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Abstract

Background: Even with the advancement in the areas of cancer nanotechnology, prostate cancer 

still poses a major threat to men’s health. Nanomaterials and nanomaterial-derived theranostic 

systems have been explored for diagnosis, imaging, and therapy for different types of cancer still, 

for prostate cancer they have not delivered at full potential because of the limitations like in vivo 

biocompatibility, immune responses, precise targetability, and therapeutic outcome associated 

with the nanostructured system.

Aim of Review: Functionalizing nanomaterials with different biomolecules and bioactive agents 

provides advantages specificity towards cancerous tumors, improved circulation time, and 

modulation of the immune response leading to early diagnosis and targeted delivery of cargo at 

the site of action. 

Key Scientific Concepts of Review: In this review, we have emphasized the classification and 

comparison of various nanomaterials based on biofunctionalization strategy and source of 

biomolecules such that it can be used for possible translation in clinical settings and future 

developments. This review highlighted the opportunities for embedding highly specific biological 

targeting moieties (antibody, aptamer, oligonucleotides, biopolymer, peptides, etc.) on 

nanoparticles which can improve the detection of prostate cancer-associated biomarkers at a very 

low limit of detection, direct visualization of prostate tumors and lastly for its therapy. Lastly, 

special emphasis was given to biomimetic nanomaterials which include functionalization with 

extracellular vesicles, exosomes and viral particles and their application for prostate cancer early 

detection and drug delivery. The present review paves a new pathway for next-generation 

biofunctionalized nanomaterials for prostate cancer theranostic application and their possibility in 

clinical translation.
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Cancer is a major public health concern worldwide. Prostate cancer (PC) is the most diagnosed 

cancer among men in the USA. The American cancer society predicted that in 2022 around 

~268,490 new cases and around ~34, new deaths because of PC in the United States [1]. It is the 

third most deadly cancer among men in the USA. PC comes under adenocarcinoma and is 

contemplated as non-cutaneous neoplasia [2]. The PC occurs by the mutation in prostate gland 

cells causing their uncontrolled multiplication which leads finally to metastasis [3]. PC is treatable 

if detected early however, mostly it has been diagnosed when cancer has been spread to the bone 

or lymph causing a poor prognosis [4]. PC therapies are primarily divided into surgery, chemo, 

hormones, and radiotherapy. Moreover, the treatment significantly depends upon cancer stages 

and once it becomes invasive it’s nearly impossible to cure, thus making early detection of PC a 

necessity for their prognosis [5]. At the initial stage of PC, patients do not show any symptoms 

thus making them very hard to treat and causing a very high mortality rate. The early diagnosis of 

PC is very critical so that it can be treated. Rectal examination and tissue biopsy/identification of 

prostate-specific antigen (PSA) from standard biochemical assays were used conventionally for 

diagnosing PC [6-12]. In most of these methods, PSA was measured which was approved by the 

FDA (United States Food and Drug Administration) in the year 1984. PSA has been chosen as the 

gold standard for PC and its concentration >4 ng/mL in serum indicates PC risk[13, 14].  An 

overview of current clinically approved PC detection methods as well as a treatment strategy has 

been summarized in Fig. 1. The conventional biochemical technique is used for attaining initial 

screening. Afterwards a digital rectal examination (DRE) is carried out for inspecting the prostate 

gland condition, especially the size and texture [15]. Biopsies also fall under the conventional 

diagnosis strategy and take place after DRE [16]. Although all three are being used routinely for 

the detection of PC have several limitations associated with them. The PSA has very poor 
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sensitivity and specificity [17-20]. Similarly, irrespective of the direct visualization of the tumor 

gland condition, DRE cannot provide early detection of PC [21]. Furthermore, because of the direct 

contact with the patient’s prostate gland, the whole detection process is very uncomfortable and 

unpleasant. The prominent drawback associated with biopsies involves potential infection from 

the microbe causing inflammation in the diseased gland [1]. Moreover, the treatment of PC is 

significantly dependent on its stage and all these diagnosis methods cannot detect PC at an early 

stage [22]. Different clinicopathological factors such as concentration of PSA, tumor stage and 

histological grade values per Gleason score set the treatment intensity [23]. The treatment 

strategies as shown in Fig. 1 involve single-modality therapy which includes radiotherapy, surgery, 

prostatectomy, radiation therapy, or multimodality therapy [24]. In addition to those different 

chemotherapeutic drugs such as mitoxantrone, docetaxel, cabazitaxel, and some platinum-based 

anti-cancer drug along with their various combinations were explored for the treatment of PC [25-

29]. Similarly, all the current PC treatments have limitations such as resistance to therapy, local 

relapse, limited drug bioavailability, and side effects on local tissues [30, 31].

Considering the limitations associated with current treatment strategies related to PC, the 

development of an affordable and safe theranostic system has become very important [32]. The 

last decade has seen a gradual change from traditional to more targeted and also personalized 

therapies [33, 34]. Among several innovative technologies available for cancer therapy 

nanotechnology has been seen as the most promising because of its cost-effective, safe, and 

versatile nature [35-37]. 
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Fig. 1. Overview of current PC diagnosis and treatment approaches.
            
Nanomaterials against PC therapy: Current Clinical trials and limitations 

Nanostructured systems have established innovative concepts in smart healthcare. These 

materials and devices are exclusively developed for cancer theranostics. The electrical, optical, 

and magnetic properties of nanomaterials provide new capabilities [38] in addition to conventional 

delivery aspects. Presently, several nanomaterials-based drug-carrier formulations are in the 

clinical trial and the process to go for the clinical trial or in the clinic [39]. Abraxane (albumin-

coated paclitaxel drug) and DOX-loaded liposome are in clinical trials for metastatic breast cancer 

and ovarian cancer respectively [39]. The nanostructured systems can lead to highly accurate 

diagnosis with improved sensitivity and specificity in PC tumors. Because of their small size and 
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high surface area, these nanomaterials can easily be loaded with different anti-cancer 

drug(s)/imaging agent(s) and functionalized with biological molecules for attaining excellent 

target specificity [40]. Additionally, nanomaterials can utilize tumor leaky vasculature to reach 

tumors and can stay longer in the tumor due to the enhanced permeability and retention (EPR) 

effect [41]. Integral or surface modifications of nanomaterials can facilitate controlled or tuned 

release of loaded theranostics based on tumor disease conditions and/or external stimuli [42]. Thus, 

drawbacks associated with the current technologies both in the detection and treatment of PCs can 

easily be overcome by employing nanomaterials. 

Table 1 discusses the status of different nanoformulations which are in the clinical trial 

against PC. BIND-014 nanoformulation having a combination of docetaxel-encapsulating 

nanoparticle and polyethylene glycol (PEG) and decorated with PSMA-targeted small molecules 

showed specific delivery of docetaxel in PC tumor [43]. In the phase 1 clinical trial of BIND-014 

(dose level of 3.5 to 75 mg/m2 and 15 to 45 mg/m2) was given for every three weeks (n=28) or 

weekly (n=27) to two mCRPC patients. The phase 1 clinical trial results of BIND-014 were 

consistent with the preclinical data [43]. Moreover, BIND-014 concentration 60 mg/m2 (for 3 

weeks) or 40 mg/m2 (weekly) were recommended for phase 2 study. In the phase 2 study, 42 

patients having diverse demography with a median age of 66 and a median dose of 6 were chosen. 

After delivering BIND-014 the PSMA- positive circulating tumor cells (CTCs) were reduced in 

these patients. Also, patients showed treatment mediated side effects like fatigue, nausea, 

neuropathy, and neutropenic fever. The phase 2 clinical finding suggests BIND-014 is active and 

tolerated in patients and the median radiographic progression-free survival was 9.9 months. The 

anti-tumor activity was determined through PSMA-positive CTCs, which gets decreased with 

treatment suggesting PSMA expression can be used for selecting patients and for early response 
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measurement [44]. The major limitation of this phase 2 trial is the lack of comparison in the 

efficacy between BIND-014 and docetaxel in the patients [45]. In another work, gold nano-shell 

based localized photothermal therapy was tested on a pilot scale (i.e.,16 patients). The laser power 

(range- 4.5 W up to 6.5 W) was used in the trial and treatment was given over a 3-to-12-month 

period. Out of 16 patients, 15 successfully completed their treatment. The median prostate volume 

decreased from 49 cm3 to 42 cm3 after 3 months and no serious adverse side effects were observed. 

All the patients showed tumor necrosis post-ablation and repeated biopsy [46]. This pilot work 

also met the primary safety endpoint, and the results were highly promising. The major limitation 

of this trial was the lack of discussion on the efficacy and cost of treatment. The very little success 

achieved with nanomaterials for PC theranostics in clinical settings suggests the limitations as well 

as ample opportunities ahead in this area. Critical factors like side-effect activation, heterogeneity 

in the target, and detailed immunological and biological clearance mechanism are major 

limitations needed to be minimized for future advanced theranostics system applications.   

