
ABSTRACT 

HU, QUANYIN. Bioinspired Drug Delivery System for Anticancer Therapy. (Under the 

direction of Dr. Zhen Gu). 

 

The development of bioinspired drug delivery system by virtue of biology, such as 

mimicking structural and functional aspects of natural bioparticulates or leveraging physiological 

signals in the disease environment for bioresponsive drug release, is being actively pursued in 

nanomedicine for therapeutic purposes. Given the advantages of intrinsically biocompatible, 

biodegradable, and nonimmunogenic nature of natural cells, the biomimetic approach holds vast 

promise in targeted delivery for treating a variety of diseases, including cancer, inflammation 

and cardiovascular treatment. This thesis study focused on developing bioinspired drug delivery 

systems with spatio-temporal release manner for enhanced anticancer treatment. Two research 

themes have been explored to realize on-demand drug delivery: 1) platelet-mimicking 

nanomedicine for enhanced cancer therapy; and 2) tumor microenvironment-mediated 

construction and deconstruction of depot for extracellular protein delivery. For the first theme, 

the aim is to exploit platelet membrane-coated nanoparticles that can target to primary tumor 

tissue and circulating tumor cells through the specific affinity of P-Selectin and CD44 receptors. 

This platelet-mimicking platform was further extended to amplify the tumor targeting signals by 

combining vasculature and tumor tissue dual-targeting capability and employed for treatment of 

myeloma and thrombus. For the second theme, by taking advantage of tumor microenvironment, 

a transformable drug delivery system that could be crosslinked to form microscaled depot upon 

responsiveness to enzymes and pH has been developed to deliver extracellularly functional 

protein drugs.  
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation and objective 

Cell therapy holds tremendous promise for treating various diseases. For instance, 

genetically engineering isolated T cells from patients themselves with chimeric antigen receptors 

(CARs) has redirected the T cell specificity and opened a new era for cancer therapy. 
1
 Exciting 

news is that CD19-specific CAR T cell has recently been approved by the US Food and Drug 

Administration for treating children and young adults with B-cell acute lymphoblast leukemia.
1
 

Moreover, clinical studies on cell transplantation are under investigation for treating cell function 

deficiencies.
2,3

 In addition, novel strategies are currently being developed in various stages to 

leverage stem cells for tissue engineering.
4
 Yet, these approaches are often limited by the 

difficulty in supplying clinical-scale demand of donor cells as well as the lifelong need for 

immunosuppressive or other adjuvant drugs which are used to boost the cell efficiency but have 

adverse effects.
5,6

 To this end, cell engineering methods aiming to address the concerns of 

rejection by host immune systems have been proposed by immunoisolation of the cells with 

microcapsules or three-dimensional scaffolds.
7,8

 Although promising, challenges arise with the 

foreign-body response induced by the implant materials, which are manifested by the recruitment 

of immune cells, formation of fibrous deposit, hindered passage of nutrients, and eventual failure 

of the cells. Besides, additional work is required to assess the accuracy of transplantation and the 

extent of the engrafted cells for optimizing the therapeutic outcome.
9
 Therefore, further 

transformative technologies for cell engineering are highly in demand for biomedical 

applications. 



   

2 

 

In the body system, the ability of cells to communicate with other cells and interact with 

the environment allows them to perform complex tasks and adapt the sophisticated biological 

entities. As one of the classic examples, the various proteins presented on the membrane of red 

blood cells (RBCs) facilitate information exchange with phagocytes, which relieves the attack by 

the complement system and thus leads to the prolonged circulation time.
10

 Moreover, the 

recruitment of specific cells in response to chemokines has been demonstrated to contribute to 

the immune reactions, disease development and tissue construction.
11

 Taking lessons from these 

processes, attempts have been prompted to transfer therapeutic constructs into natural cells to 

devise the next generation of delivery platforms.
12,13

 As a further evolution, ―top-down‖ 

procedures by camouflaging synthetic nanomaterials with cellular membrane has been proposed 

to recreate the key functions of the original cells for enhancing the utility of nanomaterials.
14-16

 

These cell engineering approaches not only alleviate the host immune response but also retain 

the complexity, and most importantly, the biological functions of the natural cells, endowing 

augmented therapeutic efficiency. This review will focus on the recent studies from our 

laboratory toward the new developed cell engineering technologies for applications in cancer 

immunotherapy, targeted drug delivery and diabetes treatment (Figure 1.1). 
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Figure 1.1. Schematic illustration of the recent advances in cell engineering technologies from 

different perspectives for drug delivery applications.  

 

1.2 Cell engineering for cancer immunotherapy 

Cancer immunotherapy, which boosts the system immune response to tumor cells, has 

emerged as a new pillar in the war against cancers.
17

 Among the various treatment strategies, 

engineering of immune cells by chemical methods and/or with synthetic nanomaterials without 

alternating the key cellular functions has received considerable attention for enhancing cancer 

immunotherapy.
18

 For instance, to overcome the rapid loss of T-cell effector function in adoptive 

cell therapy (APC), direct surface conjugation of T cells with nanoparticles encapsulating 

cytokines or immunomodulators not only enabled the sustainable stimulation of the T cells after 

transplantation but also avoided the side effects induced by high dose of adjuvants given 

systematically.
19,20

 Such engineering strategies offer new paradigm in modulating signaling 

events at T cell/APC interfaces. In the development of therapeutic cancer vaccines, engineering 

dendritic cells (DCs) by in vitro endocytosing antigen-conjugated nanoparticles with bioimaging 
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functionalities has been validated in enhancing antigen-specific T cell response to inhibit tumor 

growth, while simultaneously allowing for tracking the fate of DCs during the processes. 
21,22

 

In addition, checkpoint blockade immunotherapy that works by interfering the inhibitory 

pathways in T cells has elicited durable clinical responses and long-term remissions in treating 

different type of cancers; however, insufficient lymphocyte infiltration and the off-target binding 

of intravenously administrated checkpoint inhibitors remain the bottlenecks in further improving 

the effectiveness.
23

 Inspired by the inherent ability of platelets homing to vascular injury at 

wound sites, interacting with circulating tumor cells (CTCs) and modulating immune responses 

(discussed below),
24,25

 our group exploited a checkpoint inhibitor delivery platform for post-

surgical cancer immunotherapy by surface conjugation with aPDL1 (P-aPDL1).
26

 Once activated 

in vitro, aPDL1 could be released in the form of platelet plasma membrane-derived 

microparticles (PMPs), accompanied by the release of several pro-inflammatory cytokines. After 

intravenous injection, P-aPDL1 was enriched at the surgical wounds around the residual tumors, 

highlighting the merits of the injury-homing nature of platelets in immune checkpoint delivery. 

In vivo therapeutic performance substantialized that the release of aPDL1-tagged PMP and 

various inflammatory factors synergistically boosted the activation of T cells for destroying 

tumor cells at high efficiency. Moreover, the potential of P-aPDL1 for treating tumor metastasis 

was demonstrated by subsequent intravenous injection of B16F10 cells and antibodies. The 

versatility of this engineering technique was proved by further inhibiting the recurrence of triple-

negative breast cancer models. This strategy of engineering platelets with immune checkpoint 

inhibitors provided an effective and generalizable strategy for targeted delivery of antibodies to 

augment their immunotherapeutic potential in preventing cancer postsurgical recurrence while 

limiting side effects.  
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The rich reactive chemical groups including thiols, amines and carboxylates on cell 

surfaces provide sufficient sites for covalently conjugating synthetic materials. Also, the nano-

bio interface interactions such as cellular uptake of nanomaterials can be explored to equip cells 

with different functions. Notably, the state-of-art bioorthogonal chemistry, which has shown 

great viability in selective modification of biological species,
27

 may offer new avenues to this 

field. These methods are convenient and robust to impart cells with gaining functions while 

maintaining the cell‘s own biological competence, which can be considered as powerful 

complements to traditional genetic engineering technologies in enriching living cell functions. 

Besides engineering living cells, we recently engineered B16F10 whole tumor lysate 

(containing melanin) for cancer immunotherapy by integrating it with granulocyte-macrophage 

colony-stimulating factor (GM-CSF) into near-infrared light-irradiated microneedle patches .
28

 

The sustained transdermal delivery of GM-CSF could effectively recruit and activate DCs which 

consequently internalized the released lysate and present the tumor antigens. Meanwhile, the 

irradiation with near-infrared light stimulated the melanin to generate high local temperature, 

which further facilitated migration of DCs and other immune cells at the vaccination sites by 

elevating local microcirculatory blood/lymphatic perfusion and releasing danger signals, 

including reactive oxygen species and inflammatory cytokines. In this way, increased filtration 

of polarized T cells and topical release of cytokines were elicited, and B16F10-specific immune 

response was finally initiated. The feasibility of the vaccine design was demonstrated by the high 

survival level of mice after tumor challenge, as well as the antitumor effects towards primary and 

distant tumor. 
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1.3 Engineering nanomaterials with biomembranes 

The recent ―top-down‖ engineering of cellular membrane to camouflage nanomaterials is 

yielding insights that are aiding in the design of biomimetic platforms to recapitulate natural 

cellular biological functions, such as targeting and immune evasion.
29

 To date, many cell types, 

including leukocytes, cancer cells, stem cells, bacteria and platelets have been capitalized as 

membrane source cells, each with a set of its own specific properties.
30

 This section will focus on 

our recent studies on engineering synthetic nanocarriers with biomembranes to impart local 

therapeutic effect. 

1.3.1 Platelet membrane 

As one of the most important bio-particulates in the body, platelets actively participate in 

various biological processes, including hemostasis, wound healing and immune response. For 

instance, platelets can augment immunity by targeting the injury site and releasing pro-

inflammatory factors to recruit leukocytes. Also, recent studies have revealed that platelets can 

facilitate tumor metastasis by aggregating on the CTCs to camouflage them from the immune 

attack and migrate to new tissue for tumor development, in which biomolecular binding between 

P-Selectin and CD44 receptor plays the key role.  

As a starting point, we leveraged advantage of the interactions between platelets and 

cancer cells to develop a platelet-mimicking drug delivery system.
31

 We utilized the ―top-down‖ 

method to warp the platelet membrane on the surface of doxorubicin (Dox)-loaded nanogels, 

where the translocation of abundant surface associated proteins enabled the replication of the 

specific interactions between platelets and cancer cells. Afterwards, the platelet membranes were 

decorated with tumor necrosis factor-related apoptosis inducing ligand (TRAIL). Mediated by 

specific interaction between P-Selectin on the platelets and CD44 receptors on the cancer cells, 
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the platelet membrane-coated nanovehicle (PM-NV) could efficiently target to the surface of 

cancer cells to facilitate the therapeutic efficacy of TRAIL. Upon internalization, the nanogel 

inside the PM-NV composite containing acid-responsive crosslinkers could dissociate inside the 

acidic endosomes, allowing the release of loaded drugs. This sequential drug delivery fashion 

finally led to a synergistic cytotoxicity. Moreover, the preservation of abundant ―self-recognize‖ 

protein like CD47 on the membrane minimized the uptake by microphage cells and prolonged in 

vivo circulation time.
32

 Using MDA-MB-231 tumor model, we demonstrated the superior anti-

cancer potency of PM-NV with the smallest tumor size, which was attributed to the selective 

cancer homing capability of PM-NV and synergistic anticancer effect based on the site-specific 

delivery of TRAIL and Dox. Moreover, the versatility of PM-NV was further confirmed by 

reducing the circulating tumor cells after intravenous administration, as evidenced by decreased 

lung metastasis. 

Following this study, we reported a relay drug delivery strategy to amplify the tumor 

targeting signals by inducing local inflammation of tumor blood vessels.
33

 Regarding the 

inherent property of platelet homing to the injured blood vessel and specific interactions between 

platelet and cancer cells, a two modules-composed delivery method was designed to maximize 

the anti-cancer treatment effect. The signaling transmission nanocarrier (NCA) was made from an 

Arg-Gly-Asp peptide-functionalized polymeric nanoparticle loaded with TNFα, an inflammation 

inducer. The execution nanocarrier (NCB) was composed of platelet membrane-coated 

nanoparticle encapsulated with paclitaxel (PTX) to receive the broadcasting inflammation signal 

and accumulate at the tumor site. The NCA was demonstrated to induce strong inflammation 

response on human umbilical vein endothelial cells (HUVEC) in vitro, as proved by upregulated 

cell adhesion molecules and increased release of cytokines. After in vivo administration, NCA 



   

8 

 

could selectively accumulate at the tumor site and trigger the local inflammation of blood 

vessels. Moreover, it was shown that NCB could be efficiently internalized by MDA-MB-231 

tumor cells, leading to the enhanced cytotoxicity. Furthermore, the sequential administration of 

NCA and NCB significantly increased the drug availability and retention time at the tumor site 

when compared to the NCB alone, which led to the enhanced inhibition of tumor growth. More 

importantly, this relay delivery induced negligible systemic inflammation response and did not 

cause any pathological abnormalities of tissues.  

As further extension, we designed platelet membrane-coated nanoparticles for combined 

treatment of multiple myeloma and thrombus.
34

 The complication such as thrombus formation 

imposes great challenges to the successful treatment of multiple myeloma and increases the 

mortality. A nanoplatelet delivery system was then developed by coating bortezomib-loaded 

nanoparticles with platelet membrane. After that, tissue plasminogen activator (tPA) and 

alendronate (Ald) were covalently conjugated on the surface of platelet membrane for clot lysing 

and for bone targeting, respectively. Both in vitro and in vivo results confirmed this nanoplatelet 

could increase the drug accumulation at the myeloma site by firstly targeting bone via the 

calcium chelating ability of Ald and secondly binding myeloma cells based on the interaction 

between P-Selectin on the platelet membrane and CD44 receptors on the tumor cells, leading to 

the enhanced therapy efficacy. Moreover, the nanoplatelet could prevent the thrombus 

complication by readily dissolving the clot.  

The development of biomimetic nanoparticles with mimicking structural and functional 

aspects of biological assemblies is being actively pursued in these years for therapeutic purposes. 

Given the advantages of intrinsically biocompatible, biodegradable, and nonimmunogenic nature 

of natural cells, functionalizing synthetic nanoparticles with cell membrane will continuously 
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contribute to bridge the gap between natural cells and synthetic formulations and encourage 

researchers to develop more effective drug delivery system that is inspired from nature.   

 

1.3.2 Subcellular membranes 

Generally, upon cargo internalization, vesicles are formulated by invagination of the 

plasma membrane. These vesicles then converge upon early endosomal systems, followed by 

sorting of the internalized substances.
35

 The majority of the endocytosed membrane components 

including lipids and proteins will be recycled back to the plasma membrane via early and 

recycling endosomes, where the membrane-associated proteins and receptors are randomly 

distributed over the endosome membrane.
36

 Recently, the multiple molecules on plasma 

membrane have been demonstrated to mediate the aggregation of homotypic cells.
37

 

In this circumstance, our group proposed an alternative cell engineering method to 

fabricate endosome membrane-encapsulated nanogels (EM-NG) for homotypic cancer drug 

delivery.
38

 Mesoporous silica-coated magnetic nanoparticles with crosslinkers and 

photoinitiators loaded inside the channels and methacrylated hyaluronic acid covered on the 

surface were utilized as the model nanomaterials. Crosslinking of the endocytosed nanoparticles 

by UV-light irradiation led to the formation of nanogels which appeared as round-oval in shape 

with multiple silica/magnetic nanoparticles clustered inside. Simultaneously, endosome 

membrane components were well preserved on the shell of the EM-NG. The much higher in 

vitro cytotoxicity induced by Dox-loaded EM-NG (Dox-EM-NG) than those of doxorubicin-

loaded nanogels (Dox-NG) and free doxorubicin indicated the targeting effects of the EM-NGs; 

whereas the negligible differences in cytotoxicity for human lung adenocarcinoma epithelial 

cells treated with Dox-EM-NGs and Dox-NGs underlined the homotypic targeting ability of the 
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EM-NGs. Compared to the process of utilizing plasma membrane to coat nanomaterials by 

sonication or repeated extrusion, the reconstitution of endosomal membrane onto nanogel relies 

on a natural endocytosis process, which would better maintain the functions of biological 

molecules. Although the detailed mechanism underlying the function of endosome-encapsulated 

nanogels still needs more efforts, this novel cell engineering method provides implications for 

developing alternative drug delivery systems, especially personalized therapeutics. 

Other subcellular compartments can also be exploited to engineer synthetic materials for 

many user-specified purposes. Major advances in this area include the extensively studied 

extracellular vesicles, which are important mediators for intercellular communication.
39

 The key 

roles extracellular vesicles play in regulating both normal pathological processes and disease 

pathogenesis provide clues to engineer and modify such natural particulates for therapeutic 

interventions. Additionally, engineering cellular membrane with antigens or quantum dots to 

derive micro-/nanoparticles has shown promising potential in theranostic applications.
40,41

 

Related studies of engineering cell-derived nanovesicles for cancer immunotherapy are under 

development in our lab. 

  

1.4 Red blood cell engineering for smart insulin delivery 

Diabetes mellitus is a complex and progressive disease characterized by high blood 

glucose levels, currently affecting hundreds of million people worldwide. Although insulin 

injection has remained the standard method in treating diabetes, it is always associated with pain 

and failure in tight blood glucose control.
42

 To this end, great efforts have been devoted to the 

development of alternative treatment strategies such as cell-based therapy and insulin delivery 

with synthetic materials.
43

 Given the concerns regarding cell transplantation mentioned above, 
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glucose-responsive materials have shown great potential for insulin delivery.
44

 Nevertheless, to 

construct a system that can respond quickly to elevated blood glucose levels is a great challenge 

in closely mimicking the body‘s physiological needs for insulin.
45

  

To this challenge, our group engineered RBCs with a glucose derivative (glucosamine)-

modified insulin (Glc-Insulin) as a new insulin delivery formulation by leveraging the reversible 

interaction between glucose and the abundant glucose transporters (GLUTs) on the surface of 

RBC membranes.
46

 The Glc-Insulin could specially bind GLUT1 on human RBCs and GLUT4 

on mice RBCs at high efficiency without inducing obvious damage towards the cells. Driven by 

the competitive binding of free glucose with the GLUT, insulin disassociation from the RBCs 

was quickly detected at 400 mg/dL glucose within 30 min, whereas much slower insulin release 

was observed at normal glycemic conditions. After intravenous injection of the Glc-Insulin 

bound mice RBCs into diabetes mice, the injected cells had remained stable even for 72 h, which 

facilitated the long-term insulin delivery. In vivo diabetes treatment showed that Glc-Insulin 

bound mice RBC cells could restore the blood glucose level (BGL) for a much longer time than 

free Glc-Insulin or free insulin plus mice RBCs, which originated from the long-term stability 

and glucose-responsive property of the designed system. The dynamics of insulin release 

detected in intraperitoneal glucose tolerance tests further verified the glucose-dependent 

responsiveness. Furthermore, based on the cell membrane engineering technologies, we also 

built a bio-inspired nanoformulation utilizing RBC membrane-coated nanoparticles for insulin 

delivery via the same mechanism. Such nanoformulations would be much easier and 

conveniently integrated with microneedle patches for painless transdermal insulin delivery, 

promising for potential clinical applications.  
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Importantly, the long circulation and biocompatible nature of the RBCs effectively avoids 

the headaches existing in traditional cell therapies. Still, we should note that the inability of 

RBCs to replenish insulin would inspire new cell engineering methods or engineering of 

different cell species to achieve more sustainable diabetes treatment methods. 

