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Abstract  

Cancer is a challenging disease to cure. Current treatment methods mainly 
include chemotherapy and phototherapy. Chemotherapy drugs, due to their 
high toxicity and systemic distribution, still cause great suffering for cancer 
patients. Moreover, the clinical efficacy of single-drug treatment is limited due 
to the complex pathogenesis of malignant tumors and multi-drug resistance 
often exhibited by tumor cells. To address these challenges, combination 
therapy with multiple drugs or multiple treatment modalities is widely used to 
treat various malignancies. In parallel, the rapid development of 
nanotechnology has promoted the application of nanomedicines in 
combination chemotherapy. Still, although nanodrugs can increase the drug 
concentration in the tumor area, the residual nanodrugs in the liver and 
kidneys still pose a huge threat to human health. Prodrugs are 
pharmacologically inactive drugs or compounds that are metabolized into 
pharmacologically active drugs after ingestion by the human body. Prodrug 
treatment strategies have become an exploratory direction to address the side 
effects of chemical therapy. Nanomedicine-based prodrugs can be prepared to 
improve targeting efficiency by using cancer cell targeting ligands and respond 
to the slightly acidic and reducing microenvironment of the tumor by using 
different chemical bonds, which can improve the antitumor effect and reduce 
the toxic side effects on healthy tissues.  
In this thesis, we designed prodrug-based nanomaterials and studied the 
antitumor effects of the prodrugs using different drug delivery systems. First, 
reduction-sensitive paclitaxel (PTX) prodrugs were synthesized as connecting 
units to achieve synergistic treatment of cancer chemotherapy and 
photodynamic therapy using reactive oxygen species to treat cancer cells. The 
self-assembled nanoparticles of PTX prodrugs were formed by connecting PTX 
with different chemotherapeutic drugs or photosensitizers. This strategy 
effectively overcame drug resistance and exhibited enhanced antitumor effects 
in vivo with low toxicity. Second, using a combination of bionic and prodrug 
technologies, a cancer cell-targeted drug delivery system based on mesoporous 
silica nanoparticles (MSNs) encapsulated by cancer cell membranes was 
designed. This system demonstrated synergistically enhanced anticancer 
effects in cellular experiments. In summary, this thesis has provided new ideas 
for improving the shortcomings of traditional combined chemotherapy and 
photodynamic therapy, realizing the synchronous delivery and controlled 
release of different antitumor drugs, enhancing the synergy of drugs, and 
improving the efficacy of inhibiting tumor proliferation and metastasis. 
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Sammanfattning 

Cancer är en utmanande sjukdom att bota. Nuvarande behandlingsmetoder inkluderar 
främst kemoterapi och fototerapi. Kemoterapiläkemedel orsakar fortfarande stort 
lidande för cancerpatienter på grund av sin höga toxicitet och systemiska distribution. 
Dessutom är den kliniska effekten av behandling med ett enda läkemedel begränsad 
på grund av den komplexa patogenesen av maligna tumörer samt 
multiläkemedelsresistens som ofta uppvisas av tumörceller. För att hantera dessa 
utmaningar används i stor utsträckning kombinationsterapi med flera läkemedel eller 
flera behandlingsmetoder för att behandla olika maligniteter. Parallellt har den snabba 
utvecklingen av nanoteknik främjat tillämpningen av nanoläkemedel i 
kombinationskemoterapi. Även om nanoläkemedel kan öka 
läkemedelskoncentrationen i tumörområdet, utgör läkemedlsrester i levern och 
njurarna fortfarande ett hot mot människors hälsa. Prodroger är farmakologiskt 
inaktiva läkemedel eller föreningar som metaboliseras till farmakologiskt aktiva 
läkemedel efter intag av människokroppen. Strategier för behandling med prodroger 
har blivit en explorativ inriktning för att hantera biverkningarna av kemoterapi . 
Nanomedicin-baserade prodroger kan framställas för att förbättra 
målsökningseffektiviteten genom att använda cancercellsmålsökande ligander och 
endast friätta den aktiva substansen som en respons på tumörens lätt sura och 
reducerande mikromiljö genom att använda olika kemiska bindningar, vilket  i sin tur 
kan förbättra antitumöreffekten och minska de toxiska biverkningarna på friska 
vävnader. 
I detta examensarbete designade vi prodrog-baserade nanomaterial och studerade 
antitumöreffekterna av prodrogerna med hjälp av olika 
läkemedelsadministrationssystem. Först syntetiserades reduktionskänsliga paklitaxel 
(PTX) prodroger för att uppnå synergistisk behandling av cancerkemoterapi och 
fotodynamisk terapi för att behandla cancerceller. De självaggregerande 
nanopartiklarna av PTX-prodroger bildades genom att koppla PTX med olika 
kemoterapeutiska läkemedel eller fotosensibilisatorer. Denna strategi övervann 
effektivt läkemedelsresistens och uppvisade förbättrade antitumöreffekter in vivo med 
låg toxicitet. Sedan designades med hjälp av en kombination av bionisk och prodrug-
teknologi ett cancercellriktat läkemedelslevereringssystem baserat på mesoporösa 
kiseldioxidnanopartiklar inkapslade av cancercellmembran. Detta system visade 
synergistiskt förbättrade anticancereffekter i cellulära experiment. 
Sammanfattningsvis har denna avhandling kommit fram med nya idéer för att 
förbättra bristerna i traditionell kombinationskemoterapi och fotodynamisk terapi, 
samt förverkliga den samtidiga tillförseln och kontrollerade frisättningen av olika 
antitumörläkemedel, och därmed förbättra synergin mellan läkemedlen och hämning 
av tumörproliferation och metastasering . 

 

Nyckelord 

prodrog, läkemedelstillförsel, mesoporösa kiseldioxid nanopartiklar, stimuli-
responsiv läkemedelsfrisättning, kombinationsterapi, tumörmålsökning, intracellulär 
målsökning, mikrofluidistik   
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1. Introduction 

Although chemotherapy is a very important means for cancer treatment, the 

use of a single chemotherapy drug has low efficacy and the consequential high 

dose is prone to generate significant side effects. In addition, chemotherapy is 

likely to also cause drug resistance in cancer patients and, in the worst case, 

induce tumor recurrence and metastasis. In order to solve the problems faced 

by using single chemotherapy drugs, combination chemotherapy is used based 

on cocktail of drugs to treat tumors in the clinic. However, the traditional 

combination chemotherapy and the inherent defects of small molecule 

chemotherapy drugs lead to unsatisfactory clinical treatment effect of 

traditional combination chemotherapy, and even lead to increased drug 

toxicity. The combination of nanodrug delivery systems and traditional 

combination chemotherapy may improve the pharmacokinetic properties of 

each drug in combined chemotherapy and the distribution of different drugs in 

organisms, thus enhancing the drug synergy of combined chemotherapy and 

greatly improving the antitumor efficacy of combined chemotherapy (Li et al., 

2020). However, despite this, there is still no actively targeted nanomedicine 

that has entered the market. The active targeting functionality of nanoparticles 

still needs improvement. Additionally, drug leakage of nanoparticles in the 

bloodstream can lead to side effects and pose a threat to human health (Chendi 

et al., 2022). 

To address these issues, it is urgent to propose new concepts and develop low-

toxicity, high-efficiency, tumor-targeting nanodrug delivery systems. 

Currently, prodrug molecules with microenvironment-responsive properties 

are being developed to overcome these challenges (Xie et al., 2020). These 

prodrug molecules self-assemble into nanoparticles that not only possess the 

ability to respond to the tumor microenvironment, but also have high drug 

loading capacity due to their carrier-free structure (Xiao et al., 2022). This 

enables targeted co-delivery, synergistic therapy, and controlled drug release 

combined into one system. In this context, mesoporous silica nanoparticles 

(MSNs), as highly modifiable nanocarriers, are well-suited for incorporating 

targeting and microenvironment-responsive functions into the same platform. 

Therefore, constructing a multifunctional MSN drug delivery system for 

targeted combination therapy of cancer has become a feasible strategy (Saman 

et al., 2022) that warrants further exploration for realizing its full potential.  
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2. Review of literature 

2.1 Introduction and current situation of cancer treatment 

The tumor is a lesion induced by cell division and proliferation disorders. 
Tumors are variously named according to their size, the origin of cells, and the 
type of tissue in which they first appeared. Generally, it is divided into benign, 
precancerous, and malignant tumors. Benign tumors are not cancers, do not 
spread, have clear borders, can always maintain their original forms, and have 
a low recurrence rate after resection. Most benign tumors are harmless to 
human health. Precancerous tumors are not cancerous yet, but they risk 
developing into cancer at any time, so we must closely monitor their 
development trend. Malignant tumors, also known as cancer, can proliferate 
malignantly, invade adjacent normal tissues, with unclear borders. They can 
spread to other organs and tissues through the blood or lymphatic circulation 
system and continue to grow rapidly at the metastases, worsening the body’s 
state. But there is no clear line between the three, especially when the tumor is 
in the middle state or rapid change in the situation; it is forced to classify is only 
a general estimate of the current state. Some benign tumors may also become 
precancerous tumors and eventually evolve into malignant ones. Malignant 
tumor (Fidler and Kripke 1977; Luby et al., 2019) is one of the important 
diseases endangering human health. Especially after the 21st century, it has 
increasingly become the number one killer threatening human life safety. 
As cancer incidence continues to rise, cancer treatment has become a hot topic 
for researchers. Conventional treatments include surgical resection, radiation 
therapy, and chemotherapy. Emerging therapeutic approaches include 
photothermal therapy, photodynamic therapy, and immunotherapy. 
Chemotherapy is the most commonly used and effective treatment. According 
to the period, antitumor drugs, including methotrexate (Winocur et al., 2006), 
5-fluorouracil (Gailani 2015), cisplatin (Olaussen et al., 2010), doxorubicin 
(Henderson et al., 2003), paclitaxel (Konecny et al., 2004), camptothecin 
(Hsiang et al., 1985), oxaliplatin (Alberts et al., 2003), gemcitabine, irinotecan, 
rituximab and imatinib appeared successively. Their anticancer mechanisms 
are different: they affect the nucleic acid synthesis, destroy and affect DNA 
replication, interfere with transcription and hinder RNA synthesis, inhibit 
protein synthesis, and interfere with hormone balance. 
 

2.1.1. Chemotherapy 

Small molecule chemotherapy drugs are generally hydrophobic molecules,  
with poor solubility, systemic distribution after systemic administration, poor 
selectivity between tumor tissue and normal tissue, which damage the normal 
organs and tissues, and produce systemic toxicity. Moreover, drug resistance 
of tumors is particularly easy to occur after drug administration, so that the 
effective response of organisms to drugs is greatly reduced (Asiabi et al., 2019). 
To maintain effective drug concentration, patients must be given multiple 
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doses, which virtually aggravates the economic and health pressure on 
patients. The emergence of nanotechnology (Edis et al., 2021), greatly 
improves the above problems. Nanodrugs utilize nano-scaled carriers to 
deliver active drug molecules. The advantages of nano-sized drugs over small 
molecule drugs are as follows: (1) The solubility of drugs is improved through 
excipients, and the drugs are protected from degradation in blood circulation; 
(2) prolonging blood circulation time, which may further increase the 
aggregation of nanodrugs in tumors; (3) passively or actively enhancing the 
aggregation of drugs in tumor tissues by the EPR (Enhanced permeation and 
retention) effect of the nano-sized material or introducing a targeting group; 
(4) regulating tissue infiltration and drug release; (5) common nanodrug 
carriers that can reduce the toxic and side effects of the original drug and 
improve the quality of life of patients. Nano-scaled carriers used for these 
purposes include liposomes, polymer nanoparticles, dendritic polymers, nano-
micelles, polymer vesicles, nano-gels, exosomes, magnetic nanoparticles, 
carbon nanotubes, and gold nanoparticles. They are not perfect. Liposomes and 
polymers have been widely used due to their good biocompatibility, 
biodegradability and excellent mechanical properties (Chan and Kwok 2011; 
Mahmoudi et al., 2011; Manzoor et al., 2012; Mohammad et al., 2015; Vikash et 
al., 2013). However, the mechanisms of action of nanoparticles on tumor cells 
and tumor microenvironment are still unclear, so further investigation is 
needed on the toxic and side effects of nanoparticles and the effect of 
prolonging the survival time of patients. For liposomes, its greatest advantage 
is to reduce the toxic and side effects rather than increase the efficacy, which 
may be due to the degradation of liposome carrier, so that the internal release 
of the active drug is required for some time. In addition, balancing the stability 
of liposomes and the bioavailability of drugs in tumor tissue is also a very big 
challenge (Cheng et al., 2014; Konecny et al., 2004; Robert et al., 2006). 
It has been only a few decades since the emergence of nanodrugs, but they have 
already profoundly impacted human health. Since 1964, liposome-based 
doxorubicin (Doxil), protein-bound paclitaxel (NAb-paclitaxel), polymer 
micelle-encapsulated paclitaxel (Genexol-PM), siRNA-targeted polymer 
nanoparticles (CALAA-01) and iron-based inorganic nanoparticles have been 
successively introduced to the clinic. The research of nanodrugs has also 
promoted the booming development of industries including medicine, 
diagnostic imaging reagents, in vitro diagnosis and physiotherapy devices. 
However, many obstacles and difficulties must be overcome for the nanodrugs 
to translate from the laboratory to the clinic. From material design to cell-level 
evaluation, to in vivo test of mice, to validation of efficacy in large animals such 
as monkeys, and finally to clinical trials of patients, Phase I assessment of safety 
and pharmacokinetic profiles in healthy humans to determine the appropriate 
dose administration. Secondly, the curative effect is evaluated on a few 
patients; Phase III is performed in a wider range of patients to further evaluate 
safety and efficacy; Phase IV followed by long-term safety assessment. Few 
drugs have been able to get through these evaluations until they finally hit the 
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market (Gratton et al., 2008; Rosemary et al., 2013; Winocur et al., 2006; Wong 
et al., 2011). 
Although many nanomedicines have been clinically approved, they are not 
perfect. Doxil is a typical example. Although it reduces the accumulation of 
drugs in the heart and the side effects of doxorubicin, it does not increase the 
drug's efficacy, so it only prolongs the patient's survival to a certain extent. In 
addition, although Genexol-PM increases higher doses of paclitaxel without 
additional systemic toxicity, its anticancer effect is not satisfactory. Such cases 
are common in clinical practice. Nanomaterials can accumulate more in tumors 
than small molecule prodrugs and reduce systemic toxicity. However, high 
concentrations of systemic administration cannot bring high efficacy returns. 
Building a smart nanocarrier system that simultaneously achieves low toxicity 
and high efficiency requires careful consideration and continuous exploration.  
(Matsumoto et al., 2016; Minchin and Martin 2010; Müller et al., 2004; Net et 
al., 2009; Vikash et al., 2013; Wang et al., 2014). 
 