Table 1. Nanosystems for PC treatment are considered or are in a clinical trial.

Project title Nanosystem NCT number Phase Sponsoring agency

Accuracy of Lymph Node 
Imaging in Prostate 

Cancer: PSMA PET-CT 
and Nano-MRI 
(MAGNIFY)

Ferumoxtran-10 enhanced 
MRI

68Ga PSMA PET-CT

NCT03223064 Not 
Applicable

Radboud 
University Medical 

Center

Examination of Focal 
Therapies- MRI-Fusion, 
HIFU, NanoKnife and 

Cryotherapy

Focal-driven therapies for 
diagnosis and treatment of 
prostate cancer using nano-

knife etc.

NCT03982706 - Rabin Medical 
Center

The Use of Nanoparticles 
to Guide the Surgical 
Treatment of Prostate 

Cancer

64Cu-NOTA-PSMA-PEG-
Cy5.5-C' dot tracer

NCT04167969 Phase 1 Memorial Sloan 
Kettering Cancer 

Center
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Magnetic Nanoparticle 
Thermoablation-Retention 

and Maintenance in the 
Prostate:A Phase 0 Study 
in Men (MAGNABLATE 

I)

Magnetic iron 
nanoparticles

NCT02033447 Phase 1 University College 
London Hospitals

Prostate Cancer Circulating 
Tumor Cells Based on 

Epithelial-Mesenchymal 
Transition Biology

Near infrared (NIR) 
emissive nanotechnology

NCT02022904 - Duke University

Biofunctionalization of nanomaterials: Conjugation strategies

Embellishing nanomaterials with biomolecules has been shown to improve the recognition 

and targeting ability. Often, biofunctionalization using an antibody, aptamers, nucleic acid, 

proteins and other naturally derived biomolecules on nanomaterials helps improve the biological 

performance of the nanomaterials [47]. Fig. 2 presents a schematic overview of biofunctionalized 

nanomaterial advantages in cancer theranostics. The biofunctionalization of nanomaterials can be 

done either through non-covalent interaction which includes physical adsorption, biomolecule 

entrapment, ionic interaction, or covalent interaction on nanomaterial surface [48-52]. The non-

covalent functionalization results in maintaining the conjugated skeleton as well as the inherent 

electronic structure whereas covalent functionalization provides more stability and reproducibility 

for biofunctionalized nanomaterials [53]. The last decade has seen very diverse strategies for the 

biofunctionalization of nanomaterials. In the following subsections, detailed insight related to 

biofunctionalization is discussed.  
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Fig. 2. A. Schematic representation of biofunctionalized nanomaterials advantages for a smart PC 
theranostic system and B. Schematic depiction of biofunctionalization of (i) antibody (ii) portion, 
(iii) aptamer, (iv) nucleic acids, and (v) naturally derived biomolecules on nanomaterials.

Aptamers consist of single-stranded oligonucleotides and are usually obtained using the 

systematic evolution of ligands by the exponential enrichment (SELEX) method [54]. Aptamer 

provides better selectivity, specificity, stability, and affinity toward a target [55]. In general, 

functionalization of aptamers with different nanomaterials mostly takes place either with non-
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covalent (which involves hydrogen bonding, π-π stacking, hydrophobic interactions, etc.) [56, 57] 

or covalent functionalization [58]. The covalent functionalization of nanomaterials with aptamers 

gives a stable biofunctionalized system. In the covalent functionalization strategy, a covalent bond 

takes place through the terminal functional group of nanomaterials and aptamers. As we know, 

mostly all types of nanomaterials contain amine, hydroxyl (-OH) and, carboxyl (-COOH) 

functional groups which through -Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/ N-

hydroxysuccinimide (NHS) chemistry gets modified and reacts with NH2-terminated aptamer thus 

creating a stable biofunctionalized system that can bind specifically with cellular components [59-

61]. 

Like aptamer functionalization, protein functionalization also can be done through both 

non-covalent as well as covalent strategies. However, prominently covalent and thiolation 

reactions produce stable, versatile, and efficient targeted nanomaterials. In general, the covalent 

functionalization method uses “metal-thiol” bonds between nanomaterials and biomolecules. 

Nanomaterials functionalized with EDC and NHS react covalently with the protein’s primary 

amine of lysine [62]. Direct functionalization can also take place between nanomaterials and 

proteins without using EDC/NHS. In another example, metal thiol chemistry cysteine present in 

protein gets linked with nanomaterial surface through “S-H or S-metal (e.g., Au) bonding” leading 

to a direct link between the protein side chain and nanomaterial surface [62-64]. 

Antibody functionalized nanomaterials hold significant promise in achieving enhanced 

detection and therapeutic efficacy while circumventing systemic side effects. The nanomaterials 

can be functionalized with antibodies through adsorption, covalent functionalization, and ionic 

interactions [65, 66]. Adsorption of antibodies and ionic interactions comes under the noncovalent 

functionalization strategy. Commonly, hydrogen bonding, hydrophobic interactions, and van der 
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Waals forces use antibodies to get adsorbed onto nanomaterial surfaces [67]. The ionic interaction 

occurs between oppositely charged antibodies and nanomaterials surface[68]. The covalent 

functionalization strategy is based on coupling chemistry. Some of the most prominent covalent 

functionalization strategies are based on click chemistry, carbodiimide chemistry and maleimide 

chemistry [69, 70]. As compared with adsorption and ionic functionalization covalent 

functionalization gives more stable and better reproducibility and antibodies functionalized in this 

method are present in “end on” orientation [68, 71].

The functionalization of nucleic acid with nanomaterials mostly takes place through thiol 

or amine-modified bonds. The functionalization reaction involves mostly carbodiimide-assisted 

amidation reaction [72]. Apart from the above-mentioned biomolecules, there are several other 

naturally sourced biomolecules that functionalize nanomaterials through covalent, non-covalent, 

ionic, hydrophobic, etc. interactions. With each biomolecule, the functionalization strategy is 

different thus leading to different effects on biological systems [73, 74]. The biofunctionalized 

nanomaterials have led to very good biocompatibility, efficient cellular uptake and selective 

binding with biomarkers thus covering the entire platform for an advanced theranostic system. 

This review presents the status of biofunctionalized nanomaterials used for the detection and 

treatment of PC cells and tumors. This review is exhaustive and unique as it covers the diagnosis, 

imaging as well as therapy of biomolecule functionalized nanomaterials against PC. Moreover, in 

this review special emphasis was made on circulating tumor detection, detection of different 

components of PSA, imaging of PC tumors, and combinational therapies by discussing all kinds 

of biofunctionalized nanomaterials to fill the gap of earlier published articles [75-80]. Lastly, an 

attempt was made to discuss the possibilities of using extracellular vesicles for 

biofunctionalization against PC which can be extended to other diseases too. 
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Biofunctionalized nanomaterials for PC detection, diagnosis, and imaging 

The last decade was enriched with the emergence of several active targets present in PC 

tumors such as STEAP1, B7-H3, and TROP2 apart from CD46 and PSMA [81]. Researchers have 

focused on targeting these active PC targets through a biofunctionalization approach for detection 

and treatment. The following sections have discussed different biofunctionalized nanosystems 

used for the detection of PC.      

Antibody functionalized nanomaterials

Wei et al., [82] made an attempt to detect PSA levels utilizing an electrochemical method 

by mesoporous silica nanoparticles (Ag@MSNs) conjugated with the prostate-specific antibody. 

The MSNs provided enhanced fixation capacity of the antibody whereas Ag NPs helped in 

modulating the electron transfer rate. This sensing platform had a limit of detection (LOD) value 

of 15 pg ml-1 and linearity in the range of 0.05 to 50.0 ng ml-1. Moreover, the prepared sensing 

platform was also tested for human serum patient samples achieving very good recovery and low 

error [82]. A localized surface plasmon resonance (LSPR) method was utilized to detect PSA 

levels using gold nanoparticles (AuNPs) conjugated with an anti-PSA antibody. [83]. Combining 

AuNPs with graphene oxide (GO) has become an exciting prospect for immunosensors. An 

immune sensing platform composed of AuNPs over GO surface and conjugated with an anti-PSA 

antibody was fabricated for efficient detection of PSA[84]. Similarly, other groups also fabricated 

bioconjugated nanomaterials especially designing composites of metal nanoparticles with MoS2 

and Ti3C2 MXene nanosheets for the detection of PSA using electrochemical methods with very 

low LOD values and broader linear ranges [85-88]. 