 

1.5 Summary and outlook 

The studies summarized in this review demonstrate the strategies of engineering whole 

cells or parts of cells as chaperones to direct drug delivery, which aims to leverage the unique 

delivery mechanisms that are employed by natural particulates, including selective targeting, 

extended circulation time and evasion of immune surveillance. These techniques could migrate 

the need for tedious processes or immunosuppressive agents involved in conventional cell 

transplantation as well as complement the traditional genetic engineering to reprogram cell 

functions. Given the wealth of different functional cells, and versatile choice of formulation 

engineering and chemical conjugation methods, it can be envisioned that distinct combinations 

are worthy being explored to for treating a variety of diseases.  

Although considerable advances have been achieved in this field, there are several issues 

that need to be addressed for acceleration of potential translation. First, for real-world 

applications, scale-up manufacturing of natural cell-engineered drug delivery formulations is 

needed to be optimized, especially in cases where cells are low concentrated and not easy to 

collect. Second, sorting out a clear and stringent understanding of the delivery mechanisms that 

are used by the engineered biological particulate systems is necessary for in vivo safety concerns, 

since integrity is important for natural cells to communicate with the body. Third, proper 

standards should be established to resolve problems associated with these cell engineering 
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technologies and to support robust and reproducible modification methodologies, where reliable 

analytical techniques are also required to support the manufacturing of the biologically derived 

products. Of note, broad room exists for developing sustainable engineering approaches in a 

manner of integrating artificial cells. For example, bio-inspired approaches through designing 

―synthetic cells‖ made from man-made materials while possessing the ―sensing-reaction‖ 

behaviors of their natural counterparts are promising to alternatively address the combination 

issues of efficacy, safety and manufacturing.
47-49

 

 

1.6 Dissertation Scope and Organization 

The aim of this dissertation is to develop bioinspired drug delivery systems for enhanced 

anticancer therapy. This dissertation is presented as four separate manuscripts (Chapter 2-5) with 

a comprehensive introduction (Chapter 1) highlighting recent developments in bioinspired drug 

delivery systems for spatio-temporal drug delivery. A summary that concludes the primary 

findings described in Chapter 2 to 5 as well as future outlook is also provided. 

Chapter 2 reports a platelet-mimicking nanovehicle (PM-NV) platform for targeting and 

site-specific delivery of anticancer drug. With integration of platelets‘ features such as the long 

blood circulation, low immunogenicity and highly specific affinity toward tumor cells, this 

formulation can selectively target to the tumor site and sequentially deliver different drugs, led to 

significant enhancement of the antitumor efficacy. Chapter 3 describes the use of two distinct 

modules-based ―relay drug delivery‖ strategy for amplifying active tumor targeting signal and 

enhancing antitumor therapy. This relay delivery system was composed of a signal transmission 

nanocarrier A (NCA) that can specifically induce tumor blood vessel inflammation generation, 

and execution biomimetic nanocarrier B (NCB) that can accumulate at the tumour site by 
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receiving the broadcasting signals generated by NCA. Chapter 4 reports on the use of a tissue 

plasminogen activator (tPA) and alendronate (Ald)-conjugated, bortezomib (bort)-encapsulated 

platelet membrane-coated nanocarrier (designated tPA-Ald-PM-NP-bort) for enhanced therapy 

toward multiple myeloma (MM) and thrombus complication. This unique tPA-Ald-PM-NP-bort 

can sequentially target the MM site by first binding to the bone microenvironment and 

subsequently homing to the MM cells. Chapter 5 describes a transformable core-shell based 

nanocarrier (designated CS-NG), which can assemble into micro-sized depots in the tumor site for 

sustained release of anticancer drugs toward membrane of cancer cells and endothelial cells. 
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CHAPTER 2 ANTICANCER PLATELET-MIMICKING NANOVEHICLES 

 

2.1 Introduction 

Biomimetic drug delivery system offers new opportunities to mimic the biological 

particulates, including cells, vesicles and viruses for enhancing biocompatibility and promoting 

therapeutic efficacy.
11,50-54

 As a simple and effective biomimetic approach, delivery vehicles 

coated with cell membranes are currently being intensely pursued to achieve a variety of merits, 

such as prolonging circulation time, alleviating immunogenicity and achieving active targeting 

ability.  Typical examples include red blood cell (RBC) membrane-coated PLGA 

nanoparticles,
29,55-57

 white blood cell (WBC) membrane-decorated silica particles
58

 and cancer 

cell membrane-cloaked nanoparticles.
59

 Given the complexity of biological entities with different 

sorts of membranes integrated with distinct bioactive components, versatile biomimetic drug 

delivery systems with high specificity are expected to develop. Platelet is an indispensable 

component of blood stream with the ability of targeting vascular injury sites to impede 

thrombogenesis and maintaining the integrity of blood circulation.
24,60-63

 Recently, the 

recognition and interaction between platelets and circulating tumor cells in blood have aroused 

considerable attention because of its crucial contribution to tumor metastasis.
64,65

 The 

aggregation of platelets surrounding circulating tumor cells (CTCs) helps CTCs survive in blood 

stream and spread to new tissues.
66

 The mechanism underlying this specific aggregation includes 

biomolecular binding such as P-Selectin and CD44 receptors
67,68

 and structure-based capture.
65,69

 

Here we report the development of platelets membrane (PM)-coated core-shell 

nanovehicle (designated PM-NV) for targeting and sequential and site-specific delivery of 

extracelluarly active protein and intracellular functional small molecular drug. As displayed in 
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Figure 2.1a, the PM-NV is composed of two components: 1) a nanogel based inner core part for 

loading small molecular drug; 2) the platelet membranes based outer shell for decoration of 

protein drug. The core NV is made by a single emulsion method and crosslinked by an acid-

degradable crosslinker. The platelet membranes are derived from platelets and purified to coat 

the surface of NV. Equipped with large numbers of ―self-recognized‖ proteins, PM-NV is 

expected to minimize the in vivo immunogenicity, prolong the circulation time.
70

 More 

importantly, the overexpressed P-Selectin on the PM can specifically bind to CD44 receptors 

upregulated on the surface of cancer cells. Taken together, we hypothesized the PM-NV could 

actively target to tumor site and sequentially deliver anticancer therapeutics to their most active 

destinations. To demonstrate our hypothesis, we loaded two anticancer therapeutics—TRAIL 

and Dox into PM-NV (designated TRAIL-Dox-PM-NV). As one of the most important 

extracellular activators of apoptosis, TRAIL induces apoptosis of tumor cells by binding to the 

death receptors (DR4, DR5) on the cell surface;
71

 while Dox can intercalate the nuclear DNA of 

cancer cells to trigger the intrinsic apoptosis signaling pathway.
72-74

 

After intravenous (i.v.) injection, the PM-NVs are expected to accumulate in the tumor 

site by combination of the passive enhanced permeability and retention (EPR) effect
75-78

 and 

active targeting based on the affinity between PM and overexpressed CD44 receptors on the 

cancer cells (Figure 2.1b). Meanwhile, the aggregation of PM-NV on the surface of cancer cells 

enabled by capture ability of P-Selectin could facilitate the interaction between TRAIL and cell 

membranes and subsequently initiation of extrinsic apoptosis signaling. Additionally, the affinity 

of P-Selectin and CD44 are also expected to readily eliminate CTCs (Figure 2.1b), which plays 

a vital role in tumor metastasis.
79,80

 After cellular internalization, the acidity in the endo-

lysosome is expected to digest the acid-responsive modality in the PM-NV, accompanied by the 
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release of encapsulated Dox, which will accumulate in the nuclei of cancer cells for 

synergistically inducing apoptosis. 

 

Figure 2.1. Schematic design of drug-loaded PM-NV for targeting and sequential drug delivery. 

a. The main components of TRAIL-Dox-PM-NV: TRAIL-conjugated platelets membrane 

derived from platelets; Dox-loaded nanovehicle (Dox-NV). I: centrifugation of whole blood; II: 

isolation of platelets; III: extraction of platelets membrane. b, In vivo elimination of circulating 

tumor cells (CTCs) and sequential delivery of TRAIL and Dox. TRAIL-Dox-PM-NV captured 

the CTCs via specific affinity of P-Selectin and overexpressed CD44 receptors and subsequently 

triggered TRAIL/Dox-induced apoptosis signaling pathways. I: the interaction of TRAIL and 

death receptors (DRs) to trigger the apoptosis signaling; II: the internalization of TRAIL-Dox-

PM-NV; III: the dissociation of TRAIL-Dox-PM-NV mediated by the acidity of lyso-endosome; 

IV: release and accumulation of Dox in the nuclei; V: intrinsic apoptosis triggered by Dox. 
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2.2 Experimental section 

2.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich and were used as received. 

Fluorescein isothiocyanate (FITC)-NHS, rhodamine-NHS and Cy5.5-NHS were purchased from 

Life Technologies (Grand Island, NY, USA). Glycerol dimethacrylate was purchased from 

Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).  

 

2.2.2 Isolation of platelets 

Platelets from whole blood were isolated through gradient centrifugation. Briefly, 10 mL 

whole mouse blood was centrifuged at 100 × g for 20 min with no brake. Afterwards, the 

supernatant was added with PGE1 to a final concentration of 1 µM and centrifuged at 800 × g for 

20 min. The platelets was washed by the citrate buffer and centrifuged repeatedly. To assess the 

purity of the isolated platelets, flow cytometry was performed after double-labeling with 

antibodies against the platelet-specific marker, CD41 and a marker for white blood cells, CD45. 

 

2.2.3 Preparation of PM-NV 

The NV encapsulated with Dox was prepared using a single emulsion method.  Briefly, 

500 µL aqueous phase containing 46 mg acrylamide (AAm), 2 mg N-(3-aminopropyl) 

methacrylamide (APMAAm) and 16 mg glycerol dimethacrylate (GDA) was added into the 

organic phase containing a mixture of hexane (5 mL) and two surfactants: anionic sodium 1,4-

bis-2-ethylhexylsulfosuccinate (AOT, 178 mg), poly(ethyleneglycol) dodecyl ether (Brij-30, 344 

mg) and ammonium persulfate (APS). After stirred for 10 min, the mixture was added with 

tetramethylethylenediamine (TMEDA) for initiation of polymerization and maintained for 2 h. 
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Then the NV was precipitated and washed by ethanol after evaporating hexane. Nondegradable 

NV was made by replacing the degradable crosslinker GDA with non-degradable N,N‘-

methylene-bis acrylamide (MBA). 

To acquire purified platelets membrane, the obtained platelets were added into lysis 

buffer and maintained for 30 min. Thereafter, the mixture was centrifuged at 18000 × g for 10 

min. After sonication, the obtained PM and Dox-NV mixture was stirred and maintained 

overnight. To decorated TRAIL on the surface of PM,  PM was first reacted with Traut‘s reagent 

to generate additional thiol groups, which was further linked with amines of TRAIL through the 

sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC). To access 

the amount of TRAIL on the PM, TRAIL was reacted with FITC-NHS or Cy5.5-NHS overnight 

and purified by using G-25 column (PD midiTRAPTM, GE Healthcare). The amount of TRAIL 

was determined by measuring the fluorescence intensity of FITC/Cy5.5 via microplate reader 

(Infinite M200 PRO, Tecan). The TRAIL-Dox-PM-NV was characterized by the Zetasizer 

(Nano ZS, Malvern) and Transmission Electron Microscopy (TEM) (JEM-2000FX, Hitachi) 

operating at 200 kV. 

 

2.2.4 In vitro stability of PM-NV and Dox release from PM-NV 

For in vitro stability of PM-NV, PM-NV and NV were added into 100% FBS (Hyclone). 

The change of particle sizes within 4 h was monitored by DLS. Absorbance measurements at 560 

nm were taken at pre-determined time intervals using a microplate reader. For in vitro Dox 

release, 0.5 mL of Dox-PM-NV and Dox-NV was added into a dialysis tube (10K MWCO) 

(Slide-A-Lyzer, Thermo Scientific) embedded into 14 mL of the PBS buffer solution (containing 

0.1% Tween-80) at different pH, and gently shaken at 37 
o
C in a shaker (New Brunswick 
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Scientific) at 100 rpm. At predetermined time intervals, the total buffer solution was withdrawn, 

followed by replacing with 14 mL of fresh buffer solution with the same pH. The fluorescence 

intensity of Dox released was measured at 596 nm with an excitation wavelength of 480 nm by a 

microplate reader. 

 

2.2.5 Cell culture 

MDA-MB-231 cells and Raw264.7 were obtained from Tissue Culture Facility of UNC 

Lineberger Comprehensive Cancer Center and cultured in Dulbecco's Modified Eagle Medium 

(DMEM) with 10% (v:v) FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. 

 

2.2.6 Site-specific delivery of TRAIL and Dox 

MDA-MB-231 cells (1 × 10
5
 cells/well) were seeded in a confocal microscopy dish 

(MatTek). After culture for 24 h, the cells were incubated with TRAIL-PM-NV and TRAIL-NV 

for 2 h. Thereafter, the cells were washed with PBS and stained with Alexa Fluor 488-labeled 

wheat germ agglutinin (WGA) for 10 min. After washing with PBS twice, the cells were 

immediately subjected to CLSM (LSM 710, Zeiss) for observation. For intracellular Dox 

observation, MDA-MB-231 cells were seeded in a confocal microscopy dish at the density of 1 × 

10
5
 cells/well. Twenty-four hours later, the cells were exposed to Dox-PM-NV. After incubation 

for 1 h and 4 h, the cells were washed with PBS, stained with lysosome tracker and Hoechst, and 

observed by CLSM. 
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2.2.7 Determination of endocytosis pathways 

MDA-MB-231 cells (1 × 10
5
 cells/per well) were seeded in the 6-well plates and cultured 

for 24 h. In order to investigate the endocytosis pathway, the cells were pre-incubated with 

various kinds of endocytosis inhibitor, including clathrin-mediated endocytosis: sucrose (SUC, 

450 mM)
81

 and chlorpromazine (CPZ, 10 μM)
82

; inhibitor of caveolin-mediated endocytosis: 

nystatin (NYS, 25 μg/mL)
83

; inhibitor of micropinocytosis: amiloride (AMI, 1mM)
84

; inhibitor 

of lipid raft: methyl-β-cyclodextrin (MCD, 3 mM)
85

 for 1 h at 37 °C, respectively. Afterwards, 

the cells were incubated with Dox-PM-NV at the Dox concentration of 200 ng/mL in the 

presence of inhibitors for additional 2 h. After washing the cells with PBS twice, the 

fluorescence intensity of Dox in the cells were measured via flow cytometry. 

 

2.2.8 Evaluation of Dox-PM-NG uptake by Raw264.7 cells 

Raw264.7 cells (1 × 10
5
 cells/per well) were seeded in the 6-well plates and cultured for 

24 h. Afterwards, the cells was added with Dox-NV and Dox-PM-NV and incubated for 2 h. 

Then the cells were washed with PBS and subjected to fluorescence microscopy observation. For 

quantitative analysis, the cells were subjected to flow cytometry for fluorescence signals 

quantification. 

 

2.2.9 Apoptosis assay 

Apoptosis of MDA-MB-231 cells was detected using the Annexin V-FITC Apoptosis 

Detection Kit (BD Biosciences) and APO-BrdU TUNEL Assay Kit (Life Technologies), 

respectively. The cells were seeded in the 6-well plates at the density of 1 × 10
5
 cells/well. After 

culture for 48 h, the cells were incubated with drug-free DMEM, TRAIL-Dox-NV, TRAIL-PM-
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NV, Dox-PM-NV and TRAIL-Dox-PM-NV for 12 h. The subsequent procedures were 

performed in accordance with the manufacturer‘s protocol. For Annexin V-FITC apoptosis 

detection, the cells were analyzed by flow cytometry (BD FACSCalibur). While for TUNEL 

assay, the cells were observed by fluorescence microscope (IX71, Olympus). 

 

2.2.10 In vitro cytotoxicity 

MDA-MB-231 cells (5 × 10
3
 cells/well) were seeded in the 96-well plates. Twenty-four 

hours later, the cells were treated with TRAIL-Dox-NV, TRAIL-PM-NV, Dox-PM-NV and 

TRAIL-Dox-PM-NV with different TRAIL/Dox concentrations and incubated for 24 h. Then the 

cells were added with 20 μL of the MTT solution (5 mg/mL). After 4 h incubation, the medium 

was replaced with 150 μL of dimethyl sulfoxide (DMSO). The absorbance was measured at the 

wavelength of 570 nm by a microplate reader. 

 

2.2.11 In vivo pharmacokinetics investigation 

In vivo pharmacokinetics of Dox-NV and Dox-PM-NV were investigated using Sprague-

Dawley (SD) rats (200 ± 20 g). Six SD rats were randomly divided into two groups (n=3). The 

rats were intravenously injected with Dox-NV and Dox-PM-NV at the Dox dose of 5 mg/kg via 

the tail vein. At pre-determined time intervals (0.25, 0.5, 1, 3, 6, 12, 24, and 48 h), blood samples 

were collected and centrifuged at 800 g for 10 min. The supernatant was then analyzed by 

measuring the fluorescence intensity of Dox. 
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2.2.12 In vivo targeting capability of PM-NV 

All animals were treated in accordance with the Guide for Care and Use of Laboratory 

Animals, approved by the Institutional Animal Care and Use Committee (IACUC) of University 

of North Carolina at Chapel Hill and North Carolina State University. To build MDA-MB-231 

tumor-bearing mice model, the female nude mice (6 weeks, J:NU, The Jackson Laboratory) were 

subcutaneously implanted with 1 × 10
7
 MDA-MB-231 cells in 100 µL saline. When the volume 

of tumors reached to 400–600 mm
3
, the mice were intravenously injected with Cy5.5-labeled 

TRAIL-Dox-NV and Cy5.5-labeled TRAIL-Dox-PM-NV at Cy5.5 dose of 20 nmol/kg. Images 

of mice were taken on IVIS Lumina imaging system (Caliper, USA) at 6, 12, 24 and 48 h post 

injection. Thereafter, the mice were euthanized at 48 h post injection. The tumors and major 

organs (heart, liver, spleen, lung, kidney) were harvested and subjected for ex vivo imaging. The 

fluorescence intensities of region-of-interests (ROI) were analyzed by Living Image Software. 

For Dox distribution at tumor site, Dox-NV and Dox-PM-NV were intravenously injected into 

MDA-MB-231 tumor-bearing mice via tail vein at the Dox dose of 2 mg/kg. Then mice were 

euthanized and tumors were taken out for frozen section at 3 h post injection. Hoechst 33342 was 

used for nuclei staining. The stained tumor slides were observed by fluorescence microscope. 

 

2.2.13 In vivo antitumor efficacy assay 

Twenty-five tumor-bearing mice were weighed and randomly divided into five groups 

(n=5) when the tumor volume reached to 60 mm
3
. From day 0, the mice were intravenously 

injected with TRAIL-Dox-NV (TRAIL: 1 mg/kg, Dox: 2 mg/kg), TRAIL-PM-NV, Dox-PM-NV, 

TRAIL-Dox-PM-NV and saline as a control every other day for 12 days. The tumor size and 

body weight were measured every two days. At day 16, the tumors and the organs were collected, 
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washed with PBS thrice and fixed for further section. For the hematoxylin and eosin (H&E) 

staining, the slides of tumors and organs were observed by optical microscope (DM5500B, 

Leica). For the TUNEL apoptosis assay, the fixed tumor sections were stained by the In Situ Cell 

Death Detection Kit (Roche Applied Science) according to the manufacturer‘s protocol and 

observed by fluorescence microscope. 