2.1.2 Photodynamic therapy 

Photodynamic therapy (Lo et al., 2020), (PDT) is an emerging cancer treatment 
method following the three traditional surgery methods, radiotherapy and 
chemotherapy. PDT mainly contains three elements: photosensitizer (PS), the 
excitation light and oxygen molecules in tissue, all of which are indispensable 
(Zhang et al., 2019). The principle is as follows (Sekar et al., 2022): under the 
illumination of specific wavelength, the photosensitizer molecule can absorb 
photons to change from the ground state to a short-lived excited singlet state 
(Liu et al., 2020). On the one hand, the excited singlet state can decay to the 
ground state and emit fluorescence, which can be used for fluorescence 
imaging. On the other hand, it can be transformed into a long-lived excited 
triplet state through the system-to-system crossing. There are two reaction 
types at this time: Type I, the photosensitizer in the excited triplet state can 
transfer an electron or a proton to the matrix to form a cation or anion. If this 
matrix is oxygen, O2

•−, OH-, and H2O2 will be formed (Wang et al., 2021). The 
second type is that the photosensitizer that excites the triple state can also 
directly react with the ground state oxygen of the triple state to generate 1O2. 
These reactive oxygen species can kill cancer cells and be used for cancer 
treatment, as shown in Figure. 1 (Sai et al., 2021). In the actual treatment 
process, when nanoparticles accumulate at the tumor site, the use of a laser to 
irradiate the tumor can achieve the therapeutic effect. Different 
photosensitizers require different excitation wavelengths, for example, the 
typical excitation wavelength for porphyrin-based photosensitizers is 650nm, 
and the excitation wavelength for indocyanine green is 808nm. 
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Figure 1. Schematic illustration of photodynamic reactions. (Copyright 2021, Springer 
Nature) 

 

2.1.3 Photothermal therapy 

Photothermal therapy (PTT) is also an emerging cancer treatment (Doughty et 
al., 2019; Huang et al., 2008; Yang et al., 2010; Yang et al., 2022; Zhang et al., 
2021; Zhi et al., 2020). It uses nanomaterials with photothermal conversion 
capability to generate heat and the temperature is increased under the 
illumination condition. When the temperature inside the cell reaches 42 
degrees Celsius or higher, it can destroy bioactive molecules in cells (such as 
protein degeneration and enzyme inactivation), destroy the normal 
physiological and metabolic functions of tumor cells, and lead to tumor cell 
injury, necrosis or thermal ablation of tumor tissue, to achieve the purpose of 
cancer treatment (Gao et al., 2022). PTT has the advantages of short irradiation 
time; rapid treatment process; repeatable operability; no drug resistance and 
good treatment effect (Figure 2) (Han and Choi 2021).  
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Figure 2. Schematic illustration for PTT platforms. (Copyright 2021, Multidisciplinary 
Digital Publishing Institute) 
 

The greatest weakness of PTT is its poor tumor specificity. PTT does not have 
tumor selectivity, and accurate photothermal therapy relies on the accurate 
targeting of materials to tumors. However, the materials used for photothermal 
therapy generally do not have tumor targeting, and even though the targeting 
group is connected through surface modification, the targeting efficiency is not 
satisfactory. Once the photothermal conversion material enters the normal 
cells, illumination will cause damage to the normal tissue and produce side 
effects (Durr et al., 2007; Han and Choi 2021; Kang et al., 1996; Lin et al., 2014; 
Link and El-Sayed 1999; Liu et al., 2020; Plouffe et al., 2011). Therefore, the 
current research focus of photothermal therapy is on designing and modifying 
novel photothermal materials to enhance the efficacy of PTT and reduce side 
effects. Second, there is a thermal protection mechanism in cells, that is, when 
the cell temperature is too high, the expression of heat shock proteins will be 
increased, to protect the high temperature from protecting the active 
molecules, such as intracellular proteins, which will reduce the effect of PTT to 
a certain extent. 
The nanomaterials used for PTT have the photothermal conversion ability. 
They can be divided into different categories: precious metal nanomaterials 
such as gold nanoparticles (gold nanorods, gold nanocages, gold nanoclusters, 
etc.), silver nanoparticles, and platinum nanoparticles. Among them, gold 
nanomaterials are the most widely used. It realizes efficient photothermal 
conversion through surface plasmon resonance (SPR), and has the advantages 
of high photothermal conversion efficiency, easy modification, and adjustable 
absorption wavelength, but the cost is high. Yujuan et al. designed a light-
controlled photothermal therapy nano-system based on gold nanorods. The 
targeting adaptor folic acid (FA) was modified on the surface of the gold 
nanorods.This nano-system can target cancer cells, has a strong killing effect 
on these under light and verify the different apoptosis modes of cancer cells at 
different temperatures of particles (Yujuan et al., 2018). 
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2.1.4 Combination therapy based on prodrugs 

While monotherapy has shown some success in treating certain tumors, its 
effectiveness remains limited, and achieving complete tumor eradication 
remains a challenge. This limitation arises from several factors. Firstly, tumors 
exhibit a high degree of heterogeneity, not only among different types of 
tumors and patients but also within the same tumor. Secondly, tumors have 
developed various mechanisms to evade the immune system's surveillance. 
Monotherapy struggles to address both tumor heterogeneity and the diverse 
immunosuppressive mechanisms simultaneously. Thus, a pivotal approach in 
treating tumors lies in simultaneously targeting these mechanisms to 
counteract tumor immune escape, potentially leading to significant anticancer 
effects. This can be achieved through the synergistic or enhancing effects of 
combining compounds that target different pathways (Liu et al., 2022; Wei et 
al., 2022; Yuan et al., 2022; Zeng et al., 2022; Zhu et al., 2022). 
In the context of cancer treatment, chemotherapy can serve as an adjuvant 
treatment for early-stage cancer, aiming to shrink tumor size and reduce the 
risk of recurrence. However, systemic chemotherapy often results in side 
effects such as bone marrow suppression, nausea, vomiting, hair loss, and 
damage to normal tissues. Furthermore, chemotherapy can lead to the 
development of cellular resistance, significantly diminishing its effectiveness. 
Currently, laser therapies, including PDT and PTT, offer promising alternatives. 
While PDT and PTT exhibit high selectivity due to targeted infrared laser 
irradiation, they may not achieve complete tumor eradication when used in 
isolation. 
Consequently, combining chemotherapy with laser therapies presents a 
compelling solution. This approach not only mitigates the issues associated 
with separate chemotherapy and infrared laser therapy but also offers 
synergistic effects that have been experimentally and clinically proven to be 
more effective in treating tumors. 
In the realm of combination therapy, prodrugs play a vital role. Prodrugs 
involve chemically linking chemotherapy drugs with various photosensitizers 
to create chemically defined and stable prodrug combinations. These prodrugs 
possess a high drug loading capacity after self-assembly into nanoparticles, 
outperforming other drugs that require carrier delivery. Moreover, prodrugs 
can utilize different sensitive chemical linkers to target distinct disease 
microenvironments, making them a crucial strategy in drug delivery. (Cai et al., 
2022; Guo et al., 2022; Li et al., 2021; Yang et al., 2021; Yu et al., 2021; Zhang 
2021). Xie et al. designed a multifunctional prodrug by covalently linking the 
EGFR-tyrosine kinase inhibitor gefitinib (G) with a cleavable disulfide bond 
(SS) and a near-infrared (NIR) chromophore. This resulted in the main 
molecule of the prodrug, denoted as G-SS-NIR. In an aqueous medium, this main 
molecule (G-SS-NIR) readily self-assembles into nanoparticles, driven by the 
insertion of the disulfide bond and intermolecular π-π interactions. Akt 
inhibitor CEL is encapsulated into the nanoparticles, forming the CEL@G-SS-
NIR. The prodrug accumulates in the tumor region and reacts with 
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overexpressed glutathione (GSH), releasing both inhibitors to combat cancer 
resistance while activating the NIR chromophore for fluorescence and 
multispectral photoacoustic tomography imaging (Xie et al., 2020) (Figure. 3). 

 

Figure 3. Schematic diagram of self-assembled prodrug nanoparticles. (Copyright 2020, 
John Wiley & Sons) 

 

2.2 Application status of nano-materials in cancer 

treatment 

In recent years, nanotechnology has made great progress (Zhou et al., 2022). It 
has played an important role in solving the current problems in biology and 
medicine, profoundly impacting these fields (Kaur et al., 2022). At the same 
time, with the continuous improvement of nanotechnology, more and more 
nanomaterials are applied to clinical cancer treatment (Adeel et al., 2020; Bian 
et al., 2021; Mazraedoost and Behbudi 2021; Tan et al., 2021).  
A nanomaterial is a material whose three-dimensional space has at least one 
dimension in the nanoscale range (1-1000 nm) or is composed of them as basic 
units. Nanomaterials have large specific surface area characteristics, many 
active surface groups, easy modification, controllable morphology and size, and 
special chemical and physical properties (Gupta et al., 2017; Mrówczyński and 
interfaces 2017; Zare-Zardini et al., 2016). When designing nanomaterials for 
cancer treatment, several aspects should be generally considered: (1) good 
stability and biocompatibility with a long half-life in vivo; (2) large drug loading 
capacity; (3) has an accurate target function, and can realize accurate delivery 
of drugs; (4) controllable and continuous release of drug can be realized; (5) 
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having special physical and chemical properties such as light, electricity, 
magnetism and heat; and (6) is biodegradable and has low toxic and side effects 
(Massadeh et al., 2016; Singh and Nehru 2008).  
 

2.2.1 Type of nano-materials in cancer treatment 

At present, the commonly used nanomaterials for cancer treatment mainly 
include: 
1. Self-assembled nano prodrugs 
Because of no external auxiliary materials, the drug molecules form the self-
assembled nanodrug through self-assembly (Cheng and Ji 2020; Lin et al., 2021; 
Mamuti et al., 2021). Its advantages cannot be underestimated: (1) simple 
synthesis, simple and clear structure, can be large-scale quantitative 
production; (2) its aggregation state can be regulated to prevent it from being 
rapidly cleared in the blood or metabolized by the kidney; (3) no additional 
auxiliary materials are added, so the drug loading amount and the drug loading 
efficiency are greatly improved, and troubles caused by short-term/long-term 
toxic reaction and immunogenicity of a body caused by a carrier are avoided; 
(4) the function of the nano self-assembly body (Jiang et al., 2016; Ren et al., 
2016) is easily regulated and controlled by introducing functional groups (such 
as a targeting unit and an imaging unit); (5) controlled release of drugs can be 
achieved by regulating internal stimuli (such as pH, redox and enzyme), 
external stimuli (temperature, light) and combined stimuli and (6) with proper 
size and shape, long circulation and enhanced tumor aggregation of the nano 
system can be realized. They have many building units, which can be 
biocompatible molecules, such as oligomers, peptides, lipids, phospholipids, 
metal atoms; it can also be functionalized molecules, such as antitumor drugs, 
targeted ligands, imaging reagents, etc. These biocompatible or functionalized 
building blocks can prepare nano-dosage forms for tumor therapy via a double-
self-assembly or nano-precipitation mechanism (Chhabra et al., 2010; Ding et 
al., 2013; Fan et al., 2015). 
 
2. Mesoporous silica nanoparticles (MSNs) 
Mesoporous silica nanoparticles refer to silicon dioxide (SiO2) nanomaterials 
with ordered mesoporous channels. Due to its unique structural properties, it 
is one of the most commonly used nanodrug carriers, with good application 
potential in the field of biomedicine (Jafari et al., 2019; Kankala et al., 2020; 
Knežević and Durand 2015; Watermann and Brieger 2017) . Mesoporous silica 
nanoparticles have the following advantages: (1) high drug loading capacity 
(Karaman et al., 2021; Niculescu 2020). Mesoporous silica nanoparticles have 
very large specific surface area and pore volume, and can be used for loading 
drug molecules by a covalent modification or non-covalent loading method, so 
that the loading amount of the drug is greatly improved; (2) having good 
biocompatibility and low damage to normal cells; (3) easy to modify. The 
Mesoporous silica nanoparticles are easy to introduce active groups such as an 
amino group, a carboxyl group, a mercapto group and the like. These 
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nanoparticles can be further modified with targeting moieties, dye molecules, 
proteases, and other biomolecules to achieve specific functions such as cellular 
targeting and labeling (Mai and Meng 2013; Pandey et al., 2014); (4) various 
drug release mechanisms can be constructed to achieve controlled and specific 
release of drugs (Li et al., 2012; Slowing et al., 2010; Wu and Yamauchi 2012). 
 
3. Gold nanomaterials 
Gold nanomaterials, including gold nanospheres, nanorods, and nanocages, 
have been extensively applied in cancer treatment due to several advantages. 
Firstly, they possess stable properties (Jahangiri-Manesh et al., 2022; 
Kalashgrani and Javanmardi 2022; Li et al., 2022) and can be easily modified 
with functional molecules through gold-sulfur bonding. This reaction is simple, 
convenient, and easy to operate (Yang et al., 2022; Yang et al., 2022). Secondly, 
their optical properties can be adjusted through surface plasmon resonance 
effect, where the maximum absorption peaks of gold nanospheres and gold 
nanorods regularly change based on size and length-diameter ratio. Gold 
nanospheres and nanorods can be selectively used as fluorescence quenching 
agents, exhibiting excellent quenching effects (Doghish et al., 2022; He et al., 
2022). Thirdly, gold nanospheres, nanorods, and nanocages can efficiently 
convert light energy into heat, making them ideal for photothermal therapy of 
cancer (Chow 2022; Chuang et al., 2022). Gold nanorods can serve as contrast 
agents in magnetic resonance imaging and two-photon emission imaging (Al-
Khedhairy and Wahab 2022; Aldahhan et al., 2022). 
 
