gold nanorods (e.g., ≈21.0%) [24,54,55]. The strong absorption and
high photothermal conversion efficiency of TNPs in the NIR region provided the potential
of photothermal treatment of cancer.
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Figure 5. (A) Photothermal conversion behavior of TNPs at different concentrations (0–250 μg/mL) under 880 nm irradiation
at 0.7 W/cm2, (B) Photothermal conversion behavior of TNPs at different laser power (0.3–1.5 W/cm2) under 880 nm
irradiation at 0.7 W/cm2, and (C) IR thermal images of TNPs at different concentrations (0–250 μg/mL) under 880 nm
irradiation at 0.7 W/cm2, and (D) IR thermal images of TNPs at different laser power (0.3–1.5 W/cm2) under 880 nm
irradiation at 0.7 W/cm2.

3.4. Photothermal Stability of TNPs

The photothermal stability is an important parameter of photothermal drugs for PTT
applications, and it would be crucial for clinical applications and therapeutic efficiency.
The photothermal stability of TNPs was evaluated by monitoring its ability to maintain the
temperature elevation. As shown in Figure 6A, the TNPs were irradiated at 0.7 W/cm2

for 5 min, then the laser was turned off, the following samples were cooled down to room
temperature, the temperature was recorded by IR thermal camera throughout the process,
this irradiation/cooling procedures were repeated five times, as Figure 6A shows, and TNPs
displayed negligible change in their temperature elevation after five irradiation/cooling
cycles. However, the temperature elevation of free ICG decreased significantly after one
irradiation/cooling cycle. On the other hand, we also observed the changes in the color
of the samples, as shown in Figure 6B, and after 5 min irradiation the color of free ICG
solution changed observably, but the TNPs exhibit no change after 30 min irradiation.
These results indicated the TNPs exhibit excellent photothermal stability.
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Figure 6. (A) Temperature elevation of TNPs, and free ICG under five irradiation/cooling cycles (under 880 nm irradiation
at 0.7 W/cm2 for 5 min), (B) Photographs of the TNPs, and free ICG in PBS solutions after 880 nm light irradiation for
different time.

3.5. In Vitro Cell Test

In order to investigate the feasibility of TNPs as nano photothermal agents for PTT,
in vitro cytotoxicity of TNPs was investigated by MTT assay and the average cell viability
was monitored. For a biocompatibility test, the dark toxicity of TNPs was investigated. As
shown in Figure 7A, both FA-PEG-PBLA10 and TNPs exhibited no significant dark toxicity.
As the concentration increased, the average cell viability was greater than 90% even when
cells were treated with 250 μg/mL of TNPs. For the phototoxicity test, we investigated the
concentration dependent (0, 30, 60, 90, 120, 180 and 250 μg/mL) cytotoxicity of TNPs with
880 nm laser irradiation. As shown in Figure 7B, after irradiation at 0.7 W/cm2 for 5 min,
the cell viability gradually decreased as the TNPs concentration increased. Taken together,
these results indicate that the TNPs could considerably enhance the efficiency of PTT for
tumor in deep tissue, even at low concentrations.

 

 

μμ

Figure 7. In vitro cytotoxicity test using FA-PEG-PBLA10 and TNPs against HeLa cells (A) dark toxi-
city depending on the nanoparticles concentration and (B) phototoxicity depending on nanoparticles
concentration.

4. Conclusions

In summary, an 880 nm NIR laser that triggered TNPs as PTA for photothermal
therapy of a tumor in deep tissue was developed. In this work, a novel PTA, 3TT-IC-
4Cl, was selected and used for PTT; it included three fused thieno[3,2-b]thiophene as the
central core and difluoro-substituted indanone as the end group. After encapsulation
by the FA-PEG-PBLA10 block copolymer and forming nanoparticles, the TNP aqueous
solution exhibited strong absorption at 880 nm due to the π-π stacking. DLS and TEM
measurements showed that the TNPs have a spherical shape and narrow size distribution
with a mean diameter of 150 nm. TNPs exhibit excellent photothermal stability and high
photothermal conversion efficiency after 880 nm laser irradiation. In the in vitro test, TNPs
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display excellent biocompatibility and significant phototoxicity. Therefore, the 880 nm-
triggered TNPs have great potential as an effective PTA for the photothermal therapy of
tumor in deep tissue.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11/3/773/s1, Figure S1: Zeta potential of TNPs in water, Figure S2: Changes of hydrodynamic
diameters of TNPs in DMEM with time, [TNPs] = 180 μg/mL, Figure S3: (A) Temperature elevation
of TNPs (180 μg/mL) under 880 nm irradiation at 0.7 W/cm2 for 5 min, followed by subsequent
cooling to room temperature and (B) Linear time data versus-Ln (θ) obtained from the cooling period
of NIR la-ser off.
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Abstract: Lung cancer is a particularly difficult form of cancer to diagnose and treat, due largely to the
inaccessibility of tumours and the limited available treatment options. The development of plasmonic
gold nanoparticles has led to their potential use in a large range of disciplines, and they have shown
promise for applications in this area. The ability to functionalise these nanoparticles to target to
specific cancer types, when combined with minimally invasive therapies such as photothermal
therapy, could improve long-term outcomes for lung cancer patients. Conventionally, continuous
wave lasers are used to generate bulk heating enhanced by gold nanorods that have accumulated in
the target region. However, there are potential negative side-effects of heat-induced cell death, such as
the risk of damage to healthy tissue due to heat conducting to the surrounding environment, and the
development of heat and drug resistance. In this study, the use of pulsed lasers for photothermal
therapy was investigated and compared with continuous wave lasers for gold nanorods with a surface
plasmon resonance at 850 nm, which were functionalised with anti-EGFR antibodies. Photothermal
therapy was performed with both laser systems, on lung cancer cells (A549) in vitro populations
incubated with untargeted and targeted nanorods. It was shown that the combination of pulse wave
laser illumination of targeted nanoparticles produced a reduction of 93% ± 13% in the cell viability
compared with control exposures, which demonstrates a possible application for minimally invasive
therapies for lung cancer.

Keywords: nanoparticles; gold nanorods; cancer therapy; photothermal therapy; photoacoustic
imaging; lung cancer; EGFR-targeting

1. Introduction

Cancer is a leading cause of death worldwide with approximately 70% of deaths occurring in
low- and middle-income countries [1]. Lung cancer is the most prevalent and deadly form of cancer
since there exists very few options for diagnosis or treatment. Plasmonic photothermal therapy (PPTT)
is a therapeutic modality, when combined with AuNRs could provide a highly selective, minimally
invasive treatment option for cancer. It would be beneficial if PPTT could be administered with
a pulsed-wave (PW) laser since it would reduce the potential damage to surrounding tissues by
eliminating the bulk heating effect caused by continuous wave (CW) lasers. The photothermal effect
relies heavily on a light source that can deliver sufficient of energy to a localised region, and thus a
laser is often used [2]. Laser ablation (LA), a common clinical therapeutic technique that relies on
lasers, is predominantly used to compliment additional therapies by reducing tumour volume [3]. It is
mostly used for treating superficial and lung cancers where laser access and light delivery is feasible [4].
Continuous wave (CW) lasers with high powers (around 5 W) are employed to induce bulk heating and
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irreversible thermal damage in the target tissue; however, pulsed wave (PW) lasers have also shown
potential for photothermal applications [5]. Depending on the type of laser system employed—either
PW or CW—there will be significant differences in the observed outcomes. CW lasers can induce
either apoptosis or necrosis, depending on laser intensity and AuNR distribution, whereas PW lasers
can only induce necrosis [6]. These two pathways for cell death have their own advantages and
disadvantages. For example, an apoptotic pathway can lead to cells developing drug and thermal
resistance but does not cause immunogenic or inflammatory responses, while the opposite is true for
a necrotic pathway [7]. PW lasers create a highly-localised rapid temperature increase in the target
AuNRs [8], and this almost-instantaneous and high temperature increase causes large mechanical
stresses (peak pressures of 10–100 MPa [9]) that can induce necrotic cell death depending on particle
location and laser energy. There are very few reports on pulsed wave plasmonic photothermal
therapy (PW-PPTT), also known as photoacoustic plasmonic photothermal therapy (PA-PPTT), and the
majority predominately use either high energy laser pulses, ultra-short laser pulses (femtosecond),
or alternative photoabsorbers, with little in the way of low-energy, nanosecond pulses that utilise
AuNRs as the absorbing agent. Moreover, there are few reports addressing how the size of the AuNRs
may affect the treatment efficacy of both PW-PPTT and conventional PPTT at equivalent concentrations.
The optimisation of both the optical absorbers and laser parameters is crucial to the success of this
technique. If PW lasers can be used to destroy target regions of tissue successfully and efficiently,
with similar or superior outcomes to that of CW lasers, then new and combined diagnostic and
therapeutic techniques may be possible.

The functionalisation of AuNRs to molecularly target specific binding sites, such as epidermal
growth factor receptors (EGFR), is increasingly seen as an essential aspect of using AuNRs for
biomedical purposes. This is largely due to the need for high numbers of AuNRs to be localised
in a tumour region for a sufficient PA or PPTT effect to be observed. Furthermore, relying solely on the
enhanced permeability and retention (EPR) effect to accumulate AuNRs in target tissue may not be
sufficient [10,11]. If the target ligand is known, then the AuNRs can be functionalised with monoclonal
antibodies (for example anti-EGFR) that will enable monovalent affinity. This is a highly desirable
characteristic that can result in a much larger accumulation of AuNRs at a site. It is known that many
forms of cancer express EGFR-positive ligands and it has therefore become a common method for
molecular targeting for a range of imaging techniques such as photoacoustic imaging PAI [12]. The aim
of this study was to investigate the effects that AuNR targeting to EGFR positive lung cancer cells has
on both CW and PW laser treatment.

2. Materials and Methods

To determine the EGFR expression of lung cancer cells, immunofluorescence (IF) staining was
performed using a standard IF protocol. Briefly, the A549 cells were grown in a 6-well plate on
microscope coverslips. Once 70% confluence was reached, the media was removed and the cell
monolayer was washed with Dulbecco’s Phosphate-Buffered Saline (DPBS, Thermo Fisher Scientific,
Waltham, MA USA). To fix the cells to the coverslips, 4% PFA (Paraformaldehyde, Thermo Fisher
Scientific, Waltham, MA USA) was added and left for 15 min at room temperature. The coverslips were
then washed twice with DPBS before being permeabilised with a solution of DPBS and 0.3 % Triton
X-100. The coverslips were then washed twice in DPBS, followed by sample blocking in 10% FBS (fetal
bovine serum, Thermo Fisher Scientific, Waltham, MA USA) for 1 h. The blocking buffer was removed
and Alexa Flour 488-conjugated anti-EGFR antibodies, diluted in 5% FBS, was added to the coverslips
and incubated for 2 h at room temperature. Finally, the coverslips were washed 3 times in DPBS and
mounted on microscope slides using DAPI (4′,6-diamidino-2-phenylindole, Thermo Fisher Scientific,
Waltham, MA USA) reagent (ProLong Gold Antifade Mountant). The same protocol was repeated
to form a control group without adding the conjugated antibodies. The level of EGFR expression
(as determined from the IF images in Figure 1) in A549 cells was not as high as expected. Nevertheless,
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EGFR expression was observed during the IF staining and therefore it was decided that the effect of
targeting AuNRs to the EGFR receptors would be investigated.

Figure 1. A fluorescence image of lung cancer cells (A549) showing the expression of anti-epidermal
growth factor receptors receptors. Blue represents the staining of the cell nucleus and green shows the
expression of EGFR.

AuNR-targeting was considered using dark-field microscopy. Highly concentrated Streptavidin-
conjugated AuNRs were purchased (Table 1) from Nanopartz—a company that is able to synthesis
AuNRs on a large scale with repeatable characteristics—to enable them to be easily functionalised
with an anti-EGFR targeting ligand (Figure 2). A protocol was designed to enable the comparison
of cellular uptake for targeted versus untargeted S-Au40-849s at three different time-points: 4 h, 8 h,
and 24 h. These were chosen to provide an indication of the timescales required for wide-spread
affinity of the targeted AuNRs to the lung cancer cells. We previously observed high levels
of uptake after 4 h incubation [13]. The biotinylated antibody used in this study was a mouse
monoclonal antibody (ab24293, abcam) and the amount required to facilitate the conjugation with
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the AuNRs was explored along-side the targeting efficiency. A series of 21 microscope coverslips
were soaked in ethanol overnight before being allowed to dry completely and were then placed
inside a separate well of six 6-well plates. For each time-point there was enough cover-slips to allow
for: one blank (3), two untargeted (6), two targeted with 10 μL biotinylated antibody (6), and two
targeted with 20 μL biotinylated antibody (6). A human non-small cell lung epithelial carcinoma cell
line (A549, ATCC, Middlesex, UK) was cultured in DMEM (Dulbecco’s Modified Eagle Medium)
media supplemented with 10% FBS (Fetal Bovine Serum). When the cells reached 80% confluency,
the 6-well plates were seeded with 4 × 103 cells per well and incubated for 48 h. Before the AuNRs
were added to the wells, a functionalising protocol was followed (Figure 3). The stock S-Au40-849s
(concentration = 13.2 mg mL−1) were first sonicated for 15 min to minimise aggregation and then 45 μL
of the stock S-Au40-849s was split between three sterile Eppendorfs (i.e., 15 μL per Eppendorf). The first
Eppendorf (named ‘UT’) was reserved for untargeted AuNRs, 10 μL of the biotinylated antibody was
added to the second Eppendorf (named ‘T10’), and 20 μL of the biotinylated antibody was added
to the final Eppendorf (named ‘T20’). All of the Eppendorfs were then topped up with Dulbecco’s
phosphate-buffered saline (DPBS, 14190-094, Thermo Fisher Scientific, Waltham, MA USA) to a total
volume of 40 μL (i.e., 25 μL DPBS in Eppendorf UT, 15 μL DPBS in Eppendorf T10, and 5 μL DPBS in
Eppendorf T20). All three Eppendorfs were then sonicated for 10 min before being placed on a vortex
for 30 min to facilitate the conjugation of the AuNRs and antibodies. The AuNRs were then purified
by centrifuging for 10 min at a relative centrifugal force (r.c.f.) of 5900, followed by the removal of the
supernatant and addition of 40 μL DPBS, and then further mixing was performed with the vortex for
2 min followed by sonication for 10 min. After repeating the purification process twice, the supernatant
was replaced with 100 μL DMEM media before being added to separate 15 mL falcon tubes filled with
DMEM media to a total volume of 6 mL. Finally, each falcon tube was vortexed for 2 min and sonicated
for 10 min before the media-AuNR solutions were added to the 6-well plates at a total volume of
2 mL per well, giving a final AuNR concentration of 30 μg mL−1. The plates were then incubated
for different lengths of time (4 h, 8 h, and 24 h) before a standard protocol for preparing microscope
slides for dark-field imaging was followed. A549 cells were plated onto 22 × 22 mm glass cover-slips
in a 6-well plate at a density of 1 × 105 well−1 and allowed to grow for two days. The AuNR-media
was removed from each well and the cell monolayer on the cover-slip was twice-rinsed with DPBS,
fixed in 4% paraformaldehyde/DPBS for 10 min at room temperature and rinsed with DPBS five
times. The fixed coverslips were then mounted and sealed onto glass slides. Bright and dark-field
microscopy imaging was performed with an inverted microscope (Nikon Eclipse Ti-E, Nikon UK Ltd.,
Kingston upon Thames, Surrey, UK) using an oil coupled 100x objective (CFI Plan Fluor, Nikon UK
Ltd., Kingston upon Thames, Surrey, UK). Images were recorded with a 5 Megapixel colour camera
(DS-Fi1, Nikon UK Ltd., Kingston upon Thames, Surrey, UK) and saved using the NIS-Elements D
software (Nikon UK Ltd., Kingston upon Thames, Surrey, UK). The height of objectives focal plane
was monitored to establish that images were acquired within the cells. Open-source software package
ImageJ [14] was used to crop and enhance the contrast of saved images. To ensure valid comparisons
could be made, all of the images were enhanced in the same way.

Table 1. Certified dimensions and measured surface plasmon resonance of all AuNRs used in study.

