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Abstract   

Zhang, F., 2021. Development of transformable nanotherapeutics for cancer 
therapy 
 
Dissertationes Scholae Doctoralis Ad Sanitatem Investigandam Universitatis Helsinkiensis, 75/2021, pp. 57 
ISBN 978-951-51-7780-3 (Paperback), ISBN 978-951-51-7781-0 (PDF, http://ethesis.helsinki.fi), ISSN 2342-317X 
 

By the virtue of the divers physicochemical properties, nanomaterials have emerged as a 

powerful platform to improve the pharmacokinetic properties of drug molecules. Furthermore, 

in view that the created or constructed materials own the same size level of biomacromolecules,  

and can be endowed with various biochemical functions, nanotechnology has been treated as 

the most promising technology to develop smart therapeutics with flexible articifal controllability 

to innovate the current medicine. Generally, the anchor or the breakthrough point of these 

technologies depends on the nanomaterials-based drug delivery systems (DDS), which has 

been in tremendous development for more than thirty years. However, clinical transition of 

DDS are facing great challenges related to the insufficient targeting accumulation in the 

cells/tissues. The in vivo delivery of nanotherapeutics is a multi-stage process and needs to 

conquer multiple biological barriers. In this case, conventional DDS is not competent enough 

to cope with the various biological barriers. Thus, the transformable design of DDS with tunable 

surface properties in responsive to stimuli-signals at different barriers are in urgent need. In 

this thesis, the focus was on constructing DDS with different stimulus and functions to achieve 

the task-oriented NPs’ transformation, including surface charge inversion, sequential 

antifouling surface, in situ size modulation and multi-stage signal interaction. Firstly, it was 

fabricated a PSi DDS with receptor-mediated surface charge inversion. The negatively 

charged surface can convert into positive charged surface in response to cancer micro-

environment, driven by the AS1411-nucliolin interaction. Secondly, it was modified the biotin-

PEI nanoparticles with acrylates-ortho-nitrobenzyl-PEG5000, which further acted as the primary 

antifouling surface to prevent the formation of protein corona and avoid off-targeting effect. 

After UV-irradiation, the PEG surface can be cleaved to generate carboxyl group on the biotin-

PEI surface, forming a secondary zwitterionic anti-fouling surface. This dual-antifouling 

modification can efficiently avoid protein adsorption on the NPs’ surface in human serum. 

Moreover, the secondary zwitterionic surface can guarantee the effective exposure of active 

targeting segments for improving cell uptake. Simultaneously, the reduced size facilitates deep 

tissue penetration of the NPs. Thirdly, it was constrcuted a photo-driven size tunable DDS, 

which can increase the size after tumor accumulation in situ to prolong the tumor retention time 

and also to improve cancer cell uptake. Finally, it was developed a multistage signal interactive 

system on NPs through integrating the Self-peptide and YIGSR peptide into a chimeric form, 

with a hierarchical signaling interface involving “don’t eat me” and “eat me” signals. This 

biochemical transceiver can act as both signal receiver for amantadine to achieve NP 

transformation and signal conversion, as well as the signal source with different signals by 

reversible self-mimicking. Throughout chemical and biological testing, it was demonstrated 

these designed DDS have efficient signal-induced transformation behavior and enhanced 

controllability of NP-cell interactions for improving the cancer therapeutic efficacy. Overall, this 

dissertation provides a new insight of targeting drug delivery and nano-tools to facilitate clinical 

transition of nanomedicines. 
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1. Introduction 

The development of nanoparticulate DDS with tailorable size, morphology, special 

physicochemical properties is highly pursued for therapeutic applications and has 

revolutionized the traditional principle and concept of pharmacy [1-3]. Furthermore, the fast 

development of stimuli-responsive DDSs that are capable of releasing the drug in a spatio-

temporal controllable manner under the trigger of various endogenous and exogenous signals 

have attracted tremendous interests [4-7]. Recently, various internal signals, such as pH 

gradient [7-10] and enzyme activity [11-14], as well as external stimuli, which include photo 

[15, 16], heat [17-19] and magnetic field [20-22], have been utilized in different inorganic and 

organic materials for different biomedical applications, including diagnosis, tracing, tissue 

engineering, disease treatment and, especially, cancer therapy.  

Among the process in the construction of stimuli-responsive DDSs with spatio-temporal 

control, one important aim is to further develop the system with in situ transformable manner, 

that can change morphology, surface charge or chemo-biological properties by a trigger at 

desirable time and place [23, 24]. However, traditional DDS is limited to achieve this purpose 

as their “static” property hampered the dynamically change on demand. In this case, 

transformable DDS has emerged as a new generation of nanoplatform to upgrade the 

conventional static system with the capability of responding to stimuli during the circulation and 

subsequently transforming to achieve distinct functionality to cope with the complicated 

bioenvironment and different delivery requirement in te cells or tissue. For example, during the 

blood circulation, the NPs are expected to maintain the homeostasis to avoid the unwanted 

uptake by other cells. This homeostasis can prevent the cytotoxicity expression of NPs and 

the unwanted uptake happened. After accumulation in tumor, NPs are expected to penetrate 

deep into the tumor, spread fast and be internalized by cancer cells efferently. 

DDS associated with the chemical or physical change by degradation for drug release has 

been widely explored during the past years [25-27]. However, to apply these strategies to 

achieve transformation is a higher requirement. First, transformable DDS requires to construct 

different transition phases in the NP with different functions and morphologies. In this case, 

the components are more complex and require orderly organization. Second, the aim of 

transformation is to cope different environment during in vivo trafficking, the convergence of 

the bio-signals are much more complicated than the drug release environment in cells. 

Upon such consideration, in this dissertation, the aim was to construct and characterize 

multiple transformable DDS utilizing different modification strategies. The tunable parameters 

like surface charge, dynamic stealth mechanism, tunable size and integrated surface signals 

interactive, which can influence the NP-cell interactions, are included into the designs. More 

importantly, based on the development of PSi-based transformable DDS, it was further 

expanded the concept of transformation to manipulate the NPs’ performance and investigate 

the practical value. These works offer new insight of targeting drug delivery and have pontential 

to facilitate clinical transition of nanomedicines.  
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2. Review of the literature 

2.1 Cancer treatment: current challenges and opportunities 

For a long time, the field of cancer research has attracted most researchers and financial 

resources related to medicine, biology and chemistry. However, in this long war against cancer, 

researchers have yet to claim the high ground. For the past three decades, tremendous 

advances in the understanding of cancer biology and clinical treatment have been made, but 

only limited achievements have translated into critical improvements. Conservatively, the 

restricted increasement in cancer cure or survival rates suggested that traditional treatment 

strategies reached the bottleneck stage, and novel therapeutic strategies are urgently needed 

to be established.   

As the most important cancer treatment strategy, although the efficacy of surgery can be 

improved through the development of biochemical pathology and instrument accuracy, it is an 

insurmountable gap for surgery to treat most of metastatic cancer, pancreas, as well as some 

brain tumors [28-32]. Moreover, the potential risks associated with surgery also led 

researchers to choose more conservative treatment. As an adjuvant treatment strategy, 

radiotherapy also reached limitation in curative effect and methods [33, 34].  

For chemotherapy, it is still the most widely used treatment that holds great potential in 

cancer therapy. With the improvement of genomics and proteomics, the discovery of new 

targets and therapeutic mechanisms provides a broad platform for the innovation of 

chemotherapeutic drugs. But at the same time, the huge increase in the development cost of 

new drugs is not proportional to the commercial benefits, which seriously block the drive of 

new drug development. Moreover, although in the last decades, chemotherapies developed 

rapidly, the mortality rates caused by tumor increased continuously. This failure of 

chemotherapy can be ascribed to the inherent shortcomings of traditional chemotherapeutics. 

Several traditional chemotherapeutics have poor stability and solubility, non-specificity and 

multidrug resistance. Apart from killing tumor cells and tissues, they may destroy healthy 

tissues at the same time. As a result, they may lead to several side effects, such as fatigue, 

vomiting, nausea, alopecia, gastrointestinal disturbance, etc. [35, 36]. It is difficult for the 

traditional chemotherapeutics to treat tumor without causing nonspecific adverse effects, 

especially for the treatment of solid tumors, including breast, prostate, gastrointestinal and lung 

cancers.  

Therefore, researchers developed drug delivery systems (DDS) in nano-size scale to 

deliver the chemotherapeutics precisely to the tumor cells to achieve enhanced therapeutic 

efficiency and reduced side effect [34]. However, the development of DDS did not attract much 

attention until nanotechnology revolutionized the materials science field. 

 

2.2 Nanotechnology for cancer therapy 

The essence of nanotechnology is synthesizing and engineering materials at the molecular 

scale. In biology, this scale is comparable to that of biological macromolecules, suggesting that 

nanotechnology provides a platform for humans to participate in and regulate microscopic life 

activities. There are several advantages of the DDS loaded with chemotherapeutics in nano-

size scale. Loading chemotherapeutics into DDS increases the solubility and improves the 

stability and pharmacokinetic profile of the chemotherapeutics [37-39]. Furthermore, through 

decorating the DDS with targeting groups, the biodistribution of the chemotherapeutics can be 

changed [40-42]. DDS can release the cargos in a controlled or stimuli-responsive manner, 
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and as a result, they can improve the treatment efficacy and avoid side effects (Figure 1) [43-

46]. 

 

 
 
Figure 1. The impact of nanoparticle’ (NP) properties on systemic delivery to tumors. NPs can be fabricated from 
different materials and have various physicochemical properties (e.g., size, geometry, surface features, elasticity 
and can be modified with a myriad of targeting ligands of different surface density (part a). NP’s properties affect 
the biological processes involved in the delivery to tumor tissues, including interactions with serum proteins (part 
b), blood circulation (part c), biodistribution (part d), extravasation to perivascular tumor microenvironment through 
the leaky tumor vessels and penetration within the tumor tissue (part e), and tumor cell targeting and intracellular 
trafficking (part f). NPs can also be designed to control the release profile of payloads (part g). ID, injected dose. 
Reprinted with permission from ref. [47]. 
 
2.2.1 Current development of DDS 

Currently, several materials with different structures are employed to prepare DDS. Various 

nanomedicines employing carbon nanotubes, dendrimers, micelles, liposomes, quantum dots, 

superparamagnetic iron oxide nanoparticles (SPION), gold NPs and mesoporous silica NPs 

have been prepared for the treatment of various disease, especially for cancer (Figure 2) [48]. 

Mesoporous silica NPs (MSN) are popular among nano-DDS, benefitting from their high 

pore volume, large surface area, uniform and tunable pore size (2-6 nm), tunable particle size 

(50-300 nm), and good biocompatibility [49-51]. The tunable pore size of MSN enables the 

loading of drugs with different molecular weight, and high surface area allows their surface 

modification with various functional groups [52-54]. Conventional MSN has short blood 
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circulation time because of their nonspecific binding to human serum protein, hemolysis of red 

blood cells and phagocytosis of macrophages. The blood circulation time can be prolonged 

through conjugating polyethylene glycol (PEG) on the surface of MSN [55-58]. 

Liposomes are nanocarriers that are composed of phospholipids [59]. Phospholipids 

contain hydrophobic tailss and hydrophilic head in their molecular structure and are a major 

component of cell membranes. When introducing phospholipids into aqueous medium, they 

self-assemble into liposomes with hydrophobic tail forming a bilayer and the hydrophilic head 

facing the water. Water-soluble drugs can be entrapped into the core of the liposomes to serve 

as DDS [60]. Similarly, amphiphilic molecules, such as amphiphilic polymers, can self-

assemble into micelles when they are exposed to a solvent and their concentration exceeds 

the critical micelle concentration [61-64]. However, micelles may lead to immature drug release 

and this can be improved by cross-linking [60, 65]. In addition, micelles can be decorated by 

various ligands, such as folic acid, peptides and antibodies to improve the targeting to tumor 

tissues [66-69]. 

Several nanomedicines are now on the market for clinic usage, such as Caelyx
®
, Myocet

®
 

and Abraxane
®
 [48]. Still there is an extensive need for clinical trials to ensure the short-term 

and long-term effects of these nanomedicines in humans. Caelyx
®
 is an injection of PEGylated 

liposomes loaded with doxorubicin hydrochloride. Myocet
®
 is liposome encapsulated with 

doxorubicin citrate and can be used to treat metastatic breast cancer in adult women when 

combined with cyclophosphamide. Abraxane
®
 is an albumin-bound paclitaxel formulation, 

which can be used in the treatment of cancer. 

 

 
 
Figure 2. Schematic representation of the nanocarriers used in smart DDS. Reprinted with permission from ref. 

[48]. 

 

2.2.2 Current challenges for developing targeted DDS 

Nanocarriers can improve the safety and morbidity of therapeutics for cancer patient, which 

leads to their clinical approval. However, the efficacious patient responses have been modest 

so far. Comparing with the conventional chemotherapeutics, these nanocarriers only have 

marginal improvements in the tumor treatment. There are a series of biological barriers that 

hinder the treatment efficiency and sit-specific delivery of nanocarriers, including opsonization 

and subsequent clearance by the mononuclear phagocyte system (MPS), nonspecific 
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distribution caused by off-targeting effect, hemorheological effect cased accumulation 

resitrictions to special tissue, intratumoral pressure gradients caused insufficient distribution 

od NPs, cellular internalization problems, endosomal and lysosomal escape and multidrug 

resistance (Figure 3) [70, 71]. 

After administrated intravenously, the nanocarriers experienced fast opsonization and 

subsequent clearance by MPS [72-74]. The nanocarriers are adsorbed by plasma proteins, 

including serum albumin, complement components, apolipoproteins, and immunoglobulins, 

and form a protein corona, which leads to the attachment of nanocarriers to specific receptors 

on phagocytes surface and internalization [75, 76]. As a result, the NPs are highly accumulated 

in the organs like spleen and liver, leading to nonspecific distribution of nanocarriers to healthy 

organs [77-79]. Besides, the opsonization not only enhance the clearance by phagocytes but 

also deprive the properties of the nanocarriers. As a result, the nanocarriers may lose their 

targeting capacity and therefore, with decreased treatment efficiency [80].  

The size and geometry of the nanocarriers are the most important factors that influence 

the fluid dynamics of nanocarriers in blood vessels. The circulation time of nanocarriers in the 

blood vessels is influenced by the opsonization and sequestration of MPS. Considering that 

the surface charge of the nanocarriers has an important influence on the adsorption of proteins 

onto the nanocarriers’ surface; the surface charge has an impact on the pharmacokinetics and 

biodistribution of nanocarriers [81-84]. The circulation time of highly cationic nanocarriers are 

much shorter than that of highly anionic ones [84]. In contrast, neutral nanocarriers and slightly 

negative charged nanocarriers have prolonged circulating time [70]. Spherical nanocarriers 

with small size, such as liposomes, are found to migrate in cell-free layer, a particular region 

of the vessels [70]. There is a considerable distance between endothelial surfaces and the 

cell-free layer, which limiting the active and passive targeting strategies [70]. Surface charge 

also plays an important role in another biobarrier, the cellular internalization and endosomal 

escape of nanocarriers. It has been reported that the positive nanocarriers showed heightened 

internalization comparing with the negative ones in various cancer cell lines, e.g., HeLa [85, 

86] and MCF-7 [87] cells. This has led to the development of innovative ‘charge-conversion’ 

strategies, which can switch the nanocarriers charge site-specifically in response to the 

environment stimuli in the tumor tissues, e.g., the pH [88-91]. Besides, after entering the tumor 

cells, the chemotherapeutics might be expelled out by the drug efflux pumps, which leads to a 

decreasing of intracellular concentration and consequently reducing of the therapeutic 

efficiency [70, 92-94]. 
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Figure 3. Framework of sequential biological barriers for NP-based DDS. Reprinted with permission from ref. [70]. 