4. Liposomes 
Liposomes are vesicle-like nanostructures formed by a lipid bilayer. Liposome 
is generally used as a carrier for chemotherapeutic drugs or exogenous genes 
to deliver drugs and genes for chemotherapy and gene therapy (Zhao et al., 
2022; Zhu et al., 2022). It has the following advantages: (1) liposome 
nanomaterials are mostly formed by phospholipid molecules, and have good 
biocompatibility (Wang et al., 2022; Yasuoka et al., 2022), low immunogenicity 
and biodegradability; (2) having good membrane permeability and can be 
rapidly taken up by cells (Nikolova et al., 2022; Shen et al., 2022); (3) high 
loading capacity as a drug and gene carrier; (4) surface modifications such as 
targeted modification and fluorescent labeling can be performed. At present, 
liposome nanomaterials have entered the clinical research stage. For example 
(Liang et al., 2022; Mukherjee et al., 2022), treating liver cancer, breast cancer 
with breast recurrence, colorectal liver metastasis, and bone metastasis tumor 
treated by liposome-coated chemotherapy drug doxorubicin has entered the 
second stage of clinical research (Ashrafizadeh et al., 2022; Cao et al., 2022; 
Hussein and Abdullah 2022). 
 
5. Magnetic nanomaterials 
Magnetic nanomaterials are mainly magnetic iron oxide nanomaterials (Curcio 
et al., 2023; Diwakar et al., 2023; Yang et al., 2022). The most important 
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application of magnetic nanoparticles is achieving magnetic targeting in the 
body (Toro-Córdova et al., 2022; Wang et al., 2022; Włodarczyk et al., 2022) . 
Based on this, the magnetic nanomaterials can rapidly respond to an external 
magnetic field and a magnetic signal, so the magnetic nanomaterials have the 
advantage of easy separation and purification in the preparation process, and 
the magnetic targeting function (Kumar et al., 2022; Lin et al., 2022; Mohsin et 
al., 2022) and the controllable drug release of magnetic response as well as the 
magnetothermal property in an alternating magnetic field can be used for 
thermal therapy of cancer (Eslami et al., 2022; Huang et al., 2022). 
 
6. Rare-earth metal upconversion nanomaterials 
The upconversion luminescent material follows the anti-stokes law, that is, it 
absorbs low-energy excitation light and emits high-energy emission light 
(Naher et al., 2023; Zhang et al., 2022; Zhang et al., 2022). At present, the main 
matrix of upconversion materials is generally Sodium yttrium fluoride (NaYF4), 
which is internally doped with rare earth ions, such as Yb3+ as a sensitizer and 
Er3+ and Tm3+ as an activator (Zhang et al., 2022; Zhang et al., 2022; Zhang et 
al., 2022). Upconversion nanomaterials are mainly used for photodynamic 
cancer therapy because traditional photosensitizers' molecular excitation light 
is generally ultraviolet or visible light, with poor penetration ability. They can 
only be applied to surface, esophageal, and oral cancers and can do nothing for 
tumors in deep tissues (Ding et al., 2022; Ding et al., 2022; Gerelkhuu et al., 
2022). The upconverted nanomaterials can be excited by near-infrared light to 
emit ultraviolet or visible light, and combine with photosensitizer molecules to 
realize photodynamic therapy excited by near-infrared light and effectively 
solve the problem of light penetration. Moreover, the wavelength of the emitted 
light of the upconversion nanomaterials can be adjusted by doping different 
rare earth ions to meet different requirements (Bing-Shuai et al., 2022; 
Chintamaneni et al., 2022). 
 
7. Semiconductor nanomaterials 
Semiconductor nanomaterials have unique optical and electrical properties 
(Yin et al., 2022; Zhang et al., 2022). For example, titanium dioxide and carbon 
nitride nanomaterial can generate electron-hole separation under that 
illumination condition, and then can react with wat and oxygen to generate a 
large amount of active oxygen for photodynamic therapy of cancer (Qi et al., 
2022; Wang et al., 2022; Wei et al., 2022). Nanomaterials such as copper sulfide, 
tungsten oxide, and black phosphorus can absorb near-infrared light to 
generate heat for photothermal treatment of cancer (Hu et al., 2022; Li et al., 
2022; Li et al., 2022). 
 
8. Carbon-based nanomaterials 
Carbon-based nanomaterials mainly comprise carbon nanotubes (Lai et al., 
2023; Pandey and Chauhan 2023; Wang et al., 2022) and graphene nano 
material (Mazzaglia and Piperno 2022; Salve et al., 2022; Tang et al., 2022). 
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Carbon nanotubes are one-dimensional tubular carbon nanostructures, 
divided into single and multi-walled carbon nanotubes. Graphene is a two-
dimensional nano-flake structure consisting of a single layer of carbon atoms 
separated from graphite material. They mainly have the following advantages: 
(1) good stability, high biocompatibility, and no biological activity (He et al., 
2022; Kang et al., 2022; Kearns et al., 2022); (2) carbon nanotubes and 
graphene have larger specific surfaces (Azevedo et al., 2022; Fahmy et al., 
2022). 
 

2.2.2 The bottleneck of the development of antitumor nanodrugs 

The ultimate goal of nanodrug delivery is the presentation of small molecule 
active drugs into the interior of tumor cells. Take intravenous administration 
as an example; to exert the efficacy after intravenous administration, the drug 
enters into the tumor cells and undergoes five steps: blood circulation, which 
accumulates in the tumor tissue through the leakage of blood vessels, 
permeates from the tumor tissue to the tumor cells, is ingested by the tumor 
cells, and finally releases the drug in the cells (Zhao et al., 2020) (Figure. 4). To 
maximize the overall efficiency of delivery (drugs within tumor cells/injected 
drugs), each of the above steps must be brought to a higher level, and the 
inefficiency of any of them will greatly reduce the final effect. For example, 
Doxil did not improve efficacy, although it reduced toxic and side effects. This 
is because, although Doxil has a long blood circulation, the accumulation in 
tumor tissue is much more than small molecule doxorubicin. Still, it stays in the 
tumor around the blood vessels (Matsumoto et al., 2016), and does not further 
penetrate the tumor tissue, or reach the tumor cells, therefore, relative to small 
molecules, its efficacy has not improved. 
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Figure 4. Intravascularly administered therapeutics encounter serial biological barriers.  
 

2.2.2.1 Blood circulation 

When nanodrugs enter physiological environments such as blood, plasma, and 
tissue fluid, the body's immune system recognizes these foreign substances and 
eliminates them through filtration by the kidneys or liver. (Lungu et al., 2019; 
Zhang et al., 2021). Apolipoprotein and albumin can help the nanoparticles put 
on the "invisibility cloak", and inhibit their recognition by the mononuclear 
phagocyte system (MPS). Proteins with specific targeting capabilities can 
increase nanoparticle aggregation in target organs. Based on the above 
strategies, we hope to increase the drug delivery efficiency in the blood 
circulation stage: on the one hand, the interaction between proteins and 
nanoparticles can be used to reduce the phagocytosis of macrophages and 
reduce the systemic clearance; on the other hand, the adhesion of proteins with 
targeting ability (such as transferrin) can be used to improve the positioning of 
the target by the nano system. The success of albumin-bound violacene lies in 
that the nano-preparations are coated with a layer of endogenous proteins, 
which endows them with anti-removal ability and extended blood circulation 
performance. In addition, the EPR effect of the nanoparticles themselves and 
the specific combination of albumin and gp60 on tumor cells can also promote 
the aggregation of the nanoparticles in tumors (Heeke et al., 2019).  
Prolonged circulation is a prerequisite for the accumulation of nanomedicines 
in tumors. A short circulation time is not sufficient to achieve effective drug 
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accumulation in the tissue (Filipów and Łaczmański 2019). There are many 
methods to extend the blood circulation of nanodrugs, and the most commonly 
used strategy is to reduce the adsorption of proteins. The albumin binding 
method mentioned above uses the endogenous protein HSA wrapped outside 
the nanoparticles to achieve a long cycle by reducing the uptake of phagocytes. 
The method of encapsulating drugs with polyethylene glycol (PEG) polymers is 
another popular strategy. It is generally accepted that PEG is modified on the 
surface of the nanodrug through covalent bonding, encapsulation or 
adsorption. This highly hydrophilic polyether chain can establish a barrier 
between the nano-particles and plasma opsonin to block the adsorption effect, 
to disguise the nanodrug to escape from the phagocytosis of macrophages, and 
achieve the purpose of long-term circulation and change its distribution in the 
body (AlQahtani et al., 2019).  
 
2.2.2.2 Tumor accumulation and extravasation 

The influencing factors of systemic perfusion of nanomaterials into tumor 
tissues are: distorted tumor blood vessels, blood vessels, tumor 
microenvironment around and nanoparticles themselves. Tumor cells rapidly 
divide and proliferate, promoting angiogenesis to provide nutrition and 
oxygen, so the tumor's vascular endothelial cells are not like normal vascular 
endothelial cells to update once every 1000 days, it can almost double every 10 
days (Zhou et al., 2022). Such rapid proliferation results in hasty formation of 
these vessels with imperfect structures, leaks, and lack of arterioles, venules, 
and capillaries in the microvessels. The defects of this structure provide a 
hotbed for EPR effect (Kostarelos 2022). Sufficient blood half-life gives the 
dynamic jets sufficient time to capture the nanomaterials to improve drug 
delivery to the tumor tissue. In addition, vascular media such as nitric oxide 
and angiotensin II can enhance the penetration of tumor blood vessels to 
achieve high-efficiency extravasation of nanodrugs (Huang et al., 2021). In 
different stages, the blood viscosity and expansion pressure of the tumor 
microenvironment around the tumor blood vessels are not identical, or even 
have significant differences, which also affect the movement of the 
nanomaterials and the access to the tumor stroma in an invisible manner. We 
need to further study the mechanism of nanoparticle extravasation into tumor 
tissue and further improve the design of materials to construct nanocarriers 
that can achieve efficient tumor aggregation and penetration. The 
physicochemical properties of nanomaterials can also affect their 
extravasation and aggregation in tumors to a certain extent. For example, 
polymer micelles with 30, 50, 70, and 100 nm diameters have similar spillover 
and anticancer effects in the hypertonic murine colon cancer model. However, 
in the low permeability model, micelles with a diameter of 30 nm had the most 
effective tumor aggregation (Hua et al., 2021; Peng et al., 2020; Zhou et al., 
2020). This study shows that the heterogeneity of tumors has a very important 
impact on the anticancer efficacy. Compared with nanospheres, some 
nanostructures with elongated morphology (such as nanowires and nanorods 
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are more conducive to achieving the aggregation of nanomaterials in tumors 
(Ghimire et al., 2020; Vu et al., 2019). 
 
2.2.2.3 Deep penetration of tumor 

The aggregation of nanoparticles in the tumor is very important. The deep and 
uniform penetration of the loaded chemotherapeutic drugs into the tumor 
tissue is also crucial to achieve the optimal therapeutic effect. The particle size 
and binding affinity can affect some macromolecules' diffusion kinetics (Peng 
et al., 2022; Wang et al., 2023; Xu et al., 2021) and deep penetration (such as 
dextran and antibody). The tissue infiltration after the antibody with higher 
affinity combines with the target antigen on the tumor is not as good as the 
tissue infiltration after the antibody with lower affinity identifies with the same 
target antigen (Huang et al., 2021; Lin et al., 2021; Wan et al., 2021). This is 
because low-binding antibodies can penetrate deep tissues through target 
antigens, while high-binding antibodies are directly internalized by binding to 
antigens too tightly. Therefore, we should weigh the advantages and 
disadvantages of deep tumor infiltration and high cell uptake in the material 
design process. After all, the nanomaterials are much larger than the 
antibodies. Due to the inherent physiological barrier of the tumor 
microenvironment, the nanodrugs are very easily trapped in the extracellular 
matrix of the tumor microvessels. The physiological barriers of tumor 
microenvironment include collagen fibers and some tight interstitial stroma 
composed of proteins, abnormal blood vessels and elevated interstitial fluid 
pressure caused by lack of functional lymphatic vessels in the deep layer of 
tumor tissue (Xiong et al., 2020). These natural barriers reduce the efficiency 
of nanoparticle conduction from the vessel wall to the tumor stroma. In 
addition, tumor-related giant thiazole cells have non-specific cellular uptake of 
nanomaterials and negatively affect the diffusion of nanomaterials (Cheng et 
al., 2020). One of the solutions to overcome the delivery bottleneck is to 
regulate the physicochemical properties of the nanomaterials so that they can 
penetrate the diffusion barriers of the interstitial tumor matrix. The 
nanomaterials with small particle size can stably diffuse across the tumor 
tissue, and its specific surface area is large. The particle size of the nanodrug 
cannot be too small, and when the particle size is less than 5 nm, it will be 
quickly cleared by the kidney. Tumor-targeting punch-through peptides may 
also enhance deep delivery of the nanodrug to the solid tumor. Nanorods (15 
nm x 54 nm) have a better effect on deep tumor penetration than nanospheres 
with a size of 35 nm, because the nanorods have a lower dimension (Cheng et 
al., 2020). We can design materials to make them more adaptive to the tumor 
microenvironment and try to change the tumor microenvironment to serve the 
materials. For example, the interstitial components are reduced by degrading 
the extracellular matrix of the tumor and inhibiting the activity of tumor-
related fibroblasts, thereby weakening the restriction of the intercellular 
matrix on the penetration of nanomaterials, which can also help the nanodrugs 
to achieve the goal of deep penetration into tumor tissues (Feng et al., 2019). 
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2.2.2.4 Tumor cell uptake 

The active sites for drug uptake by tumor cells are typically located 
intracellularly, especially for prodrug-type medications. Target cells must fully 
internalize and efficiently release the active drug within the cell to exert the 
drug's biological activity (Zhao et al., 2020). One of the ways to improve cell 
uptake is to modify the nanoparticles with targeting ligands (Wang et al., 2020). 
Unlike EPR effect, active targeting can actively cross physiological barriers such 
as intestinal mucosa and blood-brain barrier to enhance the accumulation of 
nanodrugs in tumors. Due to its unparalleled advantages, there have been 
clinical examples of active targeting. For example, liposomes with targeting 
ability can also regulate the uptake behavior of nanodrugs by cells by adjusting 
the size and shape of nanoparticles. After the nanomaterials are ingested by 
cells, the loaded prodrugs must be released to reach the target by diffusion. Or 
by intracellular pathways to the appropriate subcellular organelles. Lysosomal 
escape of nanoparticles is critical for the intracellular delivery of prodrug. 
Cationic liposomes and cationic polymer-based nanocarriers have great 
potential for drug delivery (Zhong et al., 2019). However, their lysosomal 
escape efficiency is still very low. Therefore, designing nano-sized preparations 
with higher lysosomal escape efficiency is urgent. The research on targeted 
organelles (nucleus, mitochondria, endoplasmic reticulum and Golgi 
apparatus) is also underway in an orderly way (Mayer et al., 2019). Many 
articles have confirmed that specific organelles can indeed ingest 
nanoparticles. However, exploring potential obstacles to 
organelles/membranes is insufficient and further research is needed. 
 