Accurate evaluation of different components of PSA i.e., total PSA (t-PSA) and free PSA 

(f-PSA) can give real time information about PSA in blood serum. Li et al. designed a multiplex 
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electrochemical biosensor by integrating MoS2 with platinum@Au nano prisms and polydopamine 

film for f-PSA and t-PSA detection in the concentration range of 0.0001 ng/mL-100 ng/mL in 

serum with LOD values of 0.1 pg/mL and 1.1 fg/mL, respectively. The designed biosensing 

platform exhibited good performance in real clinical samples with improved specificity in the grey 

zone [89]. Surface Enhanced Raman scattering (SERS) based immunoassay is also very helpful in 

determining f-PSA and c-PSA (complexed PSA) in blood serum. A sensing platform was created 

using two different antibody-conjugated SERS nanotags (f-PSA and c-PSA) and t-PSA conjugated 

magnetic beads (conjugated via EDC/NHS). A clinical serum-containing both f-PSA and c-PSA 

antigen, when mixed with t-PSA conjugated magnetic beads, then both types of antigens, were 

captured on the magnetic bead surface via antibody-antigen reaction. Afterward two different 

AuNPs having f-PSA antibody with MGITC labelled and c-PSA antibody with XRITC labelled 

were added to make an immunocomplex sandwich system. These immunocomplexes were 

separated using the magnetic bead and with the generation of Raman signals from both the 

nanotags different PSA, components were quantified and detected as shown in Fig. 3 [90]. In 

another work, a fully automated microfluidic platform was developed to determine f-PSA and t-

PSA using the SERS technique. With this approach, a good linear relation (in the range of 0.05 ng 

mL-1 to 100 ng mL-1) and a low LOD value of 0.1 ng mL-1 were determined for both f-PSA and t-

PSA respectively [91].  Kang et al., also performed the SERS based immunoassay using 

bioconjugate multivalent antibody “(Fab−FcBP” to IgG’s Fc region) gold nanoplates for PSA 

detection [92].
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Fig. 3. Sequential SERS-based assay process for the simultaneous detection of f-PSA and c-PSA. 
(i) Mixing of f-PSA, c-PSA, and t-PSA antibody-conjugated magnetic beads. (ii) Addition of 
SERS nano tags to form sandwich immunocomplexes. (iii) Separation of magnetic 
immunocomplexes using a magnetic bar. Simultaneous detection of (iv) f-PSA and (v) c-PSA. 
Adapted with permission from ref [90].

Apart from measuring PSA, reports were presented on direct visualization and imaging of 

PC tumors using different antibodies functionalized nanomaterials. The direct visualization gives 

information about localization, risk positioning and PC stages which later can be used for different 

focal treatments. A commercially available superparamagnetic nanoparticles (SPION) formulation 

conjugated with Molday ION Rhodamine-B Carboxyl (MIRB) and monoclonal antibody 

“muJ591” were used for non-invasive and specific detection of PSMA positive PC (LNCaP) cells 

using 3T clinical MRI [93]. In another report, MoS2 based quantum dots bioconjugated with an 

anti-PSMA antibody were used for the imaging of LnCaP cells using a 1064 nm laser [94]. Apart 

from bioimaging, chemiluminescence (CL) imaging was also explored for PSA detection. The 
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AuNPs were bioconjugated horseradish peroxidase (HRP) and the secondary antibody of PSA 

(Ab2) to construct HRP-Au NPs-Ab2. The PSA detection was based on multiple signal 

amplification strategies. The designed sensing platform detects PSA through a photomultiplier 

tube (PMT) and is visually analyzed by a charge-coupled device (CCD) with LOD values of 0.05 

pg mL-1 and 0.1 pg mL-1 with PMT and CCD. PSA levels were also detected in human serum 

samples with excellent recoveries (in the range of 82.5% -117%) [95]. AuNPs functionalized with 

a prostate-specific antigen (PSMA) were also used to image prostate cancer through X-ray 

fluorescence imaging [96].  

Analysis of circulating tumor cells (CTCs) is also very important to gain insight into 

cancerous tumor progression. Herein, a highly sensitive profiling approach was designed to 

monitor CTCs in metastatic castrate-resistant prostate cancer (mCRPC). The cell capture and 

profiling were done using antibody functionalized magnetic nanoparticles. The mentioned 

approach was better than the CellSearch method (An FDA cleared method) especially in achieving 

higher capturing efficiency (i.e., these magnetic nanoparticle-based approaches measured CTCs 

from 86% of patients whereas the CellSearch method detected only from 60% of patients) [97]. In 

a nutshell, antibody functionalized nanosystems have shown ample potential in PSA detection as 

well as direct visualization.    

Aptamer functionalized nanomaterials 

Aptamer provides very high specificity and affinity just like antibodies with long-term 

stability and lack of immunogenicity[78, 98, 99]. Lots of work were also done on using 

electrochemical method-based detection with aptamer functionalized nanomaterials. An 

impedimetric aptasensor was designed by attaching AuNPs to the gold planar surface and co-

immobilizing it by DNA aptamer/capto-1-hexanol (MCH) probe layer to detect PSA. A detection 
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value as low as 10 pg/mL was achieved with that sensing platform [100]. Similarly, carboxylic 

acid CNTs immobilized with a PSA aptasensor were used to detect PSA [101]. Heli et al. designed 

a PSA aptamer immobilized onto Au nanospheres to electrochemically detect PSA[102]. Some 

other groups have also explored aptamer functionalized nanomaterials to detect prostate-specific 

biomarkers, especially the PSA using the electrochemical method [103-108].  

Just like the electrochemical method fluorescence-based detection was also explored for 

PSA detection. In a very recent report, MoS2 nanoflowers combined with spherical SiO2 

nanoparticles were conjugated with a DNA aptamer to detect PSA and sarcosine (SAR) biomarkers 

for PC detection by measuring variation in fluorescence intensity [109]. Similarly, Su et al., 

developed daunorubicin (DNR)-loaded MUC1 aptamer-near infrared (NIR) CuInS2 quantum dot 

(DNR–MUC1–QDs) for PSA detection with the LOD value of 19 nmol L−1 [110]. A prominent 

work by combining biofunctionalized quantum dot (QDs) nanocomposites with Au nanorod 

conjugated with PSA-aptamer was reported to detect PSA by measuring the variation in 

fluorescence intensity [111]. A membrane-based fluorescence sensing platform was designed by 

combining QDs in the polymeric nanofiber. The QDs were coated with streptavidin to create 

QD@SA. These QD@SA were bio grafted onto the PEI/PVA based biotin engineered nanofibers 

(QD/NFs). During the sensing process, the aptamer integrated selectively captures the PSA. 

Afterward with Au NPs a partial complementary DNA was attached to quench QDs fluorescence 

because of the NEST mechanism as illustrated in Fig. 4. The amount of PSA was determined from 

the quenching value. With this method, PSA was detected with a LOD value of 0.46 pg/mL [112]. 

Combining the surface grafted technique with advanced hierarchical structures can easily be used 

for other biomarkers too. A fluorescence covalent energy transfer strategy between g-C3N4 

quantum dots (g-CNQDs), palladium triangular plates (Pd TPs), and PSA specific aptasensor were 
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used to measure PSA with the LOD value of   4.2 pg mL−1 and in the linear range 10 pg mL−1-

50 ng mL−1 [113]. 

Fig. 4. Schematic illustration of QDs-lighted electrospun nanofibrous fluorescence aptasensing 
platform for biomarker assay. Adapted with permission from ref [112]. 

SERS based many immunosensors were also developed for detecting disease-specific 

biomarkers against PC functionalized with aptamer. A core-shell nanostructured material was 

prepared with Au and Ag as “Au@4MBN@Ag”. Here 4MBN acts like a Raman reporter molecule 

and were anchored on the surface of Au NPs. After the preparation of “Au@4MBN@Ag”, an 

aptamer was immobilized onto its surface to make a core-satellite like structure for specific 

recognition and capture of the PSA molecule. In this work, the aptamer was modified with a 

thiolate group and gets paired and stably fixed between core and outer satellite nanoparticles. 