2.3 Construction of transformable DDS 

Although nanomedicine has undergone more than three decades of development and 

refinement, efficient delivery of the nanotherapeutics is still been restricted to achieve a 

satisfactory therapeutic level. Numerous works demonstrated that the physicochemical 

properties of NPs, such as size, shape, surface charge and ligands grafting, can strongly affect 

the drug delivery efficacy [95, 96]. However, attempts to integrate an optimal combination from 

these parameters to improve tumor targeting have not been achieved, because of the gross 

underestimation of the complexity of the biological environment. This complexity is shown in 

the multiple dilemmas during the drug delivery process, including complement activation of 

proteins, immune system clearance, off-targeting effect, enhanced permeation and retention 

(EPR) effect, deep tissue penetration and cancer cell uptake. Unfortunately, conventional NPs, 

especially the NPs with fixed shape, have limited functions or flexibilities to cater to the multiple 

requirements during the multi-stage drug delivery process. Thus, transformable NPs with the 

capacity of tunable morphology and function have demonstrated great potential in spatio-

temporal drug delivery and promoted therapeutic efficacy. 

 
2.3.1 Strategies for transformable DDS construction 

There are various strategies to fabricate stimuli-responsive DDS for spatio-temporal drug 

delivery at the diseased site. One important design is that the transformable formulations can 

achieve morphologies changes in situ through swelling or degradation upon a stimulus trigger 

at the right time and right place [23]. 

Nam et al. decorated the surface of gold NPs with pH-sensitive molecules [97]. In this pH-

sensitive molecules, there had citraconic amide moiety and a dithiol group. The former was 

pH-sensitive and the latter could react with the surface of gold NPs for better anchoring. The 

size of the gold NPs decorated with pH-sensitive molecules was about 10 nm, which enabled 

prolonged blood circulation time and decreased clearance rate. In the tumor tissues, the 

chemical group on the particles’ surface would transform from carboxylate anion to protonated 

amine because of the acidic environment within the endosomal area. As a result, the surface 

charge of the gold NPs changed from negative to positive. The gold NPs revealed opposite 

charge would form aggregates, which would lead to prolonged retention time within the tumor 

cells because of the inhibition of exocytosis. The aggregation induced from low pH shift their 

absorption to far-red or near-infrared (NIR). This absorption shift was beneficial for the deep 

tumor penetration and could be exploited for photothermal cancer therapy. 

Various DDS could achieve morphology transformation due to enzyme stimulus. Tsien et 
al. constructed a DDS that was responsive to overexpressed matrix metalloproteinases in 

tumor tissues for efficient tumor cell targeting [98]. The cell penetrating peptide was fused with 

polyanionic sequences through cleavable linkers. This would shield the polycationic moieties 

of cell penetrating peptide by forming intramolecular hairpins. As a result, the cellular uptake 

induced by cell penetrating peptide was largely blocked. Under the tumor microenvironment 

that overexpressed matrix metalloproteinases, the linker was cleaved and the cell penetrating 

peptide was exposed, which led to more efficient cell membrane penetration. Liang’s group 

prepared an intracellular self-assembly for inhibition of drug resistance [99]. This self-assembly 

was based on taxol derivative 2-cyanobenzothiazole (CBT)-taxol, which contained CBT motif, 

disulfide-functionalized cysteine motif and furin substrate-RVRR peptide. Furin is an important 

proprotein convertases that is often overexpressed in many cancer cells, especially on the cell 
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membrane and Golgi complex. The solubility of taxol was increased through conjugating 

RVRR peptide. The cell internalization of the conjugates was enhanced because of the cell 

penetration property of this peptide. After endocytosis, the substrate peptide was digested by 

furin and the resultant hydrophobic oligomers self-assembled into the nanoformulation, which 

tightly adhered on the lipid membrane of the subcellular compartments, e.g., Golgi body, due 

to its hydrophobicity. As a result, the intracellular retention time was extended.  

Lu et al. prepared a light-responsive liquid-metal nano-transformer for efficient endosomal 

escape by decorating the surface of liquid-metal nanocarriers with graphene quantum dots 

[100]. The graphene quantum dots played an important role in this formulation. It stabilized the 

particles, collected energy, and transfered the energy from irradiated light to heat and generate 

reactive oxygen species (ROS). The generated heat and ROS driven the phase separation the 

alloy of the liquid-metal core. As a consequence, the shape of liquid-metal nano-formulation 

changed from nanosphere into hollow rods. This remarkable transition of aspect ratio of the 

liquid-metal nano-formulation disrupted the endosomal membrane physically, which led to 

enhanced endosome escape and efficient intracellular delivery of the cargo molecules. Wang 

et al. synthesized a series of polymer-peptide conjugates to prepare self-assembled 

aggregates with thermal responsiveness-mediated transformation through tailoring the lower 

critical solution temperatures of the materials [101]. The lower critical solution temperatures of 

the polymer-peptide conjugates were higher than 37 °C, which ensured the stability of the 

polymer-peptide conjugates and the internalization into tumor cells. After endocytosis, the 

grafted ligands on the polymer chain were cleaved by the enzymes in the tumor cells. As a 

result, the lower critical solution temperatures decreased to less than 37 °C, which induced the 

phage transition and the formation of nanoaggregates. This temperature responsive 

transformation extended the retention time of the DDS within the tumor cells. 

 

2.3.2 Construction of the stealth surface and camouflage surface 

2.3.2.1 Stealth materials 

During transportation in the bloodstream, NPs interact massively with the bioenvironments with 

plasma proteins, which can rapidly adsorb to the NPs’ surface and form a protein corona, 

leading to particle opsonization and phagocytic clearance [102-105]. Consequently, NPs suffer 

significant clearacne from the blood circulation, resulting in an off-target accumulation, which 

can cause safety issues, unwanted drug release and insufficient therapeutic dosage. Coating 

a stealth layer onto NPs can escape the immune recognition and clearance, thus promote the 

blood circulation half-life (Figure 4).  

The “stealth” NPs was first introduced by Langer et al. in 1994 [106]. It was reported that 

the blood circulation time of the PEG grafted polymeric NPs was prolonged due to the 

passivation effect of PEG. The PEG provided the NPs with a hydration layer and steric barrier 

on their surface. The PEG layer decreased the amount of serum proteins´ binding to the NPs, 

which reduced the clearance of the NPs by the MPS [107, 108].  

Many reports demonstrated that those NPs camouflaged with stealth materials enable 

prolonged pharmacokinetics and improved biodistribution of NPs loaded with anti-cancer drugs. 

Currently, PEG remains the gold standard of stealth materials in clinics and the stealth 

functionality of PEG is strongly influenced by its length and surface density on the surface of 

NPs [109-112]. Depending on the length and density of PEG, it can show as mushroom or a 

brush-like conformation [113-115]. Usually, scarcely distributed long PEG favors mushroom 

conformation and densely packed short PEG tends to be brush-like conformation. Besides, the 

higher surface coverage of PEG on the surface of NPs, the longer blood circulation time was 
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achieved for NPs [116]. For the stealth camouflage, the PEG with a molecular weight of 5000 

Da demonstrated the ideal surface coverage [117]. 

Apart from the PEG, other hydrophilic polymers like poly[N-(2-

hydroxypropyl)methacrylamide] (HPMA), zwitterionic materials, poly(amino acid)s (PAAs) and 

polysaccharides, can serve as stealth materials [118]. HPMA is a synthesized polymer with 

multiple functionalization sites, which allows the covalent attachment of various therapeutics. 

Comparing with the free drug, the pharmacokinetic profiles of drug-loaded HPMA are 

significantly improved [119-122]. Several HPMA-camouflaged NPs have entered clinical trials 

[123, 124]. Zwitterionic materials, another synthesized hydrophilic polymer, will be introduced 

in the next section. PAAs and polysaccharides are the two major classes of hydrophilic 

biopolymers that are frequently explored to coat NPs [118]. PAAs can be degraded by 

proteases, which reduce the risks of in vivo accumulation [125]. Polysaccharides, as desirable 

coating material for NPs’ decoration, show low immunogenicity and excellent biodegradability 

[126]. The surface of polysaccharides-decorated NPs is hydrated and can be linked to the 

dense, carbohydrate-rich glycocalyx on cellular surfaces. 

 

 
 
Figure 4. Examples of alternative hydrophilic polymers for nanoparticle stealth functionalization. Reprinted with 

permission from ref. [118]. 

 
2.3.2.2 Zwitterionic materials 

Zwitterions are overall neutral charged polyelectrolytes, which contain positive and negative 

groups in their molecular structures [127-130]. The zwitterionic materials give the NPs a highly 

hydrophilic surface through strong ionic structuring of water [131]. This highly hydrophilic 

surface ensures the anti-fouling properties of NPs. Furthermore, the zeta-potential of 

zwitterionic coating is close to zero because their surface charge is internally balanced. 

Therefore, no ions can be released from the NPs surface, and it is less likely that biological 

molecules adsorb non-specifically to their surface [132]. As a result, the zwitterions coating 

reduces the capture of NPs by the MPS (Figure 5) [127].  

Various zwitterionic coating materials, including low molecular weight zwitterionic coating 

materials and polymeric zwitterionic coating materials, have been investigated as the 

camouflage strategy for different types of NPs [127]. After coating with these zwitterionic 

materials, the NPs were able to remain stable against an extended range of pH values and 

salt concentration. Their size distribution did not show any apparent increase in vitro and in 
vivo. These zwitterionic materials-coated NPs demonstrated low non-specific biomolecule 
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absorption, minimal non-specific cellular adhesion and minimal engulfing by macrophages and 

minimal capturing by the MPS [127]. 

 

 
 
Figure 5. Graphical representation of a zwitterionic-coated NP and its resistance to non-specific protein adsorption. 
Upon transfer of NPs to any biological environment, biological (macro)molecules adsorb non-specifically to their 
surface. Coating with biocompatible zwitterionic materials minimizes or even prevents non-specific biomolecule 
absorption and cellular adhesion, as well as reduces capture by the MPS. Reprinted with permission from ref. [127].  
 
2.3.2.3 Self-mimicking by CD47 and self-peptide 

CD47 is a transmembrane protein acting as a marker-of-self [133-135]. Throughout the 

interaction with signal regulatory protein alpha (SIRPα) on the macrophage membrane, CD47 

transduce he signal of  “don’t eat me” to macrophage to inhibit the phagocytosis [136-138]. 

The generated bioinert has attracted widely interest to develop immune-evasive biomaterials 

for targeting delivery. However, because of the large size and biochemical instability, short-

chain peptides that screened from the functional domains of CD47 are more preferred for NPs 

modification. Theses CD47-mimicking peptides are called as self-peptides. Rodriguez et al. 
demonstrated that the self-peptide grafted NPs significantly prolonged the blood circulation 

and promoted tumor accumulating efficiency [139]. Recently, the CD47-mimicking strategy 

were also applied to modify the graphene oxide nanosheets and micelles to contract the 

macrophage-evading DDS [140, 141].  

 
2.3.3 “On-demand” systems controlled by stimuli signals  

For the active targeting strategies of cancer treatment, the interactions between ligand and 

receptor is stochastic. It is difficult to control the drug release from the active targeting DDS. 

As a consequence, it is still questionable how to translate the active targeting strategies into 

clinic applications. Furthermore, the drug release is mainly governed by the Fickian diffusion, 

which is not significantly different among cells, tissues or organs [142]. Therefore, ther is a 

need for new DDS with better treatment efficiency for cancer therapeutics. One alternative 

strategy is “on-demand” systems, which are widely utilized in biomedical applications. These 

“on-demand” systems are able to recognize and react to the microenvironment in a dynamic 

manner, which mimics the responsiveness of organisms. Under specific physiological or 

pathological conditions, the sizes, morphologies or surface charges of these NPs can 

transform, which have an influence on their behavior, including circulation, retention, 
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penetration, or accumulation. In the late 1970s, the first “on-demand” DDS was introduced. 

Thermosensitive liposomes were prepared for the local drug release with hyperthermia stimuli 

[143]. After that, “on-demand” systems have been extensive studied, especially for the NPs 

that served as antitumor DDS [144-147].  

The biocompatible materials that used in “on-demand” systems are able to undergo a 

specific hydrolytic cleavage or protonation/molecular/supramolecular conformational change 

in response to a desired stimulus. The stimuli can be either endogenous or extracorporeal. 

There are various endogenous stimulus that can be used for the design of transformative NPs, 

since there is pH, redox effect or enzyme levels (e.g., matrix metalloproteinases) changes in 

pathological tissues under certain diseases [143, 148-155]. The pH value of interstitial fluid in 

tumor tissues is 6.75, which is lower than that of normal tissues (pH 7.23) [156, 157]. 

Furthermore, at the cellular level, the pH within the endosomes and lysosomes is 5.0–5.5, 

which can lead to the release of anti-cancer drugs and overcome the barrier created by 

endosomal or lysosomal membranes [158]. Zhao et al. prepared docetaxel-loaded NPs based 

on PEGylated polyethyleneimine (PEG-s-PEI) through multiple interactions-mediated host-

guest assembly of indomethacin and PEG-s-PEI [159]. This DDS demonstrated prolonged 

blood circulation time because of the PEG camouflage. Under the acid environment of tumor 

tissues, the PEGylation was cleaved and the NPs experienced an obvious charge shift. This 

led to more efficient phagocytosis by tumor cells and rapid intracellular drug release, and 

therefore, achieving superior therapeutic outcome. Lv et al.� loaded resveratrol into pH-

sensitive acetylated β-cyclodextrin NPs, which was encapsulated into the internal space of the 

microbubbles and formed pH-sensitive nanoparticle-loaded microbubbles [160]. Because of 

the lipid membrance of the microbubbles, the drug release and diffusion from the microbubbles 

were reduced after administration. When the microbubbles reached the blood vessels aroud 

the tumor tissues, the pH-sensitive NPs was released because of ultrasound 

irradiation.Afterwards, the NPs entered the tumor tissues, released drug because of low pH 

values. The treatments of resveratrol-loaded microbubbles with ultrasound effectively inhibited 

the tumor growth in H22 tumor-bearing mice. 

The redox effect in mammals are affected by various redox substances, for example, 

glutathione and thioredoxin. The total concentration of these redox substances in plasma are 

0.4–0.6 mM, which are much lower than that in the intracellular environment (at millimolar 

concentrations) [161]. Besides, the environment within tumor cells is relatively reduced when 

comparing with that in normal cells. The thioredoxin concentration in human esophageal 

tissues and esophageal cancer tissues are 0.13 mM and 0.21 mM, respectively [162]. 