2.2.2.5 Controlled drug release  

The effective anticancer components it carries after reaching the tumor 
microenvironment may not be enough. To achieve optimal anticancer effects, 
the pharmacokinetics (PK) of nanoparticles, their permeability to tumor 
tissues, and the release of stimulation-responsive drugs need to be optimized. 
This requires an in-depth understanding of the relationship between several 
complex parameters, including nanoparticle PK and small molecule drug PK, 
encapsulated and released drugs in plasma, maximum blood concentration 
(Cmax) and maximum concentration of nanoparticles in blood after a single 
dose administration, and the drug-time curve (AUC) of small molecule drugs 
and AUC of nanoparticles. Traditional small molecule drugs reach their Cmax 
soon after intravenous infusion, followed by slowly decreasing drug 
concentrations. After intravenous administration of the nanodrug, it takes a 
period for the released small molecule drug to reach its Cmax. Therefore, Cmax 
is not accurate for evaluating the toxicity of nanodrugs. The AUC of small-
molecule drugs and nanodrugs in tumors are very different, mainly because the 
EPR effect greatly enhances the aggregation of nanodrugs in tumors, and then 
the small-molecule drugs are released at tumor targets, resulting in high drug 
concentration in tumor areas (Bayer 2020; Zhao et al., 2019). Many studies 
have shown that nanodrugs can significantly improve the Cmax, PK and AUC of 
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drugs in tumor areas compared with traditional small-molecule drug delivery. 
However, drug enrichment in the tumor area did not improve the patient's 
survival. This involves whether the drugs can be released in the tumor cells and 
whether the released drugs can play a role in treating tumors. One of the ways 
to regulate the drug release is to construct an intelligent nanodrug loading 
system with stimulation response. These nanosystems can respond to the 
characteristics of the tumor microenvironment, or can be activated by external 
stimuli to release their loaded drugs. To some extent, external stimuli can 
regulate the release behavior of drugs in time and space, and they are more 
widely used (Lu et al., 2019; Sun et al., 2019). 
 

2.3. Design of nano prodrug 

To enhance the circulation time of nano prodrug in the body, some polymers 
such as PEG or HA are commonly used in the design of nano prodrug. Drugs are 
directly connected to the polymer through chemical bonds or physically 
embedded in polymer nanoparticles. In order to respond to the functional 
requirements of the internal environment and avoid early release of antitumor 
drugs during circulation in the body, chemotherapy drugs are typically 
modified by chemical bonds that respond to the biological microenvironment, 
such as disulfide bonds, diselenide bonds, etc., to achieve drug release under 
various conditions (Noor et al., 2023; Shen et al., 2022). Compared with normal 
tissues, tumor tissues have special physiological structure and 
physicochemical property differences, including vascular insufficiency, weakly 
acidic tumor tissue, higher temperature than normal tissue, specific 
overexpression of some enzymes, and low tissue oxygen content (Masserini 
2013). The microenvironment in tumor cells differs from that of normal cells, 
which mainly includes high GSH content in most tumor cells, overexpression of 
some enzymes, and high concentration of H202 in mitochondria. Among them, 
the acidic environment (pH 4.5-6.5) of lysosomal inclusions in tumor cells is 
often used to achieve drug release (Zhang, 2021) (Figure. 5). 
In recent years, multiple smart response type nanodrug delivery vehicles 
(Mustafa et al., 2023) and cancer cell targeting have become major research hot 
spots. The nanodrug delivery system with multiple stimulation responses can 
simultaneously coordinate environmental stimulation (Hoare and Pelton 2004; 
Nakayama et al., 2011) substances of the nano particles in different stages, 
overcome multiple physiological barriers encountered by the nano particles in 
the delivery process, and realize efficient targeting and controllable drug 
release (Da 2020; Klochkov et al., 2021). 
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Figure 5. Schematic illustration for multi functionalized nano prodrug (Copyright 2021, 
John Wiley & Sons)  
 

2.3.1 Nano prodrug targeting 

The application of nanoparticles in tumor treatment has gradually become a 
hot topic. One of the main reasons is that the drug-loaded nanoparticles can 
realize the targeted delivery of drugs in tumor tissues. The targeting of 
nanoparticles in tumor tissues can be divided into two major categories: 
passive targeting and primary targeting. Passive targeting mainly refers to the 
EPR effect of nanoparticles in tumor tissue. Active targeting refers to modifying 
specific ligands on the surface of nanoparticles to identify the overexpression 
of receptors on the surface of tumor cells, thereby increasing the 
internalization of cells through receptor-mediated endocytosis (Sushnitha et 
al., 2020).  
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2.3.1.1. Passive targeting 

Initially, the nanodrug-loaded particles were passively targeted to the tumor 
tissue mainly through the tumor vascular imperfection. The particle size, 
morphology and surface charge of the passive targeting is mainly affected by 
the nanoparticles., the size of nanoparticles is a key factor affecting passive 
targeting. The nanoparticle size in the range of 5 to 200 nm is considered the 
optimal particle size range for the passive targeting of nanoparticles to tumor 
tissue (Alavi et al., 2019; Attia et al., 2019; Bertrand et al., 2014). If the particle 
size is too small, it will be filtered by the glomerulus, while if size is too large, 
it cannot enter the tumor tissue through the tumor blood vessels (Bazak et al., 
2014; L Arias 2011; Perrault and Chan 2010). Despite the fact that the EPR 
targeting theory has been widely used in preclinical studies, it appears to be 
very ineffective in more complex and larger systems such as the human body. 
Therefore, active targeting will become a research goal for nanomedicine. 
 
2.3.1.2 Active targeting 

Active targeting, also referred to as ligand-mediated targeting, involves the 
modification of nanoparticles with ligands such as antibodies, nucleic acid 
aptamers, polypeptides, polysaccharides, or cell membranes. This modification 
enables the nanoparticles to be specifically recognized by tumor cells that 
overexpress the corresponding receptors, thus achieving high specificity. 
Targeted molecular strategy is an important mechanism for intracellular 
endocytosis (Stine et al., 2022; Yang et al., 2020). The nanoparticles enter the 
tumor tissue through EPR action and are endocytosed by tumor cells through 
targeted molecular mediation. Among many ligands, folic acid is a small 
molecule with carboxyl group. Folate receptors are overexpressed on the 
surface of tumor cells, while they are scarcely expressed or expressed in small 
amounts in normal cells. Folate receptors can serve as targets for tumor 
identification and targeted delivery of anticancer drugs. Due to its simple 
structure, it can be easily grafted onto nanoparticles, making it the most widely 
studied one. Arginylglycylaspartic acid (RGD) protein is another widely used 
ligand that specifically binds to overexpressed receptors on the surface of 
tumor cells. The latest cancer targeting strategy involves encapsulating 
nanoparticles with various biological membranes, leveraging the abundant 
protein characteristics found on different biological membranes to achieve in 
vivo circulation and tumor targeting (Bazak et al., 2015; Kievit and Zhang 2011; 
Pearce and O’Reilly 2019). Currently, although active targeting strategies have 
made some progress, there are still many challenges waiting for researchers to 
explore due to the lower targeting efficiency (Figure. 6). 
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Figure 6. Schematic illustration for targeting strategies of nanoparticles in different 
periods (Copyright 2020, Frontiers Media SA) 

 
2.3.1.3 Organelle targeting 

The ligands targeting the tumor cells are beneficial to increasing the 
endocytosis of the tumor cells on the nanoparticles, better accumulating drugs 
to the tumor tissue and reducing the toxicity of the nanoparticles. Despite these 
advantages of targeting tumor cells, the results of further enhancing the 
activity of antitumor drugs have not been satisfactory (Liew et al., 2021; Zhan 
et al., 2022; Zheng et al., 2021). Many drug delivery systems assume that the 
internalization of regulatory cells or even cytoplasm is required to ensure the 
interaction between drug molecules and action targets, relying on the simple 
diffusion of drug molecules into organelles and their random interaction with 
organelles. This results in that some drug molecules must have sufficient 
metabolic stability before finally interacting with organelles, but not all drug 
molecules can meet this requirement. Therefore, solving the subcellular 
assignment of drug molecules can more effectively enhance the antitumor 
effect of drugs (Chen et al., 2021; Li and Huang 2020; Wang et al., 2020). The 
emergence of organelle-targeted nanodrug-loaded particles has become a new 
focus of targeted delivery research. Some methods for targeting organelles are 
to chemically graft anticancer drugs onto organelle-targeting ligands. Cell 
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penetrating peptides and triphenylphosphine cation (TPP) were all good 
organelle targeting ligands. However, not all drugs can graft organelle-
targeting ligands in this way and do not change the antitumor activity of the 
drugs; more organelle-targeting is achieved by grafting the organelle-targeting 
ligands on the surface of the nanoparticles (Chen et al., 2019; Gao et al., 2019; 
Gao et al., 2019; Guo et al., 2020). 
 
2.3.1.4 Mitochondrial targeting 

Tumor cell growth requires a lot of energy, and mitochondria mainly produce 
adenosine triphosphate (ATP) that tumor cells require. Therefore, targeting 
mitochondria to inhibit ATP production can be an effective strategy for treating 
cancer. In addition, mitochondria also regulate calcium balance, cell growth 
and apoptosis, differentiation, and the synthesis and decomposition of 
secondary metabolites in the body. At the same time, mitochondria store 
various macromolecules and play an important role in the above physiological 
processes. Mitochondria also have the feature that mitochondrial DNA 
(mtDNA) is present in all mitochondria. Therefore, drugs targeting DNA 
damage, such as DOX and cis-molybdenum, can act on mitochondrial mtDNA 
and effectively kill tumor cells and cells resistant to traditional chemotherapy 
drugs. Lin et al. prepared self-assembling nanoparticles with mitochondrial 
targeting capabilities for precise mitochondrial delivery. Among these, DOX-
TPP can release active DOX to disrupt mitochondria. Modifying the 
nanoparticles with TPP enables mitochondrial targeting within tumor cells. 
Glycyrrhetinic acid (GA), an extract from licorice, has been reported to interact 
with the mitochondrial respiratory chain, leading to hydrogen peroxide 
production and triggering the opening of mitochondrial permeability 
transition pores (MPTP). This effectively promotes mitochondrial apoptosis 
within tumor cells, ultimately leading to tumor cell death (Lin et al., 
2021)(Figure. 7).  
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Figure 7. Schematic diagram of mitochondrial target nanomedicine. (Copyright 2020, John 
Wiley & Sons) 
 

2.3.1.5 Endoplasmic reticulum targeting 

In the common antitumor treatments, some chemotherapy drugs can cause the 
immunogenic death of cancer cells due to their unique mechanism of action. 
The same can be said of the singlet oxygen produced by photodynamic therapy 
(Li et al., 2022; Shi et al., 2021). One of the markers of immunogenic death, the 
HMGB1 protein, is stored in the endoplasmic reticulum of cancer cells. 
Therefore, targeting endoplasmic reticulum as an organelle can effectively 
promote immunogenic death (Deng et al., 2020; Yuan et al., 2019; Zhou et al., 
2020). Li et al. encapsulated indocyanine green (ICG) into ER-targeting 
pardaxin (FAL) peptides modified hollow gold nanospheres. that could target 
the endoplasmic reticulum. These nanoparticles can be specifically 
accumulated in the endoplasmic reticulum after entering cancer cells. When 
irradiated with a near infrared laser at 808 nm, ROS will be locally generated 
in the endoplasmic reticulum to induce ER stress and amplify the immunogenic 
cell death (ICD) effect, thereby eradicating tumors (Figure. 8) (Li et al., 2019). 
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Figure 8. Schematic diagram of Endoplasmic reticulum nanomedicine. (Copyright 2019, 
Springer Nature) 
 

2.3.2 Tumor microenvironment response type nano prodrug 

delivery systems 

The triggering reactions of these vehicles are often used to control the 
controlled release of bioactive substances in time and space, or even to obtain 
more complex functions, such as regulating tissue infiltration and 
internalization. The chemical linkage mainly provides controlled drug release 
performance. At the same time, the responsive polymer backbone is often 
designed to adjust physical and chemical parameters, such as solubility, 
stability, conformation and hydration radius. Changes in physiological 
parameters are often important markers for different types of diseases. Due to 
the rapid proliferation of tumor cells, the expression levels of related factors in 
tumor sites are significantly different from those in normal tissues. Therefore, 
specific tumor microenvironment characteristics (such as acidosis, hypoxia 
and enzyme imbalance) are used to design endogenous stimulation-responsive 
nanodrug delivery vehicles for tumor targeted drug delivery. For biological 
systems, stimulation factors can be roughly divided into internal stimulation 
(pH, GSH, ROS, ATP, enzyme, etc.) (Bai et al., 2019; He et al., 2020; Hou et al., 
2021; Li et al., 2020; Ma et al., 2023; Mirhadi et al., 2020; Shi et al., 2020) and 
external stimulation (such as light, ultrasound, electric field, magnetic field, and 
temperature)(Peng et al., 2022)(Figure. 9). 
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Figure 9. Schematic diagram of tumor microenvironment response nanomedicine. 
(Copyright 2021, John Wiley & Sons) 
 

2.3.2.1 pH-responsive nano prodrug delivery systems 

Due to tumor cells' rapid proliferation, tumor tissue pH is always weakly acidic. 
The pH in the extracellular matrix of normal tissues and blood is stable at about 
7.4, while the pH in the extracellular microenvironment of the tumor cells is 
6.5–7.2. When the nanodrug delivery vehicle is internalized by adsorption 
pinocytosis or receptor-mediated endocytosis, it is confined to a pinocytic 
vesicle, forming an unfavorable environment. After entering the cells, the 
vector would first encounter the endosome with pH 5.0-6.0, and then 
encounter the lysosome and multiple enzymes with pH 4.0-5.0 (He et al., 2021; 
Mu et al., 2021). Therefore, acid-unstable chemical bonds (such as hydrazone 
bonds, acetals, orthoesters, imines, oximes, and so on) or ionizable groups are 
often used to design pH-responsive nanodrug delivery vehicles to promote the 
rapid release of drugs within tumor cells or enhance internalization of drugs 
within tumor cells (Gannimani et al., 2020; Zhang et al., 2020). pH changes 
associated with pathological states have been widely used to trigger drug 
release (Liang et al., 2019; Sun et al., 2019) to specific lesion sites (such as the 
gastrointestinal tract, vagina, and tumor tissue) or cell lumens (cytoplasmic 
matrix, lysosome, mitochondria, and endoplasmic reticulum). 
 