Because of the presence of abundant SERS hot spots with this core-satellite like structure enhanced 

Raman signals were generated. The author detected PSA with a LOD value of 0.38 ag mL-1 in the 

detection range of 10-2 to 10-15 mg mL-1. Moreover, the author also authenticated PSA detection 

with patients’ blood having PC and found comparable accuracy with the commonly used ELISA 

assay. This type of detection method provides an exciting possibility to be explored as a detection 

tool for PC screening [114]. The aptamer functionalized nanomaterials are prominently used for 

PSA based detection only however excellent LOD values and broader liner ranges were observed.  
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Proteins, nucleic acid, and naturally derived biomolecule functionalized nanomaterials

Apart from antibodies and aptamers, several other biomolecules were functionalized with 

different nanomaterials for diagnosing PC. Huang et al. developed the FRET (fluorescence 

resonance energy transfer) method using CDs labelled with hairpin DNA and GO to detect PSA 

with a LOD value of 0.22 ng mL-1 [115]. In another report, GO-ssDNA based biosensor was 

developed for electrochemically PSA detection [116]. Biotinylated peptides were used as a 

functionalizing agent with Cu2+ nanoparticles (Cu-P NPs) for enzyme-free colorimetric detection 

of PSA [117]. MRI based imaging can improve the early detection needed for PC cells. In the 

clinical world after MRI, mostly a biopsy procedure takes place in which an ultrasound image 

(US) gets merged with an MR image to generate a 3D image of the prostate gland. In recent years 

MRI-US merged strategy has upgraded the cancer biopsy but has certain limitations causing 

overdiagnosis and over-treatment of patients. Because of this, a recent investigation used PLGA 

based polymeric nanoparticles functionalized with Clostridium perfringens enterotoxin amino acid 

sequence (C-CPE) and loaded with SPIO for MR imaging and rhodamine dye for FL imaging used 

to target claudin-3 (Cldn-3) and claudin-4 (Cldn-4). These Cldn-3 and Cldn-4 have a high level 

and largely expressed PC cells. In two different sized functionalized nanoparticles i.e., CRS1 

(average diameter- 152.9 ± 15.7 nm) and CRS4 (average diameter- 421.2 ± 33.8 nm), CRS1 

showed greater tumor specificity and upregulated tumour-to-liver signal intensities. Although size-

dependent tumor uptake was observed the functionalization improved the tumor-targeting 

capability. The current study has a strong clinical prospect and in future, by conjugating other 

antibodies/aptamers, etc. broader PC targets can be explored [118]. 

As discussed before detecting PSA in the gray zone is also very essential and detecting 

PSA within CTCs is very novel. For this, facile evaporation induced self-assembly method was 
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developed to prepare CTC chips to achieve PSA detection in its grey zone. Combining CTC 

detection with PSA-based tests through machine learning, PSA in the grey zone was detected as 

shown in Fig. 5. This method results in improved diagnostic sensitivity from 58.3% to 91.7%. This 

type of work can accelerate liquid biopsies’ clinical significance and can also be used for other 

fatal diseases [119].  

Fig. 5. Overview of the efficiency of the CTC chip towards the highly sensitive and non-invasive 
diagnosis of PC in the PSA gray zone. According to the results of tissue biopsy, PSA exhibits low 
sensitivity (58.3%) for the diagnosis of PC in the PSA gray zone. In contrast, the combination of 
CTC detection and PSA-based tests via machine-learning analysis can further upgrade the 
diagnostic sensitivity to 91.7%, thereby providing a promising non-invasive alternative for the 
diagnosis of PC in the PSA gray zone. Adapted with permission from ref [119]. 

Apart from proteins and nucleic acids several naturally derived biopolymers were explored 

for PC theranostics. Among different biopolymers, hyaluronic acids (HA) are one of the prominent 

biopolymers used for PC imaging. HA is the main constituent of the extra cellular matrix and plays 

a major role in the growth of cells and maintaining tissue structural stability [120-122]. Zhao et 

al., conjugated HA with zeolitic imidazolate framework-8 (ZIF-8) for MRI imaging of PC-3 cells 

[123]. Table 2 summarizes the sensing characteristics of biofunctionalized nanomaterials used in 

recent times for diagnosing PC. Mostly the published work involved the detection of PSA, J1 
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biomarkers, CTCs, and direct imaging of PC cells. The linearity and LOD values varied based on 

the source of nanomaterials, biofunctionalization strategy, and detection method. Importantly, in 

recent times some notable works were done with SERS based diagnosing platforms along with 

imaging and SPR. However, most of the work for PC diagnosing was still based on an 

electrochemical approach. Aptamer provides equivalent affinity and specificity to antibodies along 

with easy modification, immobilization, excellent stability, and very higher reproducibility 

whereas antibody functionalization provides very specific “antigen-antibody” interactions. Also, 

with antibody functionalization, we can explore other biomarkers apart from PSA which is specific 

to PC. Apart from antibodies and aptamers, other biomolecules like harpin DNA functionalized 

nanomaterial, peptides, etc. provide us with a new possibility to move from an electrochemical to 

a more calorimetric diagnosis approach, which is simpler, robust, and can be used for high 

throughput screening. The limitations associated with PSA biomarkers both in clinical 

management and patients have recently motivated researchers to explore different alternate PC 

biomarkers [124]. Some of the major biomarkers that have recently been explored include α-

Methylacyl coenzyme A racemase (AMACR) and PTEN gene deletions [125-128]. However, to 

the best of our knowledge, biofunctionalized nanosystems were not used so far in detecting these 

two biomarkers for PC detection. Apart from these biomarkers, Tkac et al., reported sarcosine, 

which is a potential PC biomarker, detection using an amperometric method with Ti3C2TX 

MXene/Chitosan nanocomposite. The proposed sensing method had an excellent sensing response 

time i.e. 2 sec and a high recovery index in urine samples [129]. Some other groups also detected 

sarcosine with different nanomaterials such as SPIONs, platinum/carbon nitride (Pt/g-C3N4), etc. 

using different analytical techniques like electrochemical, colorimetric, and Förster resonance 

energy transfer (FRET) detection [130-132]. Exploring the next generation of PC biomarkers 
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provides an exciting opportunity for concrete and decisive guidance for risk assessment and 

treatment decisions. However clinical implementation limitations are needed to be taken care of 

for utilizing these non-PSA biomarkers.

                 Table 2: Biomolecule functionalized nanomaterials for PC detection. 

Biomolecule Sensing method Biomarker
detected

Linear Range Limit of 
Detection

Ref.

Antibody and BSA Electrochemical PSA 1–10,000 pg/mL 0.48 pg/mL [86]
Aptamer Electrochemical PSA 0.5–350 pg/ mL 0.14 pg/ mL [133]

PSA antibody Electrochemical PSA 0.001 fg/mL to 
0.02 μg/ mL

5.4 fg/ mL [84]

Hairpin DNA Fluorescence PSA 1–100 ng/ mL 0.22 ng/ mL [115]
Antibodies and  

Horseradish 
peroxidase

Chemiluminescence
Imaging platform

PSA 0.1–100.0 ng/ 
mL (PMT)

0.5 – 100.0 ng/ 
mL (CCD)

0.05pg/mL 
(PMT)

0.1pg/mL 
(CCD)

[95]

ssDNA Electrochemical PSA
VEGF

1–100ng/mL
0.05–100ng/mL

1 ng/mL
50 pg/mL

[116]

Free-PSA and 
Total-PSA 
antibody

SERS f-PSA
t-PSA

0.05-100ng/mL 0.1 ng/ mL [91]

Antibody ELISA PSA 0.0005−0.01 
ng/mL

0.36 pg/mL [134]

Multivalent 
antibody

SERS J1 - 10 pM [92]

Free-PSA
Total-PSA

Complex-PSA 
antibody

SERS f-PSA

c-PSA

5.0pg/mL−50 
ng/mL

45.0 pg/mL−450 
ng/mL

0.012 ng/mL

0.15 ng/mL

[90]

Antibody CTC detection 
+PSA-based 

hematological

Capturing of 
Circulating 
tumor cells

- - [119]

Antibody LSPR PSA - - [83]
Monoclonal 

antibody (MUJ591)
MRI Imaging PSMA-

positive 
(LNCaP) 

cells

- - [93]

Aptamer SERS PSA 10−2 to 10−15 
mg/mL

0.38 mg/mL [114]

Antibody, BSA Electrochemical PSA 0.05 to 50.0 ng/ 
mL

15 pg/mL [82]

Antibody Electrochemical PSA 10−3 to200 ng/m
L

10−3 ng/mL [87]

Monoclonal 
antibody (Ab1)

Electrochemical PSA 1–18 ng/mL 0.001 ng/mL [85]

Heprin, Antibody Electrochemical PSA 0.1 to 50 ng/mL 0.08 ng/mL [135]
Antibody Lateral flow 

immunoassay
PSA 0.138 ng/mL [136]
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Biofunctionalized nanomaterials for PC therapy and theranostics

Just like detection biofunctionalization with nanomaterials was extensively used for 

therapy purposes too. The following sections have discussed different biofunctionalized 

nanosystems used for PC therapy.       