Compared with that of normal tissues, the concentration of glutathione in the tumor tissues is 

elevated to different degrees. The detailed redox effect in different tumor tissues vary 

depending on the kind of tumor. And the main redox substances and their redox potentials 

within the tumor tissues has not been fully studied. Tu et al. synthesized redox-sensitive 

copolymer PEG-b-polystyrene through atom transfer radical polymerization and employed this 

redox-sensitive copolymer to prepare doxorubicin loaded polymersomes [163]. The disulfide 

bond between these two blocks were redox-sensitive and was cleaved by reducing agent, 

glutathione. As a result, the encapsulated doxorubicin was released with the stimulation of 

glutathione. When the polymersomes were incubated with 20 mM glutathione, which mimicking 

the intracellular environment, 68 % of doxorubicin was released. However, almost no drug was 

released without glutathione. The authors studied their cellular internalization and release 

behavior on HeLa cells. The fluorescent signal from doxorubicin diffused over the HeLa cells, 

which demonstrated that the drug was released from the redox-sensitive polymersomes under 

the reducing environment. Moreover, for the samples treated with non-sensitive nanomotors, 
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there was dot-like fluorescent signal within the cells, which meant that the drug was still 

encapsulated by the nanomotors after internalization by the cells. 

Extracorporeal physical stimuli like temperature, magnetic field, electric field, light and 

ultrasound, can also be applied in the design of transformative NPs. Ultrasmall iron oxide-

based NPs can be employed to deliver pharmacologically active molecules to a target 

diseased area in the body through magnetic guidance [164]. Besides, Deng et al. prepared 

doxorubicin loaded low temperature-sensitive liposomes modified with tumor-targeting peptide 

iRGD (CCRGDKGPDC) and studied their antitumor efficiency in combination with high 

intensity focused ultrasound [165]. At body temperature, the encapsulated drug stayed in the 

aqueous lumen of the low temperature-sensitive liposomes. When the temperature increased 

to melting phase transition temperature of the lipid bilayer (40–45 °C), the drug was released 

from the low temperature-sensitive liposomes. The results of the in vivo studies demonstrated 

that this low temperature-sensitive liposomes specifically targeted the ανβ3-positive cells and 

achieved local doxorubicin release in a hyperthermia-triggered manner. 

 

2.4 Porous silicon NPs for constructing multifunctional DDS 

Porous silicon (PSi) was discovered by Ulhir by accidence in 1956 [166]. In 1989, Canham 

found that PSi revealed quantum confinement effects with efficient visible photoluminescence 

[167]. Canham also reported the biocompatibility and biodegradability of PSi after 6 years [168]. 

Since then, PSi has been widely applied for biomedical purposes [169]. 

Commonly, PSi NPs can be fabricated by “top-down” or “bottom-up” approaches (Figure 
6). Among them, electrochemical etching of monocrystalline silicon wafers in a hydrofluoric 

acid solution containing aqueous or non-aqueous electrolytes is a typical “top-down” method. 

The properties of the PSi NPs, including particle size, pore size, porosity and pore pattern can 

be controlled through adjusting the fabrication parameters, such as current density, electrolyte 

composition, hydrofluoric acid concentration and wafer [170]. PSi NPs have various excellent 

properties, which render this material an important role in biomedical applications.  

 

Tunable pore size for loading various cargos 
Through adjusting the parameters such as current strength, etching time and electrolyte 

concentration during the electrochemical etching, different porosity (≈50–80%) and pore 

volume (0.5–2.0 cm
3
/g) of PSi NPs are achievable, which endow PSi NPs high cargo loading 

degree [171-173]. Moreover, the pore size of the PSi is also tunable from 5 to 150 nm, which 

means it is possible to load cargos with various sizes [174, 175]. For example, Bimbo et al. 
demonstrated that both hydrophobin class II (HFBII) protein and poorly water-soluble drug 

indomethacin can be coloaded by the thermally hydrocarbonized PSi NPs through self-

assembly and hydrophobic adsorption respectively [175]. Kim et al. loaded silver nanoparticles 

(≈13 nm) on the PSi NPs (100 mn), the pores of PSi NPs were aced as template for depositing 

the metallic silver by galvanic displacement [176]. PSi NPs can also used as the delivery 

system for oligonucleotide through electrostatic adsorption, which commonly required surface 

amination or cationic polymer grafting [177]. Kang et al. loaded siRNAs thourgh generating a 

calcium silicate shell on the surface of PSi pores by the reaction of calcium ions with silicic 

acid. This positive charged shell could traps siRNA with high payload (more than 20%) and 

protect the cargo from fast degradation. This ion doping strategy significantly changed the 

surface properties of the NPs, while maintaining the pore structures, thus expended the cargo 

loading capacity of PSi NPs efficiently [178].  
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Divers suface modification strategies 
For therapeutic NPs, the chemical modifiability determines the application potential. PSi NPs 

treated by thermal hydrocarbonizing obtain extra stability sufficient group density for divers 

chemical modification [179]. This allows the PSi NPs to be efficiently modified to extend the 

therapeutic functions. Typically, surface modifications are used for cargo encapsulation, drug 

conjugation or surface functionalization[180-182]. For example, Wang et al. conjugated 

methotrexate (MTX) to the surface of amine terminated PSi through covalent bonding [182]. 

The resultant MTX-PSi composites had a MTX loading degree of 0.4 % and achieved 

sustained release for 96 h. Liu et al. loaded doxorubicin into PSi by chelation bond through 

modifying PSi with iron ions [183]. The drug loading degree of the doxorubicin in the resultant 

PSi composite was approximately 24 %, which is significantly higher than that of the bare PSi 

(about 10 %). Tamarov et al. grafted PSi with N-isopropylacrylamide for thermo-induced drug 

release by infrared and radiofrequency electromagnetic heating. They used the lung carcinoma 

tumor-bearing mice to confirm that radiofrequency triggered the release of the cytostatic and 

efficiently suppress the tumor growth [184]. 

For surface functionalization, one of the most important purpose is endowing the NPs with 

targeting capacity. There are many studies confirmed the high effectiveness of constructing 

targeting systems on PSi [185, 186]. For example, PSi modified with rabies virus glycoprotein 

can efficiently accumulate in the damaged brain tissue with three times higher than that of 

normal tissue [178]. 

 

Biocompatibility 
Freshly etched PSi can react with various biological molecules as the hydride surface is high 

reductive. As the product orthosilicic acid [Si(OH)4] is nontoxic, this efficient biodegradation 

can reduce the NPs accumulation induced safety issues [168]. Although some studies 

demonstrated that the PSi degradation, followed by generating singlet oxygen (
1
O2) molecules, 

which can cause cellular toxicity, thermal carbonization or surface PEGylation or dextranylation 

may significant enhance the biological stability [187]. It is reported that neither oxidized nor (3-

aminopropyl) triethoxysilane modified PSi caused toxic effects. The mice with intravenously 

PSi injection did not show obvious changes in blood urea nitrogen, creatinine, and lactate 

dehydrogenase (LDH). Furthermore, the LDH levels in liver and spleen were also not changed. 

The leukocytes infiltration in major organs were also not observed [188]. 
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Figure 6. Engineering spherical PSi NPs (A and B). (A) Top-down approaches to prepare PSi NPs. (B) The bottom-
up synthesis route for PSi NPs. Strategies to construct PSi into multifunctional DDS (C, D and E). (C) pH-Sensitive 
polymer coating (1) lipid encapsulation (2). (D) Loading the cargos with covelent bonding or noncovalent bonding. 
(E) Conjugating the cargos onto polymers. (F) The pores’ self-sealing for controlled release. Reprinted with 
permission from ref. [169]. 
 
2.5 Upconversion NPs for constructing multifunctional DDS 

As the most important type of exogenous signal, light with tunalbe spectrum, good 

manipulability and safety, aroused grate attention in DDS-based precision treatment. Especialy 

for successful tumor targeting, to overcome different barriers, fast and significant 
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transformation of DDS (e.g., surface charge inversion, size change or surface signals switch) 

is required, which means that effective photolysis-triggered chemical reactions is more 

favorable than the phase transition caused by photo-thermo effect. Unfortunately, most of the 

photolysis reactions require high-energy light (e.g., wavelengths <400 nm), which shows 

serious limitations in clinical application, for example, the limited tissue penetration depth and 

cellular photo-damage [189, 190]. 

Lanthanide-doped upconversion nanoparticles (UCNPs) perfectly converge the advantages of 

both NIR and UV. Through the upconversion processs, also known as anti-Stokes emissions, 

UCNPs can absorb photons with lower energy and emite photons with higher energy [191, 

192]. Thus, throught targeting delivery of UCNPs-based DDS, people can adorpt light for deep 

tissune penetration for remote triggering resource, and then obtain higher engery photons for 

photolysis reaction. Among the various types of upconversion mechanisms, energy transfer 

upconversion has been the most widely used. Typically, UCNPs need three essential 

constituents: crystalline host matrix, activator and sensitizer. Generally, two kinds of 

neighboring ions with different energy levels are used as activator and sensitizer to offer a 

metastable level for the absorbed photon. Then after a non-radiative energy transfer, the 

activator can be excited to a high energy state for emitting, accompanied by the relaxing back 

of sensitizer to its ground state [191]. The host matrix directly influence the luminescence yield 

and the emission intensity. Among various fluoride-based lattices, NaYF4 have been one of 

most extensively adopted matrix because of the homogeneous doping, high stability, and 

limited radiative energy losses [193]. 

Facilitated by the fast development of UCNPs, numorous NIR-triggered drug release system, 

as well as photo-induced transformation systems have been constructed [194]. For example, 

in 2014, Li et. al. provided an successful design based on UCNPs for tumor treatment in living 

animals. They created a yolk-shell structured system by encapsulating the lanthanide-doped 

nanocrystal (NaYF4:Tm
3+

, Yb
3+

@NaLuF4) into mesoporous silica shell. The antitumor drug, 

chlorambucil, was modified with the hydrophobic photocleavable 7-amino-coumarin derivative. 

This ligand-drug conjugate can be loaded within the yolk-shell system. Under NIR irraditaiton 

at 980 nm, the anti-Stokes-shifted UV luminescence reached 380 nm and cleaved the amino-

coumarin segment. The free chlorambucil was more hydrophilic, thus demonstrated efficient 

drug relase in the on–off pattern [195]. The other impressive work is from Wu’s group. For the 

first time, ruthenium (Ru) complexes with metal-to-ligand charge transfer bond was 

demonstrated that can achieve blue emissions-triggered photolysis at 453 nm. As red-shifted 

absorption is a easier match for the anti-Stokes emissions, thus, the cleavage of this Ru 

complexes required much lower NIR excitation intensity. They demonstrated that to achieve 

same drug release amount, the required excitation intensity of this Ru complexe was only 3% 

of that of azobenzene–grafted UCNPs [196]. 
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3. Aims of the study 

Multiple factors need to be taken into account to construct transformable DDS for tumor 

targeting and therapy. These factors should include targeting specificity to cancer cells, 

efficient stimuli-triggered NPs’ transformation, stable homeostasis, manipulatable NP-cell 

interactions and multi-stage signals processing capacity. By taking advantage of the high 

processability of PSi, the aim of this dissertation was to develop a series of surface modification 

strategies of nanosystems to enhance and systematically integrate the above factors for 

constructing powerful transformable DDS for tumor targeting delivery.  

 

The specific objectives of this dissertation are as follows:  

 

1. To construct a multi-drug (MTX, SFN and AS1411) loaded DDS with enhanced cancer 

cell specific targeting capacity, a UnPSi-based receptor-mediated surface charge 

reversion DDS was prepared and the relevant physicochemical properties and in vitro 

performance was investigated (I).  
 

2. To improve the cancer cell targeting capacity of DDS in protein-rich environment, a 

sequential antifouling surface to minimize the targeting-depriving effect by protein 

corona after NPs transformation was synthesized, and the relevant physicochemical 

properties and in vitro performance was investigated (II).  
 

3. To improve the tumor targeting efficiency and prolong the tumor retention time of NPs, 

a size tenurable DDS that can achieve NIR irradiation modulated in situ self-assemble 

at the tumor site was prepared, and the relevant physicochemical properties, in vitro 

and in vivo performance was investigated (III).  
 

4. To improve the homeostasis of NPs and enhance the trumor targeting capacity from 

NP-cell communication level, a multi-stage signal interactive system, which achived by 

host-gest signal peptides assembly/disassembly induced NPs’ transformation, was 

prepared, and the relevant physicochemical properties, in vitro and in vivo performance 

was investigated (IV).  



 Results and Discussion  

 

16 

 

4. Experimental 
This section lists the experimental methods used for the studies in the thesis. Detailed 

description of the materials, instrumentation and methods can be found in the original 

publications (I–IV). The in vivo studies presented in publication III and IV were performed in 

collaboration with the Ruijin Hospital, Shanghai Jiaotong University, China. 

 

4.1 Fabrication of DDS (I, II, III and IV)  

The PSi particles used in publications I, II and IV were all undecylenic acid-terminated PSi NPs. 

The UCNPs in publication III were all commercial available. Firstly, the PSi NPs were produced 

by electrochemical etching of monocrystalline boron–doped p+ type Si á100ñ wafers (Cemat 

Silicon S.A., Poland), under a resistivity of 0.01–0.02 Ω
.
cm in a 1:1 (v/v) aqueous hydrofluoric 

acid (38%)–EtOH electrolyte with a current density of 50 mA/cm
2
 in the dark. The porous layer 

was obtained by increasing the current density to the electro-polishing regime to detach from 

the substrate. Thermally hydrocarbonized PSi (THCPSi) films were prepared by heating at 

500 °C under 1:1 N2-acetylene flow for 15 min. Finally, the films were treated by undecylenic 

acid at 120 °C for 16 h to obtain terminated carboxylic acid films, and then separated in 

undecylenic acid by wet-milling to fabricate the UnTHCPSi NPs, termed as UnPSi NPs for 

short. 

 

4.1.1 Preparation and characterization of the receptor-mediated surface charge 

inversion systems (I)  

The UnPSi NPs were firstly activated by carbodiimide chemistry based on N-

hydroxysuccinimide (NHS) and 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide (EDC). 

Briefly, 1 mg of UnPSi NPs was activated by 10 μL of EDC for 20 min and then reacted with 2 

mg of NHS in 1 mL of anhydrous dimethylformamide (DMF) for 24 h. The UnPSi-NHS ester 

NPs were harvested by centrifugation (Sorvall RC 5B plus, Thermo Fisher Scientific, U.S.) at 

13,000g for 5 min, washed three times with anhydrous DMF. The obtained UnPSi-NHS ester 

NPs was then dispersed into 1 mL of DMF with 10 mg of polyethylenimin dissolved beforehand. 