 

2.2.14 In vivo elimination of CTCs 

Mice were anesthetized using isoflurane and followed by the intravenous injection of 

saline, TRAIL-Dox-NV and TRAIL-Dox-PM-NV at TRAIL concentration of 15 µg/mL via tail 

vein. Thirty minutes later, the mice were intravenously injected with 1 × 10
7
 MDA-MB-231 cells 

in 100 µL saline via tail vein. Thereafter, the lung tissues of mice were stained with India ink and 

taken out for imaging and staining at 8 weeks post injection. For the hematoxylin and eosin 

staining, the slides of lungs were observed by optical microscope. 

 

2.2.15 Statistics 

All results presented are Mean ± s. d. Statistical analysis was performed using Student‘s 

t-test. With a P value < 0.05, the differences between experimental groups and control groups 

were considered statistically significant. 

 

2.3 Results and discussion 

2.3.1 Preparation and characterization of platelet-mimicking nanovehicles (TRAIL-Dox-PM-NV) 

In order to prepare TRAIL-Dox-PM-NV, the purified platelets were collected through the 

gradient centrifugation.
86,87

 The obtained platelets were verified by fluorescence-activated cell 
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sorting (FACS) study through labeling with antibodies against the platelet-specific marker, 

CD41,
88

 and a marker for white blood cells (WBC), CD45.
89

 Strong fluorescence signals 

associated with CD41 were observed and signals associated with CD45 were barely observed 

(Figure 2.2), indicating that the isolated platelets were highly purified and not contaminated by 

WBC. PM-NV was prepared via coating the purified platelet membranes on the surface of NV. 

Monodispersed NV was obtained with a particle size of 105 nm and zeta potential of -2.0 mV 

(Figure 2.3), characterized by the dynamic light scattering (DLS). After coating with PM, the 

resulting PM-NV appeared as a core-shell structure with an average diameter of 120.9 nm and 

zeta potential of -21.3 mV (Figure 2.4). The increased size and decreased surface charge 

indicated the existence of PM on the surface of NV (Figure 2.4b). Additionally, the successful 

coating of PM was further confirmed by colocalization of the FITC-labeled PM and rhodamine-

labeled NV (Figure 2.5). To investigate the stability of PM-NV, the size changes of NV and 

PM-NV was monitored by the absorbance method.
90

 The absorbance values measured at 560 nm 

and particle size suggested the superior serum stability of PM-NV when compared with NV 

(Figure 2.4c and Figure 2.6). 
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Figure 2.2. FACS study of purified platelets that were double stained for FITC-conjugated, anti-

CD45 (white blood cell marker) and anti-CD41 (platelet marker). 
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Figure 2.3. Characterization of NV via DLS and TEM. a, TEM image of NV. Scale bar, 100 nm. 

b, Hydrodynamic size distribution of NV. 
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Figure 2.4. Characterization of PM-NV. a, The TEM image and hydrodynamic size distribution 

of PM-NV. Arrow indicates the existence of platelet membrane. The scale bar: 100 nm; inset: 50 

nm. b, Changes in particle size and zeta potential of NV after coating with PM. Error bars 

indicate s.d. (n=3). c. In vitro stability of NV and PM-NV in the 100% fetal bovine serum. The 

absorbance at 560 nm is monitored. Error bars indicate s.d. (n=3). d, In vitro release of Dox from 

NV and PM-NV in PBS with different pH. Error bars indicate s.d. (n=3). 
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Figure 2.5. CLSM images of PM-NV. NV was labeled with rhodamine and PM was labeled with 

FITC for imaging. Scale bar: 50 µm. 

 

 

Figure 2.6. The particle sizes of NV and PM-NV after incubation with 100% fetal bovine serum 

(FBS). Error bars indicate s.d. (n=3). 

To characterize the pH-responsive release behavior of Dox from PM-NV, a 

nondegradable crosslinker, methylenebis-(acrylamide)
70,91

 was applied to substitute glycerol 

dimethacrylate (GDA) to prepare nondegradable NV as a control. The in vitro release profile of 

Dox from Dox-NV and Dox-PM-NV was monitored at pH 5.4, 6.5 and 7.4, respectively (Figure 

2.4d and Figure 2.7). Only about 23% of Dox was released from Dox-NV and Dox-PM-NV 



   

30 

 

within 6 h and approximately 65% of Dox was released within 48 h at pH 7.4. In contrast, Dox-

NV and Dox-PM-NV showed much higher cumulative Dox release at pH 5.4 than that of Dox-

NV and Dox-PM-NV at pH 7.4. More than 40% of Dox was released in the first 6 h from both 

Dox-NV and Dox-PM-NV and about 88% of Dox was released within 48 h (Figure 2.4d). 

Furthermore, it is also noteworthy that the coating of PM could decline the release rate of Dox, 

suggesting that the PM could inhibit the burst release of drugs from NV. Collectively, it was 

demonstrated that the acidic environment accelerated the dissociation of PM-NV and subsequent 

release of encapsulated Dox. 

 

 

Figure 2.7. In vitro release of Dox from NV and PM-NV in PBS (pH=6.5). Error bars indicate 

s.d. (n=3). 

 

2.3.2 Site-Specific Delivery of TRAIL and Dox by PM-NV 

To investigate the delivery efficacy of TRAIL and Dox by PM-NV, the human breast 

adenocarcinoma (MDA-MB-231) cells
92

 were incubated with NV and PM-NV for 2 h, followed 

by the observation via confocal laser scanning microscopy (CLSM). An evident difference of 
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distribution of TRAIL delivered by NV and PM-NV was recorded. As displayed in Figure 2.8a, 

the distribution of the rhodamine-labled PM-NV was located on the cellular membrane and 

cytoplasm. In contrast, all of the rhodamine-labeled non-coated NV was found in the cytoplasm, 

indicating directly decorated TRAIL on the surface of NV could be easily transported into the 

cells. The efficient delivery of TRAIL toward plasma membrane mediated by PM-NV could be 

attributed to the selective affinity of platelets and cancer cells. The P-Selectin protein 

overexpressed on the surface of platelets could specifically bind to the CD44, an upregulated 

receptors on the cancer cell membrane. Collectively, the selective binding interaction between 

platelets and cancer cells led to an efficient extracellular delivery of TRAIL, subsequently 

triggering the following extrinsic apoptosis pathway. 

Next, we evaluated the intracellular delivery of Dox by PM-NV using CLSM. PM-NV 

was demonstrated to be internalized by the MDA-MB-231 cells via the clathrin-dependent 

endocytosis with the involvement of lipid raft (Figure 2.9). As shown in Figure 2.8c, the 

majority of the internalized PM-NVs were found in the endo-lysosomes labeled with the green 

fluorescence, visualized by the overlaid yellow fluorescence for 1 h incubation. In contrast, a 

large number of endocytosed PM-NVs were localized in the nuclei stained with blue 

fluorescence, evidenced by the overlaid magenta fluorescence after 4 h incubation. The enhanced 

accumulation of Dox in the nuclei indicated the efficient nuclei delivery of Dox that was 

contributed by the dissociation of GDA matrix in the acidic endo-lysosome. Furthermore, the 

uptake efficiency of Dox-PM-NV on Raw264.7 cells was significantly lower than that of Dox-

NV (Figure 2.10), indicating the ―self-recognized‖ proteins presented on PM could inhibit the 

uptake by macrophage cells, which is the main reason for quick clearance of drug delivery 

systems (DDS) in vivo. 
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We further applied the terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) assay and the Annexin-V/PI double staining assay
93

 to substantiate the synergetic 

apoptosis inducing capability of PM-NV. A stronger green fluorescence was visualized by 

TRAIL-Dox-PM-NV compared with TRAIL-Dox-NV, indicated the increased apoptotic DNA 

fragment (Figure 2.8b). In addition, the quantitative flow cytometry results showed the rate of 

early and late apoptosis of MDA-MB-231 cells after incubation with TRAIL-Dox-PM-NV for 12 

h were 31.8% and 12.3%, respectively, which was significantly higher than 22.0% and 0.4% of 

TRAIL-Dox-NV, 17.4% and 4.4% of Dox-PM-NV, and 12.6% and 5.6% of TRAIL-PM-NV 

(Figure 2.8d).  

The in vitro cytotoxicity of TRAIL-Dox-PM-NV against MDA-MB-231 cells was 

evaluated by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay. TRAIL-Dox-PM-NV exhibited significantly enhanced cytotoxicity compared with 

TRAIL-Dox-NV, TRAIL-PM-NV and Dox-PM-NV at all studied TRAIL and Dox 

concentrations (Figure 2.8e). Notably, the TRAIL-Dox-PM-NV exhibited the increased 

cytotoxicity with decreased IC50 values of 19.3 ng/mL (TRAIL concentration) and 193 ng/mL 

(Dox concentration), 2.2-fold lower than that of TRAIL-Dox-NV, 2.6-fold lower than that of 

Dox-PM-NV, and 7.8-fold than that of TRAIL-PM-NV. Collectively, these results validated that 

the sequential and sit-specific delivery of TRAIL and Dox enabled by PM-NV effectively 

initiated a synergistic induction of apoptosis through the combination efficacy of TRAIL and 

Dox. 
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Figure 2.8. In vitro site-specific delivery of TRAIL and Dox by PM-NV. a, Extracellular 

distribution of TRAIL-NV and TRAIL-PM-NV after 2 h incubation. White arrows indicate the 

location of rhodamine-labeled TRAIL-NV and TRAIL-PM-NV. Scale bar: 20 µm. b, The 

induced apoptosis of MDA-MB-231 cells treated with TRAIL-Dox-NV and TRAIL-Dox-PM-

NV after incubation for 12 h using the APO-BrdU TUNEL assay. Green fluorescence indicates 

Alexa Fluor 488-stained nick end label DNA fragment, and red fluorescence indicates PI-stained 

nuclei. Scale bar: 100 μm. c, Intracellular delivery of Dox-PM-NV on MDA-MB-231 cells at 

different time observed by CLSM. The late endo-lysosomes were stained by LysoTracker Green, 

and the nuclei were stained by Hoechst 33342. Scale bar: 20 μm. d, Flow cytometry analysis of 

MDA-MB-231 cells after staining with Annexin V-FITC and PI. The cells were treated with 

TRAIL-Dox-NV, TRAIL-PM-NV, Dox-PM-NV and TRAIL-Dox-PM-NV at the TRAIL 

concentration of 20 ng/mL and Dox concentration of 200 ng/mL for 12 h. The cells incubated 

with drug-free DMEM were served as a control. e, In vitro cytotoxicity of TRAIL-Dox-NV, 

TRAIL-PM-NV, Dox-PM-NV and TRAIL-Dox-PM-NV after incubation for 24 h. Error bars 

indicate s.d. (n=3).  



   

34 

 

 

 



   

35 

 

 

Figure 2.9. Investigation of cellular uptake mechanism. Relative uptake efficiency of TRAIL-

Dox-PM-NG on MDA-MB-231 cells in the presence of various endocytosis inhibitors. Error 

bars indicate s.d. (n=3). *P < 0.05, **P < 0.01 compared with the control group (two-tailed 

Student‘s t-test). Inhibitor of clathrin-mediated endocytosis: sucrose (SUC) and chlorpromazine 

(CPZ); inhibitor of lipid raft: methyl-β-cyclodextrin (MCD); inhibitor of macropinocytosis: 

amiloride (AMI); inhibitor of caveolin-mediated endocytosis: nystatin (NYS). 
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Figure 2.10. The uptake of Dox-NV and Dox-PM-NV by Raw264.7 cells. a, Fluorescence 

images of the uptake of Dox-NV and Dox-PM-NV at Dox concentration of 200 ng/mL. Scale bar: 

50 µm. b, Quantification of uptake efficiency of Dox-NV and Dox-PM-NV using flow cytometry. 

 

2.3.3 In vivo targeting capability and antitumor efficacy of PM-NV 

To evaluate the tumor targeting capability of PM-NV, Cy5.5-labeled TRAIL-Dox-PM-

NV was administrated intravenously into the MDA-MB-231 tumor-bearing nude mice via tail 

vein. PM-NV exhibited strong fluorescence signal at the tumor site at 6 h post-injection, 

validating the notable targeting ability of PM-NV, which can selectively bind to the 

overexpressed CD44 receptors on the surface of MDA-MB-231 cells. As time extended, elevated 
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fluorescence intensity was found at the tumor site of mice treated with PM-NV when compared 

with that treated with NV at 12 h, 24 h and 48 h (Figure 2.11a), indicating superiority of the 

active targeting capability mediated by platelet membranes than EPR effect. Additionally, a 

prolonged retention time at tumor site was achieved by PM-NV at 48 h post injection. After 48 h 

imaging, the tumor and normal tissues were taken out for ex vivo imaging. The fluorescence 

intensity of PM-NV at tumor site was much higher than that of NV and other organs (Figure 

2.11b). The results were confirmed by the quantitative region-of-interest (ROI) analysis, which 

showed 1.9-fold higher fluorescence intensity than that of NV, as well as 3.0-fold and 4.5-fold 

higher than that of liver and kidney (Figure 2.11c). Additionally, the enhanced accumulation of 

PM-NV at tumor site was further validated by the distribution of Dox, which displayed the 

increased red fluorescence signal of Dox when compared with NV (Figure 2.11d). The 

pharmacokinetics of PM-NV administered intravenously was evaluated by quantitatively 

monitoring the Dox concentration in the blood plasma. The elimination half-life (t1/2) and the 

AUC (area under the curve) were significantly higher than those of the NV, suggesting the 

capability of PM-NV to maintain a prolonged circulation time (Figure 2.12). These in vivo 

findings further confirmed that the NV coated with the platelet membranes that contained ―self-

recognized‖ proteins could inhibit macrophage uptake, which was in good accordance with in 

vitro macrophage uptake results.  
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Figure 2.11. In vivo targeting ability of PM-NV. a, In vivo fluorescence imaging of the MDA-

MB-231 tumor-bearing nude mice at 6, 12, 24 h and 48 h after intravenous injection of Cy5.5-

labeled TRAIL-Dox-NV (i) and Cy5.5-labeled TRAIL-Dox-PM-NV (ii) at Cy5.5 dose of 20 

nmol/kg. Arrows indicate the sites of tumors. b, Ex vivo fluorescence imaging of the excised 

tumors and normal tissues at 48 h post injection. i, Cy5.5-TRAIL-Dox-NV; ii, Cy5.5-TRAIL-

Dox-PM-NV. From top to bottom, 1: tumor; 2: kidney; 3: lung; 4: spleen; 5: liver; 6: heart. c, 

Region-of-interest analysis of fluorescent intensities from the tumors and normal tissues. Error 

bars indicate s.d. (n=3). *P˂0.05 (two-tailed Student‘s t-test). d, In vivo fluorescence images of 

tumors treated with TRAIL-Dox-NV and TRAIL-Dox-PM-NV. Scale bar: 100 µm. 
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Figure 2.12. Pharmacokinetics of Dox after intravenous injection of the Dox-NV and Dox-PM-

NV into mice at Dox dose of 5 mg/kg. a, The plasma Dox concentration curves of the Dox-NV 

and Dox-PM-NV. Error bars indicated s.d. (n=3). b, Pharmacokinetic parameters of the Dox-NV 

and Dox-PN-NV. ***P˂0.001 (two-tailed Student‘s t-test). 

The in vivo antitumor efficacy was then assessed using the MDA-MB-231 tumor-bearing 

nude mice. The growth of the tumor was significantly inhibited after the treatment with different 

TRAIL/Dox formulations, including TRAIL-Dox-NV, TRAIL-PM-NV, Dox-PM-NV and 

TRAIL-Dox-PM-NV, compared with the saline control group (Figure 2.13a,b). The tumor 

treated with TRAIL-Dox-PM-NV showed the remarkably smaller volume compared with 

TRAIL-PM-NV and Dox-PM-NV, which indicated the synergetic antitumor efficacy enabled by 

PM-NV with the combination of TRAIL and Dox. Additionally, the strongest antitumor effect 

achieved by TRAIL-Dox-PM-NV suggested the sequential and site-specific delivery of TRAIL 

and Dox to their most active destinations could strengthen the synergetic antitumor efficacy. 

Meanwhile, the body weight of mice receiving different drug formulations remained stable 

during the treatment (Figure 2.14). The histologic images of the tumor section stained by the 

hematoxylin and eosin (H&E) showed a massive cancer cell remission after treated with TRAIL-

Dox-PM-NV (Figure 2.15). In addition, the fluorescence images obtained using the in situ 

TUNEL assay presented the highest level of cell apoptosis in the tumor collected from the mice 
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treated with TRAIL-Dox-PM-NV (Figure 2.15). No obvious pathological abnormalities in the 

heart, such as cardiomyopathy, the main toxic effect in Dox cancer treatment, were found for 

TRAIL-Dox-NV, Dox-PM-NV and TRAIL-Dox-PM-NV (Figure 2.16). Furthermore, no 

obvious pathological abnormalities were observed on normal organs (Figure 2.17). 

 

2.3.4 In vivo elimination of circulating tumor cells (CTCs) by PM-NV 

To further assess the potency of this PM-coated combinational drug delivery platform, 

we investigate the in vivo capability of elimination of CTCs by injecting nude mice with MDA-

MB-231 cells (1 × 10
6
 cells/100 µL saline). These circulating tumor cells could spread to various 

organs particularly into lungs.
94

 As displayed in Figure 2.13c, the mice treated with saline 

exhibited remarkable lung metastasis, which was confirmed by the H&E staining (Figure 2.13d). 

However, the mice treated with TRAIL-Dox-NV showed slightly decrease in lung metastasis 

with no significant difference compared with the saline group. In sharp contrast, the significantly 

reduced metastatic nodules were found at the lung of mice treated with TRAIL-Dox-PM-NV 

when compared to the lung of mice treated with saline and TRAIL-Dox-NV (Figure 2.13e), 

suggesting the efficient elimination of CTCs in the blood stream which was attributed to the 

selective capture by P-Selectin on PM and subsequent activation of apoptosis by the binding of 

TRAIL and death receptors and accumulation of Dox into the nuclei. 
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Figure 2.13. In vivo antitumor efficacy evaluation and elimination of circulating tumor cells 

(CTCs). a, Representative images of the MDA-MB-231 tumors after treatment with different 

TRAIL/Dox formulations at day 16 (from top to bottom, 1: saline, 2: TRAIL-Dox-NV, 3: 

TRAIL-PM-NV, 4: Dox-PM-NV, 5: TRAIL-Dox-PM-NV) at TRAIL dose of 1 mg/kg and Dox 

dose of 2 mg/kg. b, The MDA-MB-231 tumor growth curves after intravenous injection of 

different TRAIL/Dox formulations. Error bars indicate s.d. (n=5). *P˂0.05 (two-tailed Student‘s 

t-test). c, Representative images of the lung tissues 8 weeks post intravenous injection with 

MDA-MB-231 cells and different TRAIL/Dox formulations. Red arrows indicate the visible 

metastatic nodules. d, Histological observation of the lung tissues after treatment. The lung 

sections were stained with hematoxylin and eosin. Black arrows indicate the tumor cells. Scale 

bar: 200 µm. e, Quantification of visible metastatic nodules. i: Saline; ii: TRAIL-Dox-NV; iii: 

TRAIL-Dox-PM-NV. Error bars indicate s.d. (n=3). ***P˂0.001 (two-tailed Student‘s t-test). 
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Figure 2.14. The body weight variation of MDA-MB-231 tumor-bearing mice during the 

treatment. Error bars indicate s.d. (n=5). 