2.3.2.2 Redox response type nano prodrug delivery systems 

Due to the strong metabolism in tumor cells, many reducing substances (such 
as divalent iron ions, cysteine, and thioredoxin reductase) are produced in 
tumor cells. Among them, GSH is abundant in the form of free mercaptan in 
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cells, which can produce a highly reducing tumor microenvironment and 
protect cells from free radical-induced oxidative damage (Kumar et al., 2020; 
Li et al., 2020; Tian et al., 2021). The concentration of GSH in tumor cells is 
about 2-10 mM, while that in normal cells is only 2-20 μM (Luo et al., 2019; Qu 
et al., 2019). Taking advantage of the difference between the concentration of 
reducing substances in cancer cells and normal cells, linking bonds with 
reduction responses has been widely used to design tumor-targeted drug 
delivery vehicles and nano prodrug with reduction responses, such as disulfide 
bonds, borate bonds, and double selenium bonds (Liu et al., 2019). Liu et al 
reported this redox-responsive Selenocystamine-modified mesoporous silica 
nanoparticle (MSN-SS-CEL) system through disulfide bonds. they employed 
poly β-cyclodextrin (PCD) as a gatekeeper to seal doxorubicin (DOX) inside the 
pores of MSNs, resulting in the desired nano-system (MSCP). The MSCP nano-
system can efficiently deliver both of these molecules to the tumor site and 
release the active drug within the tumor tissue (Liu et al., 2019)(Figure. 10). 

 
Figure10. Schematic diagram of redox-sensitive nanoparticles (Copyright 2019, John Wiley 
& Sons) 
 

2.3.2.3 ROS-responsive nano prodrug delivery systems 

Reactive oxygen species (ROS) are a group of organisms that contain various 
highly oxidative substances, including H2O2, O2, and NO (Yang et al., 2020; Zhu 
et al., 2020). A study has shown that 90% of intracellular ROS are derived from 
mitochondria (Na et al., 2020; Xia et al., 2020). Under normal circumstances, 
intracellular ROS is in a very low balance state. However, in many tissues such 
as tumors, inflammation, and chronic diseases, the level of ROS in mitochondria 
is much higher than in normal tissues (Chu et al., 2020; Ding et al., 2020). A 
large amount of ROS will damage cell DNA, protein and lipids (Jin et al., 2019). 
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ROS-based cancer treatment often fails to achieve the expected results due to 
the very short effective cycle of ROS, limited diffusion range and relatively 
insufficient endogenous ROS levels in cells. In recent years, using excessive ROS 
in tumor cells as a trigger point for drug release to design ROS-responsive 
nanodrug delivery vehicles for controlling the drug release rate and targeting 
cancer therapy has aroused great interest (He et al., 2019). 
Drug-loaded sulfide-containing polymers can be oxidized to sulfoxides or even 
sulfones by reactive oxygen species, resulting in the cleavage of the polymers 
or vesicles, which release the loaded drugs. In recent years, various functional 
materials targeting subcellular organelles have also played an increasingly 
important role in tumor treatment. By specifically destroying the function of 
organelles, they can not only have fatal effects on cells, but also reduce the 
random diffusion and efflux of drugs in the cytoplasm. Subcellular organelle 
compartments had stronger drug retention effect and could effectively increase 
drug concentration. For example, Hao et al. developed an active oxygen-
responsive prodrug nanoparticle system loaded with Pt nanoparticles, which 
enhances the efficacy of PDT therapy. Under 660 nm laser irradiation, this 
prodrug generates ROS and controls the release of camptothecin (CPT) within 
the prodrug. Additionally, Pt nanoparticles can catalyze hydrogen peroxide 
(H2O2) within cancer cells to generate oxygen for alleviating the hypoxic 
conditions in tumor tissue, thereby enhancing the efficiency of PDT (Hao et al., 
2020) (Figure. 11). 
 

 
Figure 11. Schematic diagram of ROS-sensitive nanoparticles (Copyright 2020, John Wiley 
& Sons) 
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3. Objectives of the work 

Although traditional chemotherapy drugs such as paclitaxel (PTX) and 
doxorubicin (DOX) have broad-spectrum antitumor activity and stable efficacy, 
they still have several drawbacks. These include severe toxicity and side effects 
on normal cells and tissues during blood circulation, inadequate selectivity, 
poor water solubility, and the development of resistance with long-term use. 
To address these issues, we propose designing PTX and DOX as prodrugs to 
overcome the aforementioned limitations. Prodrugs, by bridging reactive 
chemical bonds between two functional groups, significantly enhance the 
stability of drug molecules in the bloodstream compared to physically 
encapsulated drugs, reducing non-specific drug release behavior. Moreover, 
prodrugs can rapidly degrade under specific tumor microenvironment 
conditions, facilitating efficient release of free drug molecules. This can 
effectively reduce the toxic side effects on normal tissues and organs while 
achieving efficient drug accumulation at the site of the lesion, consequently 
enhancing the therapeutic efficacy. Furthermore, due to the high chemical 
modifiability of prodrugs, there is a wide range of formulation possibilities. For 
example, prodrug molecules can be designed for simultaneous delivery of two 
drugs, effectively overcoming the resistance to single drugs. Alternatively, 
chemotherapy drugs can be chemically conjugated with photosensitizers for 
combination therapy involving chemotherapy and photodynamic therapy. 
Regarding the carrier design for prodrugs, we can not only use microfluidic 
techniques to prepare self-assembled prodrug nanoparticles but also explore 
the modification of prodrugs onto organic polymers or inorganic carriers. 
Subsequently, these nanoparticles can be further modified using tumor cell 
membrane camouflage techniques to achieve tumor cell targeting. In summary, 
the objective of this study is to construct a series of tumor microenvironment-
responsive prodrug nanomedicines based on the anticancer drug paclitaxel and 
thoroughly explore the different formulation approaches and in vitro antitumor 
performance of these prodrugs.  
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4. Materials and methods 

This section outlines the materials and synthetic methods utilized in the thesis 
work. The materials section provides a comprehensive overview of the main 
materials involved in the synthesis of prodrugs and modified MSNs. The 
methods section highlights the key characterization techniques employed. For 
a more detailed account of the experimental procedures, please refer to the 
relevant sections of Papers I-V. The goal is to provide readers with a thorough 
understanding of the materials and methods utilized in the research presented 
in this thesis. 
 

4.1. Materials 

All chemicals used in this study were purchased from well-known commercial 
suppliers such as Sigma-Aldrich, Abcam, Novex, and VWR. No additional 
purification steps were performed before their use in the experiments. 
 

4.2. Preparation approaches 

4.2.1. Synthesis of prodrug  

Synthesis of PTX prodrugs (I, II, III, IV) 
To synthesize the pure intermediate, a mixture of PTX (2.0 g), dithiodipropionic 
anhydride (DTDPA) (590.94 mg), (3-dimethylaminopropyl) ethyl-carbodiimid 
monohydrochloride (EDCI) (537.02 mg), and 4-dimethylamino-pyridine (DMAP) 
(343.36 mg) was added to 40 mL of dichloromethane and stirred for one night. 
The final mixture was purified by silica gel column chromatography, which 
provided the desired intermediate with a yield of 58.8%. 
Synthesis of PTX and DOX prodrugs (I) 
The synthesis of PTX-S-S-DOX involved the use of amide coupling. Initially, DOX 
(0.28 mmol), PTX-S-S-COOH (0.2 mmol), EDCl (0.28 mmol), and triethylamine 
(TEA) (39.1 µl) were dissolved in DMSO. The reaction mixture was stirred 
overnight, followed by removal of DMSO through lyophilization. The residue was 
purified using silica gel column chromatography to yield 56% red powder of the 
desired product. 
Synthesis of PTX and CPT prodrugs (II) 
To synthesize the final product, PTX-S-S-COOH (0.24 mmol), CPT (0.285 mmol), 
4-dimethylaminopyridine (0.05 mmol), and N, N′-dicyclohexylcarbodiimide 
(0.285 mmol) were dissolved in DMSO. After stirring overnight, the DMSO was 
removed by lyophilization, and the resulting residue was purified using silica gel 
column chromatography to yield yellowish pure products with a 59.7% yield. 
Synthesis of PTX and THPP prodrugs (III) 
The target compound was synthesized by dissolving 6,6',6'',6'''-((porphyrin-
5,10,15,20-tetrayltetrakis(benzene-4,1-diyl)) tetrakis(oxy)) tetrakis(hexan-1-
ol) (THPCC6-OH) (0.18 mmol), PTX-S-S-COOH (0.92 mmol), EDCl (0.92 mmol), 
and DMAP (0.38 mmol) in 40 mL of anhydrous methylene chloride and stirring 
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the resulting mixture at 25°C for 2 days. The residue was purified using silica 
gel column chromatography. 
 

4.2.2. Synthesis of Modified MSNs  

Preparation of AuNRs (IV, V) 
The synthesis process involves the following steps: 
1. Mixing a 0.1 M hexadecyl trimethyl ammonium Bromide (CTAB) solution 
(3.75 mL) and a 0.01 M HAuCl4 solution (0.125 mL) for 5 min to form gold 
seeds. 2. Adding a rapid injection of 0.01 M NaBH4 solution (0.3 mL, ice-cold) 
to the mixture under vigorous stirring to form gold seeds. 3. After 4 hours, 
stirring a solution containing 0.1 M CTAB (200 mL), 0.01 M HAuCl4 (10 mL), 
0.01 M AgNO3 (2.4 mL), and 1 M HCl (3.8 mL) at 30°C for 10 min. 4. Adding 0.1 
M ascorbic acid (2 mL) quickly to the growth solution, which immediately 
turned colorless. 5. Adding the gold seeds solution (0.48 mL) and stirring for 5 
min, followed by an overnight standing. 
Preparation of Au@MSNs (IV) 
1. A purified solution of AuNRs was prepared. 2. Aqueous CTAB solution (1 mM, 
50 mL) was added to the AuNRs solution. The pH was adjusted to 10-11 with 0.1 
M NaOH. 3. A 20 v/v% TEOS ethanol solution (0.33 mL) was added to the mixture. 
4. The reaction mixture was stirred overnight at 30 °C. 5. The resulting Au@MSN 
NPs were collected by centrifugation at 13,000 rpm for 10 minutes. 6. The 
collected NPs were washed with 0.6 wt% ammonium nitrate (NH4NO3) ethanol 
solution to remove the CTAB. 7. The activated modification of APTES in ethanol 
was carried out overnight. 8. The final product, Au@MSN-NH2 NPs, was obtained 
(Zhang et al., 2012). 
Preparation of Au@PTXSS-MSN/DOX@CM (IV) 
The synthesis process involved adding Au@MSN-NH2 NPs and PTX-SS-COOH to 
a solution of dichloromethane, using DMAP and EDCI as catalysts, and stirring 
the mixture overnight. After the reaction, the NPs were washed with 
dichloromethane. Next, Au@PTXSS-MSN NPs and DOX were mixed and stirred 
overnight in an aqueous solution. The cancer cell membrane extract was then 
added to the mixture and stirred in an aqueous solution overnight. 
Preparation of Au@MSN-Ter/THPP@CM (V) 
The cancer cell membrane (CM) was mixed with the tetrahydroxyphenyl 
porphyrin (THPP) loaded and tosyl ethylenediamine (Ter) modified NPs in 
MilliQ water at 4°C, and the mixture was stirred overnight. The resulting 
mixture was then subjected to centrifugation to obtain the desired NPs.  
Au@MSN-Ter/THPP@CM@GelMA/CAT microgel preparation(V) 
A microfluidic chip with two channels was utilized. The inner channel 
contained a mixture solution of methacrylic anhydride gelatin (GelMA), 
photoinitiator, Catalase (CAT), and nanoparticles. The outer channel contained 
mineral oil with Span 80. Microgels were obtained by the flow of different 
phases at varying speeds. After UV curing, the microgels were obtained through 
centrifugation and ethanol washing. 
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4.3. Characterization methods 

4.3.1. Composition and structure analysis 

Nuclear magnetic resonance (NMR) analysis 
The NMR was measured by Bruker AV-500 NMR, the solvent was CDCI3, and 

the test temperature was 25℃. NMR used 0.01% tetramethylsilane (TMS) as 

internal standard.  

Mass spectrometric analysis 
Linear ion trap (LTQ) mass spectrometer test with electrospray source. 
Transmission electron microscopy 
The TEM images were acquired using a JEM-1400 Plus TEM microscope (JEOL 
Ltd., Japan). 
Dynamic light scattering (DLS) and zeta-potential 
The size distribution and zeta-potential of the nanoparticles were analyzed 
using a Zetasizer Nano ZS instrument (Malvern Instruments Ltd., UK).  
 

4.3.2. In vitro cell studies  

Cell proliferation assay for cytotoxicity 
The in vitro cytotoxicity of the sample was characterized by WST-1 assay. 
Breast cancer cell line (MDA-MB-231), non-tumorigenic epithelial cell line 
(MCF-10A), human ovarian cancer cell line (SKOV3), human ovarian 
adenocarcinoma adherent cell line (OVCAR3) and normal human skin 
fibroblasts (NHDF) were used to determine the toxicity of different samples. In 
short, different cells (5×103 cells/well) were inoculated in a plate. The samples 
to be tested were co-cultured with cells for 24 h or 48h respectively. Then WST-
1 testing kit was added, co-cultured with cells for 2 hours, and the absorbance 
was measured by enzyme-labeled instrument. 
Confocal laser scanning microscopy (CLSM)  
To detect cell uptake of NPs, laser confocal scanning microscope (CLSM) was 
used. SKOV3 cancer cells were inoculated in a Petri dish at a density of 2X105 
cells per well, and cultured for 24 hours to allow cell adhesion. Next, the culture 
medium was replaced with a fresh medium containing NPs at an appropriate 

concentration, and the cells were cultured at 37℃ for a specific time. After 

incubation, the supernatant was discarded, and the cells were washed with PBS 
buffer. Then, the cells were fixed with 1 mL of 4% paraformaldehyde for 5 
minutes, followed by washing with PBS buffer and incubation with 4',6-
Diamidino-2-Phenylindole, Dihydrochloride (DAPI). For evaluating lysosomal 
co-localization, lyso-tracker green was added to stain lysosomes for 1 hour 
prior to another staining, and the cells were then observed with CLSM (Zhang 
et al., 2012). 
Flow cytometric analysis of cellular uptake  
Cancer cells were inoculated into 12-well plates with 1 ml culture medium in 
each well, and the inoculation density was 2X105 cells in each well, so that the 
cells adhered to the wall for 24 hours. Then suck out the culture medium and 
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replace it with NPs solution diluted with medium. The cells were cultured at 
37℃ for 2 hours, 4 hours and 6 hours. Subsequently, the supernatant was 
thrown away, the cells were washed with PBS and digested. The digested cells 
were dispersed in PBS, then centrifuged (1000 r/min, 5 min) and collected. The 
above centrifugal cleaning process was repeated three times. Finally, the 
supernatant was removed, and the cell mass at the bottom was redispersed 
with 0.5 ml PBS, and then the endocytosis was analyzed by flow cytometry (Rao 
et al., 2019). 
Living/dead cell detection 
Inoculate cancer cells in a Petri dish. Then, the cells were co-cultured with 
different samples for 24 h. Cells were stained with calcein and propidium 
iodide, incubated at 37°C for 0.4 h, and then observed by CLSM. 
Apoptosis 
The apoptosis detection kit was utilized to investigate the apoptosis pathway. 
The cancer cells were incubated with the test sample for 12 hours, then washed 
with culture medium thrice, and exposed to 650/980 nm NIR laser for 5 
minutes. After 12 hours, PBS cleaning, incubated with kit dye at room 
temperature for 15 minutes. Subsequently, flow cytometry was utilized to 
analyze the apoptotic cells. 
Intracellular detection of O2• production 
Cancer cells were cultured in confocal Petri dishes. The sample to be tested was 
dissolved in DMEM medium and added to the cells for 12 h. After incubation, 
the cells were washed with PBS buffer. Next, the medium containing 2',7'-
Dichlorodihydrofluorescein diacetate (DCFH-DA) was added, and the cells 
were exposed to 650 nm laser irradiation for 5 minutes. Finally, cell imaging 
was obtained using CLSM.  
Statistical Analysis 
All data were collected from three independent experiments conducted in 
triplicate. Quantification of confocal images was performed using Image J 
software. Data analysis and graphical work were carried out using GraphPad 
and SPSS 20.0 software. A significance level of P < 0.05 was considered 
statistically significant. 
 