AuNR Name Width (nm) Length (nm) Aspect Ratio SPR (nm)

S-Au40-849 40 148 3.7 849
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Figure 2. The biotinylated anti-EGFR antibodies exhibit high affinity to the streptavidin proteins that
are already conjugated to the AuNR.

For the photothermal therapy experiments, targeting was achieved using the same methodology
(Figure 3) for conjugating the S-Au40-849s to anti-EGFR monoclonal antibodies was followed as
described. However, the 6-well plates were replaced with two 96-well plates and were seeded with
A549 cells at a concentration of 1 × 105 cells per well. The experimental procedure was similar to that
previously described [13], with untargeted (UT) AuNRs were add to one plate and targeted (T10)
AuNRs were added to the other—both at a concentration of 30 μg mL−1—and left to incubate for
either 4 h or 24 h. Immediately prior to laser exposure, the media in the wells of the 96-well plate was
removed, the cell monolayer washed once with DPBS, and then 100 μL of fresh media was added.
This washing step was performed to minimise the number of AuNRs remaining in the wells that were
not bound to the cell surface receptors or taken up by the cells. The laser systems used were a pulsed
tuneable laser (Surelite, OPO Plus, Continuum, San Jose, CA, USA) operating at a pulse repetition
frequency of 10 Hz with a pulse duration of 7 ns, spot size of 9 mm (at the bottom of the 96-well plate)
and radiant exposure of 25 mJ cm−2, and a continuous wave diode laser (B4-852-1500-15C, Sheaumann
Laser, Marlborough, MA, USA) operating at 1.5 W across a spot size of 9 mm with a fixed wavelength
at 854 nm. The pulsed laser system was tuned to the same wavelength as the CW laser (854 nm) to
ensure an accurate comparison could be made between the two laser types, by facilitating an equivalent
optical absorption by the AuNRs. This wavelength was confirmed using a direct measurement of the
beam with a UV-VIS-NIR spectrometer (HR4000, Ocean Optics, Orlando, FL, USA). Output from either
laser was coupled directly into broadband optical fibres that were mounted onto a 3-axis motorised
translation stage [13] to enable the scanning of the fibre tips across the 96-well plates. The wells
that were targeted with the lasers were alternated to reduce any effects from the laser heating of
neighbouring wells, and each well was exposed for a total of 5 min.
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Figure 3. A schematic depicting the functionalisation process for the S-Au40-849s. UT = untargeted
AuNRs, T10 = targeted AuNRs (10 μL antibody), T20 = targeted AuNRs (20 μL antibody).
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To measure cell viability, a standard MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide) colorimetric assay protocol was followed [15] to establish the level of cell death between
the two laser types. This metabolic assay provides an indication of cell viability by measuring the
enzymatic activity of cellular mitochondria [16]. After laser irradiation, the media from each well
of the 96-well plate was replaced with fresh media and the plate was placed in the incubator. 24 h
later, the media was removed from each well and a solution of media containing MTT (500 μg mL−1)
was added. After a further 3.5 h incubation the media containing MTT was removed from each well
and the 96-well plate was wrapped in foil and stored at approximately 4 °C ready for absorbance
measurements. Before measuring the plates with a plate reader (Mithras LB 940, Berthold Technologies,
Bad Wildbad, Germany), 100 μL DMSO was added to each well. The divided sections of the plate
were averaged to obtain a single absorbance value for each AuNR concentration, and the background
absorbance level was subtracted from each of the other values. The cell viability was finally calculated
by the ratio of mean absorbance of the sample with respect to mean absorbance of the control group
(cells with media and no laser or AuNR exposure).

3. Results

Bright and dark-field imaging was used to assess the targeting of AuNR clusters to the lung cancer
cells. Several images (N = 248) were acquired by scanning pseudo-randomly across the microscope
slides to cover the majority of the sample and ensure a representative illustration of the cellular uptake
was observed. Figure 4 shows a selection of those images to demonstrate the typical distribution
observed. The volume of biotinylated antibodies (10 μL or 20 μL) that was used in the conjugation
process appeared to affect the aggregation of AuNRs. As can be seen from Figure 5, large aggregates
formed when 20 μL biotinylated antibodies was used in the conjugation process. The AuNR aggregates
did appear to be bound to the surface of the A549 cells, however the large number of AuNRs making
up the aggregates lead to a decrease in the distribution of AuNRs across the cell sample. When 10 μL
was used, a reduction in AuNR aggregates was seen and the overall distribution of AuNRs throughout
the cell population was more uniform.

Figures 6 and 7 show the cell viability data of the A549 cells after incubation with both untargeted
and targeted S-Au40-849s for 4 h and 24 h, respectively. After a 4 h incubation period, there was no
discernible reduction in cell viability induced from the AuNRs, either on their own or following laser
irradiation. The lack of photothermal ablation can be attributed to an insufficient number of AuNRs
remaining in the absorbing region after washing. This is in agreement with the cellular uptake data
(Figure 4) where a 4 h incubation period resulted in minimal uptake of both untargeted and targeted
S-Au40-849s. Conversely, after 24 h incubation with S-Au40-849s (Figure 7), reduced cell viability was
observed in some cases. The AuNRs that received no laser exposure did not reduce the viability of the
lung cancer cells, independent of whether they had been functionalised with the anti-EGFR ligands.
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Figure 4. Bright- and dark-field images of lung cancer cells (A549) incubated with untargeted versus
targeted (10 μL antibody) S-Au40-849s for (a) 4 h, (b) 8 h, and (c) 24 h.
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Figure 5. Large AuNR aggregates were apparent when a high volume (20 μL) of biotinylated anti-EGFR
antibodies were used in the conjugation process of the S-Au40-849s, after 24 h of incubation.

Figure 6. The cell viability of a lung cancer cell line after 4 h incubation with either untargeted
S-Au40-849s or targeted S-Au40-849s.
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Figure 7. The cell viability of a lung cancer cell line after 24 h incubation with either untargeted
S-Au40-849s or targeted S-Au40-849s.

4. Discussion

The untargeted S-Au40-849s displayed little cellular uptake across all of the time points, which
was surprising since it might be expected that after 24 h incubation, much higher levels of uptake
would be seen compared to that which was observed here. In comparison with the dark-field images
taken of the citrate-capped AuNRs used in [13,17], there was considerably less cellular uptake of the
untargeted S-Au40-849s. This was likely due to the streptavidin ligands that were already conjugated
to the surface of the AuNRs, limiting the penetration of the S-Au40-849s into the lung cancer cells,
since streptavidin has a relatively large molecular weight (approximately 60 kDa) and has been shown
to restrict cellular uptake [18]. Furthermore, the potentially reduced biocompatibility of untargeted
S-Au40-849s may negatively affect cellular uptake. Conversely, the targeted S-Au40-849s significantly
enhanced AuNR uptake by the lung cancer cells after 8 h and 24 h (potentially via affinity to EGFR
receptors) and while minimal uptake was observed after 4 h incubation with the A549 cells, there
was an increase in overall uptake compared with their untargeted counterparts. The conjugation
of the S-Au40-849 AuNRs with the anti-EGFR monoclonal antibodies had a considerable effect on
the overall uptake when incubated with the lung cancer cells for longer than 4 h and the results
provide a compelling argument to use molecularly targeted AuNRs for the selective delivery of high
concentrations of AuNRs to malignant tissues. This was in contrast to a previous study [13] where a
small but notable reduction in cell viability (approximately 20%) was observed. Differences between
these studies can be attributed to the differences in the surface chemistry of the AuNRs used. In this
study, the AuNRs were either surrounded by streptavidin proteins—which reduce cellular uptake
(Figure 4) and therefore reduce toxic effects—or were conjugated with anti-EGFR ligands and were
bound to the surface receptors on the cell membrane, limiting penetration into the cells. The cells that
experienced a combination of untargeted S-Au40-849s and either CW or PW laser irradiation, also
did not display a reduction in cell viability after the 5 min laser exposure. As discussed previously,
the untargeted AuNRs had limited penetration into the cell membranes due to the large streptavidin
molecules bound to the surface of the AuNRs and so were likely almost entirely removed during the
washing stage.
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Perhaps the most significant result was that the PW laser reduced the viability of 93% ± 12% of
the population of lung cancer cells when combined with anti-EGFR targeting S-Au40-849s (after 24 h
incubation), in comparison to the CW which destroyed almost half (46%) of the cells. A direct
comparison of the energy/power density of these two laser systems is difficult due to their different
modes of operation (see Supplementary Materials for further discussion), but by just taking average
power, gives an Pave = 160 mW for the PW laser and 950 mW or the CW laser. There are likely multiple
contributing factors to the enhanced PPTT efficacy of the PW laser. The first reason may be that the
efficacy of the CW laser for inducing cell-death is at its highest when there are a large number of
AuNRs in the absorbing region and the light can be efficiently converted into wide-spread, bulk heating.
The washing of the cell monolayer removed any AuNRs that were not bound to the cell surface and
the number remaining in the path of the laser will not have been high enough to induce hyperthermia.
The AuNRs that did persist would still have absorbed the incoming laser-light and converted it into
heat, causing damage to the cells, however the overall heat generated from the exposure was not
enough to provide a broad destruction of cells. The second reason may be due to an enhanced optical
absorption and bubble-formation around the AuNRs under PW exposure due to AuNR clustering.
It has been shown that the accumulation of antibody conjugated AuNRs on the surface of a cell
membrane can further facilitate the self-assembly of the AuNRs into nanoclusters [19]. This in turn
leads to an enhancement of the bubble formation around the AuNRs under high intensity laser pulses
and subsequently an increase in damage to the cellular membrane. Zharov et al. (2005) concluded that
pulsed lasers were more effective at inducing cell death when AuNRs formed nanoclusters on the cell
membrane, and this agrees with our findings. Highly localised bubble formation due to the presence
of nanoparticles can have other benefits for both therapeutic and imaging applications [20,21].

5. Conclusions

CW lasers induce bulk temperature changes in an absorbing medium whereas localised heating
occurs when PW lasers are used. This suggests that PW lasers are only able to destroy cancer cells
via a necrotic pathway, which reduces the risk of the cells developing drug or heat resistance but can
cause immunogenic or inflammatory responses due to the immediate expulsion of the cells internals.
Conversely, depending on the laser exposure parameters, CW lasers have been shown in the literature
to induce cell death via either apoptosis or necrosis (although this aspect was not addressed in this
study). Understanding these important distinctions between the two laser types is imperative for
guiding therapy design. The relevant temperatures required to initiate the destruction of cells and the
inducement of hyperthermia is in excess of 42 °C, which is only approximately 5 °C above internal body
temperature. The length of time the cells remain at elevated temperatures influences the therapeutic
efficiency and a clinically relevant parameter known as the thermal isoeffective dose (TID) is often
used to compare thermal treatments. There is a large range of TID threshold values in the literature
for determining when complete destruction of tissue is achieved, and this is due to the differences
between the cellular compositions of different tissues. If TID values are to be used as a clinical measure
of therapy, it is necessary to determine a TID threshold for the specific tissue that is being treated,
otherwise it may be difficult to ensure maximum therapeutic effect.

Further to the consideration of AuNR size on photothermal efficacy, the effect of targeting AuNRs
to the lung cancer cells was demonstrated. AuNRs with a similar size and aspect ratio to those used
previously were purchased with streptavidin proteins conjugated to the surface, enabling the AuNRs
to be easily functionalised with anti-EGFR targeting ligands. Lung cancer cells (along with many
other malignant tissues, [22]) have been shown to overexpress anti-EGFR receptors and provide a
potential method for increasing AuNR delivery efficiency to the cells—a critical aspect to the success
of this therapy. The cellular uptake of untargeted S-Au40-849s was compared with that of targeted
ones, and the results demonstrated the importance of molecularly targeting AuNRs for increased
uptake. The untargeted AuNRs showed minimal uptake across the cell samples after the longest
incubation time studied (24 h), however the accumulation and uptake of targeted AuNRs was evident.
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Under laser irradiation, targeting also provided a significant advantage over untargeted AuNRs, when
the incubation time was long enough (24 h). After 4 h there was no observed reduction in cell viability
for any of the parameters studied, which agreed with the uptake study. However, a 24 h incubation
resulted in an observable reduction in cell viability in some cases. The untargeted AuNRs were not able
to reduce cell viability under any laser exposure parameters. In the case for targeted AuNRs, the PW
laser was the most efficient laser system, destroying almost 93% of the total population of lung cancer
cells, compared with almost half for the CW laser. This reversal in photothermal efficacy between the
laser types may be due to the AuNRs forming nanoclusters, facilitated by the anti-EGFR targeting
ligands, and increasing the mechanical stresses induced by the PW laser. In terms of the therapeutic
efficacy of different sized un-targeted AuNRs, it appears that smaller AuNRs (width = 10 nm) are
most suited as photoabsorbers under both CW and PW laser illumination, whereas AuNRs with a
width of 25 nm were the least suited. The location of AuNRs was a critical aspect for therapeutic
efficacy and targeting them to bind specifically to cell-receptors, such as EGFR, can improve cellular
uptake and overall therapeutic outcome. Furthermore, if the eventual goal is to use AuNRs as
clinical therapeutic agents then it is crucial that the production of AuNRs with consistent and uniform
dimensions, properties and coatings, can be scaled-up to a level that ensures the practicality and safety
of wide-spread clinical use.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/7/1307/s1,
Figure S1: A schematic representation of the differences between pulsed and continuous wave illumination.
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Abstract: This work demonstrates the dynamic potential for tailoring the surface plasmon resonance
(SPR), size, and shapes of gold nanoparticles (AuNPs) starting from an Au(I) precursor, chloro(dimethyl
sulfide)gold (I) (Au(Me2S)Cl), in lieu of the conventional Au(III) precursor hydrogen tetrachloroaurate
(III) hydrate (HAuCl4). Our approach presents a one-step method that permits regulation of
an Au(I) precursor to form either visible-absorbing gold nanospheres or near-infrared-window
(NIRW)-absorbing anisotropic AuNPs. A collection of shapes is obtained for the NIR-absorbing
AuNPs herein, giving rise to spontaneously formed nanomosaic (NIR-absorbing anisotropic gold
nanomosaic, NIRAuNM) without a dominant geometry for the tesserae elements that comprise
the mosaic. Nonetheless, NIRAuNM exhibited high stability; one test sample remains stable with
the same SPR absorption profile 7 years post-synthesis thus far. These NIRAuNM are generated
within thermoresponsive poly(N-isopropylacrylamide) (PNIPAm) microgels, without the addition
of any growth-assisting surfactants or reducing agents. Our directed-selection methodology is
based on the photochemical reduction of a light-, heat-, and water-sensitive Au(I) precursor via a
disproportionation mechanism. The NIRAuNM stabilized within the thermoresponsive microgels
demonstrates a light-activated size decrease of the microgels. On irradiation with a NIR lamp
source, the percent decrease in the size of the microgels loaded with NIRAuNM is at least five
times greater compared to the control microgels. The concept of photothermal shrinkage of hybrid
microgels is further demonstrated by the release of a model luminescent dye, as a drug release
model. The absorbance and emission of the model dye released from the hybrid microgels are over
an order of magnitude higher compared to the absorbance and emission of the dye released from the
unloaded-control microgels.

Keywords: nanoparticles; anisotropy; plasmonic photothermal therapy; surface plasmon resonance;
light scattering; cancer treatment; drug release; microgels

1. Introduction

Stimuli-responsive polymers, hydrogels, and microgels are appealing to biomedical researchers
as potential drug delivery candidates, based upon their ability to undergo phase transitions in
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response to various environmental factors (e.g., temperature, light, pH, and/or ionic strength).
High water content, hydrophilicity, softness, flexibility, biocompatibility, and properties similar to
biological tissues render such polymer hydrogel materials as suitable platforms for various biomedical
applications [1–7]. To extend their functionality, numerous investigations have demonstrated the
loading and/or stabilization of different nanomaterials such as metallic nanoparticles and quantum
dots within these microgels [8]. Poly(N-isopropylacrylamide) (PNIPAm) is often used because of its
thermoresponsiveness results in “smart gel” materials. PNIPAm, which has a lower critical solution
temperature (LCST)–32 ◦C, can be tuned by varying its composition and crosslinking density [9].
In a related area, AuNPs are frequently studied for their structural, optical, electronic, and catalytic
properties. Among those, AuNPs with anisotropic shapes (e.g., rods, triangles, cubes, truncated
octahedra, shells, stars, etc.) with surface plasmon resonances (SPR) that extend beyond the visible
region are desirable for sensing and plasmonic photothermal therapy (PPTT) applications [10–12].