 

 

Figure 2.15. Histological observation and detection of apoptosis in the tumor tissues after 

treatment. The tumor sections were stained with hematoxylin and eosin, fluorescein-dUTP 

(green) for apoptosis and Hoechst for nuclei (blue). The numeric label for each tumor is as 

follows: 1, saline; 2, TRAIL-Dox-NV; 3, TRAIL-PM-NV; 4, Dox-PM-NV; 5, TRAIL-Dox-PM-

NV. Scale bar: 100 µm. 

 



   

43 

 

 

Figure 2.16. Histological observation of the heart tissues after the treatment with different Dox 

formulations. The heart sections were stained with hematoxylin and eosin (H&E). Scale bar: 200 

µm. 
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Figure 2.17. Histological observation of the organs collected from the MDA-MB-231 tumor-

bearing mice after the treatment at day 16. The organ sections were stained with H&E. The 

numeric label for each organ is as follows: 1, Liver; 2, Spleen; 3, Lung; 4, Kidney. Scale bar: 

100 µm. 

 

2.4 Conclusion 

In conclusion, we have developed a platelet membrane-coated nano-formulation for 

sequential and site-specific delivery of TRAIL and Dox. By taking advantage of the specific 

affinity between platelets and cancer cells, the PM-NV can efficiently deliver TRAIL toward 

cancel cell membrane to activate the extrinsic apoptosis signaling pathway. Equipped with an 

acid-responsive encapsulation matrix, the PM-NV can be digested after endocytosis and 

enhanced the Dox accumulation at the nuclei for activation of the intrinsic apoptosis pathway. 

The promising synergetic antitumor efficacy was achieved by TRAIL-Dox-PM-NV. Because of 

the serum stability, targeting specificity, and ease of generation, this PM-NV could also deliver 

other proteins that act on the tumor cellular membrane, such as cetuximab and trastuzumab to 

achieve a synergetic antitumor efficacy, with combination of other intracellular therapeutics. 
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Importantly, since the metastatic cancer cells need platelets to aggregate around them to help 

cancer cells survive in blood and spread to new tissues, this PM-NV could further be adapted to 

identify and eliminate tumor cells that have the metastasis potentiality. Finally, since platelets 

also play a key role in several physiologic and pathologic processes such as hemostasis and 

thrombosis by forming the plugs that seal injured vessels and arrest bleeding,
95,96

 this platform 

also holds promise in treating vascular disease. 
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CHAPTER 3 RELAY DRUG DELIVERY FOR AMPLIFYING TARGETING SIGNAL 

AND ENHANCING ANTICANCER EFFICACY 

 

3.1 Introduction 

Nanotechnology has revolutionized the design of drug delivery systems for anti-cancer 

therapy by providing versatile engineering materials with controllable size and tailorable surface 

physicochemical properties.
80,97-99

 Ligand-based active targeting nanoparticulate DDS has 

attracted considerable attention and been developed to increase drug availability at the tumor site 

through the selective affinity between the specific ligand and the corresponding receptors 

expressed in the tumor tissue.
79,100,101

 However, the active targeting efficiency is often restricted 

by the limited density and specificity of the receptors of the tumor cells.
102-104

 Inadequate 

expression of the receptors results in non-specific distribution of the DDS in the normal tissue 

and severe side effects.
105,106

  

Inspired by the signal broadcasting capability in the biological system, such as 

inflammation triggered neutrophil accumulation
107

 and damaged blood vessels induced platelet 

assembly,
108,109

 here we describe a relay drug delivery strategy, aiming at amplifying the 

targeting signal
47,110,111

 and enhancing anti-tumor therapy. This strategy is composed of two 

sequential modules—a signal transmission nanocarrier A (designated NCA) and an execution 

biomimetic nanocarrier B (designated NCB) (Figure 3.1a). The NCA is made from nanogel 

encapsulating TNF-α. The nanogel is prepared by the single emulsion method
70,112

 and decorated 

with RGD peptide to selectively home to tumor blood vessels by binding to the overexpressed 

integrins, such as αvβ3.
113

 TNF-α, an inflammation induced cytokine, is applied to trigger tumor 

vascular damage by initiating the inflammation cascade signal.
114

 The NCB is designed by 
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integrating platelet membranes with acid-responsive dextran nanocarrier. PTX is encapsulated in 

the nanoparticles as a chemotherapeutic agent, which inhibits the normal breakdown of 

microtubules during the cell division.
115

 

The NCA preferentially homes to the tumor blood vessels by taking advantage of the 

selective affinity between RGD and integrins. The encapsulated TNF-α is subsequently released 

to generate the inflammation of the tumor blood vessel endothelial cells and causes damage to 

the blood vessel. Platelets have been reported to play a vital role in vascular inflammation 

initiation and acceleration by transmitting the signal to the white blood cells and facilitating 

immune recruitment functions.
25

 Furthermore, recent studies have validated that platelet 

membrane coated nanoparticles could effectively adhere to the damaged vasculatures due to 

inherent platelet properties and also target the tumor cells by selective binding of P-Selectin and 

CD44 receptors.
15,31,116

 Therefore, the NCB is administrated to receive the amplified 

inflammation signal and accumulate at the tumor site. Additionally, the acid-responsive modality 

of the NCB will be dissociated in the acidic endosome
117,118

 after internalization by the tumor 

cells, releasing encapsulating PTX and inhibiting the functions of microtubules. Taken together, 

the signal transmission NCA targets the tumor, subsequently broadcasts the targeting signal and 

reports the tumor location to the execution biomimetic NCB, which is driven to assemble at the 

tumor site efficiently. By taking advantage of the relay action, the tumor targeting signal can be 

amplified to maximize the following treatment efficacy. 
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3.2 Experimental Section 

3.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich and were used as received. 

Fluorescein isothiocyanate (FITC)-NHS, rhodamine-NHS and Cy5.5-NHS were purchased from 

Life Technologies (Grand Island, NY, USA). Anti-VCAM-1, anti-ICAM, anti-β-Actin, anti-

CD36, anti-CD42d, anti-CD40L, anti-P-Selectin, anti-CD31, anti-tubulin primary antibodies, and 

HRP-conjugated and fluorescence-labeled secondary antibodies were purchased from Abcam 

company (Boston, USA). 

 

3.2.2 Preparation of nanocarriers 

The C-NCA was prepared using a single emulsion method as previously reported. Briefly, 

the blend of 5 mL hexane, 178 mg anionic sodium 1,4-bis-2-ethylhexylsulfosuccinate (AOT) and 

344 mg poly(ethyleneglycol) dodecyl ether (Brij-30) were dissolved together, followed by the 

addition of 500 µL PBS containing TNF-α, 46 mg acrylamide (AAm), 2 mg N-(3-aminopropyl) 

methacrylamide (APMAAm), 16 mg glycerol dimethacrylate (GDA) and ammonium persulfate 

(APS, 20%) dropwise under magnetic stirring. Afterwards, 20 µL tetramethylethylenediamine 

(TMEDA) was added into the mixture for polymerization initiation. After evaporating hexane, 

the C-NCA was precipitated and washed by ethanol. For RGD conjugation, C-NCA was first 

reacted with SMCC linker, followed by the RGD peptide, to obtain NCA. 

The NCB was prepared via an emulsion/solvent evaporation method. Dextran was first 

modified with acid-responsive acetal group. Thereafter, the 25 mg modified dextran (molecular 

weight: 9-11 kDa) and 1 mg PTX were dissolved in 2 mL dichloromethane, followed by 4 mL 3% 

poly(vinyl alcohol) (PVA) solution. After sonication, the mixture was dispersed into 20 mL 0.3% 
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PVA solution under stirring and then applied to the rotary evaporators for dichloromethane 

evaporation. Afterwards, the emulsion was subjected to centrifugation for C-NCB collection. The 

platelet membrane collection and purification were performed. In brief, whole blood was 

collected from the mice, centrifuged at 100 g to separate the plasma and further centrifuged at 

800 g to obtain the platelets. After lysis, the mixture of platelet membranes and C-NCB was 

treated with sonication and then stirred overnight to form NCB. 

 

3.2.3 Characterization of nanocarriers 

Hydrodynamic sizes and zeta potentials of NCA, C-NCB and NCB were investigated by 

Zetasizer (Nano ZS, Malvern). The morphologies were characterized by Transmission Electron 

Microscopy (TEM) (JEM-2000FX, Hitachi) after being stained with 1% (w:v) phosphotungstic 

acid. 

 

3.2.4 Synthesis of rhodamine-, FITC- or Cy5.5-labeled proteins 

The proteins was dissolved in 1 mL carbonate buffer (NaHCO3, 50 mM, pH 8.5), 

followed by the addition of rhodamine NHS ester, FITC NHS ester or Cy5.5 NHS ester. The 

amount ratio of protein and dye was determined as 2:1 (wt: wt). The mixture was reacted over 

night at 4 °C. In order to obtain purified fluorescence-labeled protein, the mixture was washed 

with PBS using centrifugal filters (3K MWCO) (Millipore). The fluorescence intensity of 

rhodamine, FITC or Cy5.5 was detected by microplate reader (Infinite M200 PRO, Tecan) under 

the certain wavelength, respectively. 
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3.2.5 In vitro release study 

For the in vitro release of TNF-α, 1 mL NCA was incubated at pH 5.4 and pH 7.4 PBS at 

37 °C in a shaker (New Brunswick Scientific). At pre-determined time points, free TNF-α was 

collected using centrifugal filters (30K MWCO) (Millipore). The amount of TNF-α was 

quantified by the Bradford protein assay.  

For PTX release profile study, 0.5 mL of NCB was added into a dialysis tube (3K MWCO) 

and then embedded into 14.5 mL the PBS buffer solution (containing 0.1% Tween) at different 

pH levels at 37 
o
C in a shaker. At pre-determined time points, 200 µL buffer was withdrawn and 

the same amount of fresh buffer was added. The PTX concentration was measured via High 

Performance Liquid Chromatography (HPLC) (Agilent, Japan). Methanol/water (75/25, v/v) was 

used as the mobile phase at a flow rate of 1.0 mL per minute. PTX was detected at 227 nm. 

For Far-UV circular dichroism (CD) spectra analysis, equivalent amounts of native TNF-

α and released TNF-α were added into 0.1 M phosphate buffer (pH 7.4) and detected by Circular 

Dichroism Spectrometer (Jasco, UK). 

 

3.2.6 Western blotting analysis 

Platelets were purified and lysed by the RIPA lysis buffer. The protein concentrations 

were determined using the Bradford assay. Equivalent amounts of protein in platelets, platelet 

membranes and NCB were boiled for 5 min in loading buffer and then separated by 10-12% SDS 

polyacrylamide gel electrophoresis. Afterwards, proteins were transferred to nitrocellulose 

membranes. The membranes were blocked for 2 h in 5% low-fat milk TBS-T buffer. Membranes 

were then incubated with specific primary antibodies, and mixed with HRP-conjugated 
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secondary antibodies after washing with TBS-T. Finally, the membranes were visualized by 

enhanced chemiluminescence procedures according to the manufacturer‘s recommendations. 

 

3.2.7 Cell culture 

MDA-MB-231, HL-60 and HUVEC cells were obtained from Tissue Culture Facility of 

UNC Lineberger Comprehensive Cancer Center. MDA-MB-231 cells were cultured in DMEM 

with 10% (v:v) FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. HUVEC cells were 

cultured in M200 medium supplemented with LSGS. HL-60 cells were cultured in 1640 medium 

with 10% (v:v) FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. All of the cells were 

cultured in an incubator (Thermo Scientific) at 37 °C under an atmosphere of 5% CO2.  

 

3.2.8 Cell viability assay  

HUVEC cells were seeded in a 96-well plate at the density of 5 × 10
3
 cells/well. After 24 

h, the cells were exposed to the NCA at the TNF-α concentration ranging from 1 ng/mL to 80 

ng/mL for 24 h. Thereafter, 20 µL of MTT solution was added into each well and was allowed to 

incubate for another 4 h. Afterwards, the medium was substituted with DMSO and the plate was 

subjected to the microplate reader for detection. 

 

3.2.9 Cellular uptake 

HUVEC cells were seeded in a 24-well plate at the density of 5 × 10
4
 cells/wells. 

Twenty-four hours later, the cells were treated with FITC-labeled C-NCA and NCA encapsulating 

BSA (bovine serum albumin) at the BSA concentrations of 50 ng/mL and 100 ng/mL. After 2 h, 
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the cells was washed, trypsinized and subjected to the flow cytometer for fluorescence intensity 

detection. 

 

3.2.10 In vitro inflammation assay  

For the biomarker expression analysis, HUVEC cells were seeded in a 6-well plate at the 

density of 5×10
5
 cells/well. After incubation for 24 h, the HUVEC cells were exposed to C-NCA 

and NCA at TNF-α concentration of 20 ng/mL and TNF-α-free medium. After 6 h, the 

supernatant was collected to perform a cytokine production assay for IL6 and IL8 using the 

corresponding ELISA kit. The cells were collected and lysed by RIPA buffer. The proteins 

VCAM-1, ICAM, and β-Actin were investigated using western blotting assay as mentioned 

above. 

For the monocytes adhesion experiment, the HUVEC cells were seeded in a 6-well plate 

at the density of 5×10
5
 cells/well and treated with C-NCA, NCA and medium. After incubation for 

6 h, equivalent amounts of Alexa Fluor 488-conjugated wheat germ agglutinin (WGA)-labeled 

HL-60 cells were added into the HUVEC cells and allowed for incubation of 1 h. Afterwards, the 

cells were washed with PBS repeatedly and imaged by fluorescence microscope (LSM 710, 

Zeiss) and optical microscope (DM5500B, Leica). 

 

3.2.11 In vivo inflammation detection  

To build the MDA-MB-231 tumor-bearing mice model, 1 × 10
7
 MDA-MB-231 cells 

were injected into the back of nude mice (4 weeks, J:NU, The Jackson Laboratory). When the 

volume of tumors reached to 400-600 mm
3
, the mice were intravenously administrated with 

Cy5.5-labeled C-NCA and Cy5.5-labeled NCA at Cy5.5 concentration of 30 nmol/kg via the tail 
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vein. At pre-determined time intervals, the mice images were taken on the IVIS Lumina imaging 

system (Caliper, USA). At 48 h post administration, the mice were sacrificed and the tumors and 

organs (heart, liver, spleen, lung, kidney) were collected for imaging. The fluorescence 

intensities of region-of-interests were quantified by Living Image Software. For the 

immunostaining assay, tumor-bearing mice were treated with C-NCA, NCA and saline for 12 h. 

After that, the tumors were harvested, frozen sectioned and stained with anti-CD31 and anti-

VCAM-1 antibodies. Then the tumor slides were subjected to fluorescence microscope for 

observation. The fluorescence signals in the images were quantitatively analyzed by Image J 

software. 

 

3.2.12 In vitro cytotoxicity evaluation  

1 × 10
5
 MDA-MB-231 cells were seeded in the confocal dish (MatTek). After incubation 

for 24 h, the cells were exposed to C-NCB and NCB at a PTX concentration of 150 ng/mL for 24 

h. The cells treated with drug-free medium served as the control. Afterwards, the cells were 

washed, fixed, permeabilized with 0.1% Triton X-100 and stained with FITC-labeled anti-tubulin 

antibody. After being rinsed with PBS, the cells were subjected to the fluorescence microscope 

for observation. 

For apoptosis analysis, MDA-MB-231 cells were seeded in a 6-well plate at a density of 

1 × 10
5
 cells/well. Twenty-four hours later, the cells were treated with C-NCB and NCB at a PTX 

concentration of 100 ng/mL for 24 h. The cells treated with drug-free medium served as the 

control. Apoptosis of MDA-MB-231 cells were detected using the Annexin V-FITC Apoptosis 

Detection Kit (BD Biosciences) and APO-BrdU TUNEL Assay Kit (Life Technologies), 

respectively.  The cells were resuspended in binding buffer for double staining with Annexin V-
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FITC and PI according to the manufacturer's protocol. The stained cells were analyzed using the 

flow cytometer. For TUNEL assay, the cells were observed by fluorescence microscope (IX71, 

Olympus) and analyzed by flow cytometer. 

 

For MTT assay, MDA-MB-231 cells were seeded in a 96-well plate at a density of 5 × 

10
3
 cells/well. Twenty-four hours later, the cells were exposed to the C-NCB and NCB at a PTX 

concentration ranging from 10 ng/mL to 400 ng/mL for 48 h. Thereafter, 20 µL MTT solution 

was added into each well and incubated of another 4 h. Afterwards, the medium was substituted 

with DMSO and the plate was subjected to the microplate reader for detection. 

 

3.2.13 Pharmacokinetics study 

For in vivo pharmacokinetics study of NCA, the mice were administrated with NCA 

encapsulating Cy5.5-labeled BSA at the dose of 5 mg/kg via the tail vein. At pre-determined 

time intervals (0.25, 0.5, 1, 3, 6, 12, and 24h), the mice were sacrificed and blood samples were 

collected for further detection. The concentration of NCA was determined by the fluorescence 

intensity of Cy 5.5. 

For in vivo pharmacokinetics study of NCB, the mice were injected with coumarin-6-

loaded NCB and C-NCB at the coumarin-6 concentration of 5 mg/kg via the tail vein. The mice 

were sacrificed at pre-determined time points (0.25, 0.5, 1, 3, 6, 12, 24 and 48 h) and the blood 

was collected for detection of coumarin-6 concentration. 
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3.2.14 In vivo targetability  

The MDA-MB-231 tumor-bearing mice were intravenously administrated with NCA at a 

TNF-α concentration of 0.1 mg/kg via the tail vein. After 12 h, the mice were administered with 

Cy5.5-labeled C-NCB and NCB. At pre-determined time intervals, the fluorescence distribution 

images were taken on the IVIS Lumina imaging system. At 72 h post administration, the tumors 

and the main organs were collected for imaging. The fluorescence intensities were quantified by 

Living Image Software. 

For in vivo nanocarriers accumulation assay, MDA-MB-231 tumor-bearing mice were 

first injected with NCA for 12 h and then administered the rhodamine-labeled nanocarriers. After 

3 h, the mice were sacrificed and the tumor tissues were collected, sectioned, stained with anti-

CD31 antibody and subjected to fluorescence microscope for observation. The fluorescence 

signals in the images were quantitatively analyzed by Image J software. 

 

3.2.15 In vivo anti-tumor efficacy  

The mice were weighed and randomly divided into 5 groups (n=5) when the tumor 

volume reached about 50 mm
3
. From day 0, the mice were intravenously injected with NCA 

(TNF-α concentration 0.1mg/kg) and then administered saline, PTX solution, C-NCB and NCB 

(PTX concentration 5 mg/kg) every other day for 14 days. At day 16, the mice were euthanized 

and the tumors were imaged. Thereafter, the harvested tumors and main organs were subjected to 

H&E and TUNEL staining and then observed by optical microscope and fluorescence 

microscope. For systemic inflammation evaluation, the nude mice were injected with NCA (TNF-

α concentration 0.1 mg/kg) and saline every other day for 14 days. Two weeks later, the blood 
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was collected from the mice and the cytokines (IFNγ, IL6 and IL1β) concentrations were 

determined by the corresponding ELISA kit. 

 

3.2.16 Statistics  

All results presented are mean ± s. d. Statistical analysis was performed using Student‘s t-

test. With a P value < 0.05, the differences between experimental groups and control groups 

were considered statistically significant. 