4.3.3. In vivo evaluation assay 

Evaluation of in vivo toxicity 
The animal experiment protocol was approved by the Research Ethics 
Committee of Jiangsu University, and was conducted in accordance with the 
Guidelines for the Care and Use of Laboratory Animals. All mice were subjected 
to scheduled injections and laser irradiation according to the expected 
treatment regimen. After 15-20 days of treatment, during which mouse body 
weight and tumor size were measured, the mice were euthanized at the 
conclusion of the treatment. Major organs and tumors were removed for 
various types of histological analysis. 
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In vivo imaging system (IVIS) 
The sample solution was injected intravenously into tumor-bearing mice. Then, 
the mice were anesthetized at specified time intervals (6, 12, 24 h) and scanned 
with CRi MaestroTM automatic in vivo imaging system (C.R. International Inc. 
USA). 
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5. Results and discussion 

5.1. Overview of the thesis work  

The main objective of this study is to explore the potential of self-assembled 
prodrug nanoparticles through the chemical bonding of two drugs for 
delivering drugs and achieving a synergistic therapeutic effect under stimulus 
response. Additionally, a multifunctional drug delivery system was developed 
by modifying the MSN matrix material. Moreover, the use of microfluidic 
technology to encapsulate nanoparticles with GelMa material was investigated 
to achieve better control over the construction of a drug sustained-release 
system. 
The following workflow was adopted in this thesis: 
(I) Preparation of Redox-Responsive Doxorubicin and Paclitaxel Prodrug 
Nanoparticles for Breast Cancer Therapy Using Microfluidics. 
(II) Preparation of Self-assembled Disulfide Bond Bearing Paclitaxel- 
Camptothecin Prodrug Nanoparticle for Lung Cancer Therapy. 
(III) Preparation of Porphyrin Centered Paclitaxel Tetrameric Prodrug 
Nanoassembliesas Tumor-Selective Theranostics for Synergized Breast Cancer 
Therapy. 
(IV) The Combination of Photothermal Therapy, Prodrug, and Tumor Cell 
Camouflage Technology Applied to MSN Carrier For the Treatment of Triple-
Negative Breast Cancer. 
(V) Minimally Invasive Injection of Biomimetic Nano@Microgel for In Situ 
Ovarian Cancer Treatment Through Enhanced Photodynamic Reactions and 
Photothermal Combined Therapy. 
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5.2. Self-assembled nano prodrugs for cancer treatment 

(papers I, II, III) 

This section describes the use of similar synthetic methods to prepare prodrug 
compounds with different structures, which were then characterized by NMR 
and MS spectra. Using solvent exchange methods, the compounds were 
subsequently used to prepare nanomaterials for cancer treatment. The release 
capacity of the nano prodrug and its treatment effect were evaluated in vitro 
and in vivo. 
Specifically, prodrug molecules CPT-S-S-PTX and DOX-S-S-PTX were 
synthesized to deliver two chemotherapeutic drugs, while THPP-(S-S-PTX)4 
was synthesized for combined photodynamic/chemotherapy. Nano prodrugs 
were prepared using various methods, such as microfluidic or dialysis, and 
subjected to stimulation response release testing. The antitumor effects of the 
nano prodrugs, including cytotoxicity and cellular uptake, were subsequently 
evaluated. Additionally, the targeting ability and in vivo therapeutic effect of 
the nano prodrug were investigated. 
 

5.2.1. Synthesis and characterization of the self-assembled nano 

prodrugs 

5.2.1.1. Characterization of the synthesized PTX prodrugs (I, II, III) 

PTX-SS-COOH prodrug was synthesized in accordance with Figure 12A. The 
chemical structure of the prodrug was confirmed by 1H NMR spectroscopy and 
mass spectrometry. It can be seen from Figure 12B and C that the hydrogen 
shift of the disulfide linker is within the range of 2.6–2.9 ppm, and the number 
of hydrogen atoms is 8. The other peak types are consistent with PTX. The mass 
number of PTX-SS-COOH prodrug was 1044.3259 based on the mass spectrum 
results, consistent with the calculated results. The above results verified the 
correctness of the chemical structure of the PTX-SS-COOH prodrug.  
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Figure 12. Characterization of the PTX-SS-COOH. Synthetic route (A), MS results (B), 

NMR results (C). 

5.2.1.2. Characterization of the synthesized PTX and DOX prodrugs (I) 

The prodrug of PTX-SS-DOX was synthesized according to Figure 13A. As seen 
from the NMR spectrum, the amino shift of DOX is 8.03, which disappears after 
esterification with PTX-SS-COOH, and the characteristic peaks of PTX and DOX 
both appear in the molecular spectrum of prodrug. According to the mass 
spectrometry results, the M+Na peak of PTX and DOX prodrug is 1593.4910, 
which is consistent with the calculated results. The above results verify the 
correctness of the chemical structure of the prodrug (Figure 13B and C). 
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Figure 13. Characterization of the PTX-SS-DOX. Synthetic route (A), MS results (B), 

NMR results (C). 

5.2.1.3. Characterization of the synthesized PTX and CPT prodrugs (II) 

PTX-SS-CPT prodrug was synthesized as shown in Figure 14A. The hydroxyl 
shift of CPT was 8.68. After the hydroxyl group reacted with the carboxyl group 
of paclitaxel prodrug, the hydroxyl peak disappeared. At the same time, the 
characteristic peaks of paclitaxel and camptothecin appeared in the molecular 
spectra of the prodrug (Figure 14B). According to the mass spectrum results 
(Figure 14C), the M+Na peak of the PTX and CPT prodrug was 1398.4105. The 
results above verified the correctness of the chemical structure of the prodrug. 
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Figure 14. Characterization of the PTX-SS-CPT. Synthetic route (A), MS results (B), 

NMR results (C). 

5.2.1.4. Characterization of the synthesized PTX and THPP prodrugs (III) 

THPP-(S-S-PTX)4 prodrugs were synthesized as shown in Figure 15A. The 

hydroxyl shift of THPP was 9.92. After the hydroxyl group underwent 

halogenation reaction with 6-chloro-1-hexanol, the hydroxyl peak 

disappeared. The newly generated THPP-(CH2)6-(OH)4 hydroxyl peak shift was 

4.42, and the hydroxyl group disappeared after reaction with paclitaxel 

prodrug (Figure 15B). Based on the mass spectrum results (Figure 15C), the 

(M+Na)/3 peak of the paclitaxel and THPP prodrugs was 1753.2957. The 

results above verified the correctness of the chemical structures of the 

prodrugs. 
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Figure 15. Characterization of the THPP-(S-S-PTX)4. Synthetic route (A), NMR results 

(B), MS results (C). 

5.2.2 Preparation of nanoparticles and stimuli-responsive release (I, 

II, III) 

5.2.2.1 Preparation and characterization of prodrug nanoparticles (I, II, III) 

Nanoparticles with different particle diameters were prepared by a 
microfluidic device. Different particle size results can be achieved by adjusting 
the drug concentration and the outward/inward flow rate ratio. In summary, 
when the drug concentration is fixed and the internal/external flow rate ratio 
is increased, the particle size of the nano prodrug will continuously decrease 
(Figure 16 A and B). When the flow rate ratio was fixed, the drug concentration 
in the inward solution was changed, and the particle size of the nanoparticles 
would be continuously decreased with the decrease of the drug concentration 
(Figure16A and B). The average particle size of PTX-SS-DOX self-assembled 
nanoparticles was about 150 nm (Figure 16A), and PTX-SS-CPT nanoparticles 
were about 200 nm (Figure 16B). For (III), THPP-(S-S-PTX)4-RGD NPs have 
been prepared by dialysis with a mean particle size of 80 nm (Figure 16C). 
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Figure 16. Characterization of prodrug nanoparticles(A) PTX-S-S-CPT 
nanoparticles(B) PTX-S-S-DOX nanoparticles (C) THPP-(S-S-PTX)4-RGD nanoparticles. 
 

5.2.2.2. In vitro drug release (I, II, III) 

To test the duration of release of active drugs from prodrug nanoparticles in a 

reducing environment, we conducted experiments as shown in Figures 17A, B, 

and C. DTT was used as a reducing agent to simulate the environment in cancer 

cells, and the drug release was detected by HPLC. Since the synthesized 

prodrug is composed of two drugs, their molar ratio is determined by the 

molecular structure of the prodrug, and thus, the ratio is fixed. When the 

disulfide bond is cleaved, both drugs are simultaneously released. Therefore, 

only one of the drugs is chosen for release testing. Our results showed that 

DOX-S-S-PTX NPs, CPT-S-S-PTX NPs, and THPP-(S-S-PTX)4-RGD NPs could 

gradually release PTX within 48 hours. Furthermore, the release performance 

of these three prodrug nanoparticles was weak in non-reducing conditions, 

with only a small amount of the drug being released. 
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5.2.3. Evaluation of antitumor effect in vitro (I, II, III) 

5.2.3.1. Cellular uptake (I, II, III) 

To evaluate the cellular uptake behavior of prodrug NPs, we examined the red 
fluorescence of the NPs group over time. We observed that the fluorescence 
intensity was weaker than that of the free drug DOX group (Figure 18A). This 
may be due to the prodrug structure affecting the fluorescence of DOX. 
Furthermore, multiple cell lines treated with CPT-S-S-PTX NPs showed blue 
fluorescence (Figure 18B). To verify the targeting ability of cancer cells, we 
compared the THPP-(S-S-PTX)4-RGD NPs and THPP-(S-S-PTX)4 NPs groups. 
The confocal images showed a stronger red fluorescence over time in the 
THPP-(S-S-PTX)4-RGD NPs group than in the THPP-(S-S-PTX)4-NPs group 
(Figure 18C and D). To quantify the cell uptake behavior more accurately, we 
measured the uptake efficiency of different samples using flow cytometry. As 
shown in Figure. 18E and F, the uptake efficiency of cells was significantly 
improved by the nano-preparations with RGD protein compared to those 
without RGD protein. The nano prodrugs with targeting ability demonstrated a 
better promotion effect, resulting in an approximately 21% increase in cell 
uptake efficiency. 
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5.2.3.2. Cellular lysosome escape (III) 

Effective intracellular distribution is crucial for the efficacy of nano-
preparations. To study nano prodrug distribution within cells, we used 
lysosomal probes (LysoTracker, green) to investigate the co-localization of 
lysosomes and THPP-(S-S-PTX)4-RGD NPs in cells. Since many nanoparticles 
are readily engulfed by lysosomes upon entry into cells, rendering them 
ineffective, we aimed to investigate if prodrug NPs (red) are transported to 
lysosomes after being internalized by cells. CLSM was used to detect the co-
localization of nano prodrug and lysosomes. Results depicted in Figure 19 
showed that NPs in the non-laser group had a high co-localization effect with 
lysosomes from 2 to 4 hours, indicating a weak escape from lysosomal 
phagocytosis. The co-localization began to decrease at 6 hours, implying that 
NPs could spontaneously escape under non-laser conditions. In the laser group, 
prodrug NPs showed a strong fluorescence signal in the cytoplasm from 2 
hours, indicating that laser promoted prodrug NPs to effectively escape 
lysosomal phagocytosis. This implies that THPP-(S-S-PTX)4-RGD NPs can 
overcome the main biological barrier of cancer cells, providing higher drug 
delivery capacity. 
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5.2.3.3. Cytotoxicity assay (I, II, III) 

As seen in Figure 20A, MDA-MB-231/ADR, MDA-MB-231, and MEF cell lines 
were used herein to demonstrate the anticancer activity of DOX-S-S-PTX NPs. 
After the cells were treated with different samples for 24 or 48h, the DOX and 
PTX groups showed weak anticancer abilities, and the DOX+PTX group showed 
stronger anti-cancer abilities, which indicated the therapeutic effect of the 
combination of two drugs. In contrast, the cancer cells in DOX-S-S-PTX NPs 
group showed the lowest viability. With the increase of the concentration of 
DOX-S-S-PTX NPs, the viability of cells was further decreased. Meanwhile, DOX, 
PTX and DOX+PTX groups also showed certain cytotoxicity to healthy cells. 
DOX-S-S-PTX NPs showed the lowest killing effect on healthy cells, indicating 
the selectivity of therapeutic effects of the nano prodrug with redox sensitive 
response. The drug combination of CPT and PTX has been tested to have a 
synergistic therapeutic effect on the lung cancer cell lines LLC and A549. As 
shown in the figure20 B, the CPT-S-S-PTX NPs group showed a more effective 
treatment with increased concentrations than the free drug group. The 
combination of chemotherapy and photodynamic therapy can effectively 
reduce the activity of cancer cells. As shown in the figure 20C, THPP can only 
produce cytotoxicity after laser irradiation. Compared with the THPP group 
and the PTX group. THPP-(S-S-PTX)4-RGD NPs have better anticancer ability, 
especially after laser irradiation, reflecting the advantages of combined 
treatment. 
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5.2.4. Evaluation of antitumor effect in vivo (III) 