After 12 h stirring, the obtained UnPSi-PEI NPs were harvested by the aforementioned 

procedures. 1 mg of UnPSi-PEI NPs was suspended in 1 mL of anhydrous DMF, then 10 µg 

of Biotin-NHS ester was added into the suspension. After 12 h stirring, the obtained UnPSi-

PEI-Biotin NPs were harvested by the aforementioned procedures. The thiolation of the UnPSi-

PEI-Biotin NPs was operated under Ar atmosphere. 1 mg of NPs was dispersed in 1 mL of 

phosphate buffer saline (PBS, pH 7.4, 0.01M) and then the Traut’s reagent was added (10 mg, 

0.073 mmol). After 2 h, the NPs were harvested by centrifugation at 13,000g for 5 min, and 

washed by PBS (pH 7.4, 0.01M) three times under Ar atmosphere. The obtained UnPSi-PEI-

Biotin-SH NPs was dispersed in PBS (pH 7.8, 0.01 M) at the concentration of 1 mg/mL. 10 mg 

of the acrylates-ortho-nitrobenzyl-PEG5000 (10 mg, 0.002 mmol) was added into the prepared 

UnPSi-PEI-Biotin-SH NPs suspension. The mass ratio of the PEG to NPs was 10: 1. The 

reaction was processed under Ar atmosphere for 24 h. The NPs were harvested by 

aforementioned method and then stocked in ethanol (99%) with Ar protection. 
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4.1.2 Fabrication of the nanoparticles with sequential antifouling surface (II) 

The synthesis of the photo-sensitive acrylates-ortho-nitrobenzyl-PEG5000 (1) was introduced as 

shown in Figure 7. 

 
4.1.2.1 Synthesis of Ethyl 4-(4-acetyl-2-methoxyphenoxy)butanoate (2) 

The solution of ethyl 4% bromobutyrate (4.3 mL, 30 mmol) in DMF (40 mL) was prepared firstly. 

Then, vanillylacetone (6.0 g, 37 mmol) and K2CO3 (10.0 g, 70 mmol) were added into the DMF 

solution. The mixture was stirred overnight. Before been extracted with EtOAc (3×30 mL), 30 

mL of water was added into the reaction mixture. After three times extraction, the organic layers 

were collected and washed with water (30 mL). Then it was dried by adding MgSO4 before 

removing the solvent by vacuum. The yield white power (yielding 82%, 7.0 g) was used for 

further synthesis without purification.   
 

4.1.2.2 Synthesis of Ethyl 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate (3) 

Ethyl 4-(4-acetyl-2-methoxyphenoxy)butanoate (7.0 g, 25mmol) was dissolved in Ac2O (100 

mL) and cooled down to 0 °C. 70% HNO3 (4 mL) was added into the mixture dropwise. After 

reacted for 5 min, the light brown reaction solution was poured into ice water (1 L) and further 

stirred for 1 h before filtering. Then yellow solid was yielded. The precipitation was dissolved 

in CH2Cl2 (100 mL) and washed with sat. aq. NaHCO3 (100 mL) for three times and once with 

brine (100 mL) before drying with MgSO4. The solvent was removed under vacuum, affording 

yellow powder (yielding 88 %, 7.2 g). The product was used in the next step directly. 

 

4.1.2.3 Synthesis of 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoic acid (4) 

To a suspension of ethyl 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate (6.0 g, 18.4 mmol) 

in EtOH (90 mL), 1 M of aqueous NaOH solution (30 mL, 30 mmol) was added. After been 

stirred for overnight, the mixture became transparent. The EtOH was removed by rotary 

evaporation. The solution was washed with Sat. aq. NaHCO3 (30 mL) and CH2Cl2 (3´ 30 mL). 

Then conc. HCl was added to acidify the solution to pH=1. The generated precipitation was 

filtered to yield 4 (yielding 75%, 4.0 g). The product could be used in the next step directly. 

 

4.1.2.4 Synthesis of MethoxyPEG5000 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate (5) 

4-(4-Acetyl-2-methoxy-5-nitrophenoxy)butanoic acid (1.0 mmol) was dissolved in CH2Cl2 (5 

mL). Pre-weighted 4-Dimethylaminopyridine (DMAP) (125 mg, 1.0 mmol), EDC (230 mg, 1.25 

mmol), N,N-Diisopropylethylamine (DIPEA) (260 μL, 1.5 mmol) and MeO-PEG5000-OH (3.75 g, 

0.75 mmol) were added into the stirred solution and let to react for one day. The reaction 

solution was diluted with EtOAc (50 mL) before washing with sat. NaHCO3 (3´50 mL) and brine 

(50 mL). The obtained organic layers were dried (MgSO4) and the solvent was removed in 

vacuum to yield an orange powder. To get pure compound, column chromatography (Gradient: 

CH2Cl2 to 20% of MeOH in CH2Cl2) was applied to get pale yellow powder (2.7 g, 0.52 mmol, 

70%). 

 

4.1.2.5 Synthesis of MethoxyPEG5000 4-(4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy) 

butanoate (6). 

To a suspension of compound 5 (1.32 g, 0.25 mmol) in MeOH (5 mL) at 0 
o
C NaBH4 (22.6 mg, 

0.6 mmol) was added. After 3 h, the reaction was acidified to pH=4 by careful addition of aq. 
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Citric acid (5% w/v). CH2Cl2 (100 mL) was added into the reaction mixture and washed with 

water (3´50 mL) and brine (50 mL). The combined organic layers were dried (MgSO4) and 

solvent was removed to yield 6 (1.16 g, 0.22 mmol, 85%) as a viscous orange oil. The 

compound was used without further purification. 

 

4.1.2.6 Synthesis of Methoxy PEG5000 4-(4-(1-(acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy) 

butanoate (1) 

The solution of compound 6 (1.0 g, 0.189 mmol) and triethanolamine (TEA) (105 µL, 0.757 

mmol) in anhydrous tetrahydrofuran (THF) (5 mL) were mixed and cooled to 0 
o
C. To this 

solution, a solution of acryloyl chloride (35 µL, 0.667 mmol) in THF (2 mL) was added dropwise. 

Then the resulted reaction mixture was stirred for 24 h at room temperature (RT) in dark. 

Subsequently, the reaction mixture was poured in water (50 mL), extracted with chloroform 

(3×50 mL), dried over MgSO4, and concentrated to dryness via rotary evaporation. The crude 

product was further purified by column chromatography (Gradient: CH2Cl2 to 10 % of MeOH in 

CH2Cl2) afforded 1 (620 mg, 0.117 mmol, 62%) as a yellow powder. 

 

4.1.2.7 Synthesis of UnPSi-PEI-Biotin-PEG5000 (UPBP) NPs  

1 mg of UnPSi-PEI NPs was suspended in 1 mL of anhydrous DMF, then 10 µg of Biotin-NHS 

ester was added into the suspension. After 12 h stirring, the obtained UnPSi-PEI-Biotin NPs 

were harvested by the aforementioned procedures. The thiolation of the UnPSi-PEI-Biotin NPs 

was operated under Ar atmosphere. 1 mg of NPs was dispersed in 1 mL of phosphate buffer 

saline (PBS, pH 7.4, 0.01M) and then the Traut’s reagent was added (10 mg, 0.073 mmol). 

After 2 h, the NPs were harvested by centrifugation at 13,000g for 5 min, and washed by PBS 

(pH 7.4, 0.01M) three times under Ar atmosphere. The obtained UnPSi-PEI-Biotin-SH NPs 

were dispersed in PBS (pH 7.8, 0.01M) at the concentration of 1mg/mL. 10 mg of the acrylates-

ortho-nitrobenzyl-PEG5000 (10 mg, 0.002 mmol) was added into the prepared UnPSi-PEI-

Biotin-SH NPs suspension. The mass ratio of the PEG to NPs was 10: 1. The reaction was 

processed under Ar atmosphere for 24 h. The NPs were harvested by aforementioned method 

and then stocked in ethanol (99%) with Ar protection. 
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Figure 7. Schematic illustration for the synthesis of acrylates-ortho-nitrobenzyl-PEG5000. 

 

4.1.3 Fabrication of the nanoparticles with light-controlled size flexibility (III) 

4.1.3.1 Synthesis of the photo-sensitive drug-conjugated polymer doxorubicin-nitrobenzyl-

PEG2000 (DOX-ONB-PEG) 

Briefly, ONB-PEG was synthesized by conjugation of PEG2000 and 4-(4-acetyl-2-methoxy-5-

nitrophenoxy)butanoic acid firstly. To solution of NB-PEG (1.0 eq.) and 4-nitrophenyl 

chloroformate (3.0 eq.) in CH2Cl2 was added Et3N (6.0 eq.). The reaction mixture was stirred 

at RT in the dark overnight. Following solvent removal in vacuum, nitrophenyl-NB-PEG was 

used for next step without further purification.  

To synthesize DOX-ONB-PEG, nitrophenyl-ONB-PEG (1.0 eq.) and doxorubicin
.
HCl (1.5 

eq.) was dissolved in DMF. Then solution was added with Et3N (5.0 eq.) and stirred at RT in 

the dark overnight. CH2Cl2 was added into the reaction solution and washed with brine. The 

organic fraction was combined and solvent was removed under vacuum. Column 

chromatography (Gradient: CH2Cl2 to 2% MeOH in CH2Cl2 to 10% MeOH in CH2Cl2) was 

applied to purify the DOX-ONB-PEG, yielding DOX-ONB-PEG (60%) as a red powder. 

 

4.1.3.2 Synthesis of UCNPs-ICG-DOX-ONB-PEG2000 (UIDOP)  

UCNP was purchased from Hangzhou Fluo Nanotech Co., Ltd. Briefly, 0.5 mg UCNP and 0.5 

mg PLGA were mixed in 200 μL of DMF. Next, 1 mg ICG and 1 mg DOX-ONB-PEG were 

dissolved in 400 μL of DMF. Then the above two solutions were mixed under ultrasonication. 

Subsequently, the mixture was dispersed into 4.5 mL distilled water for 5 min under 

ultrasonication, followed by dialysis for 24 h. 
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4.1.4 Fabrication of the multistage signal interactive nanoparticles (IV) 

4.1.4.1 Synthesis of the functionalized signal peptides 

Peptides TCEVTELTREGETIIELK and GGGGYIGSR were synthesized on an automatic CEM 

peptide synthesizer at a scale of 250 μmol. Fmoc chemistry was applied for this synthesis and 

Sieber amide resin with a loading of 0.69 mmol/g was used. Amino acid couplings were 

performed with 4 eq. of the appropriate amino acid, 4 eq. of the activator O-(1H-6-

chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) and 8 eq. 

of the base DIPEA. Fmoc deprotection was performed with piperidine:DMF (4:6 v/v). 

Afterwards,  N3-PEG4-COOH was coupled to the peptide on the resin using 4 eq. of DIPEA 

and 3 eq. of HOBT in DMF overnight. Peptides were cleaved from the resin by shaking the 

resin with a mixture of TFA/TIS/H2O (95:2.5:2.5 v/v) for 1.5 h. The cleavage mixture was 

precipitated in cold diethyl ether. Precipitate was collected and the crude product was purified 

by high-pressure liquid chromatography (HPLC). The pure peptides were measured and 

confirmed using�liquid chromatography–mass spectrometry (LCMS).  

The copper-free click reaction was achieved by mixing obtained peptide 2 (1 eq., 25 mg) 

and β-CD-bicyclo[6.1.0]-nonyne (BCN) (1 eq., 15 mg) in water and stirred overnight at 40 
o
C. 

The solvent was evaporated on rotavapour. The obtained compounds were purified by HPLC 

using H2O/ACN (gradient: 90-10%). The peak of β-CD-peptides 2 appeared at around 30% of 

H2O/ACN. The solution in collected peak solution was removed by freeze-drier to obtain white 

powder (~5 mg). The purity of β-CD-peptide 2 was proved by HPLC trace and the molecular 

mass was measured using Maldi-TOF MS. 

 

4.1.4.2 Synthesis of the multistage signal interactive system 

10 mg of UnPSi-PEI NPs was suspended in 10 mL of anhydrous DMF, then 200 μg of BCN-

PEG3-NHS ester was added into the suspension. After 24 h stirring, the obtained UnPSi-PEI-

BCN NPs were harvested by the aforementioned procedures. Then 5 mg of the synthesized 

N3-PEG4-G4YIGSR peptide was mixed with 10 mg of UnPSi-PEI-BCN NPs in 10 mL of 

phosphate buffer saline (PBS, pH 7.4, 0.01 M). After 24 h stirring, the NPs were harvested by 

centrifugation at 13,000g for 5 min, and washed by PBS (pH 7.4, 0.01 M) for three times. The 

obtained UnPSi-PEI-YIGSR NPs were stocked in 75% of ethanol. 

The UnPSi-PEI-YIGSR-
β-CD

Self-peptide NPs (
Rev

SeMicNPs) were prepared just before 

use. 10 mg of the UnPSi-PEI-YIGSR NPs were centrifuged and then dispersed into PBS (pH 

7.4, 0.01 M), the 
β-CD

Self-peptide was added and then stirred for 2 h. The mass ratio of the 
β-

CD
Self-peptide to NPs was 1:2. Then the NPs were harvested by aforementioned method. 

 

4.2 Characterization of the fabricated nanoparticles  

4.2.1 Characterization of the functional building polymers (II–IV) 

1
H NMR was used to confirm the successful synthesis of the chemical compounds using a 

Bruker AV-400MHz spectrometer, and MALDI-TOF MS was used to test the prepared 

functional polymers and peptides using an Applied Biosystems Voyager System 6069 MALDI-

TOF mass spectrometer (II–IV).  
The synthesized functional peptides (IV) were further characterized by LCMS analysis 

performed on a Jasco HPLC-system coupled to a Perkin Elmer Sciex API 165 mass 

spectrometer. Also, CD spectra were measured using a Jasco J-815 spectropolarimeter. The 
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observed ellipticity was given in milli-degrees, the conversion to the mean residue molar 

ellipticity was performed by Eq. (1): 
["] = !!"#

"#$$
          (1) 

where, Θobs is the observed ellipiticity, CM is the molar total peptide concentration, l is the 

path length of the cuvette in cm, and N is the number of amino acids per peptide. 

 

4.2.2 Physiochemical characterization of the nanoparticles (I–V) 

Size measurements of the prepared NPs (publications I–IV) were performed using DLS with 

Zetasizer NanoZS (Malvern Instruments Ltd., UK). In each test, the sample was well separated 

in a disposable polystyrene cuvette (SARSTEDT AG & Co., Germany). The surface charge of 

the NPs was measured with Zetasizer NanoZS using disposable folded capillary cells 

(DTS1070, Malvern, UK). The morphology of the fabricated nanocarriers (publications I–V) 

were evaluated by transmission electron microscopy (TEM, Tecnai 12, FEI Company, USA) at 

an acceleration voltage of 80 kV. The samples for TEM were prepared by depositing 2 μL of 

the NPs suspension with proper concentrations onto carbon-coated copper grids (300 mesh; 

Electron Microscopy Sciences, USA). The analysis of the surface modification (publications I–
IV) of the NPs were performed by Fourier transform infrared (FTIR) spectroscopy with a Vertex 

70 spectrometer (Bruker Optics, USA). 

Particle stability in HBSS buffer and human plasma (publication II) was investigated by 

incubating the NPs with HBSS or human plasma at 37 °C for 2 h. Samples were withdrawn at 

different time intervals and diluted several times with water before measuring the average 

particle size and zeta (ζ)-potential (Zetasizer Nano ZS, Malvern Instruments, UK).  