 

3.3 Results and discussion 

3.3.1 Characterization of nanocarriers 

To substantiate our strategy for relay delivery, we first prepared the RGD-modified 

nanocarrier (NCA) and platelet membrane-coated dextran nanocarrier (NCB). NCA was obtained 

via the single emulsion method with incorporation of the acid-responsive component. It showed 

an average size of 117 nm as determined by the dynamic light scattering (DLS) measurement 

(Figure 3.1b and Table 3.1). A uniform spherical structure was observed by transmission 

electron microscope (TEM) (Figure 3.1b). The conjugation of RGD peptide was validated by 

the colocalization of FITC-labeled RGD peptide and rhodamine-labeled nanocarrier (Figure 

3.2). The NCB was prepared by wrapping the purified platelet membrane on the surface of 

modified dextran nanocarrier.
55

 The average size of control nanocarrier (without the platelet 

membrane coating, designated C-NCB) was displayed as 115 nm (Figure 3.3), which increased 

to 128 nm after being coated with the unilamellar platelet membrane (Figure 3.1c and Table 

3.1). TEM images also confirmed the existence of the platelet membrane on the surface of the 

polymeric core, where the morphology was distinct from C-NCB. We next investigated the 
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preservation of the proteins on the platelets after membrane translocation using western blotting 

assay. It was observed that blood vessel adherent proteins CD36 and CD42d were well preserved 

after membrane coating. Additionally, P-Selectin, which mediates specific binding to the CD44 

receptor,
24

 was also present on NCB. Of note, inflammation augmented protein CD40L, which 

plays a significant role in T cell immunity and dendritic cell maturation,
119

 was successfully 

transferred (Figure 3.1d). Collectively, the preservation of these key proteins established a solid 

foundation for the platelet-mimicking behaviors of NCB. To evaluate the acid-responsive 

behaviors of NCA and NCB, we determined the in vitro release profiles of TNF-α from NCA and 

PTX from NCB. Evident differences were found in both TNF-α and PTX release profiles at 

different pH levels. The acidic environment accelerated the release rates of TNF-α and PTX 

when compared with normal pH, which showed about 62% accumulative release and 58% 

accumulative release after 24 h incubation (Figure 3.1d and Figure 3.4), respectively, 

suggesting the acidic responsive behaviors of NCA and NCB. Additionally, the secondary 

structure of released TNF-α was well preserved, as displayed by circular dichroism (CD) 

spectrum (Figure 3.5). 
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Figure 3.1. Schematic design and characterization of nanocarriers for relay drug delivery. a, The 

signaling transmission NCA is composed of RGD-decorated nanocarrier, which could target the 

tumor blood vessels (i), release encapsulated TNF-α and induce the vasculature inflammation (ii). 

The execution biomimetic NCB is made of platelet-membrane coated dextran nanocarrier with 

incorporation of acidity-degradable modality. NCB could respond to the amplified targeting 

signal by NCA and accumulate at the tumor site subsequent release of encapsulated anticancer 

drug (iii). b, The TEM image and hydrodynamic size distribution of NCA. Scale bar: 100 nm. c, 

The TEM image and hydrodynamic size distribution of NCB. Scale bar: 100 nm. d, The western 

blotting analysis of platelet membrane (PM)-derived proteins. e, The cumulative release profile 

of PTX from NCB at different pH levels. Error bars indicate s.d. (n=3). 
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Figure 3.2. CLSM images of NCA. Nanocarrier was labeled with rhodamine and RGD was 

labeled with FITC for imaging. Scale bar, 50 µm. 

 

 

Figure 3.3. The TEM image and hydrodynamic size distribution of C-NCB. Scale bar: 100 nm. 
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Figure 3.4. In vitro release profile of TNF-α from NCA at different pH levels. 

 

 

Figure 3.5. Circular dichroism (CD) spectra of native TNF-α and released TNF-α. 
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Table 3.1 Size and zeta potential of NCA and NCB. 

 Size (nm) Zeta potential 

NCA 117 ± 5 -1.3 ± 0.8 

NCB 128 ± 12 -21.5 ± 2.6 

 

3.3.2 In vitro and in vivo inflammation generation  

To investigate the in vitro blood vessel inflammation triggered by NCA, we chose human 

umbilical vein endothelial cells (HUVEC) as the cellular model. The cellular internalization 

study displayed the enhanced uptake of NCA than C-NCA towards HUVEC cells, suggesting that 

the RGD conjugation increased the nanocarriers internalization (Figure 3.6). As shown in 

Figure 3.7a, the inflammatory biomarkers, VCAM-1 and ICAM,
120,121

 were significantly 

increased after incubation with NCA when compared with control and TNF-α-NC (nanocarrier 

without RGD decoration, designated C-NCA) groups. The quantitative detection of inflammatory 

cytokines showed an approximate 2.6-fold increase in IL6 production and a 1.8-fold increase in 

IL8 production after treatment with NCA when compared to C-NCA groups (Figure 3.7b,c). 

Collectively, these results suggested that the RGD decoration increased the inflammatory 

response on the HUVEC cells by binding to the integrins overexpressed on the endothelial cell 

surface. We further validated the inflammation generation by the monocytes recruitment 

assay.
122

 The increased expression of the adherent biomarkers on the endothelial cells promotes 

the monocytes adhesion, which is the biomolecular mechanism for the vascular immune 

response.
123,124

 As displayed in Figure 3.7d, the neutrophil cell line, HL-60 cells that were 

stained with green fluorescence, displayed significant increase in the adhesion to the inflamed 

HUVEC cells treated with NCA when compared with C-NCA and control group, which was in 
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agreement with the cytokine production results. Additionally, the bright field images confirmed 

that more HL-60 cells were found to surround the NCA treated HUVEC cells (Figure 3.7d). 

Furthermore, TNF-α at the treatment dosage showed insignificant cytotoxicity against HUVEC 

cells (Figure 3.8). 

We next studied the in vivo tumor blood vessel inflammation response on MDA-MB-231 

tumor bearing mice. All animals were treated in accordance with the Guide for Care and Use of 

Laboratory Animals, approved by the Institutional Animal Care and Use Committee (IACUC) of 

University of North Carolina at Chapel Hill and North Carolina State University. The in vivo 

pharmacokinetics profile of NCA was first studied, which showed half-life time of about 4 h for 

NCA (Figure 3.9). The tumor homing capability was then investigated by examining the 

biodistribution of Cy5.5-labeled NCA after intravenous administration. As displayed in Figure 

3.7e, a strong fluorescence signal was found on the tumor-bearing mice treated with Cy5.5-

labeled NCA, which was significantly higher than Cy5.5-labeled C-NCA after 6 h administration. 

As the time extended, the fluorescence intensities of Cy5.5-labeled NCA were significantly 

stronger than Cy5.5-labeled C-NCA at every studied time interval (Figure 3.10). Additionally, 

the fluorescence signal of C-NCA was barely observed at 48 h post administration. The excised 

organs further validated the targetability of NCA, as evidenced by the higher fluorescence signal 

at the tumor as compared to C-NCA (Figure 3.7f). The quantitative region-of-interest (ROI) 

analysis showed about a 5-fold increase in the accumulation of NCA in the tumor than that of C-

NCA (Figure 3.7g). Collectively, these results validated the improved accumulation of NCA by 

taking advantage of RGD-integrin binding capability. The immunostaining assay was applied to 

evaluate the inflammation response in vivo. At 12 h post administration, the tumor blood vessels 

treated with NCA showed increased production of the inflammatory biomarker—VCAM-1 
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compared to C-NCA and saline groups, as evidenced by the highest green fluorescence, 

suggesting that NCA generated enhanced inflammation response (Figure 3.7h, Figure 3.11 and 

Figure 3.12). Of note, the colocalization of the green fluorescence and red fluorescence 

indicated that the inflammation occurred on the tumor blood vessels. Taken together, the active 

homing capability of RGD peptide significantly facilitated the accumulation of NCA at the tumor 

site, subsequently inducing the blood vessel inflammation. 

 

 

Figure 3.6. HUVEC cellular uptake after treatment with C-NCA and NCA at various 

concentrations. Error bars indicate s.d. (n=3). 
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Figure 3.7. In vitro and in vivo inflammation response evaluation. a, Western blotting analysis of 

the inflammation biomarker expressed on HUVEC cells. b, Quantitative determination of 

inflammation cytokine IL6 production. Error bars indicate s.d. (n=3). **P˂0.01 (two-tailed 

Student‘s t-test). c, Quantitative determination of inflammation cytokine IL8 production. Error 

bars indicate s.d. (n=3). *P˂0.05 (two-tailed Student‘s t-test). d, TNF-α-induced adhesion of HL-

60 cells to HUVEC cells. Upper panel: Alex 488-WGA-stained HL-60 cells adhered on the 

HUVEC cells. Lower panel: Bright field images showed that the HL-60 cells (sphere 

morphology with smaller size) surrounded the HUVEC cells. Scale bar in upper panel: 100 µm. 

Scale bar in lower panel: 20 µm. e, In vivo fluorescence imaging of the nude mice at 6 h after 

intravenous administration of Cy5.5-labeled C-NCA and Cy5.5-labeled NCA via the tail vein. f, 

Ex vivo fluorescence images of the tumors and main organs. g, Quantitative analysis of 

fluorescent signals from tumors and main organs at 48 h post injection. Error bars indicate s.d. 

(n=3). *P˂0.05 (two-tailed Student‘s t-test). h, Vascular inflammation after treatment with saline, 

C-NCA, and NCA for 6 h.  Red: anti-CD31 antibody stained blood vessel. Green: VCAM-1. Blue: 

Cancer cell. Scale bar: 100 µm. 
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Figure 3.8. HUVEC cell viability after treatment with NCA at various TNF-α concentrations. 

Error bars indicate s.d. (n=3). 

 

 

Figure 3.9. In vivo pharmacokinetics study of NCA. Error bars indicate s.d. (n=3). 
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Figure 3.10. In vivo fluorescence images of the MDA-MB-231 tumor-bearing mice treated with 

Cy5.5-labeled C-NCA and Cy-5.5-labeled NCA at different time intervals. 
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Figure 3.11. In vivo evaluation of inflammation response. Scale bar: 100 µm. 
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Figure 3.12. a, In vivo evaluation of inflammation response. The blood vessels were stained with 

Texas red-labeled anti-CD31 antibody. The VCAM-1 was labeled with FITC-conjugated anti-

CD31 antibody. The nuclei were stained with Hoechst. Scale bar: 100 µm. b, Quantitative 

analysis of the fluorescence intensities. All the fluorescence signals were normalized to the saline 

group. Error bars indicate s.d. (n=3). ***P ˂0.001 (two-tailed Student‘s t-test). 

 

3.3.3 Cytotoxicity evaluation  

The enhanced cytotoxicity of NCB was investigated on MDA-MB-231 cells. The 

capability to inhibit microtubules was first evaluated via an immunostaining assay. Microtubules, 
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which are the active destination of PTX for inhibiting tumor cells proliferation,
125,126

 play an 

important role in cell structure maintenance and cell division. As shown in Figure 3.13a, MDA-

MB-231 cells treated with the drug-free medium showed extensive network-like distribution of 

microtubules, whereas the cells treated with C-NCB and NCB displayed an apparent 

morphological difference in microtubule distribution. Furthermore, the irregular network of 

microtubules almost disappeared and polar spindles were significantly disrupted after treatment 

with NCB, indicating enhanced microtubules stabilization mediated by improved drug 

concentration. We next used the Annexin-V/PI double staining assay and the terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay to characterize the 

apoptosis inducing capability of NCB. The cells treated with NCB showed a 26.8 ± 0.8% early 

apoptotic ratio, which was significantly higher than that of C-NCB and the control group, which 

showed 16.1 ± 1.8% and 2.4 ± 1.2% apoptotic ratios, respectively (Figure 3.13b and Figure 

3.14). The increased apoptotic cells induced by NCB were further substantiated by the TUNEL 

assay, as evidenced by the increased green fluorescence-labeled cells after treatment with NCB 

compared to C-NCB and the control group (Figure 3.13c and Figure 3.15). The in vitro 

cytotoxicity of NCB against MDA-MB-231 cells was evaluated using the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The IC50 value of NCB was 152 ng/mL, 

while the IC50 value of C-NCB was 311 ng/mL (Figure 3.13d). The increased cytotoxicity of 

NCB was attributed to the enhanced internalization, which was mediated by the selective affinity 

between P-Selectin and CD44 receptors. Taken together, the platelet membrane coating enabled 

the increased drug accumulation into the tumor cells, leading to the enhanced treatment efficacy. 
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Figure 3.13. In vitro cytotoxicity evaluation of NCB. a, Microtubules characterization after 

treatment with C-NCB and NCB at PTX concentration of 150 ng/mL for 24 h. The cells treated 

with drug free medium served as the control. The microtubules were stained with FITC-labeled 

anti-tubulin antibody. The nuclei were stained with Hochest. Scale bar: 20 µm. b, Flow 

cytometry analysis of MDA-MB-231 cells treated with drug free medium, C-NCB and NCB at the 

PTX concentration of 100 ng/mL for 24 h. The cells were stained with Annexin V-FITC and PI 

for analysis. c, The APO-BrdU TUNEL assay of the induced apoptosis of MDA-MB-231 cells 

treated with C-NCB and NCB for 24 h. Green fluorescence indicates DNA fragment, and red 

fluorescence indicates nuclei. Scale bar: 100 μm. d, In vitro cytotoxicity of C-NCB and NCB after 

incubation for 48 h. Error bars indicate s.d. (n=3). *P˂0.05 (two-tailed Student‘s t-test). 
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Figure 3.14. Flow cytometry analysis of MDA-MB-231 cells treated with drug-free medium, C-

NCB and NCB at the PTX concentration of 100 ng/mL for 24 h. The cells were stained with 

Annexin V-FITC and PI for analysis. 
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Figure 3.15. a, The APO-BrdU TUNEL assay of the induced apoptosis of MDA-MB-231 cells 

treated with C-NCB and NCB for 24 h. Green fluorescence indicates DNA fragment, and red 

fluorescence indicates nuclei. Scale bar: 100 μm. b, Quantitative analysis of the fluorescence 

intensities in the TUNEL assay via flow cytometry. Error bars indicate s.d. (n=3). *P ˂0.05 

(two-tailed Student‘s t-test). 

 

3.3.4 Tumor targetability investigation 

To explore the inflammation triggered active tumor targeting signal amplification, the 

MDA-MB-231 tumor-bearing mice were first injected with NCA to initiate the inflammatory 

response and then administrated with Cy5.5-C-NCB and Cy5.5-NCB. The mice were divided into 

three groups and treated with inflammation inducer NCA (IF) + C-NCB, NCB, and inflammation 

inducer + NCB. As shown in the Figure 3.16a, NCB and IF + NCB showed stronger fluorescence 

intensities than IF + C-NCB at every study time interval. The accumulation of C-NCB at the 

tumor site was mainly attributed to EPR effects, which is not effective as platelet membrane-
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mediated active targeting, as evidenced by the weak fluorescence signal of IF + C-NCB group at 

72 h post administration. Another contribution factor for enhanced accumulation at the tumor site 

was increased circulation time of NCB after platelet membrane coating, which was significantly 

longer than C-NCB (Figure 3.17). Furthermore, the mice treated with IF + NCB displayed a 

significantly stronger fluorescence intensity at the tumor site than NCB after administration, 

which highlighted the importance of inflammation induction in the improvement of the NCB 

accumulation. After 72 h, the main organs were taken out for imaging. The fluorescence signals 

in the tumor were consistent with the real-time imaging results, which showed the strongest 

fluorescence intensity in IF + NCB group (Figure 3.16b). Furthermore, the quantitative analysis 

confirmed the enhanced accumulation after treatment with IF + NCB, which was about 1.8-fold 

higher than NCB and 5-fold higher than IF + C-NCB (Figure 3.16c). Taken together, these results 

validated the inflammation condition and platelet membrane were two indispensable factors for 

the active tumor targeting signal amplification, which benefited from the platelet assembly at the 

inflamed and damaged tumor blood vessels. We next evaluated the nanoparticle accumulation 

using an immunostaining assay. As shown in Figure 3.16d and Figure 3.18, 3 h after 

administration, a larger amount of nanocarriers were found at the tumor tissue treated with IF + 

NCB compared to NCB and IF + C-NCB groups, as evidenced by the stronger red fluorescence 

signal. These results suggested that inflammation-triggered active tumor targeting signal 

amplification maximized the drug bioavailability at the tumor site. 
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Figure 3.16. In vivo nanocarriers distribution. a, In vivo fluorescence imaging of the MDA-MB-

231 tumor bearing mice at 6, 12, 24, 48, and 72 h after intravenous injection of inflammation 

inducer NCA (IF), Cy5.5-labeled C-NCB and Cy5.5-labeled NCB via the tail vein. Red circles 

indicate tumor sites. b, Ex vivo fluorescence images of the tumors and main organs. Scale bar: 100 

µm. c, Quantitative region-of-interest analysis of fluorescent intensities from tumors and main organs 

at 72 h post injection. Error bars indicate s.d. (n=3). *P˂0.05, **P˂0.01 (two-tailed Student‘s t-test). 

d, In vivo immunohistopathology images of the accumulated nanocarriers. The blood vessels were 

stained with FITC-labeled anti-CD31 antibody. The nanocarriers were labeled with rhodamine. The 

nuclei were stained with Hoechst. Scale bar: 100 µm. 
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Figure 3.17. In vivo pharmacokinetics study of C-NCB and NCB. Error bars indicate s.d. (n=3). 
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Figure 3.18. a, In vivo immunohistopathology images of the accumulated nanocarriers. The 

blood vessels were stained with FITC-labeled anti-CD31 antibody. The nanocarriers were 

labeled with rhodamine. The nuclei were stained with Hoechst. Scale bar: 100 µm. b, 

Quantitative analysis of the fluorescence intensities. All the fluorescence signals were 

normalized to the IF+C-NCB group. Error bars indicate s.d. (n=3). ***P ˂0.001 (two-tailed 

Student‘s t-test). 
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3.3.5 In vivo anti-tumor efficacy and toxicity evaluation  

To assess the in vivo anti-tumor efficacy, the MDA-MB-231 tumor-bearing mice were 

administrated with NCA and various PTX formulations including PTX solution, C-NCB and NCB. 

As shown in Figure 3.19a, b, the NCB group displayed stronger anti-tumor growth efficacy 

when compared with IF + C-NCB, PTX solution and saline groups, suggesting the tumor 

targetability of NCB by taking advantage of the specific binding of P-Selectin and CD44 

receptor. Furthermore, IF + NCB brought about the strongest tumor growth inhibition capability, 

highlighting that the tumor blood vessel inflammation generation and platelet membrane coating 

synergistically enhance the nanocarrier accumulation at the tumor site, resulting in reinforcement 

of anti-tumor efficacy. Additionally, the body weight of the mice showed negligible variation 

during the treatment (Figure 3.19c). The TUNEL staining displayed the highest level of 

apoptotic tumor cells after treatment with IF + NCB, as evidenced by the largest numbers of 

fluorescence-labeled tumor cells. The hematoxylin and eosin (H&E) staining further validated 

the enhanced anti-tumor therapy of IF + NCB by presenting the massive necrosis of tumor cells 

(Figure 3.19d), while no obvious damage was found on normal organs (Figure 3.20). In order to 

evaluate the safety of our relay delivery strategy, the mice were injected with NCA to investigate 

the systemic inflammatory response. Two weeks post injection, the systemic production of 

inflammatory cytokines including IFNγ, IL6 and IL1β
127

 were insignificantly higher than saline 

group (Figure 3.19e), suggesting minimal potential systemic toxicity at the treatment dose. 