1.1. Overview of Anisotropic AuNPs Usage

By regulating the size and shape of a given anisotropic gold nanoparticle, the NIR SPR resonance
band can be tuned to lie within the “near-infrared window” (NIRW) that lies within 700–1300 nm [13].
Due to their strong NIR absorption and high extinction coefficient [12,14,15], anisotropic AuNPs are
highly appealing candidates for plasmonic photothermal therapy (PPTT) [15]. Usually, researchers
exploiting the plasmonic photothermal properties or localized sensitive properties of Near infrared gold
nanoparticles (NIRAuNPs) use gold nanorods (AuNRs) stabilized in the highly cytotoxic (vide infra)
surfactant reagent cetyltrimethylammonium bromide (CTAB) made using the classic seed-mediated
method, developed by the Murphy group and later modified by El-Sayed et al. [16]. In addition to the
classic seed-mediated method, there are also seedless and polyol processes developed by numerous
researchers [17]. For example, Huang et al. produced gold nanorods (AuNRs) with high aspect ratios
by employing silver bromide (AgBr) as a capping agent, CTAB as the growth-directing surfactant,
and HCl to modulate pH [17]. Wang et al. used 5-Bromosalicylic acid as a templating factor in
addition to the typical CTAB surfactant and silver nitrate as a capping agent, which produced rods at a
practically quantitative yield [18]. In addition to AuNRs, other anisotropic shapes including nanoplates,
nanotriangles, nanocubes, and nanostars with sharp edges and NIR SPR features are equally attractive
candidates for biosensing and surface-enhanced Raman scattering (SERS) applications [19]. These
anisotropic particles are mainly synthesized using protocols resembling the AuNR synthesis [6,20].

1.2. Toxicity Challenges

The abovementioned methods involve surfactants such as CTAB or silver ions, which are both
reported to be toxic by various research groups [21]. Even without CTAB, overcoming the inherent
toxicity of silver ions is still challenging [21]. The toxicity of CTAB and the role of CTAB in AuNRs
synthesis have been detailed by many groups [22,23]. In 2017, Bandyopadhyay illustrated that the
positive surface charge of CTAB induces cytotoxicity and hinders the adsorption of serum proteins onto
the particle surface, which can alter the process of endocytosis [24]. The role of CTAB in complicating
the biomedical applications of AuNRs was explained by Kohanloo et al., who determined the critical
CTAB:nanorod concentration ratio to be approximately 740,000:1 to attain nanorods stability upon
the formation of a CTAB double-layer, whereas experimentally, an even larger excess of CTAB is
added [25]. Additionally, Choi et al. demonstrated the necessity of replacing or removing CTAB for
in vivo application of AuNRs. Currently, CTAB toxicity is circumvented by ligand exchange using
thiolated polyethylene glycol (PEG-SH) because of the latter’s water solubility, biocompatibility, and
relatively higher binding affinity for Au than CTAB [26]. Although gold nanoparticle cores alone
are shown to be nontoxic in numerous in vitro studies, the stabilizing ligand can be toxic. Therefore,
differentiating the toxicity due to the stabilizing ligands versus the gold core itself is critical. These
potential problems and risks are high with anisotropic AuNPs due to their highly exposed surfaces
and defects compared to spherical AuNPs [21].
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1.3. Nontoxic Tuning Methods

Among the few methodologies that do not use surfactants or CTAB, Guo and coworkers have
shown success using a seed-mediated growth approach to create size-tunable AuNPs in the range
of 5 to 200 nm by reduction of Au(III) with sodium borohydride (NaBH4) and hydroxylamine
hydrochloride (NH2OH·HCl) [27]. Alternatively, some research groups have explored “green”
synthesis methods to overcome cytotoxicity issues and the tedious ligand exchange processes inherent
to conventional syntheses of various NIRAuNPs [26]. Biological extracts are known to be employed as
reducing/stabilizing substances for making both spherical and anisotropic AuNPs. Among them, the
biological synthesis of triangular gold nanoprisms, stabilized in lemongrass by Sastry et al., has attracted
immense interest [28]. Sakthivel and coworkers have used Coleus amboinicus extracts as reducing and
stabilizing agents for producing different sizes of spherical, polydispersed AuNPs [29]. Kitching et
al. described the advantages of fungal biosynthesis of gold nanoparticles and have also explained
the complications involved in understanding the biosynthetic mechanism of AuNPs formation
within biological media [30]. In 2014, the Menon group successfully synthesized NIR-absorbing
anisotropic AuNPs using a cocoa extract and explained the challenges involved in making AuNPs
with NIRW-absorbing features within these biological [31].

1.4. Photochemical Formation of AuNPs

Numerous literature examples have demonstrated the photochemical formation of silver
nanoparticles, but an extension of this methodology to AuNPs is still limited. This is likely due to easy
access to the light-sensitive silver precursors, which contrast with the relative stability of the hydrogen
tetrachloroaurate (III) hydrate (HAuCl4) precursor. However, there are a few examples of spherical
and anisotropic AuNPs made from HAuCl4 precursors by employing photochemistry. The Zhao
group demonstrated the formation of small, spherical AuNPs by irradiation of HAuCl4 with a 300 nm
wavelength light source [32]. In 2005, the El-Sayed group demonstrated the formation of Au(0) with
continuous excitation of HAuCl4 in the presence of ethylene glycol and polyvinylpyrrolidone (PVP)
using a 250–400 nm light source [33]. Pal has demonstrated the photochemical formation of spherical
AuNPs in the presence of sodium dodecyl sulfate (SDS) and dopamine hydrochloride [34]. There are
even fewer literature examples illustrating the photochemical formation of anisotropic AuNPs. Among
them, the photochemical synthesis of gold nanorods by Kim et al. is notable for tuning the aspect
ratio of AuNRs by using photochemistry in the presence of CTAB and silver ions [35]. Zhu et al. have
shown the photochemical formation of a mixture of anisotropic AuNPs within room-temperature ionic
liquids (RTILs) [36]. In 2016, Wei et al. demonstrated a plasmon-driven synthesis of Au nanoprisms
within PVP [37]. Analyzing the growth of AuNRs by photochemical means, some researchers have
also analyzed the role of CTAB, silver ions, and photoinitiators [38]. Pignatelli et al. found that varying
the irradiation time, wavelength, and intensity can tune the absorption and aspect ratio of AuNRs [39].

1.5. Stabilization of AuNPs within PNIPAm Hydrogels/Microgels

Several groups have modified AuNPs, postsynthesis, by binding PNIPAm or surface-
functionalized PNIPAm to the AuNPs surface and found that the resulting hybrid material exhibits a
thermoreversible phase shift and corresponding color-absorption shift [40]. Despite the synergistic
properties of temperature sensitivity and heat-generating ability, only a handful of demonstrations
exist that incorporate AuNRs or NIR-absorbing AuNPs within PNIPAm microgels or hydrogels. Zhao
et al. loaded CTAB-stabilized AuNRs into a triblock copolymer of randomly arranged acrylamide,
acrylonitrile, and dimethylacrylamide to exploit the polymers’ upper critical solution temperature
(UCST); such methods afforded a temperature-responsive, “switchable” composite material [41]. This
composite, when irradiated with visible light, resulted in the release of an adsorbed protein from within
the pores of the composite. Liz-Marzan et al. found that CTAB-stabilized AuNRs adsorbed within
PNIPAm microgel spheres undergo a phase-transition, which red-shifts the rod’s SPR when irradiated
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with NIR light [42]. Kawano et al. have demonstrated photothermal heating using CTAB stabilized,
silica-coated AuNRs within PNIPAm nanogels [43]. In 2010, Jiang et al. demonstrated the formation
of PNIPAm-AuNR composites by using the seed-mediated growth method; they reasoned that such
PNIPAm composites have great advantages in surface-enhanced Raman scattering (SERS) as these
composites combine the thermoresponsive behavior of microgels and the SERS effect of AuNRs [44].
In 2015, F.-Lopez et al. have demonstrated reversible plasmon coupling from AuNRs with differing
aspect ratios doped within PNIPAm [45]. However, most or all of these methods, to the best of our
knowledge, are based on loading or tethering premade anisotropic AuNPs or AuNRs to PNIPAm
polymers or hydrogels [40–45].

1.6. Formation of AuNPs from Au(I) Precursor

Our literature search found a handful of studies investigating Au(I) species as AuNP precursors.
In 1988, Vogler et al. formed AuNPs by reducing gold azide complexes via photolysis [46]. In 2004, Lee
et al. demonstrated the formation of spherical AuNPs from Au(I)-SC18–alkane thiolates by electron
beam irradiation [47]. Another important demonstration of using Au(I) compounds for the synthesis
of gold nanostructures comes from the 2008 report by the Xia group, using Au(I) halides including
AuCl and AuBr to make AuNPs in chloroform in the presence of alkylamines with heating at 60 ◦C.
The method demonstrated that the relatively low stability of Au(I) halides resulted in AuNP formation
in the absence of any reducing agents [48]. Included in this handful of reports, our group demonstrated
for the first time, the aurophilicity and ligand π-acceptance ability to sensitize the photoreactivity of
Au(I) complexes. In 2007, we reported our findings on the propensity of Au(I) isonitriles to form
AuNPs by photolysis in the presence of polyamidoamine (PAMAM) dendrimers in organic media [49].
These findings led to the discovery of Au(I) isonitriles transition through an Au(0) intermediate and
present a possible mechanism for the formation of AuNPs. We continue to build upon our findings,
and to the best of our knowledge, we report herein, the very first photochemical synthesis method for
selectively making strong NIRW-absorbing AuNPs comprising a mixture of anisotropic shapes. Our
method uses an Au(I) precursor within PNIPAm-co-allylamine microgels medium in the complete
absence of any synergetic reducing agents or surfactants. To evaluate the wide range potential of this
methodology, our work involves the formation of different sizes of spherical AuNPs, ranging from 5 to
50 nm, within different types of stabilizing media, again in the complete absence of any additional
(potentially toxic) chemicals. The stabilizing media types included: agarose, alginic acid, chitosan,
hydroxypropyl cellulose (HPC), polyvinyl alcohol (PVA), polyacrylic acid (PAA), PNIPAm microgels,
and sodium dodecyl sulfate (SDS).

2. Materials and Methods

N-isopropylacrylamide (NIPA) monomer, allylamine, acrylic acid, N,N’-Methylenebis(acrylamide)
(BIS), potassium persulfate (KPS), and sodium dodecyl sulfate (SDS) were purchased from Polysciences
Inc., Warrington, PA, USA). Ethanol (99.5%), diethyl ether, dimethyl sulfide (Me2S), 85% deacetylated
medium-molecular-weight chitosan, 50,000 Mw 30% polyacrylic acid, 100,000 Mw alginic acid sodium
salt, 80,000 Mw hydroxypropyl cellulose, 90,000 Mw poly(vinyl alcohol), 96% bovine serum albumin
(BSA), and wide-range agarose were bought from Sigma-Aldrich (St. Louis, MO, USA). Dialysis tubing
(10 k MWCO) was purchased from California Biological (Burlington, NC, USA). All chemicals are used
as received. For all experiments, 18.2 MΩ-cm (at 25 ◦C ) ultrapure water ( MilliporeSigma, Burlington,
MA, USA)) was used. All glassware were cleaned in a bath of freshly prepared aqua regia, and were
then rinsed thoroughly with ultrapure water. There were multiple samples made throughout the years
using the same synthesis protocol and likewise for the experimental measurements below–all of which
have attained high reproducibility.
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2.1. Physical Measurements

A 450-W medium-pressure immersion mercury vapor lamp (Ace Glass) was placed into a
photochemistry chamber equipped with a magnetic stirrer and a variable-temperature hot plate was
used for all photochemical reactions. Based upon the manufacturer’s specifications of the total output
energy from the mercury lamp, approximately 40–48% is in the ultraviolet region, 40–43% is in the visible
region, and the remainder is in the infrared region. Regular borosilicate (BS) and quartz (SQ) silica
glass were selectively utilized for the different syntheses. The same lamp source setup was employed
for the synthesis of both spherical and anisotropic gold nanoparticle compositions. Absorption spectra
were acquired using a Perkin-Elmer Lambda 900 double-beam UV/VIS-NIR spectrophotometer. The
size, morphology, dispersity, and elemental analysis of different gold nanoparticle samples were
determined using a high-resolution analytical transmission electron microscope (TEM). Specifically,
a FEI Co. Tecnai G2 F20 S-TWIN 200 keV field-emission scanning transmission electron microscope
(STEM) was used. A 1-nm STEM probe allowed for an imaging resolution of 0.19 nm, and a high angle
annular dark field detector (HAADF) allowed for Z-contrast imaging in STEM mode at high resolution.
High-resolution analytical capabilities were provided on the F20 STEM, which was equipped with
an energy-dispersive X-ray spectrometer (EDS, also known as EDX), and a Gatan Tridiem parallel
electron energy loss spectrometer (EELS) with a 2k × 2k CCD for energy-filtered imaging and high-rate
spectrum imaging EELS. Unless otherwise mentioned, all images were collected in a bright field mode.
Scanning electron microscopy (SEM) images were collected using an FEI Nova 200 NanoLab, which
is a dual column ultrahigh resolution field emission scanning electron microscope. The nanoscale
chemical analysis was performed with an EDS system with spectrum imaging control.

2.2. Syntheses of Gold(I) Precursor

The chloro(dimethyl sulfide)gold(I) complex (Au(Me2S)Cl) was synthesized by slightly modifying
our earlier-established procedure described elsewhere [50]. Tetrahydrothiophene (THT) was replaced
with dimethyl sulfide (Me2S) in the procedure. Before use, the glassware was oven-dried overnight
at 150 ◦C. All manipulations were carried out under an atmosphere of purified nitrogen using the
standard Schlenk technique. Briefly, the procedure involved 2 steps. In the first step, 1.8 g of gold
(from the gold coin) was dissolved in 12 mL of aqua regia (9 mL of HCl and 3 mL of HNO3) in a
100 mL Schlenk flask. The reaction mixture was heated at 70 ◦C with continuous stirring to dissolve
the solid gold. After dissolving the gold, heating was continued for an additional 30 min, followed
by the addition of 3 mL of HCl. At this stage, heating was discontinued, and 30 mL of ethanol and
20 mL of water were added. The reaction was allowed to reach ambient temperature. At this stage,
a yellow-orange colored solution was obtained. In the second step, the drop-wise addition of 2 mL
of Me2S ligand resulted in the formation of a white precipitate. The reaction flask was then cooled
in an ice bath, and the precipitate (product) was collected by sequential filtration with cold ethanol,
followed by cold ether. The product was then dried overnight under vacuum. It should be noted that
this heat-, light-, and water-sensitive Au(I) complex is always stored refrigerated and in the dark (foil
wrap) away from the refrigerator’s light source.

2.3. Syntheses of PNIPAm Microgels

The hydrogel nanoparticles were made using the free radical precipitation method [50–54].
Precisely, 3.814 g of N-isopropylacrylamide monomer, 0.2 g of either allylamine or acrylic acid (for
PNIPAm-co-allylamine and PNIPAm-co-acrylic acid, respectively), 0.066 g of BIS, and 0.08 g of SDS
were dissolved in 245 g of ultrapure water. The solution was stirred under an N2 atmosphere for 40 min
at 60 ◦C, and then, 5.0 mL of KPS (0.166 g) was added to initiate radical polymerization. Heating
was continued for 5 h under a nitrogen atmosphere at 60 ◦C. The resulting PNIPAm-co-allylamine
and PNIPAm-co-acrylic acid colloidal particles were transferred to 10,000 MWCO dialysis tubing
and dialyzed against deionized (DI) water for 1 week at ambient temperature, followed by further
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purification via ultracentrifugation. The hydrodynamic radius (Rh) of the microgels with and without
AuNPs is measured by the dynamic light-scattering (DLS) technique. A commercial laser light-scattering
(LLS) spectrometer (ALV/DLS/SLS-5000, Langen, Germany) equipped with an ALV-5000 Digital Time
Correlator was used with a He–Ne laser (Uniphase 1145P, output power = 22 mW, and λ= 632.8 nm)
as the light source. All size measurements were performed at a scattering angle of 90◦. The volume
shrinkage studies were conducted by controlling the temperature of the samples by a circulating water
bath (Brinkmann Lauda Super RM-6, American Laboratory Trading, East Lyme, CT, USA) to within
0.02 ◦C. The samples for all the dynamic light scattering analysis were prepared by homogenization
followed by dilution with Millipore water. Each sample was measured three times, and the mean
radius was reported. The zeta potential was measured on a Zetasizer Nano ZS (Malvern Instruments,
Westborough MA, USA) by loading samples into maintenance-free cells. Figure S1 shows the initial
size of the PNIPAm microgels with and without AuNPs.