Anonymous donor human plasma was obtained from the Finnish Red Cross Blood Service.  

 

4.2.3 Time-evolution of the photolysis induced conversion (II and III) 

The solution of compounds (100 μM) in PBS was irradiated for 3 min, followed immediately by 

HPLC analysis. The UV irradiation condition in this study was 365 nm and 10 mW/cm
2
. 

HPLC analysis was performed using a Shimadzu HPLC setup equipped with two LC-8A 

series pumps coupled to a Shimadzu ELSD-LT II detection system. Separation (Kinetex 5µ 

EVO, C18 100A, 150×4.6 mm, flow rate: 1 mL/min), in all instances, was carried out over a 

linear gradient of 10-95 % of B over 20 min with an initial 5 min hold at 10% of B. HPLC mobile 

phases: A – H2O (0.1% TFA); B – Acetonitrile (0.1% TFA). The same sample was then re-

irradiated and this cycle repeated for cumulative irradiation time points of 5, 10, 15 and 20 min. 

The conversion of compounds was calculated by the peak area of start material in each trace. 

 

4.2.4 Protein adsorption of the NPs (II and IV) 

The NPs were incubated with 10% of human serum, with the final concentration of NPs at 1 

mg/mL. After incubation at 37 °C for 2 h, 200 μL of each sample was centrifuged at 13,000g 

for 5 min to precipitate the protein adsorbed NPs. The protein concentration of supernatant 

was determined using UV-Vis spectroscopy (UV-1600 PB spectrophotometer, VWR) by 

measuring the maximal absorbance at 280 nm wavelength. Then, the adsorbed proteins on 

the NPs were calculated against a standard calibration curve of the proteins. 
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4.2.5 Drug loading degree  

In publications I and II, the loading degree of sorafenib (SFN) was tested by an immersion 

method. 25 µg of SFN-loaded UPBP NPs was suspended in 1 mL of DMF and stirred for 2 h. 

The supernatant then was obtained after centrifugation, and the concentration of SFN was 

determined by HPLC. For HPLC, the column used for SFN detection was C18 (4.6 × 100 mm 

× 3 mm, Gemini-Nx plus C18, Phenomenex, U.S.), and the mobile phase used consisted of 0.2% 

of TFA (pH 2) and acetonitrile (ACN, 42:58, v/v) with the flow rate of 1.0 mL/min. The 

temperature of the column and wavelength used for drug detection were 25 °C and 254 nm, 

respectively. The injected volume of the drug solution was 20 μL. 

In publication IV, the loading degree of Tanespimycin (17-AAG) was tested by an 

immersion method. 10 mg of the prepared NPs were suspended in 1 mL of DMF in which 25 

mg 17-AAG was dissolved, and then stirred for 2 h. The supernatant then was obtained after 

centrifugation, and the concentration of 17-AAG was determined by HPLC. For HPLC, the 

column used for 17-AAG detection was C18 (4.6 × 100 × 3 mm, Gemini-Nx plus C18, 

Phenomenex, USA), and the mobile phase used consisted of 0.2% of TFA (pH 2) and ACN 

(40:60, v/v) with the flow rate of 1.0 mL/min. The temperature of the column and wavelength 

used for drug detection were 25 °C and 254 nm, respectively. The injected volume of the drug 

solution was 20 μL. 

 

4.2.6 Photothermal effect and photothermal conversion efficiency (III) 

To measure the photothermal effect of UIDOP after activation by 980 nm laser, UIDOP at the 

concentration of 5, 10, 25, 50 μg/mL of ICG were activated by 980 nm laser for 1 min irradiation, 

then a thermal imager was used to monitor the temperature elevation of the samples irradiated 

by 785 nm laser. To evaluate the photothermal conversion efficiency, the activated UIDOP 

were exposed to the irradiation (785 nm, 1.0 W/cm) until the temperature no longer rose. Then 

the laser was removed so that the temperature of samples was cooling down to room 

temperature. The temperature was recorded by a digital thermometer during the process. 

 

4.2.7 Peptide docking (IV) 

For peptide docking, the necessary part of peptide with 18 amino acids structure, was sketched 

through Maestro. The peptide complexes with hSIRPα were obtained via computational 

docking. Structural flexibility of the peptide was considered by sampling of 100 representative 

configurations from a 100 ns long MD trajectory using Desmond. Binding of the peptide to the 

hSIRPα was evaluated using the docking suite Glide, the option of protocol designed 

specifically for peptides was ticked, given its improved performance.  

 

4.3 In vitro experiments (I–IV) 

4.3.1 Cell lines and cell culturing 

The MDA-MB-231 breast cancer cells, NIH 3T3 fibroblasts, HOS-MNNG cells and RAW264.7 

macrophages were cultured in 75 cm
2
 flasks (Corning Inc. Life Sciences, USA) in a standard 

BB 16 gas incubator (Heraeus Instruments GmbH, Germany) set at 95% humidity, 5% CO2, 

and 37 °C. MDA-MB-231 and HOS-MNNG cells were cultured in standard RPMI 1640 medium, 

NIH 3T3 fibroblasts and RAW264.7 macrophages were cultured in DMEM medium, both 

supplemented with 10% (v/v) of fetal bovine serum (FBS), 1% of nonessential amino acids, 1% 
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of L-glutamine, penicillin (100 IU/mL), and streptomycin (100 mg/mL) (all from HyClone, USA). 

The subculturing of the cells was conducted at 80% confluency, harvested prior to cell 

passaging and each experiment with trypsin−PBS−ethylenediaminetetraacetic acid. 

 

4.3.2 Biocompatibility studies of the fabricated nanoparticles 

To evaluate the biosafety of the NPs, the viability of the NIH 3T3 fibroblast, MDA-MB-231 and 

HOS-MNNG cells were assessed by measuring their ATP activity after exposure to the NPs. 

100 µL of the cell suspensions in cell media at a concentration of 2×10
5
 cells per mL were 

seeded in 96-well plates and allowed to attach overnight. After the removal of the cell media, 

the wells were washed twice with HBSS–HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) buffer (pH 7.4), and then 100 μL of the tested NPs at the 

relevant concentrations were added. After incubation, the reagent assay (100 μL; CellTiter-Glo 

Luminescent Cell Viability Assay, Promega, USA) was added to each well to assess the ATP 

activity. The luminescence was measured using a Varioskan Flash (Thermo Fisher Scientific 

Inc., USA). Positive (1% Triton X-100) and negative (HBSS–HEPES buffer, pH 7.4) controls 

were also used and treated similarly as described above. At least three independent 

measurements were conducted for each experiment. 

 

4.3.3 Cell specific targeting and controlled cell uptake capacity 

For the confocal fluorescence microscopy imaging, NIH-3T3 fibroblasts, MDA-MB-231 cells, 

HOS-MNNG and RAW264.7 macrophage cells were seeded in 8-chamber slides (Nunc Lab-

Tek II Chamber Slide System, Thermo Scientific, Inc., USA). For cell seeding, 200 μL of the 

cells suspension (2.5×10
4
 cells/mL) was added to each chamber. After incubation for 24 h, the 

cells were washed twice with HBSS–HEPES buffer (pH 7.4). 200 µL of fluorescein 

isothiocyanate (FITC)–labelled NPs were added to each chamber, and then the samples were 

incubated. After that, the cells were washed with HBSS–HEPES buffer to remove non-

interacting NPs. The cell membrane was stained with CellMask Deep Red (Life Technologies, 

USA) by incubating the cells at 37 °C for 3 min. Next, the cells were washed twice with the 

HBSS–HEPES buffer and fixed with 2.5% of glutaraldehyde at room temperature for 20 min. 

Finally, the glutaraldehyde was washed away, and the cells were stored in 200 μL of HBSS–

HEPES buffer (pH 7.4). The cells were observed under a confocal fluorescence microscope 

(Leica inverted SP5 II HCS A) using Ar (488 nm), HeNe (590 nm), and HeNe (633 nm) lasers. 

The images were analyzed using ImageJ 1.47v (National Institute of Health, USA). 
For the flow cytometry analysis, MDA-MB-231, 3T3 fibroblasts, and RAW264.7 

macrophage cells were seeded in 6-well plates (Corn ing Inc., Life Sciences, USA). For cell 

seeding, 2.5 mL of the cells suspension (2×10
5
 cells/mL) were added to each well. The cell 

culturing process was based on the aforementioned method. After that, 1.5 mL of NPs in 

HBSS–HEPES buffer were added to each well and then the samples were incubated for 

relevant time. After removing the NPs suspensions and washing twice with HBSS–HEPES 

buffer, the cells were harvested and treated with trypan blue to quench the fluorescence of 

NPs adhered on cell surface. Flow cytometry was performed with a LSR II flow cytometer (BD 

Biosciences, USA) with a laser excitation wavelength of 488 nm using a FACSDiva software. 

About 10,000 events were obtained for each sample. Relevant data were analyzed and plotted 

using FlowJo software (Tree Star Inc., USA). At least three independent measurements were 

conducted for each experiment. 
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4.3.4 Antiproliferation test of the NPs 

The cell growth inhibition performance of the developed NPs was also monitored by measuring 

the antiproliferation effect of the free drug and drug-loaded NPs using the same method 

explained above for the cellular toxicity studies. At least three independent measurements 

were conducted for each experiment. 

 

4.4 In vivo evaluations  

4.4.1 Experimental model and ethical permit (III and IV) 

The HOS-MNNG cells (2×10
6
 cells per each mouse) were subcutaneously injected into the 

flanks of male BALB/c mice (16−18 g) to construct the tumor-bearing mice. BALB/c mice (20 

± 2g) were feed at 25 °C and 55% of humidity under specific-pathogen free (SPF) condition 

and approved by the Institutional Animal Care and Use Committee of Ruijin Hospital 

(SYXK2018-0027). All animal experiments were performed in compliance with guidelines. 

 

4.4.2 Tumor targeting study and biodistribution of NPs (III and IV) 

In publication IV, the prepared therapeutics were injected intravenously into the BALB/c nude 

mice bearing HOS-MNNG tumors at a dose of 10 mg/kg of NPs. Then, the mice were imaged 

using IVIS Lumina II with the excitation wavelength of 780 nm at 3, 6, 12, 24, 48, 72 h post-

injection. The average near infrared fluorescence intensity at the tumor was calculated to 

describe the signals at different time points. For biodistribution investigation, the prepared 

therapeutics were injected intravenously into the BALB/c nude mice bearing HOS-MNNG 

tumors at a dose of 10 mg/kg of NPs. Then, the mice were imaged using IVIS Lumina II with 

the excitation wavelength of 780 nm at 3, 6, 12, 24, 48, 72 h post-injection. The average near-

infrared fluorescence (NIRF) intensity at the tumor was calculated to describe the signals at 

different time points. 

 

4.4.3 Therapeutic studies with animal testing  (III and IV) 

When the volume of the solid tumor reached about 100 mm
3
, the mice received different 

treatments: Saline, 17-AAG only, AS1411 only, 17-AAG + AS1411, drug@TpNPs, 

drug@
Rev

SeMicNPs and drug@
Rev

SeMicNPs with Ad intravenous injection after 72 h. The 

tumors were extracted from the mice after 35-day treatment and the tumor volume was 

monitored during this period. 

 

4.4.4 Ex vivo histological staining (III and IV) 

The mice under 35-day treatment by the various formulations, including PBS, free AS1411, 

free 17-AAG, control-NPs, RevSemicNPs, and RevSemicNPs+Ad were dissected. Various 

tissues, including heart, liver, spleen, lung, kidney, and tumor were fixed in a 4% of 

formaldehyde solution for 24 h at RT. The various tissues were frozen and sectioned at the 

thickness of 10 μm. H&E staining (BBC Biochemical, Mount Vernon, WA) was performed and 

observed using an IX73 bright-field microscope (Olympus). 
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4.5 Statistical analysis (I–IV) 

Quantitative data collected over multiple, independent experiments are presented as mean ± 

standard deviation (SD). At least three independent experiments (n = 3) were performed to 

obtain the described results. Statistical significance of the data was analyzed by a one-way 

analysis of variance (ANOVA) with Bonferroni post-hoc test (GraphPad Prism, GraphPad 

software Inc., CA, USA). The significance level was set at probabilities of *P < 0.05, **P < 0.01, 

and ***P < 0.001. 
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5. Results and Discussion 

Throughout the recognition of stimulus signals, the properties or functions of transformable 

DDS can be significantly changed, including electrical properties, size, morphology, chemical 

and biological properties, thus in order to improve the autonomy in the complex bio-

environment, and ultimately improve the tumor targeting and therapeutic effects. Herein, a 

series of transformable NPs were constructed and invesrtigated, as described below.  

 

5.1 Receptor-mediated surface charge reversion reduced mistargeting and 

enhanced cancer cell uptake (I) 

NPs modified by electronegative materials can reduce the adsorption of serum proteins and 

the uptake in cells, thus prolonging the circulation time in the body, leading to enhanced NPs 

accumulation in the tumor through the EPR effect. However, the therapeutic efficacy of 

negative charged DDS are usually limited by the suppressed uptake by cancer cells. To 

overcome these issues, first it was fabricated a positive charged PSi NPs and then loaded with 

DNA aptamer AS1411 to convert the surface to negatively charge. In addition, this negative 

charged aptamer layer can disingrate in responsive to the receptors nucleolin (NCL) on cancer 

cell members, and reverse the surface charge to positive to promote the uptake. In contrast, 

as normal cells do not have many NCL on the surface, the charge reversion process of the 

prepared NPs will be much slower, which can protect the NPs from miss targeting and avoid 

the unwanted cyctotoxicity to normal cells. This hypothesis is demonstrated in Figure 8. 

 

�
 

Figure 8. Predicted mechanism of the different responsive behavior of UnPSi-PEI-MTX@AS1411 NPs with the 
nucleolin-negative 3T3 fibroblasts and nucleolin-positive MDA-MB-231 cancer cells. (I) Limited AS1411 release 
from the UnPSi-PEI-MTX@AS1411 NPs by the low expressed nucleolin 3T3 fibroblasts; (II) the negatively charged 
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surface of UnPSi-PEI-MTX@AS1411 NPs caused electrostatic repulsion, leading to an inefficient interaction with 
the cells; (III) AS1411 recognizes the overexpressed nucleolin on the cancer cell’s surface, escaping from the 
UnPSi-PEI-MTX@AS1411 NPs; (IV) the MTX molecules of the UnPSi-PEI-MTX NPs are exposed to the cells and 
trigger the FA-mediated endocytosis; and (V) the continuous release of AS1411 from the UnPSi-PEI-MTX@AS1411 
NPs results in the increase of the surface charge potential, causing a nonspecific electrostatic absorption between 
UnPSi-PEI-MTX@AS1411 NPs and the cell membrane. (IV) and (V) are nonindependent processes of each other.  
 

5.1.1 Characterization of NPs  

A NP with receptor-mediated surface charge reversible (RMSCR) was constructed based on 

UnPSi-PEI-MTX@AS1411 (UPMA) system. The fabrication process was listed in Figure 9A. 