Furthermore, the H&E staining of the liver, spleen and kidney did not show pathological 

abnormalities or inflamed cells (Figure 3.19f and Figure 3.21). 
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Figure 3.19. In vivo anti-tumor efficacy and systemic inflammation evaluation. a, Representative 

images of the MDA-MB-231 tumors after treatment with different PTX formulations at day 16 

(from top to bottom, 1: saline, 2: PTX solution, 3: IF+C-NCB, 4: NCB, 5: IF+NCB) at PTX dose 

of 5 mg/kg. b, The MDA-MB-231 tumor growth curves after treatment with different PTX 

formulations. Error bars indicate s.d. (n=5). *P˂0.05, **P˂0.01 (two-tailed Student‘s t-test). c, 

The body weight variation of the mice during the treatment. Error bars indicate s.d. (n=5). d, 

TUNEL and H&E staining of the tumor tissues. Scale bar: 100 µm. e, Systemic inflammation 

cytokine IFNγ, IL6 and IL1β determination. Error bars indicate s.d. (n=3). f, Histological 

observation of liver after treatment with NCA and saline. Scale bar: 100 µm. 
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Figure 3.20. Histological observation of the organs collected from the MDA-MB-231 tumor-

bearing mice after the treatment at day 16. The organ sections were stained with H&E. Scale bar: 

100 μm. 

 

 

Figure 3.21. Histological observation of the spleen and kidney collected from the MDA-MB-231 

tumor-bearing mice after the treatment of NCA. The organs were stained with H&E. Scale bar: 

100 μm. 
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3.4 Conclusion 

In conclusion, we developed a ―relay delivery‖ strategy to amplify the tumor signal by 

sequentially transporting dual nanocarriers. The signal transmission nanocarrier could 

specifically target the tumor blood vessels and effectively trigger the inflammation generation, 

while the subsequent administration of the execution nanocarrier could easily identify the 

amplified signal and accumulate at the tumor site to maximize the drug bioavailability. The 

enhanced anti-tumor efficacy was demonstrated in the MDA-MB-231 tumor bearing mice 

model. In addition, the systemic toxicology of the sequential delivery strategy revealed no 

obvious toxicity at the treatment dose, highlighting its translational potential. Given the targeting 

signal amplification capability, the designed strategy could be further adapted for precision 

diagnosis and treatment of metastatic tumor. This delivery method offers new guideline for 

potentially treating other diseases by regulating stimuli responsive formulations based on tuning 

physiological signals. 
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CHAPTER 4 ENGINEERED NANOPLATELETS FOR ENHANCED TREATMENT OF 

MULTIPLE MYELOMA AND THROMBUS 

 

4.1 Introduction 

Multiple myeloma (MM), one of the most frequently occurred hematological cancers 

with an average overall survival of 5 years after diagnosis depending on the tumor types, is often 

characterized by the clonal proliferation of plasma cells in the bone marrow.
128-130

 The treatment 

of MM remains a big challenge despite the great advances in radiation therapy, chemotherapy 

and stem cell implantation.
131-133

 The first line treatment for patients ineligible for transplantation 

is proteasome inhibitors combination regimens, such as bortezomib and carfilzomib, aiming at 

targeting the MM cells and modulating the bone marrow microenvironment including alleviating 

osteolysis.
134,135

 However, the non-specific biodistribution and short circulation time after 

administration could result in severe side effects, including peripheral neuropathy, and 

significantly limit their application in clinics.
136

 Another contributing factor to the unsatisfactory 

treatment efficacy of MM is the emergence of thrombus complication,
137

 which has been 

observed in MM patients after treatment with immunomodulatory drugs in combination with 

proteasome inhibitors.
137,138

 Recent clinical studies showed that the risk of death of MM patients 

had increased by 3-fold after diagnosis of thrombus when compared to MM patients without a 

thrombus.
139

 The mechanism underlying the risk of thrombus formation is multifactorial but 

mainly relies on the tumor-specific clot-promoting mechanisms, such as increased blood 

viscosity, the upregulation of procoagulant and fibrinolytic activities.
139,140

 Therefore, the 

development of a new drug delivery system with the capability of improving the current 
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standard-of-care treatment and eliminating the complications would be greatly beneficial to MM 

therapy. 

Here we describe a platelet membrane-coated nanoparticulate platform (designated PM-

NP) for targeted delivery of bortezomib at the myeloma site based on the bone 

microenvironment and myeloma cell sequential targeting strategy. The tissue plasminogen 

activator (tPA) is co-delivered for efficient dissolution of the thrombus by taking the advantage 

of the vital role of platelets in thrombus formation (Figure 4.1a-c).
95,141,142

 As a US Food and 

Drug Administration (FDA) approved proteasome inhibitor,
143

 bortezomib facilitates the 

programmed cell death by preventing the degradation of pro-apoptotic factors and inhibiting the 

regular functions of proteasome.
144

 The clot-lysing drug—tPA is able to dissolve both 

preexisting and nascent clots by catalyzing the conversion of plasminogen to plasmin, which is 

the major enzyme responsible for clot dissolution.
145,146

 

To deliver both bortezomib and tPA to their most active destination efficiently, we 

construct a core-shell structured nanocarrier, where the platelet membrane is wrapped on the 

surface of a polymeric nanoparticle. The bortezomib-loaded core nanoparticle is prepared using a 

nano precipitation method
147

 with the integration of an acid-degradable modality (Figure 4.1a). 

tPA is decorated on the platelet membrane via biotin-streptavidin affinity.
13

 To endow the PM-

NP with bone targetability, alendronate (Ald) with the capability of chelating calcium ions rich 

in the bone microenvironment
148

 is adopted as the targeting ligand to enhance the drug 

accumulation at the bone sites and decrease the off-target effects. In our previous study, we have 

validated that the platelet membrane-coated nanocarrier could target the tumor cells based on the 

selective affinity between P-selectin on the platelet membrane and CD44 overexpressed on the 

tumor cells.  
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After intravenous (i.v.) injection, tPA-Ald-PM-NPs are expected to accumulate at the 

myeloma site through a sequential targeting manner by first targeting the bone microenvironment 

through bone mineral binding capability of functionalized Ald,  and subsequently targeting the 

myeloma cells through the specific affinity between P-selectin and CD44 receptor (Figure 4.1b). 

This programmed targeting strategy is expected to enhance the drug concentration at the bone 

marrow and decrease the side effects to the normal marrow cells. Furthermore, after 

internalization by the myeloma cells, the acidity in the lyso-endosome will readily cleave the 

mildly acidic responsive m-dextran-nanoparticle,
149

 releasing the encapsulated bortezomib to 

induce the cell death. Of note, when the thrombus complication happens during the MM 

treatment, the tPA-Ald-PM-NP is expected to home to the thrombus site due to the intrinsic 

property of platelets that is indispensable for thrombus formation (Figure 4.1c). Meanwhile, the 

conjugated tPA on the PM-NP could readily dissolute the thrombus and reduce the mortality of 

MM patients. Taken together, this platelet membrane-coated nanoparticle with sequential actions 

toward the bone microenvironment and myeloma cells targeting capability can enhance the drug 

availability at the bone marrow, decreasing the side effects and reducing the emergence of the 

complications for promoting anti-MM treatment efficacy. 

 

4.2 Experimental section 

4.2.1 Materials 

All chemicals in this study were purchased from Sigma-Aldrich and were used without 

further purification. Bortezomib, biotin and streptavidin were obtained from Fisher Scientific 

Inc. Fluorescein isothiocyanate (FITC)-NHS, rhodamine-NHS and Cy5.5-NHS were purchased 
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from Life Technologies (Grand Island, NY, USA). Coumarin-6, tissue plasminogen activator 

(tPA), thrombin, fibrinogen and thromboplastin were purchased from Sigma-Aldrich.  

 

4.2.2 Modification of dextran and preparation of nanoparticle 

The pendant acetal modified dextran (m-dextran) was synthesized as previously 

reported.
117

 Briefly, 10 mL of anhydrous DMSO was added to 1 g of dextran (molecular weight: 

9-11 kDa), followed by the addition of pyridinium p-toluenesulfonate (PPTS, 15.6 mg, 0.062 

mmol) and 2-ethoxypropene (4.16 mL, 37 mmol). The mixture was stirred at room temperature 

for 30 min, and then 1 mL of triethylamine was added to stop the reaction. The resulted m-

dextran was precipitated by washing with water (pH~8), collected by centrifugation and 

lyophilized for future use. 

The m-dextran nanoparticle was prepared via the nanoprecipitation method.
150

 Briefly, 25 

mg m-dextran was dissolved in 2 mL acetone, followed by the addition of 4 mL pure water. The 

mixture was then kept under vacuum overnight to remove acetone. The resulted nanoparticles 

were centrifuged at 1000 g to remove large nanoparticles. The bortezomib-loaded nanoparticle 

was made with the same procedure. 

 

4.2.3 Preparation of PM-NP 

Platelet membrane-coated nanoparticle (PM-NP) was prepared as described before.[3] In 

brief, whole blood was collected from the mice, centrifuged at 200 g to achieve platelet-rich 

plasma and further centrifuged at 800 g to obtain the platelets. After lysis, the mixture of platelet 

membrane and nanoparticles was treated with sonication and then stirred overnight. 
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In order to conjugate tPA on the surface of PM-NP, the PM-NP was first reacted with 

NHS-LC-biotin at a 1:5 molar ratio in PBS, pH 7.4 at room temperature for 2 hours. Afterwards, 

the streptavidin was added to biotinylated PM-NP at a ratio of 5:1 and incubated for 1 h. Then, 

biotinylated tPA was mixed with streptavidin-biotinylated PM-NP to form tPA-PM-NP. The 

concentration of the conjugated tPA was determined by tPA ELISA kit (Abcam, USA). The 

decoration of Ald on PM-NP was made through the sulfosuccinimidyl-4-(N-maleimidomethyl) 

cyclohexane-1-carboxylate (Sulfo-SMCC) linker. 

 

4.2.4 Characterization of PM-NP  

The sizes and zeta potentials of NP and PM-NP were investigated by the Zetasizer (Nano 

ZS, Malvern). The morphologies were characterized by Transmission Electron Microscopy 

(TEM) (JEM-2000FX, Hitachi) after stained with 1% (w:v) phosphotungstic acid. 

 

4.2.5 In vitro stability of PM-NP and bortezomib release 

The stability of PM-NP and tPA-Ald-PM-NP were studied in PBS (pH = 7.4) and 10% 

FBS solution. The size change was monitored at pre-determined time intervals using dynamic 

light scattering (DLS). 

For bortezomib release profile study, 0.5 mL of NP-bortezomib and PM-NP-bortezomib 

were added into a dialysis tube (3K MWCO) embedded into 14 mL of the PBS buffer solution 

(containing 0.1% Tween) at different pH, and gently shaken at 37 
o
C in a shaker (New 

Brunswick Scientific) at 100 rpm. At predetermined time points, 25 µL buffer solution was 

withdrawn, followed by replacing with 25 µL of fresh buffer solution with the same pH. The 

concentration of bortezomib released was measured via High Performance Liquid 
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Chromatography (HPLC) (Agilent, Japan). Methanol/water (80/20, v/v) was used as the mobile 

phase at a flow rate of 1.0 mL per minute. Bortezomib was separated by a C18 column and 

detected at 254 nm.  

 

4.2.6 Cell culture 

NCI-H929 cells were purchased from American Type Culture Collection (ATCC) and 

cultured in Roswell Park Memorial Institute (RPMI)1640 Medium with 10% (v:v) FBS, 0.05 

mM 2mercaptoethanol, 100 U/mL penicillin and 100 μg/mL streptomycin. 

 

4.2.7 Cellular association 

Coumarin-6 was selected as the fluorescence probe to investigate the subcellular location 

of the PM-NP after internalization. NCI-H929 cells (1 × 10
5
 cells/well) were seeded in a 

confocal microscopy dish (MatTek) pretreated with lysine. After culture for 24 h, the cells were 

washed with PBS to remove non-adherent cells and incubated with courmarin-6-PM-NP for 1 h 

and 4 h. Thereafter, the cells were washed with PBS, stained with lysosome tracker and Hoechst, 

and observed by CLSM (LSM 710, Zeiss). 

 

4.2.8 Apoptosis assay  

Apoptosis of NCI-H929 cells were detected using the Annexin V-FITC Apoptosis 

Detection Kit (BD Biosciences) and APO-BrdU TUNEL Assay Kit (Life Technologies), 

respectively. The cells were seeded in the 6-well plates at the density of 1 × 10
5
 cells/well. 

Twenty-four hours later, the cells were incubated with NP-bortezomib, PM-NP-bortezomib, Ald-

PM-NP-bortezomib for 12 h. Drug-free RPMI 1640 medium served as the control. Afterwards, 
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the cells were treated according to the manufacturer‘s protocol, respectively. For Annexin V-

FITC apoptosis detection, the cells were analyzed by flow cytometry (BD FACS Calibur). For 

TUNEL assay, the cells were observed by fluorescence microscope (IX71, Olympus). 

 

4.2.9 In vitro cytotoxicity 

NCI-H929 cells (5 × 10
3
 cells/well) were seeded in the 96-well plates and incubated for 

24 h. Then the cells were incubated with NP-bortezomib, PM-NP-bortezomib, Ald-PM-NP-

bortezomib for 24 h with different bortezomib concentrations ranging from 1 ng/mL to 50 

ng/mL. Then the cells were added with 10 μL of the CCK8 solution. After 4 h of incubation, the 

absorbance was measured at the wavelength of 450 nm by a microplate reader. 

 

4.2.10 In vitro hydroxyapatite and bone fragment targeting 

1 mL coumarin-6-loaded NP, PM-NP and Ald-PM-NP were incubated with 10 mg 

hydroxyapatite for various time intervals. Afterwards, the mixture was centrifuged at 2000 rpm 

and the coumarin-6 concentration in supernatant was detected via HPLC at 465nm. The 

methanol/water (96/4, v/v) was used as the mobile phase. For the bone fragment targeting assay, 

the coumarin-6-loaded NP, PM-NP and Ald-PM-NP was incubated with mice femurs for 1 h. 

After washed for three times, the femurs were subjected to fluorescence microscope for 

observation. 

 

4.2.11 In vitro thrombolysis activity assay of tPA-Ald-PM-NP 

The bioactivity of tPA after conjugation on PM-NP was evaluated by studying the 

capability of hydrolyzing tripeptide chromogenic substrates. In brief, various concentrations of 
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free tPA and tPA-PM-NP was incubated with S2288 substrate for 30 min at 37 
o
C. Afterwards, 

the reaction was stopped by acetic acid and the absorbance was detected at the wavelength of 

405 nm. 

The in vitro thrombolysis activity of tPA-Ald-PM-NP was investigated by evaluating clot 

lysis capability. Fibrinogen (3 mg) labeled with FITC was pre-incubated with 0.5 mL PBS, free 

tPA, tPA-NP, tPA-PM-NP and tPA-Ald-PM-NP at tPA concentration of 5 µg/mL and 10 µg/mL. 

Ten minutes later, CaCl2 and thrombin were added in to mixture at the final concentrations of 20 

mM and 0.2 units/ml final concentrations, respectively. After incubation for 20 min, the 

fluorescence intensity in the supernatants was measured in a microplate reader. To further test 

the tPA activity after blood circulation, the mice was intravenously injected with free tPA, tPA-

NP, tPA-PM-NP and tPA-Ald-PM-NP at tPA concentration of 0.3 mg/kg via the tail vein. After 

10 or 20 min, 100 µL blood was withdrawn and mixed with Cy5.5-labeled fibrinogen, followed 

by the addition of CaCl2 and thrombin. The fluorescence intensity in the supernatants was 

detected. 

 

4.2.12 In vivo bone targeting assay 

To evaluate the in vivo targetability of Ald-PM-NP, Nine nude mice were randomly 

divided into three groups and intravenously injected with Cy5.5-labeled NP, Cy5.5-labeled PM-

NP and Cy5.5 labeled Ald-PM-NP at Cy5.5 dose of 30 nmol/kg. Images of the mice were taken 

on IVIS Lumina imaging system (Caliper, USA) at 24, 48 and 72 h post-injection. The whole 

body fluorescence intensity of each mouse were analyzed by Living Image Software.  Thereafter, 

the mice were euthanized at 72 h post injection. The leg bones were harvested and subjected for 
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ex vivo imaging. The fluorescence intensities of region-of-interests (ROI) were analyzed by 

Living Image Software. 

 

4.2.13 In vivo lung thrombus targeting and treatment efficacy 

The mouse lung thrombus model was established. For lung thrombus targeting 

evaluation, the mice were intravenously injected with fibrinogen (2 nmol/30 g body weight) and 

1 min later, with the various Cy 5.5-labeled NP formulations, followed by induction of 

thrombosis with thromboplastin (4 μL/g body weight) 20 min later via the tail vein. The mice 

were sacrificed 30 min later. The lungs were collected, washed with PBS, and imaged using the 

IVIS Lumina imaging system. For the lung thrombus treatment efficacy, the mice were 

intravenously administrated with Cy5.5-labeled fibrinogen. One minute later, saline, tPA, tPA-

NP, tPA-PM-NP and tPA-Ald-PM-NP were injected, followed by thromboplastin 20 min later. 

After 30 minutes, the lungs were collected and imaged. The fluorescence intensities of region-of-

interests (ROI) were analyzed by Living Image Software. 

 

4.2.14 In vivo bone marrow targeting capability 

The in vivo multiple myeloma-bearing mice model was created. Female Nod/SCID mice 

were injected with 4 × 10
6
 NCI-H929 cells per mouse via the tail vein. Three weeks later, the 

mice were intravenously administrated with saline, coumarin-6-loaded Ald-NP, coumarin-6-

loaded PM-NP, coumarin-6-loaded Ald-PM-NP and coumarin-6-loaded tPA-Ald-PM-NP. After 

6 hours, the femurs of the mice were collected and the bone marrow was extracted, frozen and 

sectioned. After staining with Hoechst, the bone marrow was subjected to a confocal microscope 

for observation. 
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4.2.15 In vivo multiple myeloma and lung thrombus treatment 

Female Nod/SCID mice were injected with 4 × 10
6
 NCI-H929 cells per mouse and 

randomly divided into 6 groups (n=6). After two weeks, the mice were administrated with saline, 

bortezomib, Ald-NP-bort, PN-NP-bort, Ald-PM-NP-bort, and tPA-Ald-PM-NP-bort at the 

bortezomib concentration of 0.5 mg/kg and a tPA concentration of 0.1 mg/kg every other day for 

2 weeks. Afterwards, the survival time of the mice were recorded. Furthermore, the femurs and 

organs of the mice were collected and sectioned for analysis. For the hematoxylin and eosin 

(H&E) staining, the slides were observed by optical microscope (DM5500B, Leica). For the 

TUNEL apoptosis assay, the fixed sections were stained by the In Situ Cell Death Detection Kit 

(Roche Applied Science) according to the manufacturer‘s protocol and observed by fluorescence 

microscope. The fluorescence signals in the images were quantitatively analyzed by Image J 

software. For in vivo lung clot thrombolysis evaluation, the mice treated with Ald-NP-NP-bort 

and tPA-Ald-PM-NP-bort were further induced with a lung clot by the addition of fibrinogen and 

thromboplastin. The lungs were collected, fixed, and sectioned for H&E staining and observed 

by optical microscope. 