2.4. Syntheses of Spherical AuNPs within PNIPAm Microgels

In a typical procedure, a particular weight percent concentration of PNIPAm solution (2.0% w/v) is
initially diluted to 0.2% w/v with ultrapure water and homogenized by stirring at ambient temperature
(22 ◦C). Au(Me2S)Cl (5.0 mg, 1.68 μmol) is directly added to the PNIPAm microgel solution and stirred
at ambient temperature for 5–10 min until all the Au(I) powder is homogeneously dispersed in the
microgel medium. The freshly prepared PNIPAm-Au dispersion is immediately transferred into an SQ
glass vial followed by irradiation in the photochemistry chamber equipped with a medium-pressure
immersion mercury lamp as described in methods. All PNIPAm microgel samples containing the Au(I)
complex are irradiated at ambient temperature. The temperature of the photochemistry chamber is
maintained at 22 ◦C during the entire course of irradiation. For testing the effect of ambient conditions
(room light and ambient temperature), the initial microgel solution containing the Au(I) precursor
was transferred into a BS glass vial and then subjected to stirring at ambient temperature and ambient
light. In all cases, AuNPs formation within the PNIPAm microgels was monitored by sampling the
reaction solution over time and observing the recorded changes in absorption spectra. Depending
upon the reaction conditions and the nature of the PNIPAm microgels (co-allylamine or co-acrylic
acid), the total reaction time varied from 30 to 180 min. The absorption spectra were collected after
placing the samples into 1-cm path length quartz cuvettes. For calculating the photochemical quantum
yield of AuNPs within PNIPAm microgels, the changes in absorption of the samples with respect to
time were analyzed.

2.5. Synthesis of Spherical AuNPs within Different Media

In a typical procedure, 1.0% w/v of a stabilizing media (alginic acid, chitosan, poly(acrylic acid),
poly (vinyl alcohol), hydroxypropyl cellulose, sodium dodecyl sulfate, and bovine serum albumin) is
dissolved in ultrapure water and homogenized for 10 min. Au(Me2S)Cl (5.0 mg, 1.68 μmol), is added
to each of the abovementioned media, and the solution is subjected to photoirradiation in an SQ or
BS glass container or heated at 37 ◦C. The reaction time varied for each solution depending upon
the stabilizer used. Each reaction was stopped when the absorbance of AuNPs on the UV/VIS–NIR
spectrophotometer ranged from 1.0 to 1.5 units (an arbitrary but consistent scale).

2.6. Synthesis of Anisotropic AuNPs (NIRAuNM) within PNIPAm-Co-allylamine Microgels

In a typical procedure, a particular weight percent concentration of the PNIPAm-co-allylamine
solution (2.0% w/v) was initially diluted to 0.5% w/v with ultrapure water and homogenized by stirring
at ambient temperature. The pH of the diluted microgel solution was adjusted to 4.0 by the dropwise
addition of 0.1 M acetic acid (0.5 mL). Au(Me2S)Cl (3.0–9.0 mg, 1.02–3.02 μmol) was then added to the
PNIPAm microgel solution and stirred at room temperature for 5–10 min until all the Au(I) powder
is homogeneously dispersed in the microgels medium. The freshly prepared PNIPAm-Au solution
was immediately transferred into a (BS) glass container followed by irradiation in the photochemistry
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chamber equipped with a medium-pressure immersion mercury lamp. For photoirradiated samples,
the temperature was maintained between 0 and 5 ◦C throughout the reaction. For samples prepared by
thermolysis, the PNIPAm microgel solution containing Au(Me2S)Cl was initially heated in a water bath
at 37 ◦C for 10 to 15 min. After the initial color change, the reaction beaker was immediately transferred
into an ice-water bath, and the temperature maintained between 0 and 5 ◦C throughout the remainder
of the reaction time. NIRAuNM formation within the PNIPAm-co-allylamine microgel media was
monitored by observing the recorded changes in absorption spectra as a function of time. Depending
on reaction conditions, the total reaction time varied from 45 to 90 min. The absorption spectra were
collected by collecting the samples into 1-cm path length quartz cuvettes. In all cases, the size, shape,
distribution, and morphology of the AuNPs were determined using a field-emission scanning electron
microscopy (FE-SEM, an FEI Co, Hillsboro, OR, USA.) and transmission electron microscopy (TEM,
an EFI Co, Hillsboro, OR, USA). The samples were prepared by the drop-cast method on respective
grids. The elemental composition of AuNPs was determined from EDS measurements.

2.7. Preparation of Samples for Electron Microscopy

For SEM, the microgel samples loaded with AuNPs were directly deposited on to SEM stubs and
dried overnight inside a vacuum chamber. The samples were diluted with DI water as required for
better microscopy results. For TEM, diluted hybrid microgel samples were added drop-wise on to the
formvar carbon support copper grids and dried in a vacuum chamber for an hour. All samples for
microscopy were stored strictly inside closed boxes to prevent any contamination. The SEM and TEM
grids were obtained from Ted Pella, Redding, CA, USA.

3. Results and Discussion

3.1. Potential of Au(I) Precursor as an Alternative Precursor to Au(III) Salts for Making AuNPs

The schematics representing the in situ formation of both visible absorbing spherical AuNPs and
NIR-absorbing anisotropic AuNPs within PNIPAm microgels are shown in Scheme 1. The one-electron
photoreduction of Au(I) to Au(0) proceeds rapidly and spontaneously at ambient temperature in
aqueous media. Compared to conventional Au(III) systems, the photochemical reduction of Au(Me2S)Cl
in water was so spontaneous that it resulted in aggregated or decomposed Au(0) within a few minutes
of irradiation (Figure 1A)– indicating its sensitivity to light. The broad SPR peak spreads across
550–900 nm, the faint red color of the Au(I)-water solution at 0 min irradiation, and the aggregation of
Au(0) as revealed from the changes in absorption spectra (Figure 1A) within 2 min of irradiation all
indicated both water and light sensitivity of Au(Me2S)Cl. After 2 min of irradiation, the absorption
spectrum indicated the aggregation of Au(0) in absence of any stabilizer, shown by the high absorption
baseline and disappearance of the broad SPR peak (Figure 1A). The TEM images collected from the
unstable Au(I)-water system showed the expected aggregation of Au(0) nanostructures (Figure 1A”).
UV/VIS–NIR absorption spectra, daylight images, and TEM images of Au(I) in aqueous media
confirmed that the Au(Me2S)Cl can undergo photochemical reduction to form metallic gold(0) without
any external reducing agents. The evidence in Figure 1, supported our hypothesis for the rest of the
manuscript. We deduced this hypothesis based on both the literature as well as our earlier AuNP
work, which revealed that dimethyl sulfide (Me2S) is an ideal ligand for making nontoxic [55] gold
nanoparticles, because of its inherent low toxicity and high volatility (e.g., it is responsible for the foul
smell upon boiling cabbage). The literature notes that AuNP formation from Au(I) precursors is rarely
explored in organic media [49] and completely unexplored in aqueous media, possibly because Au(I)
compounds are known to undergo spontaneous decomposition in aqueous media even at ambient
temperature, as confirmed in our current body of work in Figure 1.
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Figure 1. Absorption spectra and electron microscopy images of spherical gold nanoparticles (AuNPs)
formed using chloro(dimethyl sulfide)gold (I) (Au(Me2S)Cl) precursor under different irradiation
conditions within deionized (DI) water and poly(N-isopropylacrylamide) (PNIPAm) microgels. Traces
(A,A”) illustrate absorption spectra and TEM images of decomposed Au(I) in DI water. Traces (B,B’,B”)
depict absorption changes vs. time (minutes), SEM and TEM images for AuNPs formed under ambient
light within PNIPAm-co-allylamine microgels. Traces (C,C’,C”) represent absorption changes vs. time
(minutes), SEM, and TEM images for AuNPs formed by photoirradiation within PNIPAm-co-allylamine
microgels. Traces (D’,D”) show SEM and TEM images of AuNPs formed by photoirradiation within
PNIPAm-co-acrylic acid microgels. Refer to Figure S3 for the corresponding absorption spectra of
sample (D’,D”).
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Scheme 1. Synthesis of poly(N-isopropylacrylamide) (PNIPAm)-co-allylamine microgels, followed
by the formation of spherical and anisotropic gold nanoparticles (AuNPs) within the microgels (hυ
and Δ represent light and heat, respectively). The heating is performed at 37 ◦C for 10–15 min. The
irradiation times are included in the actual data figures.

3.2. In Situ Formation of Spherical Gold Nanoparticles within PNIPAm Microgels

To start with, the formation of spherical AuNPs was investigated under ambient and
photoirradiation conditions within the PNIPAm-co-allylamine microgels (Figure 1B,C and Figure S2).
Except for PNIPAm microgels, no additional or assisting reducing agents were employed during the
reaction. AuNPs formed under photoirradiation exhibited smaller size, narrower size distribution,
and higher photochemical quantum yield compared to those prepared under ambient conditions
(Figure 1B vs. Figure 1C). Under both conditions, a typical PNIPAm-co-allylamine microgel sample
containing Au(I) changes from colorless to pink color as evidenced by the evolution of an SPR peak
around 575 nm (ambient conditions) or 530 nm (photoirradiation conditions) during the first 60 or
15 min of the reaction, respectively (Figure 1B,C). Under otherwise identical reaction conditions, the
photoirradiated sample attained an arbitrary absorbance of 1.0 unit in less than 40 min, whereas the
sample under ambient conditions required over 105 min to attain the same absorbance. The SPR
peak maxima and full-width-half-max (FWHM) of the AuNPs spectra show that the AuNPs in the
photoirradiated sample were monodispersed and smaller than those produced in ambient light (12.1 ±
4 nm or 862 cm−1 for λmax = 530 nm vs. 21.0 ± 6 nm or 1270 cm−1 for λmax = 575 nm, respectively).
Additionally, FE-SEM images from both samples show visible differentiation of AuNPs and polymer
microgel boundaries, with single to multiple AuNPs within a single microgel particle. Aggregated
gold cores were more prevalent in the sample prepared using ambient light, as expected from the
comparatively broad SPR peak. FE-SEM images indicate that in both cases, the microgels acted as host
matrices which stabilized the AuNPs. Note that microgels containing multiple gold cores were more
prevalent in the sample prepared under ambient conditions. PNIPAm microgels copolymerized with
acrylic acid were synthesized separately to investigate the effect of surface charge of microgels during
the formation of AuNPs. The surface charge of control PNIPAm-co-allylamine and PNIPAm-co-acrylic
acid microgels were confirmed to be + 30 ±4.5 and − 25 ± 3.8 mV, respectively, as determined via
zeta potential measurements. Except for a few minor variations, similar size, spherical AuNPs were
obtained by utilizing negatively charged PNIPAm-co-acrylic acid gels, as shown in Figure 1D and Figure
S3. Under similar experimental conditions, the acid-containing microgels attained 1.0 unit of arbitrary
absorbance in less than 10 min, compared to 30 min for positively charged microgels (Figure 1C and
Figure S3). The data from Table 1 showed that negatively charged microgels are preferable for making
spherical AuNPs compared to positively charged PNIPAm microgels. The reason for this is likely due
to the stronger electrostatic interactions between the negatively charged stabilizing surface and the
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Au+ atomic cations that potentially cover the surface of the AuNP; even in absence of such cations,
the electrophilic nature of even neutral Au or other metal atoms is conducive to greater affinity to
negatively charged stabilizers. The data from Figure 1 demonstrated the formation of spherical AuNPs
within both positively charged and negatively charged PNIPAm hydrogel microspheres under similar
experimental conditions. During these reactions, we have noticed that, under similar experimental
conditions, usage of HAuCl4 does not result in the formation of AuNPs. No change in color or evolution
of SPR was noticed even after 1 h of irradiation, emphasizing the significance of Au(I) precursor as a
preferential replacement for HAuCl4 as the gold precursor in this study.

Table 1. Correlating absorption spectra (SPR) with a TEM-determined particle size (average
diameter, davg) of gold nanoparticles (AuNPs) obtained from different compositions of
poly(N-isopropylacrylamide) (PNIPAm) microgels.

Stabilizing Media
Experimental

Condition
SPR λmax

(nm)
FWHM *

(nm)
FWHM *
(cm−1)

TEM davg

(nm)
PQY *

PNIPAm-co-
allylamine microgels Ambient light 575 676 5825 21.0 ± 6.0 NA

PNIPAm-co-
allylamine microgels Photoirradiation 535 591 4584 12.1 ± 4.0 0.07

PNIPAm-co-acrylic
acid microgels Photoirradiation 533 595 4932 10.6 ± 3.7 0.1

* PQY = photochemical quantum yield; FWHM = full-width-half-max (nanometers (nm) and wavenumbers (cm−1)).

3.3. Hybrid Crystalline PNIPAm Microgels Containing Gold Nanoparticles

Spherical PNIPAm microgel nanoparticles are well-known for their ability to form environmentally
sensitive colloidal crystals. When microgels containing AuNPs were concentrated (2–3 wt%) and
centrifuged, followed by heating above their LCST and slow cooling, lustrous colloidal crystals were
formed (Figure 2). Turbidity measurements of these hybrid colloidal crystals showed two characteristic
peaks: a Bragg’s diffraction peak due to the orderly arrangement of PNIPAm colloidal crystals [4] and
a second peak from the AuNPs’ SPR. The presence of the Bragg’s diffraction peak and SPR peak in
the hybrid colloidal array signifies the retention of characteristic traits of both AuNPs and an orderly
arrangement of PNIPAm crystalline microgels. Consistent with our investigation, there are reports
of AuNPs formation within PNIPAm microgels and also demonstrations of color tunability within
environmentally sensitive hydrogels and polymers [44]; however, the formation of hybrid PNIPAm
colloidal crystals is demonstrated herein for the first time, to our knowledge. We believe that the
additional environmentally sensitive SPR trait of these hybrid colloidal crystals will further benefit
their photonic applications.