Dynamic light scattering showed the changes of the size distribution of the different types of 

prepared NPs (Figure 9B). Briefly, after PEI conjugation, the average hydrodynamic diameter 

increased ca. 30 nm, but the polydispersity index (PdI) decreased. The ζ-potential increased 

from −30 to +40 mV (Figure 9C). After the conjugation of MTX, the size of the NPs increased 

around 10 nm, which might be attributed to the property of the MTX molecules that differ from 

that of the PEI. The ζ-potential decreased by ∼4−5 mV. No obvious change in either size or ζ-

potential was observed after the loading of SFN, indicating that SFN was mainly adsorbed 

inside the NPs. After DNA aptamers’ adsorption onto the surface of the modified NPs, the PdI 

increased slightly, but still showing good dispersion stability of the NPs. TEM images detailed 

the structures of the different types of NPs prepared (Figure 9D). 

 

 
Figure 9.	(A) The fabrication process of drug delivery system UnPSi-PEI-MTX@AS1411 and SFN-loaded UnPSi-
PEI-MTX@AS1411 NPs. (B) Size and relevant PDI of the prepared NPs. (C) ζ-Potential of the prepared NPs. (D) 
TEM images of the obtained NPs.  
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5.1.2 Investigation of selected cell recognition capacity of UPMA  

To demonstrate the cancer cell targeting of UPMA, NCL positive MB-231 cells were selected. 

The NCL negative NIH 3T3 cells were used as control. For the tested NPs, the positive charged 

UnPSi-PEI-MTX NPs with MTX as active targeting molecules were used as positive control. 

To constructed the other control system for UPMA, a normal DNA coated UnPSi-PEI-MTX NPs 

were used, because this kind of double- stranded DNA does not have specific interaction with 

cell membrane, and only acts as the anionic moiety for the negatively charged surface. 

Flow cytometry was used to evaluate the cell uptake efficiency of UnPSi-PEI-

MTX@Normal DNA and UPMA NPs in 3T3 fibroblast and MDA-MB-231 cells (Figure 10). All 

of the tested cell samples were treated with trypan blue to quench the outer fluorescence signal 

oming from the adsorbed NPs to the cells’ surface. For MDA-MB-231 cells, UPMA NPs showed 

around 1.6 and 4.7 times higher uptake than that of UnPSi-PEI-MTX@Normal DNA NPs after 

3 and 12 h of treatment, respectively. 

For the 3T3 fibroblasts, the cell uptake difference between both DNA coated NPs was not 

so pronounced. This was expected because these cells express less nucleolin than MDA-MB-

231 cancer cells, and thus, the fluorescence intensity of UnPSi-PEI-MTX@ AS1411 NPs 

treated MDA-MB-231 cells was around 2.7 and 5.8 times that of UnPSi-PEI-MTX@AS1411 

treated 3T3 fibroblasts after 3 and 12 h of treatment. 

By comparing with the positive control group UnPSi-PEI-MTX NPs, for the MDA-MB-231 

cells, the cell uptake of UnPSi-PEI-MTX NPs was around 2.5 times higher than that of UPMA 

NPs after 3 h treatment, but reduced to 1.5 times after 12 h. This indicates the enhanced cell 

uptake efficiency of UPMA NPs during prolonged incubation time. For 3T3 fibroblasts, the 

tendency was the opposite of that of the MDA-MB-231 cells. The fluorescence intensity of 

UnPSi-PEI-MTX NPs was 4.4 times higher than that of UPMA NPs after 3 h treatment and 

increased to 5.2 times after 12 h. 

 

 
 
Figure 10. Flow cytometry quantitative analysis of 3T3 fibroblast and MDA-MB-231 cells in HBSS buffer. The cells 
were incubated with the NPs for 3 h and 12 h at 37 °C. Data are shown as mean ± S.D. (n = 3). Data are shown as 
mean ± s.d. (n = 3). 
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5.1.3 Intracellular behavior Investigation of UPMA 

To further investigate the interaction between UPMA NPs and cells, double fluorescent-labeled 

UPMA NPs were prepared, which included Atto 590-labeled AS1411 and FITC-labeled UnPSi 

for the confocal fluorescence microscopy imaging (Figure 11). To avoid the influence of 

AS1411−nucleolin interactions, we have labeled AS1411 with Atto 590 on the 3 -terminus 

extended with two thymine deoxyribotide units (TT). The release of AS1411 from UnPSi-PEI-

MTX NPs would be expected to lead to changes in the merged fluorescence signal. Thus, the 

change in the fluorescence signal of UPMA NPs on the cell membrane could be directly related 

to the AS1411 release. In addition, the intracellular DNA aptamer release behavior could thus 

be also observed. 

In Figure 11, the Atto 590−AS1411 fluorescence signal was observed for UPMA NPs at 

3 h, and the fluorescence intensity was enhanced for both Atto 590 and FITC after 12 h. 

However, obvious changes in the merged fluorescence signal were observed on the cell 

membrane, and the reduced fluorescence intensity of AS1411 indicated that the AS1411 

release occurred before the cell internalization of UPMA NPs. Green dots on cell surface were 

observed, showing that the release of AS1411 is very efficient. In addition, notable intracellular 

red dots also proved the release of AS1411 from NPs. 

 

 
Figure 11. Confocal fluorescence microscope images of MDA-MB-231 cells treated with AS1411 and UPMA NPs 
(white, cell membranes stained with CellMask DeepRed; green, FITC-labeled NPs; red, Atto 590-labeled AS1411; 
yellow, colocalization of the FTIC-labeled NPs and Atto 590-labeled AS1411). 
 

In this work, we used the DNA aptamer AS1411 to construct a receptor (nucleolin)-mediated 

surface charge inversion nanosystem for cancer therapy. The anionic property of AS1411 

endowed the NPs with good and long-term biocompatibility for nucleolin-negative cells (usually 

normal cells). However, this negatively charged surface was disintegrated in the presence of 

nucleolin-positive cells (usually cancer cells), and then exposed the MTX-conjugated surface 

with rising surface charge potential for efficient cell uptake. On the basis of the AS1411 

identification, specific cell interaction by MTX moiety, and nonspecific cell interaction by PEI, 

this RMSCR process has good cancer cell selectivity and anticancer activity. The diversity of 

DNA/RNA aptamers will enrich the function of this kind of nanoplatform for targeting different 

receptors. The physicochemical properties, such as the plasma stability and cell recognition 

capacity, were further enhanced by DNA copolymer and other advanced DNA structures. 
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5.2 Transformable system with sequential antifouling surface induced by photo-

triggered zwitterization for efficient targeting delivery (II) 

Antifouling surface is an essential part for most of transformable systems, which can prevent 

the formation of protein corona, so that maintain the automony of the NPs during in vivo 

transport. However, tranditional transformable DDS lack of secondary antifouling surface 

protection after transformation. Therefore, the converted active targeting form can still be 

blocked by the protein corona, leading to the depriving of the targeting capacity to cancer cells. 

In this publication, we constructed a sequential antiflouing surface to solve this problem.  

 

5.2.1 Synthesis of the sequential antifouling surface and characterization 

Firstly, the photocleavable acrylates-ortho-nitrobenzyl-PEG5000 was prepared followed by the 

aforementioned methods. The construction process of the PSi NP-based sequential antiflouing 

surface system was demonstrated in Figure 12. Within this system, UnPSi-PEI-Biotin-PEG 

NPs (termed as UPBP NPs for short), the mPEG5000 used for forming protective PEG corona 

acted as the primary antifouling surface, which can reduce the protein adsorption-induced 

phagocytosis. After photolysis, the generated carboxyl group with negative charge can balance 

the positive charge of PEI, forming the zwitterionic surface acted as the secondary antifouling 

surface, which can guarantee the effective exposure of the targeting group (biotin) for cancer 

cell targeting. The obtained NPs after photolysis was termed as UPBP-P NPs.   

 

 
Figure 12. Fabrication process of PSi NP-based sequencial antifouling surface system and the relevant chemical 
structures before and after photolysis. 

Primary antifouling surface (PEGylated surface)
Secondary antifouling surface

(zwitterionic surface)
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The time-evolution of the photolysis induced conversion of the acrylates-ortho-nitrobenzyl-

PEG5000 was tested by HPLC−evaporative light scattering detector (HPLC−ELSD) traces 

(Figure 13A). The ζ-potential of the prepared NPs were measured after each modification step 

(Figure 13B). TEM images showed the structures of the different types of prepared NPs 

(Figure 13C). The pH-dependent ζ-potential changes of the NPs with antifouling surface is 

shown in Figure 13D. The ζ-potential of both kinds of NPs (PEGylated surface and zwitterionic 

surface) increased by reducing the pH values of the dispersion medium from 8.0 to 5.0 in PBS 

(0.01 M). Moreover, the ζ-potential of the zwitterionic NPs featured a sharp transition from 

−12.4 mV to +17.2 mV. In contrast, the PEGylated NPs showed a slight transition of the ζ-

potential within the range of pH values studied. Next, NP−protein interactions were 

investigated by addition of 10% of human serum to mimic the serum-rich environment. In 

addition to the PEGylated and zwitterionic NPs, the UnPSi-PEI-Biotin NPs (NPs before 

PEGylation) with cationic surface served as the control NPs in this experiment, because the 

cationic surface was prone to protein corona formation. The amount of protein adsorption of 

UnPSi-PEI-Biotin NPs was set as 100% in this comparison, as shown in Figures 13E. 

 
Figure 13. (A) The time-evolution kinetics of acrylated-ortho-nitrobenzyl-PEG5000 photolysis (365nm, 15-17 
Mw/cm2). (B) ζ-Potential of the prepared NPs. (C) TEM images of the obtained NPs. (D) Influence of different pH 

A B

C
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valves to the ζ-potential of NPs with PEGylated and zwitterionic surfaces. (E) Human serum proteins adsorption 
onto the NPs after 1 h incubation at 37 ° C, pH 7.4 or pH 6.8 (mean ± SD, n = 3).  
 

The colloidal stability of the UPBP NPs and Un-Bio@ZwS NPs were tested in HBSS buffer (1 

× Hank’s balanced salt solution, with 4-(2-hydroxyethyl)-1- piperazineethanesulfonic acid as 

buffering agent, pH = 7.4) and 10% human serum (Figure 14). As a result of the weak surface 

charge of both NPs, aggregation was observed in HBSS buffer and human serum. However, 

the tendency of aggregation was attenuated over time, suggesting that the PEGylated and 

zwitterionic surfaces could maintain the col- loid stability of the NPs. The colloidal stability also 

showed that the size of Un-Bio@ZwS was smaller than that of UPBP NPs in either protein-

free or protein-rich environment. 

 
Figure 14. Colloid stability of UPBP NPs and the Un-Bio@ZwS NPs in HBSS buffer and 10% human serum. 
�
5.2.2 Biocompatibility of the prepared NPs 

In this study, the NPs without biotin as targeting molecules modification, which are UnPSi-PEI-

PEG NPs (termed as UPP NPs) and UnPSi-PEI-PEG NPs after photolysis (termed as UPP-P 

NPs) were prepared as negative control. Generally, the NPs with PEGylated surface (UPP and 

UPBP NPs) showed good biocompatibility to both cell lines. Especially at low concentrations 

(20 μg/mL), the cell viability was more than 95% after 48 h incubation. For the UPP and UPP-

P NPs, the photolysis induced NPs cytotoxicity was observed by prolonging the incubation 

time and increasing the NPs concentration. The difference on the cytotoxicity between UPP 

and UPP-P NPs can be attributed to the shrink of particle size and the exposure of the thiolated 

surface after photolysis can enhance the cell internalization of NPs. After modification with 

biotin, this photolysis induced NPs cytotoxicity, especially towards MDA-MB-231 cells. The 

photolysis induced enhanced NPs toxicity suggested that the active targeting segments can 

efficiently promote cell uptake of the NPs. Although the biotin induced cytotoxicity 

enhancement of UPBP-P NPs on NIH 3T3 fibroblast cells was lower than that on MDA-MB-

231 cells, reduced cell viability was also observed on 3T3 cells after 48 h incubation, 
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suggesting that the limited number of biotin-receptors on NIH 3T3 fibroblasts can still promote 

the endocytosis process of the NPs (Figure 15). 

 

 
Figure 15. Cell viability of 3T3 fibroblast and MDA-MB-231 cells exposed to the different NPs assessed by the 
CellTiter-Glo® Luminescent assay after 6, 24 and 48 h of incubation. Four concentrations of NPs (20, 50, 100, and 
200 μg/mL) were tested. Statistical analyses were made by one-way analysis of variance (ANOVA) with Bonferroni 
post-hoc test. The levels of significance were set at probabilities of *p < 0.05, **p < 0.01, and ***p < 0.001. Data are 
shown as mean ± S.D. (n = 3). 
 

5.2.3 NP-cell interaction study in protein-rich environment 

To further study the effect of surface properties and environmental conditions on cell uptake 

of NPs, flow cytometry was used to quantitatively determine the amount of internalized NPs in 

both HBSS buffer and 10% of human serum (Figure 16A and 16B). The cell sorting data 

showed that the uptake efficiency of UnPSi-PEI-Biotin and UPBP-P NPs by both cell lines was 

significantly higher than other NPs. For MDA-MB-231 cells, the NFI of UnPSi-PEI-Biotin and 

UPBP-P NPs reached to 1817 and 1051 (mean value of fluorescence intensity), respectively. 

As the result of the positive charged surface of UnPSi-PEI-Biotin NPs, their NFI was ~1.7 times 

higher than that of UPBP-P NPs with zwitterionic surface. For NIH 3T3 cells, this difference 

was even larger. As a result of the lack of the biotin receptors, NIH 3T3 cells showed less 

uptake of UPBP-P NPs. The relevant NFI of UnPSi-PEI-Biotin NPs was ~3 times higher than 

that of UPBP-P NPs. However, the NFI of UPBP-P NPs was still higher than the other groups 

with antifouling surface (UPP, UPP-P and UPBP NPs), suggesting that the exposure of biotin 

segment could still facilitate the uptake of NPs in normal cells, resulting in the off-target delivery 

of NPs. For both cell lines, no significant difference of uptake efficiency was observed between 
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UPP NPs and UPBP NPs, which means that the PEG corona can efficiently block the active 

targeting. In comparison with UPP NPs, the UPP-P NPs showed higher cell uptake efficiency. 

These observations are in accordance with our former assumption that the enhanced NPs 

cytotoxicity was a result of the enhanced NPs’ cell uptake. 

  

 

 

Figure 16. Flow cytometry quantitative analysis of 3T3 fibroblast and MDA-MB-231 cells in HBSS buffer and human 
serum (A, B, C and D). The cells were incubated with the NPs for 6 h at 37 °C. Data are shown as mean ± S.D. (n 
= 3). The levels of significance were set at probabilities of *p < 0.05, **p < 0.01, and ***p < 0.001. Data are shown 
as mean ± s.d. (n = 3). 

 

For both cell lines, the NFI of the UnPSi-PEI-Biotin NPs showed a drastic reduction in the 

presence of human serum (Figure 16C and 16D), which reached to ca. 90% for both cell lines, 

indicating that the active targeting system and positive charged surface were blocked by the 

protein corona. In contrast, the NFI reduction for the UPBP-P NPs was only ca. 60% for both 

cell lines. Consequently the cell uptake efficiency of UPBP-P NPs surpassed that of UnPSi-

PEI-Biotin NPs with ~2.3 times for MDA-MB-231 cells and ~1.3 times for NIH 3T3 fibroblasts. 