Antibody functionalized nanoformulations

Our group evaluated the possibility of bio functionalizing SPION-loaded with docetaxel 

with antibody J591 (a monoclonal anti PSMA antibody) represented as J591-SPION-Dtxl. The 

therapeutic superiority of our biofunctionalized nanoformulation was studied with in vitro and ex 

vivo models with PSMA (+) PC cells i.e., C4-2 and mouse tumors. Our result showed profound 

selectivity of prepared nanoformulation to target C4-2 cells in both in vitro and ex vivo systems. It 

must mention here that J591 provides the specific targeting capability against PSMA (+) PC 

Polydopamine,  
Free-PSA
Total-PSA
antibody

Electrochemical f-PSA
t-PSA

0.1 pg/mL
1.1 fg/mL

[89]

Aptamer Electrochemical PSA
Sarcosine

2.5 
fg/mL
14.4 

fg/mL

[137]

Primary antibody, 
Streptavidin-

labeled secondary 
antibody

Colorimetric PSA - 0.29 
ng/mL

[138]

Primary antibody, 
Streptavidin-

labeled secondary 
antibody

Fluorescence PSA - 0.081 
ng/mL

[138]

Aptamer Electrochemical PSA 0.01 to 10 ng/ml 0.0079 
ng/ml

[139]

Aptamer Colorimetric PSA 0.01–15 ng/ml 0.01 
ng/ml

[139]

Antibody Photoelectrochemical 
immunoassay

PSA 1.0 to 10000 
pg/mL

0.22 
pg/mL

[140]

Aptamer FRET & Inner Filter 
effect

PSA 0.9 
fg/mL

[141]

DNA Photoelectrochemical 
immunoassay

PSA 1.0×10−11 g/ mL
to 

1.0×10−7 g /mL

.3×10-13 g/mL [142]

Peptide Colorimetric PSA 0.001-1 ng/mL 1 pg/mL [117]
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tumors. Taken together, our work provides significant confidence in exploring antibody 

functionalized nanomaterials for anti-cancerous activities such as overcoming the limitations 

associated with conventional therapies [143]. In another work, monoclonal anti-PSMA antibodies 

were conjugated to apoferritin (APO)-encapsulated doxorubicin (DOX) modified gold, 

represented as APODOX-anti-PSMA. The antibody-conjugated nanocarrier had specific toxicity 

to PC cells only, which was occurring because of DOX delivery in PC. Around 90% of LNCaP 

cells (PC) died with a DOX concentration of 0.25 μM after 72 h. Moreover, the synthesized 

nanocarrier showed excellent hemocompatible behavior thus showing the possibility for its in vivo 

use directly in the bloodstream [144]. A similar concept of combining an antibody (for PSMA) 

with a peptide to achieve site direct conjugation for in vivo delivery of DOX was performed by 

Adam et al., just after 3 weeks of treatment 55% decrease in tumor volume was observed. In 

addition to that, the author also confirmed the targeting capability with different tissues such as 

the liver, kidney, and heart. This in vivo work further supports the clinical relevance of antibody 

conjugated nanocarrier for cancer therapeutics [145]. Some other notable works involving 

antibodies such as D2B, PSMAab, CD44+, AntiSar, and anti-FOLH1 monoclonal antibodies were 

also conjugated with various nanomaterials such as carbon nanohorns, BSA nanoparticles, lipid-

PLGA nanoparticles and chitosan nanoparticles for targeted delivery of various anti-cancerous 

drugs into PC cells [146-150]. Apart from delivering a single chemotherapeutic drug, a recent 

report was published on the co-delivery of DOX and tanshinones (a Chinese traditional medicine) 

with PSMA conjugated lipid nanoparticles [151].  

Antibody conjugated nanosystems were also used for different radiation therapies against PC to 

minimize the limitation associated with unconjugated radiation therapies. A few notable works 

also explored α-particles (therapeutic radionuclide) conjugated with PSMA antibody (mAB) to 
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target PSMA for fast binding and intracellular localization of the radioactive particle in the tumor 

region for achieving higher killing efficiency [152, 153]. 

The exciting possibility of chemo and radiation therapy with antibody conjugated 

nanocarrier can lead to very fewer chances of off-target and side effects. Thus, combining both 

these therapies and conjugating antibodies can generate more synergetic effects in terms of the 

higher killing of cancerous cells and thus better results. For this kind of work, a theranostic agent- 

AuNP-5kPEG-PSMA-1-Pc4 was reported to have the combination of AuNPs loaded with a 

photodynamic drug i.e., Pc4 and conjugated with PSMA-1. The in vitro results showed selective 

higher uptake of as prepared theranostic agent in PSMA+ PC3pip cells. Upon light exposure, more 

cell ablation was observed in PC3pip cells. Likewise, from the in vivo experiments greater Pc4 

accumulation was observed specifically with PSMA-expressing tumors and maximum 

accumulation was achieved just after 3 h of post-injection. The author also validated their 

theranostic agent’s photodynamic therapy efficacy in vivo with exciting results [154]. Although 

the above-mentioned work provided a new avenue for combinational therapies, the drug used there 

were specific for photodynamic therapy only. To move further, a recent report on combining the 

chemotherapy drug “docetaxel” with gold nanostars for NIR photo and chemotherapy was 

reported. The designed multifunctional platform was conjugated with CD133 antibody and 

represented as GNS@IR820/DTX-CD133. The advantage of this multifunctional platform 

includes enhanced therapeutic efficacy, higher aqueous stability, elevated drug loading efficiency, 

and increased tumor-targeting capability. The transmission electron microscope (TEM) revealed 

the distribution of GNS@IR820/DTX-CD133 into the organelles and cytoplasm of PC3 cells. The 

in vitro assay provided dose-dependent cytotoxicity and anti-tumor activity whereas the in vivo 
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studies supported satisfactory tumour-targeting capability and anti-tumor capability as confirmed 

with different biological assays like H&E staining, immunohistochemical staining, and TUNEL 

experiment as shown in Fig. 6 [155]. Considering the exciting possibility of antibody 

functionalized nanomaterials for PC therapies it will be interesting to see its clinical transition.  

Fig. 6. Combined therapy in vivo. (A) The representative infrared photothermal images of the 
tumors treated with PBS, GNS, GNS@IR820/DTX and GNS@IR820/DTX-CD133 after the 
exposure to NIR-light. (B) The temperature variations in various groups with NIR-light irradiation. 
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(C) The tumor volume in various groups with NIR-light irradiation. Data represent mean ± S.D. 
(n = 6, ***P < 0.001, Student's t test). (D) Survival curves of tumor-bearing nude mice in various 
groups after NIR-light irradiation treatment. (E) The weight change curve of tumor-bearing nude 
mice in various groups after NIR-light irradiation treatment. (F) Representative H&E sections of 
the tumors were treated with combined therapy for 21 days. Scale bar, 100 μm. (G) Representative 
immunohistochemical sections of Ki 67 in the tumors were treated with combined therapy for 
21 days. Scale bar, 50 μm. (H) Representative TUNEL images of the tumors treated with the 
combined therapy for 21 days. Scale bar, 50 μm. Adapted with permission from ref [155]. 

Aptamer functionalized nanoformulations

Langer and their group were one of the pioneers in the area of exploring RNA aptamer 

functionalized nanomaterials for PC therapies. Therapeutic drugs like dextran, docetaxel, and 

cisplatin were explored for targeted delivery with polymeric nanoparticles functionalized with 

nucleic acid aptamers [156-158]. Farokhzad et al. also documented docetaxel delivery with 

polymeric nanoparticles functionalized with RNA aptamers. The aptamers chosen here are directly 

isolated against live cancer cells. This type of strategy can target a range of antigens present in 

cancerous cells. In addition, the aptamer selection strategy was based on aptamer enriched 

internalization rather than the highest affinity [159]. Apart from exploring RNA based aptamer for 

biofunctionalization a single-strand DNA-A9 PSMA RNA hybrid aptamer was tried by 

conjugating it with dendrimer for the delivery of DOX. As evident DOX uptake was very high in 

PSMA (+) cells, and the prepared DOX loaded nanocarrier showed greater cytotoxicity with 

PSMA (+) cells as compared with PSMA (-) cells. The in vivo model further supported the anti-

cancer efficacy as around a 78% decrease in tumor volume was found [160]. The initial work 

related to aptamer functionalized nanomaterials mostly involved polymeric nanoparticles and 

delivery of the anti-cancerous drug.

Targeted gene delivery at PC tumor sites is also very beneficial especially in tuning the 

gene expression (both up-regulation and down-regulation). An RNA aptamer (APT) was 

functionalized with ATE-based miRNA nanoparticles represented as miRNA/ATE–APT and had 
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a particle size of 221±6.9 nm for its targeted delivery of in vitro and in vivo PC cells. The anti-

cancer potency was evaluated using CCK8 assay and IC50 values. Dose-dependent cell growth 

inhibition was found with miRNA/ATE–APT [161]. miRNA systemic delivery into PC cells was 

also done using aptamer A10.3.2 functionalized with PEG-PAMAM nanoparticles [162, 163]. 