λ

 

Figure 2. UV/VIS absorption spectra of hybrid poly(N-isopropylacrylamide) (PNIPAm) colloidal
microgel crystals. The absorption spectra show the characteristic surface plasmon resonance (SPR) of
spherical AuNPs and Bragg’s diffraction peak of orderly arranged PNIPAm colloidal crystals.
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3.4. In Situ Formation of NIR-Absorbing Anisotropic Gold Nanomosaic (NIRAuNM) within
PNIPAm-Co-Allylamine Microgels

After investigating the formation of spherical AuNPs, our focus shifted towards the formation of
more challenging and intriguing anisotropic and/or NIR-absorbing AuNPs. Particles which absorb
in the NIR region open a new range of applications, most importantly plasmonic photothermal
therapy. The photothermal heating of nanoparticles is shown to exhibit cell death through membrane
blebbing [56]. Currently, there are scant literature examples of single-step methods for making
NIR-absorbing anisotropic AuNPs and no literature methods that have demonstrated the formation of
NIRAuNPs from Au(I) systems. Based on spherical AuNPs results, the light was selected as the energy
source for exploring the formation of NIRAuNPs within PNIPAm-co-allylamine microgels. The entire
procedure is performed using only two reagents: Au(Me2S)Cl and dialyzed PNIPAM-co-allylamine
microgels. In a typical reaction, the formation of anisotropic AuNPs can be followed by observing the
changes in time-dependent UV/VIS–NIR spectra (Figure 3). At the beginning of the irradiation, no
NIR peaks were observed from the reaction mixture. The relatively high baseline in the UV region
was attributed to microgels scattering. After 15–20 min of irradiation, the evolution of a broad SPR
peak at 550 nm indicated the slow generation of spherical AuNPs. As the irradiation continued, the
absorption band at 550 nm remained unchanged, whereas the evolution of a broad SPR peak in the
NIR region with a peak maximum > 750 nm was observed. Upon further irradiation, the absorbance
of the broad NIR peak (>750 nm) increased, accompanied by a blue shift in the peak maximum. After
70 min of continuous irradiation, the growth of the NIR peak halted with a peak maximum stabilizing
at 715 nm. The time-dependent absorption spectrum (Figure 3) indicated that small particles bearing
an SPR peak 550 nm were formed first, and we assumed eventual coalesce into anisotropic structures
upon further irradiation. This was indicated by the evolution and continuous growth of the NIR
peak but not the 550 nm peak. These data suggested a fusion growth pattern, where small particles
congealed to form larger particles. To understand if the formation of these particles is only short-lived,
TEM images were collected from the samples 1 week after synthesis. The absorption spectra obtained
before the collection of TEM images showed no change in absorption spectra 1 week after synthesis,
indicating the stability of the anisotropic nanoparticles. The mixture of different sizes and shapes
of anisotropic particles observed in the TEM images were congruent with the broad NIR SPR peak.
The mixture of shapes included rods, triangles/prisms, and other polygonal structures along with
some large spherical/semispherical nanostructures, somewhat akin to the construction of a mosaic
from individual tesserae blocks that need not be of a uniform shape. Hence, we coin the phrase
“nanomosaic” for this type of particle in general; indeed, when we highlight the plasmonic absorption
properties we will be using the more specific term “NIR-absorbing anisotropic gold nanomosaic”
abbreviated henceforth as “NIRAuNM.” A closer observation reveals that the longitudinal length of
these anisotropic nanostructures, especially rods and triangles, was over 50 nm, which was consistent
with both their NIR SPR peak (λmax > 700 nm) and published literature [31,37,57]. We believe that the
blue shift in the SPR during irradiation is likely due to the reversible conversion of initial larger-sized
anisotropic shapes to smaller anisotropic shapes or partial conversion to spherical shapes caused by
continuous irradiation. EDS spectra revealed the chemical composition of these NIRAuNMs (Figure 3).
Au peak positions observed in the EDS spectrum are in good agreement with literature results [57,58].
As the NIRAuNM precursor contains sulfur, the absence of any sulfur signal in the EDS spectrum
confirms that the precursor ligand has been driven out of the system and thus the particles are purely
Au-based. Signals from C, O, Cu, and Si were due to the PNIPAm stabilizer and Cu grid used in the
EDS analysis. Au peaks confirmed the elemental composition and purity of the nanoparticles. Figure 3
confirms the formation of stable NIR-absorbing anisotropic shapes within PNIPAm-co-allylamine
microgels without the aid of any exogenous reducing or growth-assisting agents. To the best of our
knowledge, this is the simple, straight-forward, and single-step synthetic technique for making a
mixture of stable, NIRAuNMs within a/microgel medium.
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Figure 3. Characterization of NIR-absorbing anisotropic gold nanomosaic (NIRAuNM) formed
within 0.5% wt/v of PNIPAm-co-allylamine microgels. In this specific reaction, photolysis was used
to reduce 0.023 moles of Au(Me2S)Cl in the aqueous microgels medium by a single-step method.
(A) Time-dependent absorption spectra, (B) TEM images, and (C) EDS data with TEM and scanning
transmission electron microscope (STEM) images. The STEM image in the inset is collected using a
high-angle annular dark-filed (HAADF) detector.

To understand the effect of Au(I) concentration on the tunability of the NIR SPR, the reaction was
repeated at two different Au(Me2S)Cl concentrations other than the one described in Figure 3. Figure 4
shows the formation of NIRAuNM at a higher concentration compared to the sample in Figure 3.
The time-dependent absorption spectra in Figure 4 are like those noticed in Figure 3. Specifically,

180



Nanomaterials 2020, 10, 1251

both figures show an initial evolution of a visible absorption peak, followed by the evolution of a
NIR peak, followed by a red-shift in the NIR peak maxima with continuous irradiation, culminating
with an SPR peak in the NIR region (λmax > 650 nm). At the higher concentration of Au(Me2S)Cl, the
sample exhibited a red-shifted NIR absorption peak maximum at around 825 nm compared to the
715 nm NIR peak noticed in the sample with a lower concentration of Au(Me2S)Cl. The two samples
established the correlation between Au(I) concentration and the size of the particles, consistent with
their SPR spectra. At lower concentrations of Au(I), the NIRAuNMs exhibited a NIR peak maximum
around 715 nm, whereas the higher Au(I) concentration resulted in a red-shifted NIRAuNM with
a peak maximum at 825 nm. Additionally, comparing the TEM images in Figures 3 and 4 showed
that the sample containing the higher concentration of Au(I) contained larger anisotropic shapes with
longitudinal lengths over 100 nm for multiple particles compared to the prevalent 50 nm sizes at
the lower Au(I) concentration. Evident from Figure 3, at the reaction’s endpoint, the sample did not
contain a dominant NIR peak. Additionally, absorption spectra from Figure 4 showed the successful
enrichment of NIR absorbance by benchtop centrifugation. The sediment sample exhibited a dominant
NIR peak compared to uncentrifuged samples.

 

Figure 4. Characterization of NIRAuNM formed within 0.5% wt/v of PNIPAm-co-allylamine microgels
by photolysis of 0.033 mmol of Au(Me2S)Cl in the aqueous microgel medium by a single-step method.
Time-dependent absorption spectra and TEM images are included.

As expected, a sample containing a lower content (0.016 mmol) of Au(I) compared to both
previous samples exhibited a blue-shifted NIR absorption peak (Figure 5). Each TEM image, again
even for this lower-Au-content composition, comprised a nanomosaic without a dominant geometry
for the tesserae elements that comprised the mosaic with interesting polygonal shapes with an average
size of 30 ± 7 nm for each tessera in this lower-Au-content sample–in contrast to the nanorods and
nanotriangles that comprised the tesserae observed in the previous samples with greater Au content.
This is again akin to the mosaic analogy that different mosaics have their elements of beauty although
the collection of tesserae is different both within the same mosaic and between different mosaics. Still,
it is often the case that the tesserae in the same mosaic exhibit greater similarity within one another
(i.e., an assortment of polygonal shapes in Figure 5 vs. an assortment of nanorods and nanoprisms in
Figures 3 and 4). Concluding from the absorption data and TEM images obtained from three different
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samples with varying concentrations of Au(I) precursor, it is clear that the size and SPR of anisotropic
NIRAuNM are dependent on Au(I) concentration, higher Au(I) concentration resulted in larger and
red-shifted NIRAuNM. UV/VIS/NIR and TEM data of different Au(I) concentration samples imply that
photoirradiation initially results in the formation of spherical AuNPs that eventually grow into larger
anisotropic structures that remain unaltered after their formation. Based on the existing literature
overviewed above, we determined that it was a priority objective to investigate the feasibility of making
NIR-absorbing anisotropic AuNPs by use of an Au(I) precursor and to capture the complete reaction in
a single-step method that is absent of CTAB and other growth or reducing agents. Based upon the
UV/VIS/NIR spectra, TEM images, and EDS spectra presented herein for the samples discussed, we
believe we have demonstrated the achievement of this objective.

 

Figure 5. Characterization of NIRAuNM formed within 0.5% wt/v of PNIPAm-co-allylamine microgels
by photolysis of 0.016 mmol of Au(Me2S)Cl in aqueous microgels media by a single-step method.
Time-dependent absorption spectra and TEM images are included.

Due to its low stability and sensitivity to water and temperature, we conjectured that Au(Me2S)Cl
could be reduced to Au(0) even under other experimental conditions besides photolysis. Using our
single-step methodology, the synthesis of NIRAuNM containing mixed anisotropic shapes was also
found to be driven by thermolysis and sonolysis conditions (Figures S4–S6). Based on the absorption
spectra as noted in Figure S4, the thermolysis procedure emerged as a more facile and promising process
compared to photoirradiation for making strong NIR-absorbing anisotropic AuNPs. Samples subjected
to thermolysis exhibited the NIR peak as their major peak even without requiring centrifugation.
However, for yet unidentified reasons, TEM images (Figures S4 and S5) revealed large, polyhedral
nanostructures along with hitherto unreported tailed structures. EDS (Figure S5) showed no traces
of contamination or sulfur, confirming the structures to be pure AuNPs. Particles prepared by the
sonolysis process also exhibited a mixture of shapes, akin to the nanotesserae observed by photolysis
(Figures S4 and S6). These results indicate that under the appropriate conditions, i.e., light, thermal,
and kinetic energy, one can reduce the Au(Me2S)Cl precursor to Au(0), and when this precursor is
reduced in an appropriate stabilizing medium, spherical or anisotropic AuNPs are formed.
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Evaluating the shelf-life stability of AuNPs is crucial in establishing our method’s viability for
producing AuNPs toward commercial and/or clinical applications. Samples with different Au(Me2S)Cl
concentrations were synthesized within PNIPAm-co-allylamine microgels by photoirradiation and
heating. Long-term stability was evaluated by directly comparing their absorption spectra at different
time intervals. All tested samples were stored under ambient conditions. Figure 6 shows changes in
absorption spectra for NIR-absorbing AuNP samples. Selected samples were planned to be tested
for shelf-life stability after 3 months of storage under ambient conditions; however, after noticing
their unexpected, unchanged absorption profile, samples were placed into ambient storage, and
unintentionally left there for 7 years, at which time, they underwent additional testing. Overall, the
absorption spectra in Figure 6 showed no changes between days 1 (solid line) vs. day 90 (dashed
line), indicating that these samples did not undergo any chemical or physical changes in composition
or AuNP morphology (i.e., these data suggested that the samples exhibited no decomposition or
aggregation tendency after the first 90 days of storage). Incredibly, the negligible changes that were
noticed after 7 years of ambient storage indicate their strong commercial utility. Only two minor
changes were observed. The first was an increase in the visible absorption peak, and the second was
a rise in the baseline absorbance at wavelength ≥1000 nm (dotted lines, Figure 6). We assume these
minor changes could be due to the rather slow conversion of minute amounts of anisotropic particles
to spherical particles. Future work will involve analysis following NIST stability testing protocols to
estimate the shelf life of these highly stable NIRAuNM. We believe the extraordinary shelf-life stability
of the NIRAuNM synthesized using the single-step method, containing no CTAB or any additional
reducing agents, merits fine-tuning the reaction parameters. This fine-tuning will define the synthesis
conditions necessary to control the shape- and size-selective NIR-absorbing anisotropic AuNPs, while
utilizing the highly desired, mild chemical environment as opposed to the harsh surfactants and
reducing agents.

 

Figure 6. Demonstration of extreme time-dependent stability of NIRAuNM stabilized within PNIPAm-
co-allylamine microgels. P1, T1, and P2 refer to NIRAuNM samples prepared by photochemistry,
heating, and photochemistry, respectively, within PNIPAM-co-allylamine microgels media.
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3.5. Demonstrating Broad Applications by Altering the Polymer Stabilizer

Encapsulating AuNPs within polymer matrices was found to be an effective way to enhance the
stability and functions of metal nanoparticles. Conjugation of polymers to AuNPs and/or using them
as templates allows one to build structural and functional units useful for many optoelectronic and
biological applications [59]. We tested the feasibility, versatility, and suitability of our methodology
for in situ formation of stable AuNPs within various polymers, surfactants, and biological media.
Stabilizing matrices were selected based on chemistry and application significance, i.e., CS was selected
for its biocompatibility, SDS for its surfactant chemistry, alginic acid for its acid (–COOH) chemistry,
and HPC and PVA for their hydroxy (–OH) chemistry. The pH-sensitive PAA was selected for its
broad usage in household/personal care products, moisturizers, and super porous microgels. The
binding and coating capabilities of PVA are efficiently utilized in the food industry [60]. Agar, the
gelatinous polysaccharide which solidifies at 32–40 ◦C is a crucial component in many biological
assays [61]. HPC is a derivative of cellulose, which is soluble in water as well as many organic solvents,
is typically used in tablet binding, tablet coating, and as an ophthalmic protectant and lubricant [62].
As one of the most important nutrients in cell culture studies, BSA [63] is a crucial protein in various
biological studies. In the existing literature, a few reports exist for making AuNPs using the above
stabilizing media [63–68]. Figure 7 illustrates the formation of spherical AuNPs within these stabilizers
by photoirradiation or by heating. For yet unidentified reasons, some polymers have exhibited the
formation of AuNPs by photoirradiation, while others have formed AuNPs through heating. Table 2
summarizes the optical and morphological properties of these different AuNPs. TEM images revealed
some anisotropic structures, which contrasted with the single SPR peak. The formation of nonspherical
particles in some of these media is hypothesized to be polymer- and Au(I)-concentration-dependent,
which is currently under investigation. Visible colors, the evolution of SPR peaks, and TEM images
confirmed the formation of AuNPs regardless of the stabilizer or energy source and using Au(Me2S)Cl
as the precursor without additional reagents. TEM images showed AuNPs with sizes ranging from
5 to 50 nm formed within these stabilizers. From the UV–VIS and TEM data, the relation between
the size of the particles and the chemistry of the stabilizers was not fully established; however, we
observed that polymers with a negative surface charge tend to stabilize AuNPs with blue-shifted,
narrow SPR peaks and exhibit narrowly dispersed particle sizes. The exception to this observation was
the CSN polymer for reasons not yet understood. Alginic acid-stabilized samples showed a narrow
SPR peak at 525 nm with TEM images for the same samples revealing particles with sizes ranging
between 5 and 10 nm. Samples stabilized in SDS, a negatively charged surfactant, also exhibited
narrow SPR with a peak maximum at 528 nm and particle size ranging from 5 to 10 nm. In contrast,
HPC and BSA formed AuNPs that exhibited red-shifted, broader SPR peaks, with particle sizes ranging
between 30 and 40 nm. Under similar experimental conditions, we have not noticed any formation
of AuNPs within these media using HAuCl4 as a precursor without the aid of additional chemical
reagents. By demonstrating the formation of AuNPs within this wide variety of media, the extensive
applicability of using Au(Me2S)Cl as a precursor for making spherical AuNPs without any reducing or
assisting chemical reagents is validated. This demonstration will provide flexibility for nanoparticle
researchers to select and grow AuNPs within desired stabilizing media based on their requirements
and application.
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Figure 7. Characterization of spherical AuNPs stabilized in different polymers under photoirradiation
(P) and heating (H) by daylight images, UV/VIS absorption spectra, and TEM images. ALA = alginic
acid; CSN = chitosan; PAA = polyacrylic acid; SDS = sodium dodecyl sulfate; PVA = polyvinyl alcohol;
HPC = hydroxypropyl cellulose; BSA = bovine serum albumin.
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Table 2. Optical and morphological properties of AuNPs obtained under various experimental
conditions within the wide range of stabilizing media (using Figure 7 data).

Stabilizing Media
Experimental

Condition (Time,
Minutes)

SPR λmax *
(nm)

FWHM *
(nm)

FWHM *
(cm−1)

TEM davg (nm)

Alginic acid (ALA) Photoirradiation
(15 min) 521 96 3680 4.1 ± 1.6

Chitosan (CSN) Photoirradiation
(45 min) 522 102 3883 19.8 ± 1.6

Polyacrylic acid
(PAA)

Photoirradiation
(15 min) 527 130 4864 6.5 ± 2.2

Sodium dodecyl
sulfate (SDS) Heating (10 min) 535 122 4222 Nonspherical,

fused 20 ± 4
Polyvinyl alcohol

(PVA) Heating (20 min) 538 166 5772 Nonspherical,
25 ± 5

Hydroxypropyl
cellulose (HPC)

Photoirradiation
(30 min) 547 210 6764 Nonspherical,

fused, 30 ± 5
Bovine serum
albumin (BSA)

Photoirradiation
(90 min) 580 178 5142 Nonspherical,

35 ± 5

* SPR= surface plasmon resonance, peak maxima; FWHM= full-width-half-max (nanometers (nm) and wavenumbers
(cm−1)). The heating and photoirradiation time varied depending on the nature of the polymer stabilizer.