 

4.2.16 In vivo pharmacokinetics investigation  

Nine mice were randomly divided in to three groups (n=3) and injected with free 

bortezomib, NP-bort and PM-NP-bort at the bortezomib dose of 5 mg/kg via the tail vein. At pre-

determined time intervals (0.25, 0.5, 1, 3, 6, 12, 24, and 48 h), blood samples were collected and 

centrifuged at 800 g for 10 min. The concentration of bortezomib was then analyzed by HPLC. 
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4.2.17 Statistics 

All results presented are Mean ± s. d. Statistical analysis was performed using Student‘s 

t-test. With a P value < 0.05, the differences between experimental groups and control groups 

were considered statistically significant. 

 

4.3 Results and discussion 

4.3.1 Preparation and characterization of tPA-Ald-PM-NP 

The platelet membrane-coated nanocarrier was prepared by wrapping the purified platelet 

membrane on the surface of acid-responsive nanocarrier
151

 composed of modified dextran that is 

biocompatible and biodegradable.
152,153

 The average size of the uncoated nanocarrier was 

determined to be 113 nm by the dynamic light scattering (DLS), which was increased to 127 nm 

after coating with the platelet membrane (Figure 4.1d,e). Additionally, the PM-NP possessed a 

similar surface charge to that of platelets (Figure 4.2). The transmission electron microscopy 

(TEM) images demonstrated the existence of a unilamellar membrane on the surface of 

nanocarrier, where the morphology was distinct from the bare nanocarrier. To investigate the 

colloidal stability, the size change of tPA-Ald-PM-NP was evaluated over time. Both PM-NP 

and tPA-Ald-PM-NP were stable in PBS and 10% FBS solution for 72 h, which was attributed to 

the hydrophilic glycans on the platelet membrane (Figure 4.1f). Additionally, the surface 

modification of tPA and Ald did not affect the stability of PM-NP. The conjugation of tPA on the 

surface was validated by the confocal laser scanning microscopy (CLSM). The colocalization of 

the fluorescence signals from Cy 5.5 (blue) in Cy5.5-labeled tPA, rhodamine (red) in rhodamine-

labled PM and coumarin-6 (green) in coumarin-6-loaded nanocarrier substantiated the successful 

cloaking of PM on the nanoparticle and surface conjugation of tPA (Figure 4.3). We further 
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investigated the in vitro release profile of bortezomib in different pH levels. The results 

demonstrated that an accelerated release rate with over 70% cumulative release of bortezomib 

within 24 h was obtained for PM-NP-bort at pH 5.4, suggesting its acid-responsive behavior 

(Figure 4.1g). 
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Figure 4.1. Schematic design and characterization of tPA-Ald-PM-NP-bort. A, The main 

components of tPA-Ald-PM-NP-bort: the platelet membrane derived from the platelets; 

polymeric nanoparticle made of acid-responsive modified dextran. B, After intravenous injection, 

tPA-Ald-PM-NP-bort could sequentially target bone microenvironment through efficient binding 

between Ald and calcium ions and home to MM cells via specific affinity of P-Selectin and 

overexpressed CD44 receptors. After internalization, the matrix of tPA-Ald-PM-NP-bort could 

be dissociated by the acidity of lyso-endosome, releasing the encapsulated bortezomib. C, tPA-

Ald-PM-NP-bort could further target the thrombus that happens during the anti-MM treatment 

and dissolute the thrombus readily and effectively. D, The TEM image and hydrodynamic size 

distribution of bare m-dextran NP. Scale bar: 100 nm. E, The TEM image and hydrodynamic 

size distribution of PM-NP. Scale bar: 100 nm. F, In vitro stability of PM-NP and tPA-Ald-PM-

NP in PBS and 10% FBS. Error bars indicate s.d. (n=3). G, Cumulative release of bortezomib 

from PM-NP in PBS with different pH levels. Error bars indicate s.d. (n=3). 
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Figure 4.2. Zata potentials of platelet and PM-NP. Error bars indicated s.d. (n=3). 

 

 

Figure 4.3. CLSM images of tPA-PM-NP. NP was loaded with coumarin-6, PM was labeled 

with rhodamine and tPA was conjugated with Cy5.5 for imaging. Scale bar: 50 µm. 
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4.3.2 Evaluation of the in vitro myeloma cell targetability  

NCI-H929 MM cell with overexpression of CD44 receptors
154

 was selected as the model 

cell line in this study. Additionally, coumarin-6 was decorated as the fluorescence probe to track 

the intracellular behavior of PM-NP. We first investigated the intracellular delivery efficiency 

and endosome escape of PM-NP via the confocal imaging. After 1 h of incubation, the majority 

of internalized PM-NP was entrapped in the endosome, as evidenced by the yellow fluorescence, 

resulted from colocalized coumarin-6-loaded nanoparticle and texas red-labeled endo-lysosome. 

In contrast, the green fluorescence signal was found to separate from red ones after 4 h of 

incubation, suggesting the liberation of encapsulated coumarin-6 from the endocytosed PM-NP 

(Figure 4.4a). The enhanced release of the encapsulated cargo to the cytosol indicated the 

dissociation of the PM-NP, which was attributed to the acid-responsive behavior of the 

polymeric matrix composed of the modified dextran. 

After confirming the effective internalization of PM-NP, the apoptosis inducing 

capability of PM-NP was demonstrated via the terminal deoxynucleotidyl transferase dUTP nick 

end labeling (TUNEL) assay and the Annexin-V/PI double staining assay. NCI-H929 cells 

treated with PM-NP-bort and Ald-PM-NP-bort exhibited remarkably higher levels of the 

apoptotic DNA fragmentation as observed from the green fluorescence signals compared with 

NP-bort (Figure 4.4b). The enhanced intracellular accumulation of bortezomib could be ascribed 

to the selective affinity between platelet membrane and CD44 overexpressed MM cells. 

Furthermore, the quantitative flow cytometry results substantiated the enhanced apoptosis 

inducing capability of PM-NP. The late apoptosis ratios were 19.1% for NP-bort. While after 

coating with PM, the PM-NP-bort and Ald-PM-NP-bort exhibited higher ratios of apoptotic cells 

with the late apoptosis rate of 38.6% and 37.4%, respectively (Figure 4.4c). We further 
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evaluated the cytotoxicity of different bortezomib formulations via cell counting kit-8 (CCK8) 

assay. PM-NP-bort and Ald-PM-NP-bort displayed higher cytotoxicity against NCI-H929 cells 

with the IC50 values of 13.6 ng/mL and 13.1 ng/mL, respectively, which were significantly 

lower than that of NP-bort (23.2 ng/mL) (Figure 4.4d). Collectively, the specific affinity 

between platelets and myeloma cells contributed to the enhanced internalization of the PM-NP 

and further increased the apoptosis inducing capability and cytotoxicity against MM cells. 

Furthermore, the addition of Ald did not affect the efficacy of PM-NP-bort. 
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Figure 4.4. Evaluation of the in vitro myeloma cells targetability. A, Intracellular delivery of 

Coumarin-6-PM-NP on NCI-H929 cells at different time intervels observed by CLSM. The late 

endo-lysosomes were stained by LysoTracker Red, and the nuclei were stained by Hoechst 

33342. Scale bar: 20 μm. B, The APO-BrdU TUNEL assay of the induced apoptosis of NCI-

H929 cells treated with NP-bort, PM-NP-bort and Ald-PM-NP-bort for 12 h. Green fluorescence 

indicates Alexa Fluor 488-stained nick end label DNA fragment, and red fluorescence indicates 

PI-stained nuclei. Scale bar: 100 μm. C, Flow cytometry analysis of NCI-H929 cells treated with 

drug free RPMI 1640 medium, NP-bort, PM-NP-bort and Ald-PM-NP-bort at the bort 

concentration of 10 ng/mL for 12 h. The cells were stained with Annexin V-FITC and PI for 

analysis. D, In vitro cytotoxicity of NP-bort, PM-NP-bort, and Ald-NP-bort after incubation for 

24 h. Error bars indicate s.d. (n=3). 
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4.3.3 Bone targeting efficacy evaluation  

The bone targetability of Ald-PM-NP was investigated by studying the binding efficiency 

between Ald-PM-NP and bone fragment and further evaluated via whole body imaging after in 

vivo administration. Hydroxyapatite (HAP), the most abundant mineral in the bone, was used to 
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mimic the bone microenvironment.
155

 Alendronate could bind to the HAP through chelating the 

calcium ions available on the structure HAP with a high affinity. As displayed in Figure 4.5a, 

over 70% of Ald-PM-NP was observed to bind to HAP within 4 h, while the PM-NP and NP 

displayed minimized binding efficacy with less than 10% binding efficiency. We next tested the 

targeting capability of Ald-PM-NP on the bone fragment. After incubation for 1 h, a clearly high 

fluorescence signal was found on the bone fragment treated with Ald-PM-NP. In contrast, the 

femurs treated with PM-NP and NP showed a barely observable fluorescence signal (Figure 

4.5b). Taken together, these results demonstrated the superior binding efficacy of Ald-PM-NP to 

the bone in vitro. 

The in vivo bone-homing ability of Ald-PM-NP was investigated by performing 

biodistribution studies using Cy5.5-loaded nano-formulations via an in vivo imaging system 

(IVIS) in the nude mice.  All animals were treated in accordance with the Guide for Care and 

Use of Laboratory Animals, approved by the Institutional Animal Care and Use Committee 

(IACUC) of University of North Carolina at Chapel Hill and North Carolina State University. 

The mice were treated with Cy5.5-loaded NP, Cy5.5-loaded PM-NP and Cy5.5-loaded Ald-PM-

NP and the whole body imaging was taken during different time intervals. Ald-PM-NP showed a 

higher fluorescence intensity than PM-NP and NP at every detected time point. After 72 h post-

injection, the PM-NP displayed enhanced fluorescence signal than NP that was barely observed, 

which was mainly attributed to abundant ―self-recognized‖ proteins on the platelet membrane, 

resulting in the long circulation time of PM-NP. In contrast, Ald-PM-NP presented the highest 

fluorescence intensity among all the treated groups with the main retention of the Ald-PM-NP 

located at the bone-associated tissue including spine and femur (Figure 4.5c). The quantitative 

whole body imaging results demonstrated that the fluorescence intensity of the mice treated with 
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Ald-PM-NP was about 1.5 folds higher than PM-NP and 9 folds higher than NP (Figure 4.5d). 

After 72 h, the dissected femurs were taken out and imaged ex vivo. The results were in good 

accordance with the whole body imaging and further validated the effective bone targetability of 

Ald-PM-NP (Figure 4.5e). 
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Figure 4.5. Bone targetablity evaluation. A, In vitro hydroxyapatite (HAP) binding efficiency. 

HAP was incubated with coumarin-6-NP, coumarin-6-PM-NP and coumarin-6-Ald-PM-NP for 

different time intervals. Error bars indicate s.d. (n=3). B, In vitro bone fragment targeting 

capability. The bone fragments were treated with coumarin-6-NP, coumarin-6-PM-NP and 

coumarin-6-Ald-PM-NP at coumarin-6 concentration of 200 ng/mL for 1 h and then observed by 

fluorescence microscope. Scale bar: 500 µm. C, In vivo fluorescence imaging of the nude mice at 

24, 48 and 72 h after intravenous injection of Cy5.5-loaded NP, Cy5.5-loaded PM-NP and 

Cy5.5-loaded Ald-PM-NP at Cy5.5 dose of 30 nmol/kg. D, Region-of-interest analysis of 

fluorescent intensities from whole body at 72 h. The analysis was based on the whole body 

fluorescence intensities from multiple mice (three mice for each group). Error bars indicate s.d. 

(n=3). *P˂0.05 (two-tailed Student‘s t-test). E, Ex vivo fluorescence imaging of the femur tissues 

at 72 h post injection. 
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4.3.4 Thrombus dissolution activity assay  

To assess the potency of thrombolysis of tPA-PM-NP, we first tested the bioactivity of 

tPA by hydrolyzing the tripeptide chromogenic substrates after conjugation.
156

 The results 

demonstrated a similar bioactivity between free tPA and tPA-PM-NP (Figure 4.6a), suggesting a 

good preservation of the bioactivity of tPA. We further evaluated the in vitro thrombus 
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dissolution capability of various tPA formulations by incubating with fibrinogen, followed by the 

addition of thrombin. The results displayed insignificant difference between free tPA and tPA-

conjugated NP formulations (Figure 4.6b). Next, the thrombolysis potency of tPA-PM-NP was 

demonstrated after circulation in the blood. The free tPA showed a lower dissolution capability, 

which was mainly due to the quick clearance of tPA after administration. The longer circulation 

of tPA-PM-NP contributed significantly to the superior thrombolysis ability, as evidenced by the 

higher fibrinolysis ratio compared to tPA-NP (Figure 4.6c). Taken together, the decoration of 

the platelet membrane on the nanocarrier elongated the circulation of the tPA-PM-NP, which 

was beneficial to the tPA-mediated clot dissolution. 

To evaluate whether the platelet membrane coating increased the accumulation of the 

nanocarriers in the tissues containing thrombus, a mouse thrombosis model was established by 

intravenously injecting fibrinogen and thromboplastin to trigger the clotting cascade in the 

lung.
157

 As displayed in Figure 4.6d, the lung treated with Cy5.5-loaded PM-NP and Cy5.5-

loaded Ald-PM-NP showed stronger fluorescence intensity compared to Cy5.5-loaded NP, 

suggesting the excellent targeting capability of PM-NP and Ald-PM-NP endowed by platelet 

membrane decoration. Quantification showed that the intensity of the lung signal was similar to 

that in the PM-NP and Ald-PM-NP groups, while over 10-fold higher than the NP group. There 

was no significant difference in thrombolysis potency between tPA-PM-NP and tPA-Ald-PM-NP 

(Figure 4.6e). The homing ability of tPA-PM-NP was mainly due to the intrinsic properties of 

platelets that are essential for the thrombus formation. 

To investigate efficacy of the platelet membrane-coating in enhancing the lung thrombus 

formation inhibition, saline, free tPA, tPA-NP, tPA-PM-NP and tPA-Ald-PM-NP were tested in 

the lung thrombosis model after administration of the Cy5.5-labeled fibrinogen. As showed in 
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Figure 4.6f, the strong fluorescence signal in the saline group validated the successful 

establishment of lung thrombus model. The tPA-PM-NP and tPA-Ald-PM-NP displayed the 

most effective dissolution potency, as evidenced by the lowest fluorescence intensity of the 

lungs. Quantitative data showed over 2-fold lower in the fluorescence intensity of lungs treated 

with tPA-PM-NP and tPA-Ald-PM-NP compared to the free tPA and tPA-NP (Figure 4.6g). 

Collectively, these results demonstrated that the enhanced targeting capability of nanoparticles 

enabled by platelet membrane coating contributed to the improved accumulation of tPA at the 

thrombus site, leading to the efficient dissolution of the thrombus formation. 
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Figure 4.6. Thrombus dissolution activity determination. A, The bioactivity assay of tPA 

conjugated on the PM-NP. Error bars indicate s.d. (n=3). B, In vitro fibrinolysis of fibrin clots by 

saline, free tPA, tPA-NP, tPA-PM-NP and tPA-Ald-PM-NP. Error bars indicate s.d. (n=3). 

Fibrin clot treated with saline served as the control. C, In vitro fibrinolysis of fibrin clots by 

blood drawn from the mice treated with tPA, tPA-NP and tPA-PM-NP. Error bars indicate s.d. 

(n=3). *P˂0.05, ***P ˂0.001 (two-tailed Student‘s t-test). D, In vivo fluorescence imaging of 

lungs treated with Cy 5.5-loaded NP, Cy5.5-loaded PM-NP and Cy5.5-loaded Ald-PM-NP at 

Cy5.5 concentration of 30 nmol/kg. E, Quantification of the fluorescence intensity of the lungs. 

Error bars indicate s.d. (n=3). ***P ˂0.001 (two-tailed Student‘s t-test). F, In vivo fluorescence 

imaging of lungs treated with saline, tPA, tPA-NP, tPA-PM-NP and tPA-Ald-PM-NP. The lung 

treated with saline served as the control. G, Quantification of the fluorescence intensity of the 

lungs. Error bars indicate s.d. (n=3). **P ˂0.01 (two-tailed Student‘s t-test). 
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4.3.5 In vivo anti-MM and thrombus treatment efficacy  

The bone marrow targeting efficiency was investigated by injecting the MM-bearing 

Nod/SCID mice with different coumarine-6-loaded NP formulations. As observed by the 

confocal imaging, the bone marrow treated with Ald-PM-NP and tPA-Ald-PM-NP displayed the 

highest accumulation of the nanoparticles, which were significantly higher than PM-NP and Ald-

NP (Figure 4.7a). This result suggested that the sequential bone and MM cells targeting strategy 
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could facilitate increase of the drug availability at the myeloma site, thereby leading to the 

superior treatment efficacy. The targetability of PM-NP could be compromised due to the lack of 

homing capability to the bone, while the binding potency of Ald-NP was unsatisfactory because 

of anchoring at the bone mineral only. 

We next evaluated the pharmacokinetics of PM-NP and tPA-Ald-PM-NP by 

quantitatively monitoring the bortezomib concentration in the blood plasma. The circulation time 

of PM-NP and tPA-Ald-PM-NP were significantly higher than that of the NP, suggesting the 

decrease clearance rate after platelet membrane coating. Furthermore, the decoration of Ald and 

tPA did not significantly affect the in vivo pharmacokinetics of PM-NP (Figure 4.8).  

Additionally, we investigated the anti-MM efficacy in the MM-bearing Nod-SCID mice by 

administering with various bortezomib formulations. As displayed in Figure 4.7b, all the mice 

treated with saline died within 42 days, indicating the successful establishment of MM model. 

The free bortezomib group resulted in a less than 50 days survival of the mice. Additionally, the 

survival time of the mice treated with Ald-NP-bort and PM-NP-bort was less than 60 days. In a 

sharp contrast, the mice treated with Ald-PM-NP-bort and tPA-Ald-PM-NP-bort achieved the 

longest survival time with half of mice surviving over 80 days. This remarkable anti-MM 

efficacy was attributed to the programmed targeting manner of Ald-PM-NP by combining the 

bone microenvironment and MM cells targeting efficacy, leading to the significantly increased 

drug accumulation at the MM site. The fluorescence images obtained using the in situ TUNEL 

assay displayed the highest level of cell apoptosis in the mice treated with Ald-PM-NP-bort and 

tPA-Ald-PM-NP-bort (Figure 4.7d and Figure 4.9). No obvious pathological abnormalities 

were observed in the normal organs (Figure 4.10).  After induction of the lung thrombus, tPA-

Ald-PM-NP-bort exhibited a superior dissolution capability over Ald-PM-NP-bort, as evidenced 
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by the presence of the blocked blood vessels in the lung hematoxylin-eosin staining (H&E) 

staining of Ald-PM-NP-bort (Figure 4.7c and Figure 4.11), verifying that the tPA-Ald-PM-NP-

bort reduced the thrombus complication during anti-MM treatment. 
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Figure 4.7. In vivo anti-MM and thrombolysis efficacy. A, In vivo fluorescence images of the 

bone marrow of the Nod/SCID mice treated with saline, coumarin-6-loaded Ald-NP, coumarin-

6-loaded PM-NP, coumarin-6 loaded Ald-PM-NP and coumarin-6 loaded tPA-Ald-PM-NP for 6 

h.  Scale bar: 100 µm. B, Survival curves of MM-bearing Nod/SCID mice (n=6) following the 

administration of saline, bortezomib, Ald-NP-bort, PM-NP-bort, Ald-PM-NP-bort and tPA-Ald-

PM-NP, respectively. C, Histological observation of the lungs of the mice treated with Ald-PM-

NP-bort and tPA-Ald-PM-NP-bort after induction of lung thrombus. Black arrows indicate the 

blood vessel. Red arrows indicate the blocked sites. Scale bar: 100 µm. D, Detection of apoptosis 

in the bone marrow tissue after treatment using fluorescein-dUTP (green) for staining apoptotic 

cells. Scale bar: 100 µm. 
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Figure 4.8. The plasma bortezomib concentration curves of the NP-bort, PM-NP-bort and tPA-

Ald-PM-NP-bort. Error bars indicated s.d. (n=3). 