Gene therapy has become one of the most influential therapies, especially against castration-

resistant PC. Most of the gene delivery studies involved short non-coding RNA delivery, however, 

some recent reports revealed long non-coding RNAs (lncRNAs) are closely associated with tumor 

development [164]. IncRNA MEG3 has shown significant promise against castration-resistant PC 

and so far, its delivery is very rare despite having ample potential. A novel delivery platform was 

designed using a PAMAM dendrimer conjugated with EpDT3 aptamer to deliver lncRNA MEG3 

(pMEG3) in castration-resistant PC cells. The pMEG3 loaded nanocarrier was easily uptake by 

the cells through endocytosis. The in vitro and in vivo studies further supported the anti-cancer 

possibility of pMEG3 loaded nanocarrier [165]. In the library of different gene-editing approaches, 

the most recent addition of CRISPR-Cas9 has generated vast excitement among the scientific 

community because of its cheaper, faster, and more accurate editing process [166]. The maximized 

efficacy of CRISPR-Cas9 against PC prominently depends on the delivery route. In a recent report, 

safe and efficient delivery of CRISPR-Cas9 for PC therapy was developed by loading them in 

liposome nanoparticles and conjugating them with an RNA aptamer specific for PSMA ligand 

represented as A10-liposome-CRISPR/Cas9.  PLK1 mRNA levels were determined by RT-PCR 

to evaluate the biological activity of A10-liposome-CRISPR/Cas9. The obtained result 

demonstrated significant improvement in transfection efficiency due to targeting capability 

coming from the conjugated aptamer. The cellular uptake assay showed higher uptake of A10-

liposome-CRISPR/Cas9 in cell cytoplasm as compared with other control conditions. Cell viability 
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study using MTT assay further confirms the anti-cancer nature and obtained results were in line 

with other results. From the in vivo results, a substantial reduction in tumor volume was found for 

A10-liposome-CRISPR/Cas9. A detailed biological assay study with A10-liposome-

CRISPR/Cas9 nanocarrier must have delivered a profound impact on smart PC therapies [167].  

When we see literatures for aptamer functionalized nanomaterials against PC therapy most 

of the work was based on the delivery of a single therapeutic agent (both chemotherapeutic drugs 

and gene therapy materials). Combined chemotherapy has shown itself to be very effective for PC 

therapies [168]. A lipid hybrid nanoparticle (LPN) conjugated with aptamer and loaded with two 

anti-cancer drugs curcumin (CUR) and cabazitaxel (CTX) represented as “APT-CUR/CTXLPNs” 

were explored against PC. From LPN both CUR and CTX had sustained release and aptamer 

functionalization provided good cell uptake, higher tumor accumulation, and incredible tumor 

inhibition efficiency both in vitro and in vivo [169]. Apart from combined chemotherapy, 

combining the drug with some functional material such as SPION has shown interest in PCs 

therapies. A polymeric nanomaterial loaded with Dtxl (anti-cancer drug) and SPION (MRI agent) 

was functionalized with aptamer Wy5a for image contrast MRI capability and controlled release. 

Confocal imaging revealed localization of the nanocarrier in cell cytoplasm whereas 

concentration-dependent MRI signalling was also observed. The confocal and MRI images 

confirmed the targeted uptake because of the functionalized Wy5a aptamers. The Wy5a-SPIO-

NPs showed tumor regression property assessed using xenograft models of PCA after 5 weeks. 

Moreover, in vivo toxicity was also assessed from the white blood cell count and the results were 

in the normal range [170]. A similar approach explored AuNPs dual conjugated with A10 and 

DUP-1 aptamer and Fe3O4 loaded with DOX and conjugated with PSMA aptamer were explored 

for photothermal therapy as well as image-guided therapy against PC cells [171, 172]. Designing 
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aptamer functionalization with nanocarrier provides preferential delivery of therapeutic agents at 

the intended site leading to effective tumor suppression. Just like antibody functionalized 

nanomaterial for photo and chemotherapy against PC cells, a report by Zheng et al., was on 

AS1411 aptamer, functionalized with mesoporous polydopamine (MPDA) and loaded with 

docetaxel for the synergistic killing of PC cells both in vitro and in vivo. It must be mentioned here 

that aptamer used in this study specifically binds to nucleolin (which can act as a biomarker for 

PC) thus providing selective uptake with PC-3 cells only and cell death occurred because of 

mitochondria-mediated apoptosis [173]. These aptamers functionalized nanosystems can be 

explored for other biomarkers apart from PSMA or PSA based ones so that more precise targeting 

ability as well as upgraded therapeutic efficacy can be achieved. All these reports showed the 

importance and promise of aptamer functionalized nanomaterials, especially for the delivery of 

different chemotherapeutic drugs.

Proteins, nucleic acid, and naturally derived biomolecule functionalized nanoformulations 

Apart from exploring antibodies and aptamers based bioconjugation strategies for PC 

treatment, other biomolecules like proteins, peptides, nucleic acid, etc. were explored for 

functionalization. To start with, An AuNPs having varied surface ligand density and size were 

conjugated with PSMA-1 for targeted X-ray radiotherapy as shown in Fig. 7. Regardless of particle 

size PSMA-1 conjugated AuNPs exhibited specific uptake by PSMA-expressing PC3pip cells. 

However, the obtained result showed contrasting results with cell sensitization and particle size, 

i.e., larger-sized (~19 nm) AuNPs had greater uptake into the cells but smaller sized i.e., (~2 nm, 

~5 nm) showed better radiotherapy. Interestingly for in vivo, larger-sized AuNPs uptake was lower 

too which results in a better radiosensitization effect with small AuNPs. The author hypothesized 

smaller AuNPs ability to extravasate from the vasculature to bind and enter tumor cells thus 
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providing more effective radiotherapy. The author also investigated the elimination and 

metabolism pathways. Irrespective of size variation, AuNPs showed increased liver retention 

however with small-sized AuNPs the tendency to be cleared from the urinary system was more. 

The obtained result gives a better insight into size-dependent off-target toxicity but long-term 

metabolism is still needed to be investigated in these kinds of studies [174].

Fig. 7. Schematic illustration of targeted radiotherapy of PC using PSMA-targeted AuNPs of 
different sizes. Adapted with permission from ref [174]. 

In another work glutathione-stabilized (Au@GSH) gold nanoparticles were constructed for the 

delivery of platinum-based anticancer drugs in PC cells [175]. Bombesin (a tetradecapeptide 

isolated from the skin of the European fire-bellied toad) was functionalized with AuNPs to 

specifically target GRP-Rs cell surface which is expressed in a larger number in PC cells [176]. 

Just like Bombesin, gelatin (a biopolymer and responsive towards matrix metalloproteinases) was 

conjugated with DOX and was coated on AuNPs along with epigallocatechin gallate (EGCG) for 

inhibiting the growth and proliferation of PC-3 cells and enzyme controlled intracellular DOX 

release [177]. Considering the small size and high dangling bonds associated with AuNPs, its 

surface can easily be modified and has shown ample opportunity for cargo delivery. Rahme et al. 
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reported two functionalized AuNPs represented like AuNPs-PEG-Tf (with transferring targeting 

ligand) and AuNPs-PEI- FA (with folate receptor targeting ligand). The AuNPs-PEG-Tf had good 

uptake in PC-3 cells through the receptor-mediated uptake process whereas AuNPs-PEI- FA 

delivered siRNA into LNCaP cells. This work gives a new possibility for non-viral gene delivery 

against PC cells [178]. Almowalad et. al. also showed enhanced gene transfection ability of 

Lactoferrin loaded with gold nanocages and conjugated with complexed DNA [179]. Recent 

advancement of the redox-responsive polyamine cationic dendrimersomes (dendrimer-based 

vesicles) was successfully validated against the PC treatment leading to possible drug-gene 

combination therapy, where such polyamine dendrimer (third generation) was modified with either 

bioactive molecule (camptothecin) or lipid (cholesterol or octadecyl chain) groups [180-183]. 

Another biopolymer chitosan nanoparticles were synthesized to deliver a fungal metabolite (TM2) 

from T. atroviride for anti-cancer activity against PC cells by activating caspase 3 and inhibiting 

BCL-2 expression in PC cells [184]. In another report, HA based nanoparticles were prepared with 

polyethylene glycol-gelatin (PEG-gelatin) to deliver epigallocatechin-3-gallate (EGCG) causing 

inhibition of PC cell growth [185]. Some notable work involved biomolecules and natural products 

like bacterial genotoxin (CdtB), melanin, polydopamine, curcumin, and folic acid conjugated with 

different nanomaterials for PCs therapies like radiotherapy, phototherapy, chemotherapy, and gene 

therapy also showed excellent cell specificity and anti-cancerous effect [186-191].