3.6. Photothermally Driven Release of a Model Dye from NIRAuNM Containing PNIPAm–Co-Allylamine
(Hybrid) Microgels

The ability of metallic nanoparticles to transduce absorbed light into heat has been used for
direct cell killing and drug delivery applications [10,19,56,57]. For drug delivery and PPTT, plasmonic
nanoparticles or dyes which absorb in the NIR region are considered superior to visible-absorbing
NPs for numerous reasons [12,14,57]. Thermoresponsive hydrogel microparticles, which exhibit
volume-phase transitions, particularly photothermally modulated phase or size transitions induced
by guest metallic nanoparticles are also known for their potential use in “smart,” “switchable”
devices [45,69–71]. To the best of our knowledge, until now only two groups have demonstrated
a volume-phase transition in PNIPAm particles using NIR-sensitive AuNPs, the Halas and West
group, who demonstrated photothermal phase transition and drug delivery using Au nanoshells, and
the Kumacheva group, who demonstrated the photothermally driven swelling–shrinking ability of
PNIPAm microgels by loading CTAB-stabilized AuNRs [70,72]. The major distinction and advantage
of our NIRAuNMs are that they exhibit a large absorption cross-section (700–1200 nm) that facilitates
the use of inexpensive white light/broad-band lamp sources instead of expensive, wavelength-specific
monochromatic lasers for exciting the surface plasmon electrons.

Herein, in situ stabilized, CTAB-free NIRAuNMs were employed in a proof-of-concept experiment,
which demonstrated their ability to release a molecular dye (PtPOP) based on photothermally driven
“shrinking” of PNIPAm-co-allylamine microgel particles. A control microgel containing no AuNPs
was tested under identical experimental conditions. The control and hybrid microgels showed similar
phase transition temperatures (32 ◦C, Figure S1). Based on LCST data, the microgel samples were
maintained at 32 ◦C using circulating water flow. A 100-W quartz tungsten halogen lamp was
selected as the light source. The irradiance curve for the lamp is shown in Figure S7. Lamp output
under experimental conditions was measured using a light-output meter and was determined to be
0.13 W/cm2. A converging lens and a 500 nm cutoff filter were used to focus the radiation from the
lamp onto the sample vial and to eliminate any photothermal effect of higher energy, i.e., UV/VIS
absorption of the NIRAuNM sample on photothermal studies. The experiments were conducted by
placing the sample test tube in the sample holder of a dynamic light scattering instrument (AVL-5000,
Langen, Germany, ) followed by irradiation with the NIR lamp. The constant water flow helped
to maintain the sample temperature uniformly at 32 ◦C. Heating cycles were separated by 1-hour
intervals to allow the samples to cool to ambient temperature for deswelling. The UV/VIS/NIR spectra
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of hybrid microgel samples used for both volume-size change and dye release studies are shown in
Figure S8. Figure 8 shows the changes in the average hydrodynamic radius of hybrid and control
microgel particles upon irradiation with a NIR lamp source. The greater decrease in size of PNIPAm
microgels containing NIRAuNMs relative to the control gel particles containing no AuNPs indicated
PPTT activity of NIRAuNMs. Microgel particles containing gold nanoparticles exhibited an average
decrease of 14.6 ± 2.9 nm and 14.7 ± 1.5 nm in hydrodynamic radius (Rh) after the first 30 min and after
the second 30 min of exposure, respectively, for three cycles. At the end of 60 min, the total decrease in
the size of the hybrid microgels was found to be 26.72 ± 1.35 nm accounting for 3 cycles. In contrast, the
unloaded control microgels exhibited a marginal decrease of 3.5 ± 1.2 nm and 5.3 ± 1.2 nm in Rh after 2
cycles of irradiation, under identical experimental conditions. This order of magnitude difference in
Rh changes of hybrid microgels compared to control microgels demonstrates the photothermal activity
of NIRAuNMs. Further validation of photothermal behavior was demonstrated by the release of a
molecular dye, (K4[Pt2(P2O5H2)4]·2H2O) (also known as Pt-POP) from hybrid microgels upon NIR
irradiation (Figure 9). Retention of the NIRAuNMs and the dye (Pt-POP) within hybrid microgels
after stirring and centrifugation was verified by UV/VIS/NIR spectra (Figure S8). UV/VIS/NIR spectra
of hybrid and control microgels after loading Pt-POP exhibited a characteristic UV transition band
at 380 nm (Figure S8) with similar absorbance, indicating the presence of a similar concentration of
the dye in both hybrid and control microgel particles. For demonstrating photothermal release, both
the microgel samples were enclosed in 3000 Da dialysis tubing and then subjected to irradiation by
maintaining the temperature at 32 ◦C. Dye release from microgel particles was monitored by measuring
the changes in UV–VIS absorption and photoluminescence of the water sample in which the dialysis
tube was immersed (schematic in Figure 9A,B). Initially, both samples exhibited an identical baseline
and no absorption at 367 nm. After 30 and 45 min of irradiation, the percentage variation in absorbance
at 367 nm from hybrid microgel samples was 165% and 164%, respectively. This is a clear indication of
Pt-POP dye release from hybrid microgel particles in contrast to an insignificant release of dye from the
control microgel particles (Figure 9C). In the evaluation of individual absorbance changes at 367 nm
for control and hybrid samples, the absorbance of the hybrid sample changed from 0.0225 to 0.4415
(arbitrary units), whereas the absorbance of the control microgels changed marginally from 0.0225 to
0.0431 in 45 min of irradiation, indicating an order of magnitude difference in absorbance changes
for hybrid microgels compared to control microgels. It can be noticed from the absorbance changes
(Figure 9) that potentially, most of the dye was released within the first 15 min. As Pt-POP exhibited
strong green emission, a strong difference in photoluminescence emission intensity was also noticed
from hybrid vs. control microgels (Figure 9D). There is an order of magnitude (or about 90%) variation
in emission intensity between hybrid and control microgels, like absorbance changes. These dye release
data not only demonstrate the release of the dye molecule (Pt-POP) due to photothermally driven size
changes but also reconfirm photothermally driven shrinking effect in hybrid PNIPAm microgels due to
the presence of NIRAuNMs. Light-activated therapies to kill diseased cells and tissues in a noninvasive
manner using exogenous agents with large absorption cross-section are well known [56]; however,
most demonstrations have been performed using CTAB-stabilized AuNRs. In contrast, based on our
ongoing cytotoxicity studies with CTAB-free anisotropic AuNPs, that have already demonstrated
more than 50% lower cytotoxicity vs. CTAB-stabilized AuNRs, we strongly believe that our CTAB-free
NIRAuNMs with a large absorption cross-section, demonstrating photothermally driven size changes
and dye release, are expected to exhibit potential beneficial effects as photothermal agents for cell
killing studies, once the cytotoxicity of our AuNPs is fully established.
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Figure 8. Demonstration of size shrinkage hybrid PNIPAm-co-allylamine microgels containing
NIR-absorbing AuNM (hybrid microgels) on irradiation with NIR light source. (A) Light scattering
data representing the changes in hydrodynamic radius of PNIPAm-co-allylamine microgels containing
NIRAuNMs (S1–S3) vs. control microgels containing no AuNPs (C1–C2). S–irradiation cycle and
T–irradiation time (0, 30, and 60 min). Control microgels data for two cycles of irradiation, whereas
hybrid microgels are exposed to three cycles of irradiation. (B) Changes in hydrodynamic radius (Rh) of
the hybrid microgels vs. irradiation time. C and S represent control and hybrid microgels, respectively,
and 1, 2, and 3 represent cycles of irradiation.

Figure 9. Demonstration of the release of a dye molecule from hybrid PNIPAm-co-allylamine microgels
containing NIR-absorbing AuNM (hybrid microgels) on irradiation with NIR light source. (A) Schematic
illustration of dye-release studies from the hybrid microgels containing NIRAuNMs and Pt-pop dye.
(B) Schematics of dye release “before” and “after” irradiation with the NIR light source. (C) Changes in
absorption spectra at 0, 15, 30, and 45 min (1,2, 3, and 4) of irradiation for control and hybrid microgels.
(D) Photoluminescence spectra of dialysis water at 45 min of irradiation (solid lines: emission spectra
and dashed lines: excitation spectra). W–blank water, C–control microgel, and S–hybrid microgel.
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4. Conclusions

The present investigation demonstrates two important discoveries: (1) development and use of
an unexplored methodology wherein an Au(I) complex serve as a gold precursor to generate AuNPs
of different sizes and shapes (nanomosaics) in various stabilizing media and (2) the first-ever direct
formation of NIR-absorbing AuNPs within thermoresponsive PNIPAm microgels. The facile wet
photochemical method resulted in NIR-absorbing Au nanomosaic (NIRAuNM) of diverse anisotropic
sizes and shapes and a corresponding wide absorption cross-section. No exogenous reducing agents are
needed to reduce the gold precursor. The Au(Me2S)Cl complex, a commercially available well-known
starting material for Au(I) complexes, has proven to be an effective precursor for making both spherical
and anisotropic AuNPs by tuning experimental conditions. The instantaneous reaction of gold(I)
sulfide in aqueous media is shown to be responsible for the reduction process without exogenous
reducing agents. The flexibility of the reduction of Au(Me2S)Cl to form AuNPs within a wide variety of
media is demonstrated. Even with a mixture of shapes to compose nanotesserae, a direct correlation is
noticed between the size of anisotropic AuNPs on the one hand (longest dimension for representative
tesserae of each sample) and the NIR SPR peak maximum on the other hand. Additionally, a strong
direct correlation is observed between the precursor concentration and average longitudinal length
and NIR SPR of the anisotropic structures. The higher concentration of Au(I) resulted in large size
particles with red-shifted NIR absorption. The demonstration of photothermally driven shrinkage
in size followed by the release of a dye from the hybrid microgels exhibits a proof-of-concept result
toward potential drug release studies in the future, but for this, higher LCST slightly above body
temperature is required. The proof-of-concept result, nonetheless, led to validation studies of the
photothermal transduction property of NIRAuNM produced by our distinct one-step photochemical
methodology. Based on our ongoing cytotoxicity tests and because these particles do not rely on CTAB
or additional chemicals, they are expected to be far less toxic compared to CTAB-containing NIRAuNPs.
Of consequence is our development of this method that uses conditions comparatively milder than
the literature standard for the formation of different sizes and shapes of AuNPs. In this regard, we
suggest our method will add to the existing “green” synthesis methods, and thus will have an impact
on reducing the environmental footprint of these technologies. Finally, the preparation of specific drug
delivery systems with a variety of model drugs is underway, taking advantage of the approach herein.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/7/1251/s1,
Figure S1: Light scattering data representing the changes in hydrodynamic radius of PNIPAm-co-allylamine
microgels containing NIRAuNMs vs. control microgels containing no AuNPs. Figure S2: Additional TEM and
FE-SEM images of isotropic, spherical AuNPs stabilized within PNIPAm-co-allylamine microgels, produced by
photolysis. Figure S3: Absorption spectra of AuNPs formed using Au(Me2S)Cl precursor using PNIPAm-co-acrylic
acid microgels. The traces illustrate the changes in absorbance of AuNPs with respect to irradiation time. Figure
S4: Characterization of NIRAuNM formed within 0.5% wt/v of PNIPAm-co-allylamine microgels by thermolysis
(top) and sonolysis (bottom) of 0.033 mmol of Au(Me2S)Cl in aqueous microgel media by a single-step method.
Absorption spectra and TEM micrographs are shown. Figure S5: TEM micrographs and EDS spectrum of
anisotropic, polyhedral, tailed gold nanostructures obtained by thermolysis. Figure S6: Absorption spectra
and TEM micrographs of anisotropic AuNPs obtained by sonolysis. Figure S7: Irradiance curve for quartz
tungsten halogen (QTH) lamp (100 W) used as a radiation source to demonstrate photothermal volume phase
transition and dye-release studies (taken from Newport website, model 6333). Figure S8: Absorption spectra of
PNIPAm-co-allylamine microgel samples containing NIRAuNMs vs. control microgels containing no AuNPs.
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Abstract: In this work, we report a simple method of silica coating of upconversion nanoparticles
(UCNPs) to obtain well-crystalline particles that remain small and not agglomerated after high-
temperature post-annealing, and produce bright visible emission when pumped with near-infrared
light. This enables many interesting biological applications, including high-contrast and deep tissue
imaging, quantum sensing and super-resolution microscopy. These VO4-based UNCPs are an
attractive alternative to fluoride-based crystals for water-based biosensing applications.

Keywords: upconversion nanoparticles; silica-coated UCNPs; bio-imaging; bio-application

1. Introduction

Lanthanide-doped upconversion nanoparticles (UCNPs) absorb one or more low-
energy NIR photons to emit one high-energy visible photon [1–4]. This property greatly
suppresses the biofluorescence background that limits other fluorescent probes. As a
result, interest in UCNPs is rapidly growing for numerous biological applications, such
as in background-free imaging, quantum sensing, drug delivery, and super-resolution
microscopy [5–7]. Compared to upconversion dyes and quantum dots (QDS), UCNPs
achieve efficient upconversion at low pump laser intensities, comparable to single-photon
down-converting systems. This is because they have real long-lived metastable states
with lifetimes on the microsecond scale. As a result, UCNPs provide photostable and
tunable photoluminescence when excited within the tissue optical transparency window
by inexpensive continuous-wave NIR lasers [8–13]. Furthermore, UCNPs have shown
minimal toxicity to biological tissues, which makes them one of the safest fluorescent
probes [11,14–17].

Lanthanide ions doped in fluoride crystals are known as the best and most efficient UC-
NPs in many interesting applications, with strong up-conversion luminescence (UCL) [8,9].
This is because fluoride crystals have a relatively low phonon energy so that the intermedi-
ate state can only decay by highly multi-phonon relaxations [18–20]. They work efficiently
in organic solvents such as cyclohexane, but their UCL was reported to drop significantly
when dispersed in water [21]. This is due to quenching of the intermediate state by water
in contact with the surface of the UCNP, also to defects inherent to their low synthesis
temperature [8]. To overcome these limitations, the use of core/shell or core/multi-shell
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strategies [8,9,11], and hydrophilic surface modification protocols [22], have been used.
While successful, these significantly complicate their chemical synthesis.

So far, the best alternative to fluoride-based UCNPs is lanthanide ions doped in oxide
crystals such as YVO4 nanoparticles, which have shown a good upconversion efficiency
in water, even for small particles without any surface modifications [18,23,24]. In general,
oxide nanoparticles are obtained by colloidal synthesis at lower temperatures than fluoride-
based UCNPs, and this gives them poor overall crystallinity and defect-enhanced surface
quenching effects, which greatly reduces their UCL efficiency [23–25]. Post-annealing
at high temperature is an effective solution to this problem [18,24,25]. However, the
post-annealing process leads to unequal particle sizes and agglomerations. Many studies
have reported that this challenge can be overcome by silica encapsulation during high
temperature annealing, which allows the recovery of good crystalline properties without
an excessive size increase [18,25]. However, most of these studies start with relatively large
particles (50 nm average size) instead of the ultra-small and well-dispersed UCNPs that
are desirable for many biosensing applications [18,23,25–27].

In this work, we report an easy and efficient method to synthesize a small (10 nm)
VO4-based UCNP, based on citrate size capping followed by a silica encapsulation for a
protected calcination process. The recovered UCNPs retained their original small size with
good up-conversion efficiency. The resulting UCNP particles are highly water dispersible,
as desired for in vivo imaging.

2. Materials and Methods

2.1. Synthesis of YVO4: Er+3, Yb+3 Nanoparticles

Raw materials for this experiment, Y(NO3)3 4H2O, Yb(NO3)3 5H2O, Er(NO3)3 5H2O,
sodium citrate, sodium orthovanadate (Na3VO4), and tetraethylorthosilicate (TEOS 98%)
were purchased from Sigma Aldrich (St. Louis, MO, USA). In a water bath at 60 ◦C,
a solid mixture of Y(NO3)3 4H2O (0.270 g, 7.78 × 10−4 mol), Yb(NO3)3 5H2O (0.089 g,
1.99 × 10−4 mol) and Er(NO3)3 5H2O (0.0089 g, 2.0 × 10−5 mol) was dissolved in 10 mL of
deionized water. The resulting solution of Ln(NO3)3 was added to an aqueous solution
of (0.1 M) sodium citrate (0.22 g in 7.5 mL of deionized water) under vigorous stirring.
During the addition, a white precipitate of lanthanide citrate was immediately formed. An
aqueous solution of sodium orthovanadate (Na3VO4) (0.1 M, pH = 12) was prepared by
dissolving 0.1839 g of Na3VO4 in 10 mL of deionized water and then added dropwise to
the above mixture until the precipitate was completely dissolved. After constant stirring
for 1 h at 60 ◦C, the final YVO4:YbEr nanoparticles were obtained in a clear solution, with a
pH of 8.0.