The ultimate objective of achieving efficient cellular and tissue infiltration is to 
address the challenges posed by systemic chemotherapy for drug-resistant 
tumors. Accordingly, we utilized mice bearing MDA-MB-231 tumors as animal 
models to investigate the in vivo antitumor efficacy of the nano prodrug. PTX, 
THPP, and THPP-(S-S-PTX)4-RGD NPs were set as the experimental group. The 
distribution of THPP-(S-S-PTX)4-RGD NPs in vivo showed that after the tumor-
bearing mice were injected, the fluorescence signals of THPP-(S-S-PTX)4-RGD 
NPs group could be accumulated at the tumor site over time (6–24 h), which 
was not observed in the THPP group (Figure. 21A). As shown in Figure. 21G, 
the relative tumor volume of the THPP-(S-S-PTX)4-RGD NPs + Laser group was 
significantly reduced, indicating that THPP-(S-S-PTX)4-RGD NPs had good 
tumor elimination capacity. However, the weak tumor elimination capacity was 
observed in the PTX group and THPP+Laser group. During the experiment, all 
the mice in the nano prodrug group could maintain their body weight (Figure. 
21F), while the body weight of the PTX group decreased slightly. 
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In addition, immunohistochemical studies showed significantly fewer antigen 
kiel 67 (Ki-67) positive proliferating cells in the tumor tissues of the THPP-(S-
S-PTX)4-RGD NPs group. In contrast, far more terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) positive apoptotic cells were 
observed in the other groups, which showed markedly proliferating cells and 
few dead cells. The results of Hematoxylin and eosin (HE) staining showed that 
all the experimental mice could maintain their body weights and normal tissue 
structures of major organs during the experiment (Figure. 22). 
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5.3. MSN-based nanomaterials for cancer treatment 

(papers IV & V) 

In the previous section, we demonstrated the feasibility of self-assembled 
prodrug nanoparticles for cancer treatment. To achieve diversified 
functionalities in prodrug therapy systems, we combined prodrug technology 
with MSNs to explore novel delivery pathways for prodrugs. Firstly, we 
encapsulated a gold rod into an MSN material, then modified prodrug 
molecules or targeting ligands through functional groups on the surface of the 
MSN, encapsulated the drug molecule in an MSN pore canal, and finally 
encapsulated the whole MSN into extracted cancer cell membranes to achieve 
cancer cell targeting. Additionally, we encapsulated MSN NPs in GelMA 
microspheres, creating a temperature-controlled and sustained-release 
treatment system. At the cellular level, we evaluated the function of these 
nanomaterials, including cytotoxicity, cellular uptake and targeting, lysosomal 
escape, and organelle targeting. Lastly, we studied the combined therapeutic 
effects of different MSN nano-preparations on tumor cells. 
 

5.3.1. Synthesis and characterization of the MSN-based 

nanomaterials (IV & V) 

5.3.1.1. Characterization of the synthesized prodrug modified MSN (IV) 

TEM photographs of the gold rod, Au@MSN, and Au@PTXSS-MSN/DOX@CM 
are shown in figure 23A-C. The gold rods exhibit a uniform rod structure of 56 
nm. Au@MSN presented a regular elliptical shape, and was uniformly 
distributed, with a clear dendritic hollow mesoporous structure inside. 
Compared with Au@MSN, Au@PTXSS-MSN/DOX@CM exhibited significant 
drug loading in their internal voids and significant cell membrane coating with 
good overall dispersibility. From figure. 23D-F, we could find that the Zeta 
potentials of nanoparticles were positive. With the surface modification and 
cell membrane coating, the particle size and PDI increased to different degrees. 
The characteristic peak of paclitaxel appeared in the Au@PTXSS-MSN NPs 
infrared spectrum (Figure. 23G), indicating the successful synthesis of 
prodrug-modified MSN. 
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5.3.1.2. Characterization of the synthesized ligand modified MSN (V) 

From the results of TEM, we found that Au@MSN-Ter/THPP@CM is similar to 
Au@PTXSS-MSN/DOX@CM in structure (Figure. 24A). The particle size and 
Zeta potential test data for different NPs are shown in Figure. 24D and E, 
respectively. The particle size of Au@MSN was 121.1 nm, and the Zeta potential 
was -19.5 mV. In contrast, the particle size of Au@MSN-Ter was increased by 
about 20nm, but the potential changed to 20.8 mV. At the same time, a -CONH- 
peak appeared in the infrared spectrum, which proved the successful 
modification of Au@MSN-Ter(Figure. 24F). After loading with THPP, the Zeta 
potential became negative, which might be due to the fact that the negative 
charge part of hydroxyl in THPP structure shielded the positive charge on 
Au@MSN-Ter surface. Compared with Au@MSN-Ter/THPP, the membrane-
coated Au@MSN-Ter/THPP@CM exhibited significantly increased particle 
sizes of 160.5 nm. At the same time, the Zeta potential also changed 
significantly to -19.4 mV. TEM, particle size, infrared spectrum and Zeta 
potential results showed that the nanoparticles fused with cell membrane 
Au@MSN-Ter/THPP@CM were successfully prepared. We also tested the 
stability of Au@MSN-Ter/THPP@CM in 10% FBS medium and the changes in 
particle size and particle size distribution within 10 days. Au@MSN-
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Ter/THPP@CM did not exhibit significant changes in particle size and PDI after 
10 d in 10% FBS, as shown in Figureure 24G. The above results indicated that 
the membrane coating strategy could significantly improve the in vitro stability 
of mesoporous silica nanoparticles. 

 

 

5.3.1.3. Characterization of the microspheres (V) 

GelMa microspheres with different particle sizes were prepared by 
microfluidic device. Different particle size results can be obtained by adjusting 
the external/internal flow rate ratio (Figure. 25A). The degradation test of 
microspheres with different particle sizes showed that the drug retention time 
was longer only when the diameter of microspheres was larger (Figure. 25D 
and F), so we chose microspheres with particle size of 200 microns (Figure. 
25C). After that, we used confocal microscope to analyze the uniformity of 
nanoparticles in the microspheres. The results showed that MSN nanoparticles 
could be evenly distributed in the microspheres (Figure. 25B), and 
nanoparticles and catalase could be released slowly within 30 days (Figure. 
25D and E). The high temperature generated by photo-thermal could 
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effectively promote the release of nanoparticles and achieve a certain degree 
of temperature control and slow release. 

 

 

5.3.1.4. In vitro photothermal/photodynamic efficiency and drug release 

evaluation (IV, V) 

The thermal infrared imager was used to detect the temperature rise of 
Au@PTXSS-MSN/DOX@CM (IV) and Au@MSN-Ter/THPP@CM (V) NPs 
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solutions irradiated by near-infrared laser. The temperature change for each 
sample solution is shown in figure 26A-C and F-H. The temperatures of the two 
kinds of nanoparticles were increased to different degrees under the 
conditions of different concentrations and different laser powers, indicating 
that MSN with the gold rod as the core could produce better photothermal 
effect. The temperature of 1 mg/ml nanoparticles rapidly increased to about 
62℃ when irradiated with laser for 5 min, and then gradually decreased to 34℃ 
when irradiated for 10 min. The heating rate was significantly affected by the 
change of laser power. When the concentration was the same, and the laser was 
applied for 5 min, the temperature of 0.5 W and 0.75 W was increased to 59℃ 
and 55℃, respectively. In addition, there was little difference in the highest 
achievable temperatures of the nanoparticles observed in the three warming 
cycles, indicating that Au@MSN-Ter/THPP@CM and Au@PTXSS-
MSN/DOX@CM had good photothermal stability and potential for 
photothermal therapy. 
We examined the ability of Au@PTXSS-MSN/DOX@CM (IV) and Au@MSN-
Ter/THPP@CM (V) to release the drug DOX/THPP under different conditions 
using dialysis. As shown in figure. 26J, Au@MSN-Ter/THPP@CM and 
Au@PTXSS-MSN/DOX@CM both exhibited obvious photothermal responsive 
drug release characteristics, with a faster release rate under the laser 
irradiation at 980 nm. The nanoparticles without cell membrane also showed 
rapid drug release characteristics in the presence and absence of laser, 
indicating that the cancer cell membrane surface coating could avoid drug 
leakage and increase the stability of the drug. For Au@PTXSS-MSN/DOX@CM 
NPs, drug release was also affected by reducing conditions, so DTT was added 
to the experiment to mimic the reducing conditions in cancer cells. The results 
showed that DTT promoted the release of DOX and PTX, especially for PTX, the 
release amounts were 70.5% in the DTT condition and 4% in DTT-free 
condition, respectively (Figure. 26J). The experimental data above indicated 
that Au@PTXSS-MSN/DOX@CM had a redox/photothermal double-responsive 
release property. 
The abilities of the blank control group, free THPP and Au@MSN-
Ter/THPP@CM solution to trigger ROS generation under the irradiation of 
near-infrared laser were detected by using the active oxygen fluorescence 
probe singlet oxygen sensor green (SOSG). The enhancement of the 
fluorescence signal of SOSG indicated that the ROS level in the system was 
increased. As shown in Figure. 26I, no increase in ROS level in the blank 
solution was detected during the irradiation period. Within 5 min of laser 
exposure, the ROS levels of the free THPP and Au@MSN-Ter/THPP@CM groups 
rapidly increased and then tended to be flat, indicating that both had strong 
photodynamic efficiency. In contrast, the production of free THPP ROS was 
much higher, probably due to the enhanced optical stability of THPP after it 
was encapsulated and stacked on the internal void structure of MSN. 
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5.3.3. Evaluation of antitumor effect in vitro (IV & V) 

5.3.2.1. Cellular uptake (IV, V) 

Using the autofluorescence of DOX and THPP, we observed the uptake of 
different formulations of nanoparticles in different cell lines after 2–6 h co-
incubation with confocal microscope. The results are shown in Figure. 27A and 
E. The red fluorescence of THPP and that of DOX are mainly located in the 
cytoplasm, and the nucleus shows blue fluorescence using DAPI staining. The 
fluorescence signal intensities of THPP and DOX in each group were increased 
with time. As shown in Figure. 27A and Figure. 27F, the intracellular 
fluorescence signals of the cell membrane-coated nanoparticles in the 
corresponding cancer cells were significantly higher than those of the cell 
membrane-free nanoparticles, because the homologous proteins on the 
membrane surface of cancer cells mediated the specific endocytosis. We also 
used the spontaneous red fluorescence of DOX and THPP to quantitatively 
investigate the phagocytosis of Au@MSN-Ter/THPP@CM and Au@PTXSS-
MSN/DOX@CM after 2-6 h incubation by flow cytometry. The results also 
showed that the cancer cell membrane coating greatly promoted cell uptake 
(Figure. 27I). 
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To verify the specificity of Au@MSN-Ter/THPP@CM for cancer cell targeting, 
we used the normal human fibroblast NHDF cell line to compare. The cellular 
uptake of Au@MSN-Ter/THPP@CM and Au@MSN-Ter/THPP was tested like 
above. The results showed that the cancer cell membrane-coated nanoparticles 
did not exhibit higher uptake rates in healthy cells, suggesting that Au@MSN-
Ter/THPP@CM could specifically target cancer cells rather than healthy cells 
(Figure. 28). 
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5.3.2.2. Cellular lysosome escape (IV, V) 

We further evaluated the intracellular transport of this MSN material using 
CLSM. The effect of photothermal effect on lysosomal escape was verified in 
this experiment. Au@MSN-Ter/THPP@CM and Au@PTXSS-MSN/DOX@CM 
were incubated with 231 or SKOV3 cells for 2-6 h, respectively, with or without 
laser irradiation set as a variable. It could be seen that most of the 
nanomaterials were located in lysosomes at 2 h, wherein the lysosomes were 
stained with the lysosome-labeled dye lyso-tracker green. After the nano 
photosensitizer was incubated for 4 h, the green and red signals were gradually 
separated with the prolongation of incubation time (Figure 29A-C), which 
meant that the nanoparticles could spontaneously escape from the lysosome. 
Among them, the nanoparticles in the laser group had a faster escape velocity. 
They could escape from the organelles from 2 h onwards, due to the damage to 
the lysosomes by the temperature generated by the photothermal process. 
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5.3.2.3. Cytotoxicity assay (IV & V) 

First, the WST-1 method was used to examine the synergistic effect of the 
combination therapy on the inhibition of the in vitro growth of mouse breast 
cancer MDA-MB-231 cells /skov3 cells. For (IV), the extent to which free DOX, 
free PTX, DOX/PTX mixture, Au@MSN, Au@PTXSS-MSN/DOX, and Au@PTXSS-
MSN/DOX@CM NPs killed 231 cells in the presence or absence of laser light 
was tested. The experimental results are shown in Figure. 30 A. After 24 h of 
incubation, the inhibition of MDA-MB-231 cell growth by free DOX and free PTX 
was concentration-dependent, the cytotoxicity of DOX/PTX mixture was 
superior to that of single drug at the optimal drug ratio (Figure. 30 C). Au@MSN 
showed no significant toxicity to cells without laser irradiation even at elevated 
concentrations. The toxicity of Au@MSN was significantly increased after laser 
irradiation (980 nm, 10 min), indicating that the high temperature generated 
by laser irradiation could effectively kill cancer cells. Au@PTXSS-MSN/DOX 
and Au@PTXSS-MSN/DOX@CM NPs showed obvious concentration 
dependence without laser irradiation. After laser irradiation was added, the 
inhibition effect on MDA-MB-231 cells was significantly enhanced, and the cell 
growth inhibitory effect was stronger at the same concentration as that of free 
DOX+PTX and free single drug. In particular, the Au@PTXSS-MSN/DOX@CM 
NPs group exhibited higher cytotoxicity than the Au@PTXSS-MSN/DOX/CM 
NPs group after cell membrane addition. These results indicated that 
combining photothermal therapy and chemotherapeutic drugs could 
synergistically treat mouse breast cancer 231 cells. The free drug group was 
highly toxic in healthy cells MCF-10A, while the nanoparticle group was much 
less toxic due to the responsive design of the prodrug (Figure. 30 B). 
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For (v), the extent to which the free THPP, Au@MSN, Au@MSN-Ter/THPP, and 
Au@MSN-Ter/THPP@CM NPS kill OVCAR3/SKOV3 cells in the presence or 
absence of laser irradiation was tested. The experimental results are shown in 
Figure. 31B. The inhibitory effect of free THPP on the growth of SKOV3 cells in 
the absence of laser irradiation was not concentration-dependent, but the 
cytotoxicity of free THPP was significantly increased under laser irradiation, 
indicating that the PDT effect of THPP under laser irradiation effectively 
inhibited the growth of SKOV3 cells. Similar to the above conclusion, Au@MSN 
exhibited certain cytotoxicity only under laser irradiation. To investigate the 
effect of cell membrane on Au@MSN-Ter/THPP@CM NPs, we selected 
Au@MSN-Ter/THPP and Au@MSN-Ter/THPP@CM NPs as the groups to 
investigate the inhibition effect on the growth of SKOV3 cells at different drug 
concentrations. Au@MSN-Ter/THPP and Au@MSN-Ter/THPP@CM NPs 
exhibited low inhibition without laser. In the absence of irradiation, the 
cytotoxicity of Au@MSN-Ter/THPP@CM NPs group was slightly higher than 
that of Au@MSN-Ter/THPP group. This was because the cancer cell membrane 
had the homologous targeting, and nanoparticles could enter cells to exert the 
inhibitory effect. In addition, after laser irradiation, since the increase in 
temperature also accelerated the release of THPP, PTT/PDT effect was exerted 
under laser irradiation and synergistic killing effect was generated on tumor 
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cells. Similar conclusions can be drawn in another cell line OVCAR3 (Figure. 
31A). 