Exploring membrane bound PSMA as a target site for anti-cancer drug delivery in PC cells 

has shown lots of promise both in the lab and in clinical settings. Similarly, PSMA folate hydrolase 

gives tumor cells advantages for their growth. Thus, exploring PSMA as a target and incorporating 

a folate-based delivery channel can become advantageous. Taking this, a novel nanoformulation 

was explored from folate-grafted liposomes to deliver MLP pro drug and DOX. The 
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nanoformulation showed its applicability for delivering drugs both in PSMA-expressing tumors 

and folate receptor-expressing tumors [192]. A multi functionalized GO nanosheet showed a T1 

contrast image of specifically targeted PSCA over-expressed PC cells and delivered DOX both in 

vitro and in vivo thus showing its potential for dual applications like advanced PC imaging and 

efficient tumor growth inhibition [193]. A green therapeutic approach was developed with gum 

acacia-PEG grafted with magnetic iron oxide as “GA-PEG-IONC” against PCs cells by measuring 

HOXB13 gene expression levels in them. In the presence of IONC, the HOXB 13 gene expression 

was inhibited causing a cytotoxic effect and PC cell death [194].

In the past few years, innovative biomimetic platforms were designed to inhibit PCs tumors 

through high-temperature ablation directly or with other therapies. A genetically modified T7 

bacteriophage was used as a template such that AuNPs were self-assembled on it forming a hollow 

nanocluster represented as GP-phage@AuNPs for PC photothermal therapy. LDH and CC8-assay 

confirmed the biocompatible nature of GP-phage@AuNPs confirming that phase does not cause 

any side effects to the cells which also supported their future in vivo applicability. ICP-MS 

confirmed the specificity and direct field microscopy confirmed the targeting ability of GP-

phage@AuNPs with PCs cells. With the application of the NIR laser, PC cells died because of the 

photothermal effect. This type of result opens a new avenue for a genetically engineered system 

for designing more specific cancer therapies [195]. The emergence of combinational therapy by 

combining phototherapy and chemotherapy has made castration-resistant prostate cancer (CRPC) 

treatment more feasible. A new approach based on the activation of nanoformulation 

“PGP/CaCO3@IR820/DTX-HA” having CaCO3 (for docetaxel delivery and entrapment of IR820 

photosensitizer) grown on the pentagonal gold prism and modified with hyaluronic acid was used 

for tumor-targeted PC therapy as shown in Fig. 8. With 808 NIR laser irradiation, 
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PGP/CaCO3@IR820/DTX-HA suspension reached a temperature of 68.5 oC within 6 minutes 

showing its excellent PTT conversion efficiency similarly PGP/CaCO3@IR820/DTX-HA also 

showed enhanced singlet oxygen generation confirming its suitability for PDT. The TEM images 

revealed the distribution of PGP/CaCO3@IR820/DTX-HA in PC cell cytoplasm which takes place 

because of micropinocytosis. The confocal laser scanning microscopy (CLSM) image confirmed 

the delivery of docetaxel and IR820 into PC cells. The CC8-assay showed dose-dependent anti-

cancer behavior upon laser irradiation which was supported by a flow cytometry assay. The in vivo 

studies also demonstrated the accumulation of PGP/CaCO3@IR820/DTX-HA in the tumor region. 

This targeted accumulation takes place because of the EPR effect and the presence of HA onto the 

nanoplatform surface. The obtained result provides an excellent promise in the area of integrated 

smart nanoplatforms for CRPC theranostics [196]. A report based on polymeric epigallocatechin 

3-gallate (EGCG)-loaded nanoparticles (NPs) conjugated with folic acid showed very good anti-

cancer behavior towards PSMA (+) 22Rv1 PC cells [197].  

Fig. 8. Schematic representation of PGP/CaCO3@IR820/DTX-HA nanoprobes for combined 
PTT/PDT/CT and multimodal imaging. Adapted with permission from ref [196]. 
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Autophagy has been considered the most prolific and smart rescuer and reinforced 

mechanism for cancerous cells against photothermal therapy. Moreover, because of autophagy the 

recurrence and metastasis of the treated tumor may occur which can worsen the disease [198, 199]. 

Herein, a biomimetic nanoplatform represented as “mPDA@CMs NPs-CQ” was designed using 

mesoporous polydopamine nanoparticles (mPDA NPs) coated with the PCs cell membrane (CMs) 

and encapsulated with chloroquine (CQ), an autophagy inhibitor for achieving synergistic 

photothermal effect as shown in Fig. 9. The designed nanoplatform escaped the macrophage 

phagocytosis and overcame the vascular barrier so that it can target homologously the PC cells. 

The mPDA@CMs NPs-CQ nanoplatform exhibited decent photothermal conversion efficiency of 

39.36 % so that cell-based autophagy can be activated and the delivery of CQ inhibited the 

autophagy thus providing synergistic photothermal killing. Major cell-based events like induction 

of autophagosome accumulation, reactive oxygen species generation, generation of endoplasmic 

stress, damage to mitochondrial membrane, and generation of apoptotic signals occurred with the 

application of NIR light causing very powerful suppression of PC cells and prostate tumor 

xenografts. Moreover, no histopathological damage against major organs like the liver/ kidney was 

found when mPDA@CMs NPs-CQ were subjected to NIR light confirming the good biosafety 

and in vivo biocompatibility associated with mPDA@CMs NPs-CQ [200]. However, the 

mentioned work was done with subcutaneous prostate tumor thus further studies with tumor 

microenvironments are needed to be performed. 
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Fig. 9. Schematics of the fabrication processes of mPDA@CMs NPs-CQ and the subsequent 
synergistic antitumor strategy combining PTT killing and autophagy blocking. Adapted with 
permission from ref [200]. 

Table 3 summarizes the biofunctionalized nanomaterials used in recent times for 

destroying PC cells and tumors. Mostly covalent functionalization was used for conjugating the 

biomolecules onto nanomaterial surfaces. Biofunctionalization provides enhanced therapeutic 

efficacy as well as PC cell selectivity. Antibody functionalized nanomaterials have stronger and 

specific interaction possibilities with PC cells/tumors but having a larger size may create difficulty 

in targeting. Also, all the antibody functionalization strategies are based on the type of target and 

with PC cells mostly the antibodies were based on PSMAs. However, the efficacy achieved with 

antibody functionalized is still remarkable especially for combinational therapy as done by Cui et 

al., for delivering docetaxel as well as phototherapy [155]. With the innovation in the areas of 

SELEX technology, aptamer functionalized nanomaterials have explored wider PC targets and 

have delivered a wide range of anti-cancer therapeutics. The aptamer functionalized nanomaterials 

were explored for the delivery of anti-cancer drugs as well as in immunotherapy by loading and 

delivering a wide variety of genes (mRNA, siRNA, CRISPR-Cas9, and lncRNAs). However, 
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literature related to aptamer functionalized nanomaterials for radiotherapy as well as hyperthermia 

applications are very rare thus it needed to be explored so that higher efficacy in killing PC tumors 

can be achieved. Apart from antibodies and aptamers, several other biomolecules functionalized 

nanosystems were explored for PC therapies which include polydopamine, gelatin, peptides, and 

amino acid sequences. The driving force behind targeting these biomolecules with PC cells is 

system-specific and depends upon the choice of biomolecules. Considering the wide range of 

peptides, proteins, amino acid, and naturally extracted biomolecules present, attaining a uniform 

interaction mechanism with PC cells is nearly impossible. However, the encouraging results in 

terms of efficacy with these systems can help create future delivery systems for PC therapies in 

clinical settings. 

Table 3: Biomolecule functionalized nanomaterials for PC treatment.