The higher cell uptake of UPBP-P NPs indicated the reduced protein adsorption by the 

zwitterionic surface, which could efficiently maintain the performance of active targeting ligands. 

 

5.2.4 NP-macrophages interactions in protein rich environment 

RAW267.4 macrophages was used to evaluate the possible MPS clearance of the prepared 

NPs, by fluorescence-activated cell sorting in both HBSS buffer and 10% of human serum 

(Figure 17A and 17B). For the NPs with antifouling surface, but without exposure of biotin 

(UPP, UPP-P, UPBP NPs), the macrophages showed limited internalization in serum free/rich 

environment, suggesting that the NPs with PEGylated or zwitterionic surface could efficiently 

avoid the MPS clearance. However, as a result of the overexpressed biotin receptor, 

macrophages showed enhanced cell uptake to UPBP-P NPs compared with UPP-P NPs in 

serum free/rich environment. Unlike MDA-MB-231 cells and NIH 3T3 fibroblasts that showed 

shape uptake reduction to UnPSi-PEI-Biotin NPs after protein opsonization, the RAW267.4 

macrophage still showed the highest uptake efficiency to UnPSi-PEI-Biotin NPs than the other 
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NPs in 10% of human serum, with only ca. 54% reduction of cell uptake compared with that in 

serum free buffer. This phenomenon confirmed that the macrophages can efficiently capture 

the opsonized NPs, in view of the various overexpressed receptors for protein corona 

recognition. 

 

 
Figure 17. Flow cytometry quantitative analysis of RAW267.4 macrophages in HBSS buffer and human serum (A 
and B). The cells were incubated with the NPs for 6 h at 37 °C. Data are shown as mean ± S.D. (n = 3). The levels 
of significance were set at probabilities of *p < 0.05, **p < 0.01, and ***p < 0.001. Data are shown as mean ± s.d. 
(n = 3).  
 

In conclusion, in this work we have successfully engineered a photo-triggered transformable 

system with dual-antifouling surface. To our knowledge, this was the first trial to introduce a 

secondary antifouling surface in the DDS to solve the problem during the systemic delivery. 

Both of the two kinds of antifouling surface, PEGylated and zwitterionic surfaces in this system, 

can efficiently reduce the protein adsorption to NPs, which is essential to maintain the synthetic 

property of the NPs during systematic circulation. 

 

5.3 Light-controlled nanoparticle with size flexibility improves targeted retention 

for tumor suppression 

Prolonged tumor retention time is critical for improving the therapeutic efficacy of DDS. 

However, to achieve efficient tumor accumulation, NPs are usually restricted with small size to 

guarantee the EPR effect-based targeting. But NPs with smaller size are more likely to be 

expelled from the tumor. To overcome this issue, in this study, we prepared a photo-driven 

size tunable NP, which can aggragate to obtain bigger size under NIR irradiation, accompanied 

by the change of surface properties for promoting tumor retention. 

 

5.3.1 Photo-sensitive transformation and photo-induced selective cytotoxicity  

An NIR light-controlled nanoparticle with size flexibility in situ at tumor site was successfully 

fabricated by the cross-linking of PLGA from the surface of UCNP with ICG and DOX-NB-PEG, 

termed as UIDOP for short (Figure 18). The NaY(YbEr)F4 UCNPs with the excitation 

wavelength at 980nm and the emission wavelength at 365nm was purchased from Hangzhou 

Fluo Nanotech Co., Ltd. As observed under TEM, both UCNPs and the UIDOP had a uniform 

morphology, showing the individual diameter of 102.3 ± 4.6 nm and 21.9 ± 1.3 nm. After the 

NPs was exposed to the NIR irradiation (980 nm), it aggregated to form particles with a size of 

601.9 ± 11.1 nm, which greatly improved the retention of nanoparticles and the long-term drug 

release at the tumor site. DLS also indicated that the size of the UIDOP increased from 104.1 
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nm to 603.7 nm after exposure to the NIR irradiation (980 nm). These NPs with a controlled 

particle size play an important role in tumor targeting and retention. Moreover, the NPs had 

good chemical stability in different media with an enhanced absorbance under irradiation (785 

nm) as compared to free ICG, which is better for the photodynamic and photothermal therapy. 

 

Figure 18. Schematic illustration of nanosystem assembly, size-flexibility, and tumor therapy. (A) The self-assembly 
of the nanosystem UIDOP NPs and the regulation of the size. (B) The synergistic therapy mechanism. 
 

To assess the ability of the UIDOP NPs to enhance the cellular uptake of the tumor cells, next 

we studied their internalization by MNNG/HOS osteosarcoma cells (Figure 19A). The amount 

of ICG in cells was detected after the incubation of the UIDOP and free ICG with MNNG/HOS 

cells for 6 and 24 h, respectively. UIDOP showed preferable internalization after 6 and 24 h-

incubation as compared to free ICG, indicating a promising capacity of their nanostructure to 

improve the cellular uptake. Moreover, the UIDOP activated at 980 nm irradiation resulted in a 

more significant internalization by MNNG/HOS cells. This can be explained by the fact that the 

UIDOP underwent responsive breakage of nitrobenzene on the polymer DOX–NB–PEG after 

980 nm irradiation, stripping off the inert surface PEG and promoting the cellular uptake of the 

nanosystem.  
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To investigate the cell damage, we also evaluated the cell viability of the nanosystem 

UIDOP and their control groups under irradiation or without. Compared with free DOX, DOX–

NB–PEG reduced the cell damage and improved the safety as a result of the inert surface of 

PEG. When the concentration of UCNP NPs contained in the nanosystem was below 20 μg/mL, 

there was no toxicity (Figure 19B). After activated with 980 nm irradiation, UCNP also induced 

cell damage (Figure 19B and 19C). Furthermore, UCNP@DOX-NB-PEG activated with 980 

nm irradiation exhibited a cytotoxicity of 7.05 μg/mL IC50 due to chemotherapy alone (Figure 
19D). ICG-M had an IC50 value of 14.23 μg/mL under 785 nm irradiation as a result of the 

phototherapy alone (Figure 19E). In contrast, UIDOP activated with 980 nm irradiation induced 

a distinct cytotoxicity of 4.17 μg/mL by both chemotherapy and phototherapy (Figure 19F). In 

order to further study the synergistic therapy of the UIDOP, the combination index (CI) was 

calculated. The CI of UIDOP was 0.88, indicating an effective synergistic therapy.  

�

Figure 19. Endocytosis, cytotoxicity, and apoptosis studies. (A) Internalized amount of ICG in MNNG/HOS cells 
treated by free ICG, nanosystem UIDOP, and activated nanosystem UIDOP by 980 nm irradiation after 6 and 24 h-
incubation (n = 3, P(6h) = 0.0493, P(24h) = 0.00277). (B–F) Cell viability of different samples (n = 4).  
 

5.3.2 Investigation of tumor targeting and tumor retention 

To further demonstrate the retention ability of the UIDOP NPs, we first investigate the 

MNNG/HOS cells induced tumor bearing mice using NIRF imaging. the mice treated with the 

NPs exhibited significant fluorescent signals in the tumor as compared to free ICG/DOX 

(Figure 20 A and 20B), indicating UIDOP with small size possess excellent ability of tumor-

targeting. Furthemore, the UIDOP also showed better retention in tumor after activation by 980 

nm irradiation than that without activation. Afterward, the biodistribution of the UIDOP activated 

by 980 nm irradiation or not was also examined at 24 h and 72 h post-injection (Figure 20C, 

20D and 20E). It also showed that the activated UIDOP with larger size possess better ability 

to have a retention in tumor.  
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Figure 20. (A) In vivo NIRF images and (B) their fluorescence intensity of different group (n=3). (C) Ex vivo 
biodistribution and their fluorescence intensity at (D) 24 h and (E) 72 h of free ICG/DOX, UIDOP micelles under 980 
irradiation or not (n = 3).  
 

5.3.3 Investigation of antitumor efficacy  

To verify the enhanced tumor suppression of the UIDOP, we monitored the volume of the 

tumor in the mice that bearing MNNG/HOS cells for a period of 27 days (Figure 21A and 21B). 

The control group (PBS) with 980 nm and 785 nm irradiation resulted in 21-fold increase in 

tumor volume, which was much higher than other groups. Free ICG/DOX showed ~8-fold 

increase in the tumor volume in the absence or presence of 785 nm irradiation, indicating that 

the low temperature rise caused by irradiation had no influence in the tumor growth. 

Interestingly, ICG-M exhibited good photothermal damage on the tumors under 785 nm 

irradiation. Complete tumor ablation occurred in four tumors at 15-19 d post-injection, but tumor 

recurrence occurred in three of these mice, which showed that photothermal therapy was not 

enough to completely inhibit the tumor. UCNP@DOX-NB-PEG caused a 2-fold increase of 

tumor volume under 980 nm irradiation. More importantly, UIDOP activated by 980 nm 

irradiation at 24 h post-injection resulted in tumor ablation in all mice after 785 nm irradiation 

for 3 min. Moreover, two mice had the tumor recurrence, the growth rate after recurrence was 

also reduced, which indicated the enhanced tumor suppression of UIDOP. 

Finally, we performed immunohistochemistry to further examine the tumor-damage ability 

(Figure 21C) and we used image J to analyze the photographs. Both the expression assay of 

ki67 and haematoxylin & eosin (H&E) stain all showed the severe cell damage at tumor from 

the mice treated with the activated UIDOP under 785 nm irradiation (Figure 21D and 21E). In 

addition, no remarkable damage was observed in normal tissues, such as heart, liver, spleen, 

lung and kidney. Thus, UIDOP have potential for their enhanced tumor suppression efficacy 

and safety. 
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Figure 21. (A) Relative tumor volume of different groups during 27 days (n = 5). (B) Photograph of tumors extracted 
from the mice at 27 d post-injection. (C) Ki67 and HE staining of the tumors (n = 3). Image J analysis of (D) ki67 
and (E) HE staining. 
 

In summary, we have established a NIR light-controlled UIDOP with size-flexibility in situ tumor 

by cross-linking of PLGA from the surface of UCNP with ICG and DOX–NB– PEG. The UIDOP 

micelles exhibited high chemical stability and size-controlled nanostructure. Under 980 nm 

irradiation, the UIDOP, which has been targeted to the tumor site with a smaller particle size, 

spontaneously removed the surface of PEG at the tumor site and aggregated to form larger 

NPs, prolonging their retention time in the tumor site and enhancing the chemotherapy effect. 

Furthermore, the designed UIDOP not only generated photothermal and photodynamic 

therapy, but also inhibited the growth of tumor blood vessels, achieving a synergistic 

therapeutic effect. In vitro cellular experiments showed that the activated nanosystem 
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enhanced the cellular uptake, cytotoxicity, and inhibited the blood vessel growth. Finally, the 

animal experiments further demonstrated the targeting and retention of activated nanosystem 

at the tumor site and their safety in normal tissues. 

 

5.4 Multistage signal interactive nanoparticles improves tumor targeting through 

efficient nanoparticle-cell communications (IV) 

By far, neither a stealth material brush circumvents the opsonization and their intrinsic 

immunogenicity, which can cause rapid clearance (known as accelerated blood clearance) and 

hypersensitivity (known as complement activation-related pseudoallergy). In contrast, Self-

peptide can present the “marker of self” to avoid macrophage clearance. This camouflage 

strategy is more efficient than stealth. However, limited strategy have been reported to adopt 

Self-peptide to construct transformable DDS. Here, through introducing self-assembly 

mechanism into fuctional peptides, we constructed a multistage signal interactive system by 

integrating Self-peptide and YIGSR targeting peptide, achieving reversible self-mimicking and 

efficient tumor targeting. 

5.4.1 Prepare the chimeric signal peptides and singal interactive NPs 

To fabricate the signal modules for communication, a terminus functionalized N3-PEG4 (N-

Term.)-GGGGYIGSR peptide (YIGSR) and N3-PEG4 (N-Term.)-Self peptide (with amino acid 

sequence TCEVTELTREGETIIELK) were prepared by standard peptide solid phase synthesis, 

and the β-cyclodextrin (CD) terminus was then conjugated to the azido-Self peptide to obtain 

the 
β-CD

Self-peptide by bioorthogonal strain-promoted alkyne-azide cycloaddition. The grafted 

β-CD terminus can form a stable CD-phenol complex with Tyr in the YIGSR peptide through 

self-assembly. The assembled chimeric peptide causes disfunction of YIGSR targeting to β1-

integrine and synchronously implements self-mimicking, both of which are favorable for 

enhancing the homeostasis and reducing the immunogenicity of NPs, consequently leading to 

enhanced tumor accumulation. Moreover, the CD-Tyr complex can also act as a receiving 

module to exogenous signal of amantadine (Ad), which can disintegrate the CD-Tyr complex 

by hostguest competition. Next, the modified NPs can respond to this Ad signal with in situ 

particle transformation and surface signal conversion. This process will recover the targeting 

capacity of YIGSR sequence and facilitate cancer cell uptake of NPs by presenting an ‘‘eat 

me’’ signal. The whole multistage signal-interactive process is a reversible self-mimicking 

process, termed here as the 
Rev

SeMicNP system (Figure 22A and 22B). As the control group, 

NPs with single targeting mechanism that only modified with YIGSR peptide was prepared, 

termed as TpNPs in this study. After loading tanespimycin (17-AAG) and AS1411 as model 

drugs, we demonstrated the effectiveness and necessity of the signal-interactive mechanism 

for communication, which can efficiently manipulate the NP-cell interactions and regulate 

biodistribution behavior of the NPs by in vitro and in vivo studies (Figure 22C). 
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Figure 22. (A) Chemical structures of the RevSeMicNP system and relevant components. Chimeric peptide interface 
was formed by YIGSR peptide and Self Peptide through CD-Tyr host-guest interaction; Ad disintegrates the 
chimeric peptide interface through host-guest competition, and converts the YIGSR peptide from inactive state to 
active state for promoting cell uptake. (B) Multistage signal interactive process. RevSeMicNP system integrated two 
types of peptide signal (“don’t eat me” signal and “eat me” signal) for NP-cell communication. The signals 
conversion was modulated by responding the exogenous signal Ad for particle transformation. (C) Different patterns 
of NP-cell interactions and biodistribution behavior of non-interactive NPs and RevSeMicNPs with multi-stage signal 
interactive mechanism. 
 

Computational mimicking demonstrates the Self-peptide tends to fold from “stretched” state 

into “bend” conformation (Figure 23A). Figure 23B details the interactions between the Self-

peptide and SIRPα on the contact interface and about the binding. The computational docking 

disclosed the possible binding pose and relative position of the Self-peptide and receptor, 

showing three different but possible binding complexes (Figure 23C). The size and ζ-potential 

changes of NPs during the fabrication process and the relevant morphological features are 

shown in Figure 23D and 23E. The drug payload test was then performed by HPLC. The 

loading ratios of 17-AAG and 
β-CD

Self-peptide were 6.9 wt-% and 11.5 wt-%, respectively. The 

maximum loading degree of AS1411 was 8.2 wt-%, determined using UV-Vis spectroscopy. 
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However, as the loading amount of AS1411 affected the ζ-potential of NPs, we chose 5.0 wt-% 

to obtain a slightly negative-charged surface to reduce protein adsorption. 