 

 

5.3.2.4. Live-dead cell staining (V) 

We also used the live/dead cell staining kit to more intuitively detect the 
synergistic cytotoxic effects of Au@MSN-Ter/THPP@CM@GelMA and 
Au@MSN-Ter/THPP@CM@GelMA/CAT under different laser exposures 
condition. The dead cells showed red fluorescence after staining with PI. The 
living cells were stained with Calcein-AM and showed green fluorescence. 
Therefore, that live cells can be observed by fluorescence microscopy. The 
experimental results are shown in Figure. 32. After incubated with different 
groups for 48 h, partial cell death was observed after laser irradiation alone 
(980 nm or 650 nm). When both lasers are used simultaneously, most of the 
cells in the laser area are in a dead state. This further illustrates the effect of 
PTT/PDT synergistic treatment under laser irradiation. In addition, when CAT 
was contained in the microspheres, the inhibition effects on the growth of two 
kind of cancer cells were more significant. This is because CAT catalyzes the 
hydrogen peroxide in cancer cells to enhance the efficacy of PDT treatment. 



60 
 

 

 

5.3.2.5. Cell apoptosis (V) 

Next, using flow cytometry, we investigated the synergistic induction of 
apoptosis in SKOV3 /OVCAR3 cell lines by different microsphere preparations 
in the presence and absence of laser irradiation. Flow cytometry data (Figs. 33C 
and D) showed that near-infrared laser irradiation alone could hardly induce 
apoptosis, but significantly enhanced the induction of apoptosis by Au@MSN-
Ter/THPP@CM@GelMA/CAT in SKOV3 cells /OVCAR3 cells, indicating that 
laser irradiation triggered the PTT/PDT effect in each treatment system, and 
CAT exerted the synergistic effect. Intra-group comparison showed that 
Au@MSN-Ter/THPP@CM@GelMA/CAT-treated cells exhibited higher 
apoptosis rates under laser conditions than the other treatment groups. This is 
similar to the results of the living and dead cell experiment. Figures. 33 A and 
B are the apoptotic columnar analysis views corresponding to the flow data in 
the non-laser and laser groups, respectively. The strong apoptosis induction 
effect shown by Au@MSN-Ter/THPP@CM@GelMA/CAT could be observed 
more clearly. 
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5.3.2.6. Detection of intracellular ROS (V) 

We next examined intracellular ROS production by Au@MSN-
Ter/THPP@CM@GelMA/CAT. To monitor the real-time dynamic changes of 
ROS, in this experiment, a probe DCFH-DA responding specifically to O2· was 
used, and it could generate green fluorescence when reacting with ROS. SKOV3 
cells were incubated with Au@MSN-Ter/THPP@CM@GelMA/CAT and 
Au@MSN-Ter/THPP@CM@GelMA for 20 min after the addition of probe DCFH-
DA. Then laser irradiation was performed for 5 min, and confocal imaging was 
performed. As shown in Figure. 34, no obvious fluorescence signal was 
detected when no laser irradiation or photosensitizer was added. When both 
photosensitizer and laser irradiation existed simultaneously, a green 
fluorescence signal could be captured and the group filled with CAT had a 
stronger fluorescence signal. The experimental results showed that the 
photosensitizer in the microspheres could produce ROS as expected, and CAT 
could effectively promote ROS production. The fluorescence intensity was 
quantified by image J software and the results also showed a significant 
difference between Au@MSN-Ter/THPP@CM@GelMA/CAT and Au@MSN-
Ter/THPP@CM@GelMA group 
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5.3.2.7. Detection of immunogenic cell death (V) 

To explore the mechanism of cell death induced by endoplasmic reticulum 
targeting nano-photosensitizer, fluorescence-labeled CAT and HMGB1 proteins 
were used for staining experiment. ICD-mediated apoptosis occurs in cells 
under ROS stimulation. CRT protein present in endoplasmic reticulum is 
released into cytoplasm and HMGB1 protein originally in nucleus. SKOV3 cells 
were incubated with different groups of preparations and then laser irradiated. 
The cells were fixed with 4% PFA for 5 min after cell treatment, washed and 
stained with CRT or HMGB1 antibody for 1 h, and finally stained with DAPI for 
5 min for localization. As seen from confocal imaging, no fluorescence was 
observed in the CRT staining group and a small amount of fluorescence was 
observed in the nuclei of the HMGB1 staining group before exposure to NIR 
light. When irradiated with laser, CRT staining could be detected successfully 
in the cell images to enhance the green fluorescence. For HMGB1 protein, 
fluorescence was obviously released from the nucleus with a strong 
fluorescence signal in the cytoplasm, which confirmed the occurrence of ICD. 
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In particular, in the control group where cells were incubated with Au@MSN-
Ter/THPP@CM, both CRT and HMGB1 detected stronger fluorescence 
intensities after irradiation with NIR light compared to Au@MSN /THPP@CM 
(Figure 35A and C). Subsequently, we quantified the fluorescence intensities of 
the two proteins using flow cytometry, and the results showed that the 
Au@MSN-Ter/THPP@CM+laser group exhibited the highest expression levels 
of both CRT and HMGB1 proteins (Figure 35B and D). The above experimental 
results have shown that under the stimulation of ROS, cells will undergo 
immunogenic death, and the nano-photosensitizer with the function of 
targeting endoplasmic reticulum can enhance the effect of ICD treatment. 

 

 

To continue exploring the role of CAT in promoting PDT treatment, the same 
fluorescently labeled CAT and HMGB1 proteins were still used for staining 
experiments. The experimental operation method is consistent with the above. 
As observed from confocal microscope images, the fluorescence intensities of 
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both CRT and HMGB1 were higher in the CAT-added group than in the CAT-free 
group. Significant differences were also noted in the imageJ fluorescent 
quantitation results, demonstrating the synergistic effect of CAT on PDT 
treatment (Figure 36A and B). 

 

 

5.3.4. Evaluation of antitumor effect in vivo (IV & V) 

Due to the significant results in vitro, 4T1 tumor-bearing mice (IV) and SKOV3 
ovarian tumor-bearing mice in situ (V) were used for in vivo antitumor 
experiments. For (IV), the mice were randomized into 4 groups: PBS, free 
PTX+DOX, Au@PTXSS-MSN/DOX@CM NPs, and Au@PTXSS-MSN/DOX@CM 
NPs with laser. Mice were treated for 18 days at three-day intervals and body 
weights and tumor size were recorded. The results showed that the 
Au@PTXSS-MSN/DOX@CM NPs+laser group had the best therapeutic effect, 
followed by Au@PTXSS-MSN/DOX@CM NPs group (Figure 37A). Subsequently, 
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H&E staining was performed on the tumor tissues and major organs of mice in 
different treatment groups to evaluate the nano-preparations' therapeutic 
effect and systemic toxicity. A large area of damage was observed in the tumor 
tissues of mice treated with nanoparticles with laser. In contrast, there were no 
significant changes in most tumor tissues in the control group. Eighteen days 
after injection of the nanomaterial, the health effects of the nanomaterial on 
five major organs (liver, lung, spleen, kidney, and heart) of the mouse were 
detected, and no histopathological abnormalities were found (Figure. 37D). 
Based on the above experimental results, it can be seen that the combination 
therapy of nanoparticle-mediated PTT and chemotherapy is very effective, and 
there is no toxic or side effect on normal tissues. 
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For (V), the mice were randomized into 4 groups: PBS, Au@MSN-
Ter/THPP@CM NPs, Au@MSN-Ter/THPP@CM@GelMA/CAT, and Au@MSN-
Ter/THPP@CM@GelMA/CAT with laser. Fluorescence imaging results (Figure 
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38B) showed that the fluorescence intensity in the NPs group was continuously 
increased in the tumor and liver from 6 h to 24 h. At 48 h, the fluorescence 
intensity in the tumor tissue was decreased, while a large amount of 
fluorescence was still retained in the liver. After 15 days of a single injection, 
fluorescence could be detected to retain the tumor site in the microsphere 
group, and the fluorescence intensity of the laser group was stronger. These 
results indicated that the microsphere groups had good drug retention capacity 
and the temperature generated by photothermal therapy could promote the 
release of drugs. This design also reduced the drug-induced metabolic pressure 
in the liver. After a single in situ injection, the tumor site was irradiated with a 
laser two days apart. The treatment cycle was 15 days, during which the body 
weight and tumor volume of mice in each group were measured and recorded 
daily. As shown in Figure. 38C, compared with the PBS group and NPs group, 
the microsphere laser treatment group had a more significant impact on the 
tumor weight but minimal impact on the body weight, showing the excellent 
treatment effect of microsphere preparation. To further study the therapeutic 
effect of tumor tissues, histological analysis was performed on the main organs 
(heart, liver, lung, kidney, and spleen) and tumor tissues of mice. As shown in 
Figure. 38D, compared with the organs of mice in the health group, there was 
no significant difference in the microsphere with laser treatment group, 
showing low biological toxicity. For tumor tissues, significant differences from 
PBS control groups were shown. Observation of H&E stained tumor sections 
revealed significant cytoplasmic leakage and karyomegaly in the Au@MSN-
Ter/THPP@CM@GelMA/CAT+laser group (Figure 38D). Furthermore, TUNEL 
staining was used to locate the apoptotic cells in the tumor sections, and the 
same conclusion could be drawn. These results indicate that the combination 
of PTT and PDT has a significant tumor cell killing effect when compared to 
conventional chemotherapy and monotherapy regimens. 
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6. Conclusions and future remarks 

6.1. Summary of the thesis results 

The traditional chemotherapy drug delivery method and the inherent 
drawbacks of small molecule drugs make the effect of therapy unsatisfactory 
and even lead to increased drug toxicity. The delivery of antitumor nano 
prodrug system constructed by self-assembly or co-assembly of prodrug 
molecules can not only realize targeted delivery and controlled release of two 
or more drugs, improve pharmacokinetic properties of different drugs, 
enhance synergistic effect of the drugs and improve antitumor effect, but also 
reduce or avoid potential toxic and side effects of excessive use of nano carrier 
materials. In addition, through rational design and application of the prodrug 
technology to inorganic carriers, a targeted multifunctional nanodrug delivery 
system can be constructed. 
In the first part of this thesis, a series of reduction-sensitive prodrugs were 
synthesized using PTX, DOX, CPT and THPP as reactants. These prodrug 
molecules can be self-assembled into spherical prodrug nanoparticles using 
microfluidics. Prodrug nanoparticles have a very high drug loading degree and 
can gradually release two active drugs within 24 hours in a reducing 
environment within tumor cells. The therapeutic strategy of dual prodrugs 
show significant synergistic inhibition on the proliferation of various tumor 
cells, which is conducive to overcoming the drug resistance of cancer cells.  
In order to enrich the functions of the drug delivery system, an easily modified 
MSN-based system was used, and the prodrug technology and cancer cell 
membrane camouflage technology were applied to the system to construct a 
co-assembled nano prodrug. The Au@MSN carrier has a very good 
photothermal effect, so photothermal treatment can be performed. At the same 
time, DOX loaded in the pores and PTX prodrug on the surface of the carrier 
can synergistically treat breast cancer cells. The in vitro release experiments of 
the nanoparticles demonstrated that the drug delivery system had good 
reduction sensitivity and photothermal response. Drug toxicity experiments 
showed that the combination therapy with targeting function had good efficacy 
in vivo and in vitro. 
In addition, Au@MSN-Ter with targeted endoplasmic reticulum function and 
catalase were co-encapsulated into GelMa microspheres to construct a low-
dose minimally invasive sustained-release drug delivery system. It has been 
found that the microspheres can sustain the release of THPP for up to 20 days, 
and have the characteristics of temperature control. Targeted nanoparticles to 
the endoplasmic reticulum can effectively increase ER stress and enable more 
precise photodynamic therapy, thereby enhancing the effect of immunogenic 
cell death. Meanwhile, catalase can improve the hypoxia in tumor tissues. 
Based on these advantages, the sustained-release drug delivery system of 
GelMa microspheres has achieved very good antitumor effect in the in situ 
model of ovarian cancer. Therefore, the combination of organelle targeting 
strategy and prodrug technology has great potential for cancer treatment. 
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6.2. Future remarks 

6.2.1. Precise treatment of prodrug 

Although prodrug self-assembled nanoparticles have achieved good 
therapeutic effects, finer prodrugs that can target organelles have been 
investigated. In this study, we demonstrated that the self-assembled 
nanoparticles of prodrugs have extremely high drug loading capacity, 
controllable particle size, and environmental responsiveness. However, this 
study is limited to the combination therapeutic properties of the two prodrugs. 
Therefore, there is a need to further diversify the functions of prodrug 
molecules, expand the concept of prodrug, and design prodrug nanomaterials 
that can target organelles for accurate drug delivery. 
 

6.2.2. Combination of metal catalysis and prodrug technology 

In addition, the diverse modifications and high drug-loading capacity of 
mesoporous silica nanoparticles provide a broad platform for improving tumor 
delivery efficiency. With these advantages, we can design MSNs doped with 
disulfide bonds, which can degrade in the reductive intracellular environment 
of tumors. By encapsulating different metal nanoparticles and modifying the 
surface with prodrugs, multifunctional nanocarriers can be generated. 
Therefore, the combination of prodrug technology, metal catalysis, and MSNs 
holds great potential in the treatment of cancer or other diseases. 
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