Biomolecules Nanomaterials Payload Conjugation Ref.
mAbPSCA Graphene Oxide DOX Covalent [193]

Gum acacia PEG Iron Oxide - - [194]

DNA-A9 PSMA Dendrimer DOX Covalent [160]

Transferrin and

Folic Acid

AuNPs siRNA Complexation

Electrostatic 
interaction

[178]

A10-3.2 aptamer Lipid-polymer hybrid 
nanoparticles

Curcumin and 
Cabazitaxel

Covalent [169]

J591 SPION Docetaxel Thiolated [143]

Goserelin AuNPs - Covalent to PEG [201]

CD133 Gold nanostars Docetaxel Covalent to PEG [155]

Clostridium perfringens 
enterotoxin

SPION - - [118]

A10

2’-fluoropyrimidine RNA 
aptamers

PLA-PEG Docetaxel Covalent [157]

A10 PSMA PLA-PEG Dextran Covalent [202]
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EpDT3 PAMAM lncRNA MEG3 Thiolated [165]

Wy5a PLGA-PEG Docetaxel Covalent [170]

T7 phages AuNPs - - [195]

Anti-PSMA antibodies AuNPs DOX Conjugated with 
HWR peptide

[144]

Anti-FOLH1 Mesoporous silica 
nanoparticles

Docetaxel Covalent [150]

D2B Carbon nanohorns Cisplatin Covalent [146]

PSMA-1 AuNPs - Covalent to PEG [174]

AS1411 Mesoporous polydopamine Docetaxel Covalent [173]

A10-3.2 miRNA/ATE siRNA Covalent [161]

A10-3-J1 SPION DOX Peptide bond [203]

anti-PSMA APT PEG-PAMAM miRNA Covalent to PEG [163]

Bombesin AuNPs - I-SPAAC 
reaction

[176]

A10, DUP-1 AuNS - Thiol modified [171]

PSMAab BSA-PEILBLNPs Docetaxel/siRNA Amine bond [147]

AntiSar Chitosan nanoparticles DOX Electrostatic 
interaction

[149]

XEO2 mini Lipid-polymer nanoparticle Docetaxel Maleimide-thiol 
chemistry

[159]

Glutathione AuNPs Platinum (IV) 
drug

Direct as 
reducing agent

[175]

CD44 antibodies Lipid-poly (lactic-co-glycolic 
acid) nanoparticles

Salinomycin Thiolated [148]

Gelatin AuNPS DOX and EGCG - [177]

Hyaluronic acid Pentagonal gold prisms Docetaxel - [196]
Folic acid Polymeric epigallocatechin 3-

gallate
- - [197]

A11 mini body Gold nanoshells Dative bond [204]
Anti-FOLH1 monoclonal 
antibody (clone C803N) 
and 11-aminoundecanoic 

acid

Mesoporous silica 
nanoparticles

Docetaxel - [150]
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Exosomes and cloaked nanomaterials against PC

In the past few years, there have been considerable efforts in the areas of biomimetic 

nanotechnology for achieving an effective in vivo model [205-207]. These biomimetic 

nanosystems have favorable interactions with proteins, cells, and extracellular matrices. The 

biomimetic designing of nanosystems has been done by functionalizing nanomaterials with 

different extracellular vesicles (EVs) or exogenous substances like viruses. These biomimetic 

nanostructured materials provide camouflage for direct and indirect delivery. The functionalization 

strategy includes three critical steps. The first step is separation of biological vectors using cell 

lysis, ultracentrifugation, and purification [208, 209]. The next step include extraction of 

functional agents from separated biological vectors [210] and the final step includes 

functionalization of bioagents onto nanomaterials using bioconjugation, polymerization, 

electroporation etc [211, 212]. To preserve the bioactivity whole functionalization needed to be 

performed very gently [213]. Major bioactive agents contains RNA, lipids and proteins and are 

either microparticles or nanosized exosomes [214]. EVs have shown ample potential for different 

therapeutic applications and have been explored in cancer therapies [215, 216]. Venofer (an iron 

oxide carbohydrate nanoparticle) labelled with human mesenchymal stem cells (MSCs) releases 

exosomes containing iron oxide. These exosomes were engulfed efficiently by tumor cells. 

Moreover, the exosomes effectively killed cancerous tumors through hyperthermia or the release 

of the anti-cancerous prodrug 5-FC [217]. To further extend this concept a multifunctional 

theranostic extracellular vesicle (EVs) having the presence of iron oxide and mTHPC 

photosensitizer were explored for photo and magnetic therapy along with MRI and magnetic 

manipulation against PC3 cells. It must be mentioned here that EVs were produced from human 

umbilical vein endothelial cells [218]. In the majority of EVs based work, EVs have been extracted 
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from cells however very tedious purification and achieving very less content of highly pure EVs 

limits their applicability. A nano vector “Exo-PMA/Fe-HSA@DOX” was developed from EVs 

from exosomes extracted from urine samples. These urinary exosome-based nanovectors contain 

similar cancer cell membrane antigen and were taken from prostate patients. These nanovectors 

get deeply penetrated PC DU145 3D MCTS and showed a synergistic effect (i.e., low dose high 

killing) [219]. Utilizing exosomes from a natural source provides minimization with contamination 

thus leading to very pure exosomes thus no generation of undesirable cell inflammation and 

proliferation. These pioneering studies in EVs cloaked nanomaterials give a new approach to 

exploiting exosomes from PC patients which can be used for targeted tumor therapy. Also, EVs 

generated from urine can be explored for PC specific biomarkers for early detection. Apart from 

EVs some other biomimetic nanosystems were constructed using cancerous cells and viruses. Liu 

and group functionalized LNCaP PC cells with CaCO3 capped mesoporous silica nanoparticles 

for inhibiting prostate tumor growth [220]. In another approach a recombinant bacteriophage MS2 

virus-like particles (VLPs) were prepared for immunotherapy against PC [221].  A tobacco mosaic 

virus (TMV) nanoparticle complexed with fluorescence (NIRF) dye Cy7.5 were also used for 

Near-Infrared Fluorescence Imaging (NIRF) and T2-MRI imaging of PC cells and tumors. 

Moreover, author performed imaging both in vitro and in vivo [222]. 

The biomimetic nanomaterials inherit all the main factors needed for immune escape and 

tumor tropism. These nanosystems can minimize the current limitations associated with diagnosis 

as well as medications however the major problem associated with these nanosystems is their 

industrial translations. The three major challenges associated with biomimetic nanosystems are 

stability, large-scale production, and effectiveness. Thus, more detailed research and innovations 
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are needed to be explored in this area which can transform the cancer theranostics and can be 

extended to other major diseases [223].           

Conclusion and Future Perspectives

So far significant efforts have been made to amalgamate biomolecules with nanomaterials 

to make a versatile smart bio-nano conjugated system against PC cells and tumors. In this review, 

we divided the biofunctionalized nanomaterials broadly into antibodies, aptamers, and all other 

biomolecules (including proteins, peptides, nucleic acids, bioactive molecules, and lipids) for PC 

diagnosis and treatment. It is evident that functionalized nanosystems provided specificity and 

prostate-specific targeting ability both for diagnosis and therapy. All these biofunctionalized 

systems have their advantages and limitations but can be seen as the most impactful prospect for 

future research. The early diagnosis of PC is still very much conundrum and most of the diagnosis-

related studies were based on PSAs. Although very limited work was done in exploring other 

domains of research related to CTCs, real-time visualization of PC cells and more detailed analysis 

related to PSA which includes t-PSA, f-PSA, c-PSA, and detection of PSA in the grey zone. Some 

of the published work has shown very innovative sensing design but the tedious and complex 

design process may tend to increase the cost of sensor fabrication as well as analysis time. 

Furthermore, one of the major limitations associated with these diagnosis systems includes a lack 

of information related to high throughput studies. Also, the need of the hour is to merge different 

diagnostic techniques such as calorimetric studies can be merged with SERS based techniques so 

that more qualitative, as well as quantitative information, can be extracted from the same set of 

samples. Designing biofunctionalized nanomaterials for identifying new biomarkers can be 

explored such that we can move from conventional yet very uncomfortable biopsies or DRE. 

Similarly, more in vivo work from biofunctionalized nanomaterials therapy is needed, to validate 
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these systems for human trials. A detailed study related to protein-corona formation; long-term 

toxicity is very critical. In addition, a more robust functionalization process needs to be explored 

so that it cannot suppress the original properties of nanomaterials. Lastly, the emergence of 

artificial intelligence and machine learning in the last three years can help achieve more optimized 

applications of these biofunctionalized nanomaterials against PC therapies. By integrating 

machine learning and deep learning with an imaging system, a simpler 3D image of the prostate 

gland can be visualized. Integrating automated systems with SERS/calorimetric or electrochemical 

approaches can help diagnose multiple samples. Similarly, artificial intelligence can be combined 

with radiotherapy, phototherapy, and hyperthermia so that patient’s real-time condition can be 

monitored. Apart from functionalizing the nanomaterials with different classes of biomolecules 

exploring cell membrane cloaked nanomaterials against PC is needed to be explored in the future 

for both diagnosis and therapy. The cell membrane cloaked nanomaterials can provide an effective 

bio interface environment which can improve the targeting capability. Some work has been done 

using this aspect and still needs detailed study for the diagnosis, especially in CTCs, and 

combinational therapies. Exploring hybrid cell membranes for coating and incorporating diverse 

biological moieties (like antibodies, peptides, and proteins) into the nanosystems may lead to 

synergistic in vivo performances.   

Lastly “there is still plenty of room at the bottom” in the areas of cancer nanomedicine, and 

together by combining a range of biomarkers, exploration of non-invasive techniques and artificial 

intelligence a smart biofunctionalized PC theranostic system can transform the whole treatment 

process and can also be used for all other cancer therapies. 
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