 

 
Figure 23. (A) The starting and ending frame of molecular dynamic simulation trajectory. (B) The detailed interaction 
between experimental Self-peptide and hSIRPα interface by computational mimicking, Self-peptide (in cyan) to 
hSIRPα (in green), the key interface residues are shown in stick mode. (C) The predicted binding poses by 
computational docking of experimental Self-peptide to hSIRPα: (a) the most likely binding pose in red; (b) and (c) 
other possible experimental peptide binding poses in green and in blue individually. (D) Hydrodynamic size, PdI 
and ζ-potential of the prepared NPs. (E) TEM images of the obtained NPs. 
 

5.4.2 Multistage signal interactive effect modulated NP-cell interactions in vitro 

In this study, four cell lines (3T3, MDA-MB-231, HOS-MNNG cells and RAW264.7 

macrophages) were used to evaluate the uptake amount by flow cytometry quantification 

(Figure 24). Five groups of different NPs, TpNPs (positive control), TpNPs capped by β-CD 

(for blocking the function of Tyr, termed as TpNPs
β-CD

), 
Rev

SeMicNPs, TpNPs
β-CD 

+ Ad, and 
Rev

SeMicNPs + Ad, were compared. For 3T3, MDA-MB-231 and HOS-MNNG cells, after 

blocking Tyr by β-CD, the fluorescence intensity showed a notable decrease, with an uptake 

inhibition ratio of 37.4 %, 52.8 % and 54.0 % for the three cells, respectively. The uptake 

inhibition ratio of NPs that underwent 
β-CD

Self-peptide blocking to the cells further increase to 

83.6 %, 76.9 % and 81.6 %, respectively. In contrast, we found that β-CD blocking had limited 

effect to inhibit RAW264.7 macrophage uptake compared with the other groups, whereas the 

inhibition ratio was only 18.3 %, indicating that the β1-integrine-mediated endocytosis was not 

the major driving force for NPs’ uptake by macrophages.
49, 50

 However, the inhibition effect of 
Rev

SeMicNPs was more significant, which reached 91.2 % for RAW264.7 macrophages, 

suggesting that reducing the immunogenicity of NPs is more efficient than depriving the 

targeting capacity to shield from macrophage clearance. For both TpNPs
β-CD

 and 
Rev

SeMicNPs, 

inclusion of Ad substantially recovered the level of cell uptake efficiency to that of TpNPs, 

further suggesting the effectiveness of the multi-stage communication process for cell targeting 
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modulation. The outcome of the flow cytometry experiments was further confirmed by confocal 

fluorescence imaging and similar trends were found. 

 

 
 
Figure 24. Flow cytometry quantitative analysis of cell uptake efficiency to NPs in HBSS buffer (1X, pH = 7.4); (n = 
3, *P <0.05, **P <0.01, and ***P <0.001).  
 

5.4.3 Multistage signal interactive NPs improved tumor targeting in vivo 

In Figure 25A and 25B, the TpNPs treated mice showed clear fluorescence signal all over the 

body, with the highest fluorescence intensity in liver. The fluorescence intensity did not display 

reduction over the duration of the experiment, indicating the non-interactive NPs had limited 

specificity and long-term accumulation behaviour. In addition, the tumor accumulation of the 

NPs also did not show an increase even after 72 h. In contrast, the 
Rev

SeMicNPs showed 

significant difference of distribution behavior in the mice. During the first 3 h, specific 

accumulation in the tumor was observed, and the relevant fluorescence intensity was already 

higher than in the liver. Furthermore, the tumor site-related fluorescence intensity enhanced 

over time, suggesting the continuous accumulation behaviour of the NPs. Moreover, the 

fluorescence intensity in liver presented a reducing tendency, indicating that unlike the TpNPs 

which are rapidly sequestered by the liver, 
Rev

SeMicNPs with self-mimicking mechanism have 

efficient liver escaping capacity. Taking advantage of the limited liver sequestration and 

enhanced tumor accumulation over time, 
Rev

SeMicNPs demonstrated significant tumor 

specificity after 72 h. 

The investigation of organ accumulation of NPs was then used to quantify the NPs’ amount 

for statistical comparison (Figure 25C and 25D, the sequence of the organs’ placement is 

heart, liver, spleen, lung, kidney and tumor). The related average radiant efficiency (avgRE) of 

the test organs is shown in Figure 25E. For three time points (6, 48 and 72h) the ratio of tumor-

to-liver (Ratiotumor/liver) accumulation was used to determine tumor-specific targeting of the NPs. 

Inconsistent with the real-time biodistribution, the accumulation of NPs for the TpNPs group 

did not show notable time-depended changes as a result of fast liver sequestration. The 

Ratiotumor/liver at 6, 48, and 72 h were 0.45, 0.40 and 0.37, respectively. While for the 
Rev

SeMicNPs groups, the corresponding ratios were 0.92, 1.45 and 2.06, respectively. 



 Results and Discussion  

 

44 

 

Compared the groups in same time point, the fluorescence intensity of tumor accumulation in 
Rev

SeMicNPs groups were 1.3, 2.3 and 2.8 times of that in TpNPs groups. While the relevant 

amount of liver accumulation in 
Rev

SeMicNPs groups were 65 %, 62 % and 51 % of that in 

TpNPs groups. These comparisons demonstrated that not only at an early time, but also after 

long-term accumulation, the NPs with communication mechanism showed reduced liver 

retention and enhanced tumor accumulation unlike the non-interactive NPs. 

 
Figure 25. Systemic time-depended biodistribution of TpNPs (A) and RevSeMicNPs (B). In vivo imaging of five major 
organs and tumors harvested from mice at 6, 48 and 72 h post-injection with TpNPs (C) or RevSeMicNPs (D). The 
average fluorescence intensity of the five major organs and tumor (E), n = 3, *P <0.05, **P <0.01, and ***P <0.001. 
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5.4.4 Antitumor efficacy and safety evaluation 

For in vivo safety evaluation, blood tests of white blood cells (WBC), red blood cells (RBC), 

hemoglobin (HGB) and platelets (PLT), liver function tests of alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), alkaline phosphatase (ALP) and Gamma-glutamyl 

transpeptidase (GGT), and kidney function tests of creatinine (CRE) and blood urea nitrogen 

(BUN), were performed to evaluate the acute toxicity at 24 h post-injection (Figure 26A and 
26B). As a result of the good biocompatibility of the 

Rev
SeMicNPs, we chose 100 μg/mL as the 

test concentration. Overall, the 
Rev

SeMicNPs treated mice showed no difference in all tested 

indices compared with control group, expect GGT. While the group treated with TpNPs showed 

abnormal indicator in several indices, however, not as significant as that in the cell viability test. 

Especially, the decrease of RBC and PLT indicated hemolytic toxicity. In addition, TpNPs 

induced higher liver function index of ALT and AST, which indicates liver damage or 

inflammation. Especially, the increase of ALT implies mitochondrial damage of liver cells. In 

contrast, these abnormal indicators were not observed in the 
Rev

SeMicNPs group, suggesting 

that self-mimicking can improve the safety of the NPs for in vivo applications. 

In the antiproliferation test (Figure 26C), all the agents followed dosage- and time-

dependent therapeutic performance. Overall, the performance of drug-loaded TpNPs 

(drug@TpNPs) was better than other groups of free drugs, especially after long time incubation 

(48 h). The drug-loaded 
Rev

SeMicNPs (drug@
Rev

SeMicNPs) showed differentiable “ON” and 

“OFF” cytotoxic behavior with/without the Ad signal. This was another proof that the 

introduction of multistage signal interactive mechanism on NPs is very promising for targeted 

cancer treatment with low risks of systemic toxicity. 

The mice received different treatments: saline, 17-AAG only, AS1411 only, 17-AAG + 

AS1411, drug@TpNPs, drug@
Rev

SeMicNPs and drug@
Rev

SeMicNPs with Ad injection after 

72 h (Figure 26D and 26E). The tumors were extracted from the mice after 35-day treatment  

and the tumor volume was monitored during this period. The volume of tumors treated with 

saline increased greatly and was about 46-fold larger than its initial volume. The 17-AAG and 

AS1411 combination showed a synergistic effect, and the tumor volume was found to increase 

only 8.3-fold over this period compared with 15.8-fold when treated only with 17-AAG, although 

the synergistic effect was not obvious in this cell study. While the drug-loaded TpNPs had 

better antitumor activity at an early stage than 17-AAG+AS1411, no statistical significant 

difference was observed at the end of the test. It is worth mentioning that the tumors treated 

by TpNPs had an accelerating growth speed. Without triggering the active targeting, drug-

loaded 
Rev

SeMicNPs showed a similar therapeutic effect as drug-loaded TpNPs. After 

combining with Ad, the tumors treated with drug-loaded
 Rev

SeMicNPs+Ad showed statistically 

significant tumor growth inhibition, of which tumors in two mice were even fully eliminated, 

suggesting maximized therapeutic efficacy by the enhanced tumor accumulation and the 

subsequent targeting activation. 

Hematoxylin-eosin (H&E) staining with the five major organs (heart, liver, spleen, lung and 

kidney) and the tumor was also conducted to further evaluate the safety and therapeutic 

efficacy of the NPs. Firstly, as a major organ of mononuclear phagocyte system, liver sections 

were used to investigate the toxicity caused by accumulation of different therapeutics (Figure 
26F). Significant hepatic injury was observed in the drug@TpNPs treated groups, and the 

injury degree showed higher than that of the combined drug group, indicating the significant 

liver accumulation of NPs. In contrast, the self-mimicking NPs showed distinguishable safety 

as no obvious nuclear shrinkage or fragmentation was presented. Moreover, the 
Rev

MicNPs+Ad group showed increased safety risk, however, better than the combined drug 



 Results and Discussion  

 

46 

 

group. This can be attributed to the NPs remaining in the liver that converted into the form of 

TpNPs after Ad triggering, which still have cumulative toxicity in the liver. This follow-up 

cytotoxicity increase can be circumvented by optimizing the time of Ad triggering after better 

understanding of NPs’ biodistribution. Finally, the H&E staining on tumor sections 

demonstrated that all types of the NP-based therapeutics can cause extensive apoptosis in 

tumor cells (Figure 26G). 

 
Figure 26. Safety evaluation through blood routine test of WBC, RBC, HGB and TLP (A), liver function test of ALT, 
AST, ALP and GGT, and kidney function test of CRE and UREA (B), (data represent mean ± s.d., n = 3). (C) Cancer 
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cell growth inhibition by treatment of HOS-MNNG cells (data represent mean ± s.d., n=3, the significance level was 
set at probabilities of *P <0.05, **P <0.01, and ***P <0.001). (D) The image of HOS-MNNG tumors resected after 
the last treatment. (E) Tumor volume curves of mice treated with different formulations, as described above. (F) 
H&E staining of livers in mice received different treatments. (G) H&E staining of tumors in mice received different 
treatments. 
 

In conclusion, we evaluated the targeting problem of NPs from the perspective of 

communication-determined homeostasis and developed a multistage signal-interactive system 

to promote the efficiency of the NP-cell communications. By introducing an interactive 

mechanism, the tumor-targeting capacity of NPs can be improved by almost 3-fold, while the 

liver accumulation can be reduced by nearly 50 %. Accordingly, the tumor weight after 

treatment by signal-interactive NPs is only 15.4 % of the control with obviously restricted 

hepatic damage. We proved this pattern of multistage signal-interactive system can efficiently 

integrate various types of signal modules and improve the autonomy-determined homeostasis 

of NPs. It can be expected that the concept of ‘‘communication system’’ will emerge as a 

promising platform for multivariate integration and regulation of bio-signals, which means the 

treatment patterns can be determined by the type of NP-cell communication, and NPs can 

deeply participate in cell communications and their biological behavior. We anticipate this 

strategy can inspire construction of more powerful therapeutic systems to promote the clinical 

transition of nanomedicines.
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6. Conclusions 
In this dissertation, it was developed three strategies to engineer PSi NPs into transformable 

DDS, which inherited the traditional advantages of PSi NPs, such as the good biocompatibility, 

high-dose drug loading and multi-drug codelivery capacity, as well as highly flexibility for 

chemical and physical modifications. And one strategy based on UCNPs with efficient NIR-

controlled size transformation was developed. The constructed transformable DDS were 

endowed with signals processing capacity, which were modulated by the cell receptors or 

exogenous artificial signals to achieve transformation of construction or function, by which the 

NPs can have more tunable parameters to cope with the challenging bioenvironment and cross 

the various biobarriers to fulfill the task of tumor targeting delivery. 

Firstly, it was used the DNA aptamer AS1411 and MTX-conjugated PEI to fabricate a 

hierarchical surface with dual active targeting system. This negative charged surface can 

efficiently convert into positive charged surface in the existence of cancer cells, driven by the 

AS1411-nucliolin interaciton. This process was followed by receptor-mediated surface charge 

inversion. However, as this process was much slower with normal cells, this system can 

significantly reduce the off-targeting effect of NPs. 

Secondly, to solve a common problem for transformable DDS, it was further modified the 

biotin-PEI surface with acrylates-ortho-nitrobenzyl-PEG5000. The PEG5000 acted as the primary 

antifouling surface to prevent the formation of protein corona and avoided off-targeting effect. 

After UV-irradiation, the PEG surface was cleaved and generated carboxyl group on the biotin-

PEI surface, forming a zwitterionic surface as the secondary anti-fouling surface. This dual-

antifouling NPs’ surface can efficiently avoid protein adsorption on the NPs’ surface in human 

serum. The secondary zwitterionic surface guaranteed the effective exposure of active 

targeting segments (biotin) for improving the cell uptake.  

Thirdly, to facilitate tumor accumulation and to obtain prolonged tumer retention time and 

cancer cell targeting capacity, a photo-cleavable drug loaded PEG (doxorubicin–

nitrobenezene–polyethylene glycol, DOX–NB–PEG) corona was constructed onto PLGA 

coated hydrophobic UCNPs. The photo-induced disintegration of the PEG corona caused the 

aggragtion of the NPs in situ. The NP size increased 6 times. Also, the disattachment of the 

stealth PEG promoted cancer cell uptake.  

Finally, it was developed a multistage signal interactive system on NPs through integrating 

the Self-peptide and YIGSR peptide into a chimeric form, with a hierarchical signalling interface 

with “don’t eat me” and “eat me” signals. This biochemical transceiver can act as both the 

signal receiver for amantadine to achieve NP transformation and signal conversion, as well as 

the signal source to present different signals sequentially by reversible self-mimicking. 

Overall, with the aforementioned studies, new models and concepts to develop 

transformable DDS were achieved, which owns improved homeostasis and controllability to 

manipulate the NP-cell interactions, and finally, achieving enhanced tumor targeting and 

therapeutic efficacy. It is anticipate these works can inspire the development of more powerful 

transformable therapeutic nanosystems to facilitate the clinical transition of nanomedicines in 

the future. 
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