2.2. Synthesis of YVO4: Er+3, Yb+3@SiO2 Core-Shell Structured Nanoparticles

YVO4: Er+3, Yb+3 (10 mL) was added to 40 mL of ethanol and ultrasonicated for 30 min.
Afterwards, 1 mL of ammonia (full concentration) plus 0.15 mL of tetraethylorthosilicate
(TEOS 98%) were added to above solution and stirred at room temperature for 4 h. The
resulting nanoparticles coated with silica were collected by centrifugation at 6000 rpm for
10 min, washed three times with ethanol/water (1:1 v/v), and then dried at 60 ◦C overnight.
The white powder was then calcinated at 700–750 ◦C for 2 h.

2.3. Silica Shell Removal by NaOH Solution

The calcinated particles were dispersed in aqueous NaOH solution (10 mL, 0.5 M)
under stirring for 4 h to remove the silica matrix from particles. The nanoparticles were
collected by centrifugation and washed three times with deionized water. The final product
was dispersed in deionized water.

2.4. In Vitro Cytotoxicity Assays for Synthesized UCNPs

The investigation of nanoparticles interactions with living tissues is an essential way
to evaluate the toxicity, in vitro. The biotoxicity of the UCNPs was performed against

196



Nanomaterials 2021, 11, 1535

two living cellular models supplied from the American Type Culture Collection (ATCC,
Manassas, VA, USA), which are mouse skin cancer cell line (B16-F10, ATCC number: CRL-
6475) and human lung carcinoma cell line (A549, ATCC number: CCL-185). Both cells were
used between passages 7 and 20, and regularly maintained in complete cell culture growth
medium composed of Dulbecco’s modified Eagle’s medium (DMEM), 1% (v/v) antibiotic
solution (penicillin–streptomycin combination) and 10% (v/v) fetal bovine serum (FBS).

In vitro cytotoxicity of the UCNPs was evaluated using two colorimetric assays to
quantify UCNPs effect on the cellular membrane integrity and the cellular metabolic activity
of B16-F10 and A549 cells. Lactate dehydrogenase (LDH) enzyme is a cytoplasmic enzyme
that can be released and quantified in cell culture media when the treated cellular mem-
brane is being disrupted using LDH assay kit (Sigma-Aldrich, Poole, UK). The cell viability
can be detected also using 3-(4,5-dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS)assay. The MTS assay was used to evaluate the cellular
metabolic activity of the cell lines using MTS cell proliferation reagent (Promega, Southamp-
ton, UK). In a 96-well plate, B16-F10 and A549 cells were initially counted and seeded
(100 μL/well, seeding density of 1 × 104 cells/well), and then incubated overnight at 37 ◦C.
Increasing doses of the UCNPs (from 0.39 to 800 μg/mL) were then applied to B16-F10 and
A549 cells and incubated at 37 ◦C for 4 h in the presence of complete cell culture growth
medium. In nanoparticle-free wells, 0.2% (v/v) Triton X-100 lysis solution and DMEM were
applied to cells as a positive and a negative cytotoxicity control, respectively.

Following the incubation of the UCNPs with both cells, the LDH assay was conducted
in a new 96-well plate to transfer 50 μL of the treated samples containing DMEM and the
cytoplasmic LDH enzyme, which are being released from the disrupted cellular membrane.
Next, 100 μL of the LDH reaction mixture was then pipetted into each well and incubated
at room temperature for 30 min. Next, the absorbance at 490 nm was measured using
the microplate reader (Cytation™ 3, BioTek Instruments Inc., Winooski, VT, USA). The
percentage of LDH release and cell viability were calculated using the following Equations:

LDH release (%) = (S − H) / (T − H) × 100 (1)

Cell viability (%) = 100 − LDH release (%) (2)

where S is the absorbance of the cells treated with the UCNPs, H is the absorbance of the
negative cytotoxicity control, and T is the absorbance of the positive cytotoxicity control.

For the MTS assay, the samples were removed from the wells and 100 μL of fresh
complete cell culture medium mixed with 20 μL of the MTS solution was then pipetted into
each well. The plates were then incubated at 37 ◦C for a further 3 h. Cytation™ 3 microplate
reader was then used to measure the MTS absorbance at 490 nm. The percentage of cell
viability was calculated using the following equation:

Cell viability (%) = (S − T) / (H − T) × 100 (3)

3. Results and Discussion

Experimentally, YVO4:Yb,Er UCNPs were synthesized following a modified sodium
citrate synthesis protocol reported in [28]. The sodium citrate protocol was chosen as the
citrate complexing agent, which are known to limit the size of particles during growth
to less than 10 nm, and also to increase their stability. Briefly, an appropriate amount of
lanthanide ions salt was dissolved into deionized water (DI) and mixed with sodium citrate
to form a lanthanide citrate mixture (see Material and Methods section for details). Then,
an aqueous solution of sodium orthovanadate salt was added dropwise to the lanthanide
citrate mixture to form ultrasmall YVO4:Yb,Er UCNPs, after constant stirring for one hour
at 60 ◦C. The synthesized UCNPs showed an average size less than 10 nm, but with poor
optical and crystal structure properties. Therefore, protected high-temperature annealing
is required.
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For this purpose, we designed two experiments with and without silica coating, as
illustrated in Figure 1a,b. In sample 1, illustrated in Figure 1a, the prepared particles
were coated with silica in a core/shell structure following a silica-coating procedure
reported in [25] and detailed in the Material and Methods section. The silica-coated UCNPs
were then annealed to 750 ◦C for 2 h in air, using a high-temperature tube furnace. The
silica coating was then partially removed by an NaOH solution incubation treatment
to obtain dispersed and highly crystalline YVO4:Yb,Er nanoparticles, as illustrated in a
the transmission electron microscope (TEM) image shown in Figures 1a and 2. The final
silica-coating thickness can be controlled by either the concentration of the NaOH solution
or the incubation time as suggested in [25]. To appreciate the important role of silica
encapsulation during high-temperature annealing, the prepared UCNPs in sample 2 were
directly annealed to 750 ◦C for 2 h without silica coating. As a result, a large size distribution
and significant agglomeration was seen in the TEM image in Figure 1b. Because sample 2
was introduced for comparison only, it will not be investigated any further.

Figure 1. An illustration of high-temperature calcination of YVO4:Yb,Er UCNPs. (a) Protected calcination of UCNPs by
silica coating resulting in well size-controlled and dispersed UCNPs particles. (b) Direct calcination process of the UCNPs
to 750 ◦C for 2 h without silica coating, which results in a large size distribution and agglomerated UCNPs.
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Figure 2. Structural analysis and characterization of YVO4:Yb, Er UCNPs. (a) Low magnification TEM image of well-
crystalline and small size UCNPs obtained by the protected calcination process. (b) High magnification of the synthesized
UCNPs. (c,d) XRD data of UCNPs before and after high-temperature treatment. (e) Energy-dispersive X-ray (EDX) spectrum
recorded and analyzed from the synthesized UCNPs.

The shape, size, and elemental composition of the synthesized silica-coated UCNP
particles were characterized using a JEM-2100F TEM microscope (JEOL, Peabody, MA,
USA) operating at an acceleration voltage of 200 kV TEM microscope. For this, a 1 μL
sample was dropped onto carbon TEM grids for imaging. Low- and high-magnification
TEM images showed dispersed and well-crystalline UCNP particles, with average sizes of
10–15 nm, as demonstrated in Figure 2a,b. The crystallinity of the synthesized YVO4:Yb,Er
nanoparticles before and after the protected calcination treatment was investigated using
X-ray diffraction (XRD, Malvern, Westborough, MA, USA). Figure 2c shows weak and
broad XRD intensity peaks of the synthesized UCNPs before high-temperature annealing
treatment, due to the poor overall crystallinity. After protected high-temperature annealing
at 750 ◦C, the XRD patterns revealed strong and sharp peak intensity after calcination, as
illustrated in Figure 2d. The narrow XRD peaks indicate well-crystalline particles, which
can result in good optical properties. The energy-dispersive X-ray (EDX) spectrum revealed
the expected composition elements of the synthesized UCNPs, as illustrated in Figure 2e.

Next, to study the optical properties of the synthesized UCNPs, 1 μL of the sample was
spin-coated on a quartz slide to make a thin layer of the sample for optical characterizations.
The spin-coating technique was used to avoid agglomeration during drying. The UCNPs
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sample was then placed on a custom-made confocal laser-scanning microscope equipped
with a continuous wave (CW) 980 nm NIR laser excitation, optical spectrometer, and a
single-photon counter, as illustrated in Figure 3a. Figure 3b shows the optical scan of
the spin-coated UCNPs under a 980 nm laser at an illumination intensity of 8 kW/cm2.
The optical spectrum from each spot in the image revealed a clear UCL spectrum, with
two strong green emissions peaked at 520 nm and 550 nm, and a weak red emission
peaked at 650 nm, as shown in Figure 3c. The photostability of the UCL green emission,
which peaked at 525 and 550 nm from individual UCNP particles (after high-temperature
treatment) in the optical scan, was evaluated over 15 min. Figure 3c (inset) showed neither
photobleaching nor blinking from the synthesized UCNPs under continuous NIR excitation.
In contrast, synthesized UCNPs (before high-temperature treatment) showed a very weak
UCL spectrum, as shown in Figure 3c.

Figure 3. (a) An illustration of optical setup used for optical characterizations in this study. The optical setup consists of
980 nm excitation laser, custom-built confocal microscope, and spectrometer. (b) Optical scan of the spin-coated UCNPs
under 980 nm laser illumination. (c) Upconversion luminescence (UCL) spectrum of the synthesized UCNPs before and after
high-temperature treatment. UCL of synthesized UCNPs showed a very weak spectrum due to overall poor crystallinity.
The fluorescence of the UCNPs after high-temperature treatment showed two strong green emissions at 525 nm and 550 nm,
and a weak emission at 650 nm. (d) Electronic structure and upconversion energy transfer processes between energy
synthesizer (Yb+3) and activator ion (Er+3) under 980 nm laser excitation (photon upconversion).
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Figure 3d explains the UCL optical process in UCNPs. In this optical process, initially,
Yb+3 ions absorb the first NIR photon of the 980 nm laser to populate the (2F5/2) Yb+3

excited state. After that, energy transfer from this state promotes Er+3 ions to its quasi-
resonant metastable state 4I11/2. Due to a two-photon optical process, a second NIR photon
absorption re- excites the Yb+3 back to the (2F5/2) Yb+3 excited state, and energy transfer
further excites the Er+3 (4I11/2) metastable state to a higher excited (4F7/2) Er+3 state. After
the two-photon excitation is complete, the highly excited state (4F7/2) of Er+3 then relaxes
to (2H11/2, 4S3/2, and 4F9/2) Er+3 states through multi-phonon relaxations. Consequently,
radiative transitions then occur to the ground state 4I15/2 of the Er+3, according to the
following transitions: 2H11/2 → 4I15/2, 4S3/2 → 4I15/2, and 4F9/2 → 4I15/2, which give
green emission peaks at 525 nm and 550 nm, and red emission peaks at 650 nm.

As biocompatibility is the most important criteria for successful fluorescent markers,
we performed an in vitro toxicity evaluation of the synthesized UCNPs to confirm the
safety and the biocompatibility of the applied nanoparticles to biomedical applications.
In this study, increased doses of the UCNPs were incubated with B16-F10 and A549 cell
lines to identify the optimum doses that are able to fluoresce efficiently, while not showing
cellular toxic effects, in vitro.

Figure 4a shows the cellular viability of B16-F10 and A549 cells following the treatment
with the UCNPs for 4 h, and evaluated using LDH assay. The results exhibited high cell
viability (above 80%) for applied doses (from 0.39 to 800 μg/mL).

Figure 4. Cell viability of UCNPs after incubation with B16-F10 and A549 cells for 4 h. The data are the result of (a) LDH
and (b) MTS assays, which are expressed as cell viability (%) and presented as the mean ± SD (n = 3).

201



Nanomaterials 2021, 11, 1535

Figure 4b shows the metabolic activity of B16-F10 and A549 cells in terms of the
percentage of cell viability, assessed using MTS assay. The results demonstrated high
metabolic activity of both cells and no negative effect of the UCNPs on the cell viability.
However, increasing the dose from 400 μg/mL in A549 cells to 800 μg/mL showed a
significant decrease in the cell viability from 96% to around 72%.

Following the cells exposure to the UCNPs, the overall results of the cellular viability
assays demonstrated no observed change in the viability profile when increasing the con-
centration of applied nanoparticles, apart from the effect of the highest concentration used
in A549 cells (800 μg/mL). The in vitro assessments of the UCNPs exhibited low cytotoxic-
ity effects on B16-F10 and A549 cells, suggesting these fluorescent probe nanoparticles can
be applied safely in the biomedical applications.

4. Conclusions

We have synthesized small, bright UCNPs that are well dispersed in water, following a
simple and robust protected calcination process. The final particles were less than 10 nm in
size and well-crystalline with bright up-conversion emission, without optical intermittency
(blinking). These properties make them a good alternative to commonly used fluoride-
based UCNPs in many biosensing applications. This protected calcination method is a
robust and effective strategy to enhance the optical properties of small water-dispersible
fluorescent markers.
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Abstract: Three-dimensional correlative light and electron microscopy (3D CLEM) is attaining
popularity as a potential technique to explore the functional aspects of a cell together with high-
resolution ultrastructural details across the cell volume. To perform such a 3D CLEM experiment,
there is an imperative requirement for multi-modal probes that are both fluorescent and electron-
dense. These multi-modal probes will serve as landmarks in matching up the large full cell volume
datasets acquired by different imaging modalities. Fluorescent nanodiamonds (FNDs) are a unique
nanosized, fluorescent, and electron-dense material from the nanocarbon family. We hereby propose
a novel and straightforward method for executing 3D CLEM using FNDs as multi-modal landmarks.
We demonstrate that FND is biocompatible and is easily identified both in living cell fluorescence
imaging and in serial block-face scanning electron microscopy (SB-EM). We illustrate the method by
registering multi-modal datasets.

Keywords: correlative microscopy; 3D CLEM; volume imaging

1. Introduction

Correlative light and electron microscopy (CLEM) combine the strengths of fluores-
cence and electron microscopy and this allows overcoming their respective limitations
for cell imaging [1–3]. CLEM can be employed to study dynamics and localization of
macromolecules and proteins with live cell light microscopy (LM) followed by electron
microscopic (EM) examination of the ultrastructural morphology of the specific cell of
interest [4–9]. Thus, functional and ultrastructural details of one cell are obtained by
the integration of the two imaging modalities [10,11]. To date, numerous experimental
CLEM approaches have been reported [5,12–14]. Apart from providing functional and
ultrastructural information, recent CLEM methods have employed super-resolution fluo-
rescence techniques to bridge the resolution gap between diffraction-limited fluorescence
microscopy and EM [6,13,15–18]. However, the majority of developed CLEM methods are
based on the correlation of LM with 2D images of thin cell sections imaged with trans-
mission electron microscopy (TEM) [13,16,17,19–21]. Consequently, these CLEM methods
provide very limited information on the z-axis direction, as TEM sections are generally
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restricted to slices of about 60–100 nm thickness and they may also be tilted relative to the
image planes in the confocal image stack, resulting in uncertainty in the final correlation.

Considering the complex 3D organization of a cell, most of the critical 3D cellular
information, especially in the z-direction, is generally under-explored. Therefore, 2D CLEM
methods could be improved by employing instruments capable of performing 3D imag-
ing [14,22–29], enabling CLEM methods to correlate 3D information from both LM and
EM. Combining 3D fluorescence microscopy with 3D EM would significantly improve the
technical possibilities for investigating complex cellular processes across the full volume of
a cell [30].

Recently, several volume-CLEM methods that demonstrate 3D correlation have been
presented [31–36]. Typically, there are common landmarks that are used as fiducials to
facilitate correlation. These landmarks must be detectable with both imaging modalities.
One such fluorescent and electron-dense CLEM marker is the fluorescent nanodiamond
(FND) [19,37–44]. FNDs are non-toxic to cells, and being nanosized particles, they can be
easily internalized in living cells via endocytosis [45–48]. FNDs have excellent photostabil-
ity, and they have non-blinking far-red emission, which makes them well-suited for the
imaging of living and fixed cells. We recently reported that FNDs are robust intracellular
landmarks in 2D CLEM experiments [39].

In this article, a 3D CLEM method using on average 35 nm-sized FNDs as intracel-
lular correlation landmarks for combining cell volume datasets from live-cell confocal
microscopy and serial block-face scanning electron microscopy (SB-EM) is demonstrated.

2. Materials and Methods

2.1. FND Production

The synthesis and characterization of 35 nm FNDs have been previously reported [49].
A brief synthesis protocol is presented as follows. Synthetic type Ib diamond powders with
a nominal size of 100 nm (MDA, Element Six) were purified in acids and suspended in
water. A thin diamond film of ~50 μm thickness were made by depositing the diamond
suspension on a silicon wafer. The diamond film was then treated by a 3-MeV proton beam
and nitrogen-vacancy defect centers were created by annealing the proton beam-treated
nanodiamonds. To produce 35 nm FNDs, the 100 nm FNDs were first mixed with NaF
powders and crushed together with a hydraulic oil press under a pressure of 10 tons.
Smaller FNDs were isolated by centrifugation after dissolving the mixture in hot water to
remove NaF.

2.2. Cell Culture

MDA-MB-231 (Human breast adenocarcinoma) cells were obtained from Turku Bio-
science Center, University of Turku and Åbo Akademi University, Finland. Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM (Lonza, Basel, Switzerland)) sup-
plemented with 10% fetal bovine serum, 2 mM L-glutamine, and 1% penicillin-streptomycin
(v/v), over μ-Dish 35 mm ibidi gridded dishes (ibidi GmbH, Gräfelfing, Germany). 10 μg/mL
of 35 nm FNDs particles were prepared in 1 mL of cell growth media. Then, the cell media
with particles was added to the cells growing. The cells were allowed to incubate with FNDs
for 24 h. Staining with living cell dyes was performed as follows. The cells were washed
three times with serum-free DMEM, after which 0.2 μL of Mitotracker (MitoTracker® Green,
ThermoFisher Scientific Inc., Waltham, MA, USA) was first added to 1.5 mL of medium
(without serum and antibiotics) and then drop by drop to the dish. MDA-MB-231 cells
were incubated for 30 min at 37 ◦C.

2.3. 2D SEM

MDA-MB-231 (Human breast adenocarcinoma) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Lonza, Basel, Switzerland) supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, and 1% penicillin-streptomycin (v/v). Of 35 nm
FNDs particles, 10 μg/mL were prepared in 1 mL of cell growth media. Then, the cell
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media with particles was added to the cells growing. The cells were allowed to incubate
with FNDs for 24 h. Cells were fixed with 5% glutaraldehyde s-collidine buffer, postfixed
with 2% OsO4 containing 3% potassium ferrocyanide, dehydrated with ethanol, and flat
embedded in a 45,359 Fluka Epoxy Embedding Medium kit. Thin sections were cut using
an ultramicrotome to a thickness of 100 nm. The sections were stained using uranyl acetate
and lead citrate to enable detection with SEM. The Zeiss LEO 1530 (Zeiss, Oberkochen, Ger-
many) SEM instrument used was for imaging. The applied voltage was 15 kV, the detector
was the in-lens detector. The secondary electron detector was placed in the electron optics
column.

2.4. Confocal Microscopy

The living cell 3D imaging was performed with a Leica TCS SP5 confocal micro-
scope (Leica Microsystems, Wetzlar, Germany), using a 63X oil objective. The cells were
maintained at 37 ◦C, 5% CO2 during the imaging. The MitoTracker® Green and the
FNDs were excited by 488 nm argon laser. Fluorescence was collected at 510–550 nm and
650–730 nm with PMTs (Photomultiplier tubes) for MitoTracker® Green and FNDs, respec-
tively. The MitoTracker® Green was recorded in 3D stacks together with FND landmarks
in living cells. Live cell microscopy was performed for 2.5 min to obtain 35 stacks of step
size 0.13 μm. The live cells were instantly fixed in a fixative mixture consisting of 2%
glutaraldehyde, 2% PFA, 2 mM CaCl2 in 0.1 M NaCac buffer, pH 7.4.

2.5. 3D SB-EM Sample Preparation

The specimens were prepared using a protocol modified from Deerinck et al. (2010) [50].
The cells were fixed for 30 min at RT with a fixative mixture consisting of 2% glutaralde-
hyde, 2% PFA, 2 mM CaCl2 in 0.1 M NaCac buffer (pH 7.4) and washed five times with
NaCac buffer containing 2 mM CaCl2. The cells were postfixed for 1 h on an ice bath in a
fume hood with 2% OsO, 1.5% K4[Fe(CN)6], 2 mM CaCl2 in 0.1 M NaCac buffer, pH 7.4.
The cells were washed 5 times with distilled water (DW). The cells were then incubated in
1% aqueous thiocarbohydrazide (TCH) for 10 min at RT. The cells were washed 5 times with
DW. The cells were incubated in 1% OsO4 in DW for 30 min at RT. The cells were washed
5 times with DW. The cells were incubated with 1% uranyl acetate at +4 ◦C overnight,
washed 5 times with DW at RT, incubated in the pre-warmed lead aspartate solution at
60 ◦C oven for 30 min., and washed 5 times with DW followed by serial dehydration. The
cells were dipped into an aluminium plate with a resin-acetone solution containing acetone
with 50% (v/v) Epon resin to incubate for 1 h. Further, cells were incubated in 100% Epon
resin and incubated for 1 h RT. The cells were allowed to polymerize in an oven at 60 ◦C
for 28 h.

2.6. 3D SB-EM Imaging

The area of interest with the selected cells was trimmed from the plastic block and
mounted onto a pin using conductive epoxy glue (model 2400; CircuitWorks, Kennesaw,
GA, USA). The trimmed block was further trimmed as a pyramid and its sides were covered
with silver paint (Agar Scientific Ltd., Stansted, UK). To improve conductivity, the whole
assembly was platinum-coated using Quorum Q150TS (Quorum Technologies, Laughton,
UK). SB-EM data sets were acquired with a FEG-SEM Quanta 250 (Thermo Fisher Scientific,
FEI, Hillsboro, OR, USA), using a backscattered electron detector (Gatan Inc., Pleasanton,
CA, USA) with 2.5-kV beam voltage, a spot size of 2.9, and a pressure of 0.15 Torr. The block
faces were cut with 50-nm increments and imaged with XY resolution of 25 nm per pixel.
The collected 16-bit images were processed for segmentation using an open-source software
Microscopy Image Browser [51] as follows: (a) individual images were combined into 3D
stacks; (b) the combined 3D-stack was aligned; (c) the contrast for the whole stack was
adjusted, and (d) the images were converted to the 8-bit format.
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2.7. Image Correlation

The multi-modal datasets were registered using the eC-CLEM plugin on the Icy
bioimage analysis platform [52]. To match the large datasets on a laptop (i7, 16Gb RAM),
the EM stack was binned 4 times. The FM stack was matched to the binned dataset using
the FNDs as landmarks, targeting the center of the FNDs aggregates both in LM and
EM using orthogonal views from Icy. Nine FNDs were sufficient to achieve the good
overlay accuracy depicted in this manuscript. Rigid registration was performed despite
a recommendation by the software to apply for non-rigid registration [53]. This decision
was made after careful observation of the LM dataset. Since living cell imaging was
performed on the 3D stack, the cell dynamics caused some of the FNDs to move during
image acquisition. This natural movement was uneven in all FNDs. Local inaccuracies in
this registration were coherent with the cell movement observed. The weighing of each
landmark operated by eC-CLEM compensated for the shifts observed between the LM and
the EM dataset and rigid registration lead to accurate full registration. To generate the final
overlay, the transformation was applied to the LM dataset to match the original EM dataset
using the “apply a reduced scaled transform to a full-size image” function from eC-CLEM
(Advanced usage). This final overlay was used to generate movies in supplementary data.

3. Results

FND Facilitated 3D Cell Volume-CLEM

Our 3D CLEM workflow begins by seeding FND incubated MDA-MB-231 cells over
gridded glass-bottom dishes designed for CLEM experiments. Two FND incubated liv-
ing MDA-MB-231 cells shown in Figure 1a were selected for the 3D CLEM experiment.
To demonstrate the usefulness of FNDs in the 3D CLEM experiment, MDA-MB-231 cells
were stained with a mitochondrial marker dye MitoTracker (Figure 1b,c).

Confocal image stacks of the whole cell volumes were acquired from both the Mito-
Tracker (green) and the FND (red) signals (Figure 1d–f and Video S1). MitoTracker signal
was seen widespread in cytoplasmic space (Figure 1d). The fluorescence signal from FNDs
(Figure 1e) was mostly localized to a few spots suggesting their confinement in vesicles.
Following earlier results FNDs are internalized by clathrin-mediated endocytosis [45,46]
and they tend to aggregate inside endosomal vesicles (Figure S1) and subsequently slowly
exocytose from cells [45,47]. The aggregation of FNDs in cellular vesicles brings added
benefit from a CLEM perspective [39] because, in comparison to single FNDs, the high
concentration of FNDs aggregated inside vesicles provides better contrast both in fluores-
cence microscopy and in EM. Besides, the confinement of FNDs in vesicles prevents their
movement in the sample processing steps after the confocal imaging enabling more reliable
correlation of EM images.

3D localization of FNDs for the MitoTracker fluorescence signal can be seen in Video S2.
These 3D confocal datasets were used for software-based correlation with SB-EM datasets.
After confocal imaging, the selected cells were fixed, stained, and embedded for SB-EM
(Figure 1g). The use of gridded glass-bottom dishes allowed easy identification of the cells
of interest within the plastic block and trimming the blocks accordingly. The trimmed area
was mounted on a pin and imaged in SEM. The mounted block-face overview image before
SB-EM is displayed in Figure 1h.

The two selected cells were identified (Figure 1h) using a 15 kV electron beam. The
collection of 3D EM data was performed with an SEM instrument equipped with a system
for serial block-face SEM (SB-EM). In SB-EM, an ultramicrotome performed automated
sectioning of whole-cell volume by cutting thin sections (≥50 nm) from the sample’s block-
face (Video S3). Consequently, after each cut, a high-resolution image of the freshly made
block-face was acquired using a backscattered electron detector to form a 3D image stack.
SB-EM imaging provided a three-dimensional dataset of the selected cells with a resolution
to recognize the structure of interest (mitochondria) and FNDs aggregated in vesicular
structures for CLEM (Figure 2).
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Figure 1. The 3D correlative light and electron microscopy workflow demonstrating the live-cell
confocal microscopy to the serial block-face scanning electron microscopy (SB-EM). (a) Bright-field
image of the living cells on a gridded glass-bottom dish. The cells selected for 3D CLEM are indicated
by the yellow box. (b) MitoTracker signal from the stained selected cells (indicated by the yellow
box). (c) Close-up view of the selected cells shown by an overlay of brightfield and MitoTracker
images. (d) Maximum intensity z-projection image from the MitoTracker channel of the selected cells.
(e) Maximum intensity z-projection image from the fluorescent nanodiamond (FND) channel of the
selected cells. (f) Overlay of maximum intensity z-projections of MitoTracker and FND channels.
(g) Schematic representation of 3D CLEM workflow with FNDs (red dots) and a standard organic
fluorophore (green structures). (h) Localization of the selected cells on the EM block-face (near the
letter E) for SB-EM. The yellow box indicates the same selected cells as in (a).

Correlation of the LM and SB-EM volume datasets was done using the eC-CLEM
plugin on the Icy bioimage analysis platform [52,54]. First corresponding intracellular
FNDs were identified in both datasets. FNDs aggregated in vesicles have a distinct ap-
pearance in SEM images (Supplementary Figure S1) and they are easily distinguished
from morphological features of the cell. Figure 3 shows representative SB-EM and 3D LM
image pairs (Figure 3a,b; Figure 3d,e) in which the corresponding FNDs are identified and
marked.

Correlation of the two volume datasets was calculated using the identified FND posi-
tion pairs as fiducials, and the accordingly transformed volume dataset of the fluorescence
signal of interest (MitoTracker) was overlayed on the SB-EM stack. The FNDs facilitated
mapping of the mitochondrial locations throughout the cell volume (Figure 4a–d) resulting
in good colocalization of the MitoTracker signal with mitochondria seen in the EM image
stack (Videos S4–S6 and Figure S2).
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Figure 2. A collage of multi-plane images from the SB-EM 3D series. (a–h) Images from the 3D EM
stack acquired from the selected cells are shown in the increasing order of the z-axis. The distance
between the slices is 50 nm.

Figure 3. Overview of the corresponding FND aggregates in EM and LM. Corresponding FNDs
(color-coded) were matched in respective EM and light microscopy (LM) sections. (a,d) SEM images
with FND localized in vesicles (color-coded). (b,e) Respective FNDs (color-coded) in LM images
were matched up. (c,f) corresponding MitoTracker channels.

Quite commonly in the literature, the multi-modal correlation is performed in absence
of such a common landmark, and the process of 3D dataset correlation severely suffers
from misalignment and errors in localizing critical information across 3D. However, in
this type of CLEM approach, there can be multiple factors that could affect precise image
correlation. The major challenge encountered in the CLEM experiment was inherently low
axial (600 nm) and lateral (250 nm) resolution provided by confocal microscopes compared
to the nanometer scale resolution provided by EM (Supplementary Figure S3). Currently,
the limited resolution of confocal microscopy can result in the misalignment of details
within large scale datasets. Sample autofluorescence, unspecific binding of fluorophores,
and obtaining a bright FND signal with live-cell imaging are additional parameters that
still must be optimized.
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Figure 4. Volume-CLEM of living cells. (a–d) CLEM images of multiple planes in increasing z-axis.
(e) ROI selected in CLEM image to demonstrate the correlation of LM over EM. (f) In slice no: 80,
a single high-resolution image shows numerous mitochondria (green) and an empty vesicle. (g) In
slice no: 94, FNDs (red), mitochondria (green), and a vesicle can be seen. (h) In slice no: 123, a vesicle
filled with FNDs (red), and fewer mitochondria (green) can be seen. FNDs in the EM image are the
dark dots inside the vesicle.

4. Discussion

We have introduced a novel FND enabled cell volume (3D) correlative microscopy
method. The CLEM workflow is straightforward and can be performed without any
dedicated CLEM imaging systems. We demonstrated that a standard organic fluorophore
can be used for 3D CLEM experiments with the FND-based method without any special
sample preparation requirements.

In general, organic fluorophores do not survive routine EM sample processing and
are not electron dense molecules, and therefore are not detectable with EM. In contrast, the
employed 35 nm FNDs were intracellularly detectable with both imaging modalities in our
experiments, enabling the successful correlation of volume datasets for 3D CLEM. FNDs
can offer multiple advantages over currently used CLEM fiducials as their internalization
does not need chemical permeabilization, which has impacts on cellular morphology
and ultrastructure. FNDs may be considered as a leading contender in the search for an
exceptional CLEM probe because they are not prone to chemical degradation, have excellent
photostability, and their nanoscale size facilitates their rapid internalization to cells.

In our CLEM workflow, confocal microscopy was chosen for 3D living cell imaging
even if it offers a limited resolution. Pairing confocal with SB-EM imaging was a practical
choice for our experiment because the specific instrument was available to us. However,
the focused ion beam imaging (FIB-SEM) could be used as an alternative for automatically
obtaining the serial section image stacks. However, SB-EM can manage larger sample
volumes than FIB-SEM, but with more limited z resolution. Our next step is to explore the
possibilities of performing FND-enabled CLEM with 3D super-resolution imaging.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/1/14/s1. Figure S1: SEM imaging of vesicle aggregated FNDs; Figure S2: FND landmarks
facilitated the alignment of 3D images; Figure S3: Single stacks image correlation; Video S1: 3D live
cell confocal microscopy; Video S2: 3D reconstruction of FND distribution; Video S3: 3D SB-EM
imaging of both cells; Video S4: 3D CLEM of both cells; Video S5: 3D CLEM of vesicle aggregated
FND; Video S6: 3D CLEM of single cell. The video files referred to in the article as Videos S1–S6 are
available on Zenodo at https://zenodo.org/record/4279702 (DOI:10.5281/zenodo.4279702).
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