 

 

Figure 4.9. Quantitative analysis of the fluorescence intensities in the TUNEL assay, based on 

the imaging results of Figure 5D. All the fluorescence signals were normalized to the bortezomib 

group. Error bars indicate s.d. (n=3). *P ˂0.05 (two-tailed Student‘s t-test). 
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Figure 4.10. Histological observation of the organs collected from the MM-bearing Nod/SCID 

mice after the treatment. The organ sections were stained with H&E. Scale bar: 100 µm. 

 

 

Figure 4.11. H&E staining of the lungs of the mice treated with Ald-PM-NP-bort (A) and tPA-

Ald-PM-NP-bort (B) after induction of lung thrombus. Black arrows indicate the blood vessel. 

Red arrows indicate the blocked sites. Scale bar: 100 µm. 
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4.4 Conclusion 

In conclusion, compared to the traditional active targeting nanoparticle-based anti-MM 

treatment strategies, our delivery system could precisely bind to the myeloma cells by taking 

advantage of the programmed targeting of bone microenvironment-specific binding and 

myeloma cell-selective homing modules. Furthermore, the emergence of the thrombus during 

anti-MM therapy could be eliminated via tPA conjugated on the surface of PM-NP. This ―all-in-

one‖ drug delivery strategy generates the promising anti-MM treatment efficacy, offering new 

guideline for treating the MM patients and improving prognosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

116 

 

CHAPTER 5 TUMOR MICROENVIRONMENT-MEDIATED CONSTRUCTION AND 

DECONSTRUCTION OF EXTRACELLULAR DRUG-DELIVERY DEPOTS 

 

5.1 Introduction 

Direct delivery of recombinant protein therapeutics
158

 such as cytokines,
159-161

 

enzymes,
162

 transcription factors
163

 and antibodies
164-166

 has emerged as a significant tool in 

cancer therapy, typically based on apoptosis signal activation.
167,168

 The apoptosis of cancer cells 

can be triggered by an intrinsic
169

 or extrinsic
170

 apoptosis signaling pathway.
171

 The intrinsic 

pathway involves therapeutics, such as cytochrome c
172

 and caspase 3,
173,174

 to act in the cytosol 

to initiate activation of the caspase cascade. However, the efficiency of this activation is 

significantly compromised by the barriers of crossing cell membranes and escaping from 

endosomes.
175,176

 Extrinsic apoptosis signaling pathways offer an alternative way to induce 

cancer cell apoptosis by activating death receptors‘ initiation and clustering
177,178

 through plasma 

membrane ligands, such as the tumor necrosis factor (TNF)-related apoptosis inducing ligand 

(TRAIL).
72

 Of note, without the barriers of cellular internalization, the efficiency of extracellular 

delivery is expected to be promoted compared with intracellular delivery. However, to date, most 

targeting anticancer protein/peptide delivery systems are focused on intracellular delivery; the 

targeted delivery systems for sustained release of extracellularly active protein/peptide at the 

tumor site remain elusive. 

Here we report the development of an innovative combinational drug delivery 

nanocarrier for targeting the tumor site and building depots for sustained release inside the tumor 

site for enhanced treatment efficacy. The construction of extracellular depots assembled from 

individual ―transformable‖ nano-sized carriers and the subsequent deconstruction of depots for 
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drug release are specifically mediated by the tumor microenvironment.
179,180

 We apply TRAIL 

and Cilengitide (c(RGDf(NMe)V)), two extracellularly functional protein/peptide as model 

combination drugs.
181-183

 As one of the most important extracellular activators of apoptosis, 

TRAIL induces apoptosis in the tumor cells by binding to certain death receptors (DR4, DR5) on 

the cell surface, while exhibiting insignificant toxicity to the normal cells.
184

 Cilengitide, an anti-

angiogenic cyclic RGD pentapeptide, has potency on attachment, migration, invasion and 

viability of tumor cells in vitro and inhibiting growth of various tumors such as glioblastoma, 

medulloblastoma, and breast cancer in mice.
185,186

 The antitumoral mechanism of Cilengitide is 

based on its antagonistic activity for pro-angiogenic integrins, such as αvβ3 and αvβ5, resulting 

in endothelil cell apoptosis, inhibiting angiogenesis, influencing tumor invasion and 

proliferation.
187,188

 

To efficiently deliver TRAIL and Cilengitide to the tumor site and effectively release 

both toward cell membranes, a core-shell based nanogel (designated CS-NG) loaded with both 

therapeutics was designed by integrating tumor microenvironment-responsive components. As 

displayed in Figure 5.1a, CS-NG is comprised of three parts: 1) the TRAIL/Cilengitide-loaded 

core nanogel (designated C-NG) made by a water-in-oil emulsion method
70,189

 and integrated 

with an acid-degradable crosslinker (Figure 5.1b-i), 2) the transglutaminase (TG)
190

-

encapsulated shell nanogel (designated S-NG) prepared via interfacial polymerization
76

 (Figure 

5.1b-ii), and 3) human serum albumin (HSA) that is decorated on the surface of C-NG. TG is an 

enzyme that catalyzes the formation of an isopeptide bond between a free amine group from the 

protein-/peptide-bound lysine and the acyl group from the protein-/peptide-bound glutamine.
191

 

Biocompatible HSA will provide sufficient amine and acryl groups for promoting enzymatic 
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crosslinking by TG (Figure 5.1b-iii). Additionally, HSA with an average diameter of 6 nm will 

highly cover the surface of C-NG and prevent burst release of TRAIL/Cilengitide from C-NG.  

After intravenous (i.v.) injection, the CS-NGs can accumulate in the tumor site through 

the enhanced permeability and retention (EPR) effect and active targeting based on the affinity 

between HA and overexpressed CD44 receptors (Figure 5.1c). Meanwhile, the overexpressed 

hyaluronidase (HAase) in the tumor microenvironment
192,193

 is expected to digest the HA matrix 

of S-NG readily and release TG, which catalyzes the crosslinking of HSA of C-NG with each 

other or surrounding proteins to assemble the micro-scaled ―drug-delivery depots‖. Hyaluronic 

acid HA is one of the most important matrix and polymers that regulates various physiological 

environments and dynamically participate in different biological process. Furthermore, HA 

contributes to the development and metastasis of tumor. Furthermore, under the mildly acidic 

tumor microenvironment (~ pH=6.5), the acid-degradable C-NG gradually dissociates 

(―deconstruction‖ of depots),
194

 and subsequently releases the encapsulated drugs. Taken 

together, this extracellular construction of depots, with a significantly increased size compared to 

an individual nanocarrier, can effectively inhibit the internalization of drug carriers and facilitate 

the interaction between TRAIL/Cilengitide and the plasma membrane, therefore enhancing 

synergistic anticancer efficacy. 
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Figure 5.1. Schematic of tumor microenvironment-mediated construction of combination drug-

delivery depots for sustained drug release using CS-NG. a, A typical CS-NG is consisting of 

core-NG (C-NG) loaded with therapeutics, shell-NG (S-NG) with encapsulated transglutaminase 

(TG) and human serum albumin (HSA), coated on the surface of C-NG. The polymeric matrix of 

C-NG is acid-degradable and the polymeric matrix of S-NG is made from hyaluronic acid (HA) 

that can be degraded by HAase. At the tumor site, the overexpressed HAase digests the HA and 

releases TG, which catalyzes the crosslinking of HSA and assembles CS-NG into the ―drug-

delivery depots‖. The matrix of C-NG can be gradually degraded and subsequently release the 

encapsulated therapeutics at the acidic tumor microenvironment. b, Construction of C-NG, S-NG 

and crosslinked depots. i, TRAIL and Cilengitide are loaded into C-NG using emulsion based 

polymerization method. ii, TG is encapsulated into S-NG using interfacial polymerization 

method. iii, TG catalyzes the crosslinking of Gln and Lys on HSA to form depots at the tumor 

site. c, Co-delivery of TRAIL and Cilengtide by CS-NG for combination cancer treatment 

through i.v. injection. CS-NGs can accumulate in the tumor site via EPR effect and active 

targeting effect of HA. Both therapeutics are released from the crosslinked CS-NGs depots. i, 

Cilengitide targets the integrins of endothelial cells and inhibit angiogenesis. ii, TRAIL targets 

the death receptors (DRs) on the cell membrane and trigger the apoptosis. 
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5.2 Experimental section 

5.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise specified, and were 

used as received. Hyaluronic acid (HA, 77 kDa) was purchased from Freda Biochem Co., Ltd. 

(Shandong, China). Cilengitide (c(RGDf(NMe)V)) was synthesized by GL Biochem Co., Ltd 

(Shanghai, China). NHS-Rhodamine, NHS-Cy5.5 and fluorescein isothiocyanate (FITC, isomer I) 

was purchased from Life Technologies (Grand Island, NY, USA). Glycerol dimethacrylate was 
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purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Mono-sulfo-N-hydroxy-

succinimido Au-nanoparticles was purchased from NanoProbe (Yaphank, NY, USA). 

 

5.2.2 Expression of TRAIL 

TRAIL protein was expressed as described previously.
195

 Briefly, His-ILZ-TRAIL 

(residues 114-281) (designated TRAIL) was produced in Escherichia coli (E. coli) by the 

pET23dw-His-ILZ-hTRAIL vector. After amplification, the expression of TRAIL was induced 

by 1 mM isopropylthio-β-galactoside (IPTG) at 20 °C for 12 h. The bacteria were harvested by 

centrifugation, resuspended in the lysis buffer and lysed by sonication. After centrifugation 

(12000 × g, 25 min), the supernatant was incubated with 3 mL of Ni-NTA resin for 1 h at 4 °C. 

The protein was then purified using a step gradient of Tris-HCl buffer solutions with increasing 

concentrations of imidazole (10, 100, and 500 mM). Finally, a concentrated TRAIL solution was 

obtained after the buffer exchange with PBS. The molecular weight of TRAIL was assessed by 

SDS-PAGE. 

 

5.2.3 Expression of TG 

The expression of TG was prepared as reported previously.
196,197

 In brief, the plasmid 

pDJ1-3 was transformed into Escherichia coli (E. coli) and maintained with 100 μg/mL 

ampicillin. Then the E. coli was amplified and the expression of TG was induced by the addition 

of 1 mM IPTG at 20 °C for 12 h. The bacteria-contained medium was centrifuged at 12000 × g 

for 25 min. Thereafter, the cells were resuspended in the lysis buffer and lysed by sonication. TG 

was then activated by cleavage of the proenzyme leader sequence through incubation in a 1:9 

ratio (v/v) of trypsin to unpurified TG for 90 min at 37 °C. Afterward, the activated TG was 
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purified using a step gradient of Tris-HCl buffer solutions with 10, 50, 140 mM imidazole. The 

purified MTG was dialyzed against PBS buffer. The molecular weight of TG was evaluated by 

SDS-PAGE. 

 

5.2.4 Preparation and characterization of CS-NG 

The C-NG encapsulated with TRAIL and Cilengitide was prepared using a single 

emulsion method.  Briefly, the organic phase was a mixture of hexane (5 mL) and two 

surfactants: anionic sodium 1,4-bis-2-ethylhexylsulfosuccinate (AOT, 178 mg) and 

poly(ethyleneglycol) dodecyl ether (Brij-30, 344 mg). To prepare the aqueous phase, TRAIL (1 

mg) and Cilengitide (2 mg) was dissolved in 500 µL PBS (pH=9), to which 46 mg acrylamide 

(AAm), 2 mg N-(3-aminopropyl) methacrylamide (APMAAm) and 16 mg glycerol 

dimethacrylate (GDA) were added and followed by the addition of ammonium persulfate (APS). 

Next, the aqueous solution was added to the organic solution dropwise under the rapid magnetic 

stirring. Polymerization was initiated by the addition of tetramethylethylenediamine (TMEDA) 

and maintained at 4 ºC. After evaporating hexane, the C-NG was precipitated and washed by 

ethanol. Nondegradable C-NG was made using the same procedure, but replacing the degradable 

crosslinker with non-degradable N,N‘-methylene-bis acrylamide (MBA). 

S-NG encapsulated with TG was prepared through an interfacial polymerization method. 

As a major polymerizable material in this formulation, HA (molecular weight: 77 kDa) was first 

reacted with the methacrylic anhydride (MA) to decorate it with acrylate groups. The modified 

HA (1 mg) and TG (1mg)  was dissolved in 1 mL distilled water, followed by the addition of 1 

mg MBA and 0.5 mg photo-initiator Irgacure 2959. After the free radical polymerization via UV 
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irradiation for 30 s, the S-NG was obtained by washing with PBS buffer using an ultracentrifuge 

unit (MWCO 50 KDa, Millipore) to remove the excessive initiator and crosslinker. 

The standard carbodiimide crosslinking reaction was performed to assemble S-NG to C-

NG, involving activation of carboxylates of S-NG (from HA) for conjugation with primary 

amines of C-NG (from APMAAm). To coat HSA, HSA was first reacted with Traut‘s reagent to 

generate additional thiol groups, which was further linked with amines of C-NG through the 

sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC). TEM 

imaging was applied to validate the successful assembly of CS-NG. For the observation of CS-

NG, Au-Nanoparticle (Au-NP) was employed to label S-NG for TEM imaging. Briefly, Mono-

sulfo-N-hydroxy-succinimido AuNP was reacted with TG in PBS buffer (pH 7.4) for 2 h. 

Excessive Au-NP was removed by gel filtration using Superdex-75 column. The obtained Au-

NP-TG was encapsulated in S-NG by the same method as TG. Afterward, the S-NG and C-NG 

was assembled to CS-NG as described above and observed via TEM after staining with 1% (w:v) 

phosphotungstic acid. 

CS-NG was incubated with HAase at pH 6.5 at 37 ºC over time to construct drug-

delivery depots. Non-TG CS-NG and TG CS-NG were incubated with HAase and serum at pH 

6.5 at 37 ºC to study the aggregation behaviors, respectively. Additionally, CS-NG was 

incubated with serum at pH 6.5 at 37 ºC for 72 h to investigate the stability of CS-NG. The 

particle sizes of S-NG, C-NG and CS-NG were measured by the Zetasizer (Nano ZS, Malvern). 

For TEM characterization, S-NG, C-NG and CS-NG were dropped onto a TEM copper grid (300 

mesh) (Ted Pella) and then stained with 1% (w:v) phosphotungstic acid for 1 min. After air-

drying, the samples were observed by TEM (JEM-2000FX, Hitachi) operating at 200 kV. 
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5.2.5 Degradation of S-NG 

500 μL of S-NG was incubated with 500 μL of 1 mg/mL hyaluronidase (HAase) at pH 

6.5 for 2 h. The size and morphology of S-NG was investigated by DLS and TEM, respectively. 

 

5.2.6 Synthesis of rhodamine-, FITC- or Cy5.5-labeled proteins 

1 mg of protein (TRAIL, HSA or TG) was dissolved in 1 mL carbonate buffer (NaHCO3, 

50 mM, pH 8.5) and followed with 0.5 mg rhodamine NHS ester, FITC NHS ester or Cy5.5 NHS 

ester. The mixture was reacted over night at 4 °C. In order to obtain purified fluorescence-

labeled protein, the mixture was washed with PBS using centrifugal filters (3K MWCO) 

(Millipore). The fluorescence intensity of rhodamine, FITC or Cy5.5 was detected by microplate 

reader under the certain wavelength, respectively. 

 

5.2.7 Characterization of HSA-labeled C-NG and assembly of CS-NG 

To visualize the decoration of HSA on the surface of C-NG, HSA was conjugated with 

FITC and C-NG was loaded with rhodamine-labeled TRAIL. Then the FITC-HSA/rhodamine-C-

NG were immobilized in 1% agarose gel and observed via CLSM (LSM 710, Zeiss). To observe 

the assembly of CS-NG, S-NG was loaded with FITC-labeled TG and C-NG was loaded with 

rhodamine-labeled TRAIL. After immobilization in 1% agarose gel, the CS-NG was visualized 

via CLSM. 

 

5.2.8 Protein encapsulation efficiency and loading capacity 

To test the protein encapsulation efficacy (EE) and loading capacity (LC) of S-NG, S-NG 

was prepared with different ratios of TG and HA matrix (TG/S-NG mass ratio of 0.1-2.0). After 
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UV exposure, the resulted S-NG was washed repeatedly with PBS using centrifugal filters (50K 

MWCO) (Millipore) to remove unloaded TG and initiator. The concentration of TG encapsulated 

in the S-NG was quantified by the BCA (bicinchoninic acid) protein assay. 

To investigate the TRAIL EE and LC of C-NG, C-NG was prepared with different ratios 

of TRAIL and AAm (TRAIL/C-NG mass ratio of 0.1-0.8). After polymerization, the C-NG was 

rinsed with methanol for three times. The resulted C-NG was dissolved in the PBS and 

centrifuged at 20000 × g to remove the unloaded TRAIL. The amount of TRAIL in the C-NG 

was determined by the BCA protein assay. 

The protein encapsulation efficiency is the ratio of (protein in the NG)/added protein. 

Protein loading capacity is the weight ratio of loaded protein/(loaded protein + NG). 

 

5.2.9 In vitro release test 

For in vitro HAase-mediated TG release, 500 µL of r-TG-loaded S-NG was incubated 

with 500 µL of HAase (1 mg/mL) at pH 6.5 in a 37 °C water bath. At prearranged time intervals, 

free r-TG in the filtrate was harvested using centrifugal filters (50K MWCO) (Millipore). The 

fluorescence intensity of r-TG was determined at 585 nm with an excitation wavelength of 552 

nm by a microplate reader (Infinite M200 PRO, Tecan). The bioactivity of TG released from S-

NG triggered by HAase (1 mg/mL) was measured by the transglutaminase assay kit (Sigma). 

A450 increases over time were recorded by the microplate reader. 

For the in vitro release of TRAIL, 1 mL TRAIL-loaded degradable and nondegradable C-

NG were incubated at pH 6.5 and pH 7.4 in a 37 °C water bath. In order to study the influence of 

HAase treatment on the release of TRAIL, 1 mL TRAIL-loaded degradable CS-NG and C-NG 

were incubated with/without 1 mg/mL HAase at pH 6.5 in a 37 °C water bath. At prearranged 
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time intervals, free TRAIL in the filtrate was collected using centrifugal filters (30K MWCO) 

(Millipore). The amount of TRAIL will be quantified by the BCA (bicinchoninic acid) protein 

assay. The release of Cilengitide was measured with similar method at pH 6.5 and pH7.4, but 

using centrifugal filters with molecular weight of 10K. 

 

5.2.10 The bioactivity of released protein 

Far-UV circular dichroism (CD) spectra of native TG and released TG, native TRAIL 

and released TRAIL was performed at 20 °C in 0.1 M phosphate buffer (pH 7.4) with protein 

concentration of 0.2 mg/mL (JASCO J-815 Circular Dichroism Spectrometer), respectively. 

To test the anti-proliferation activity of the released TRAIL, MDA-MB-231 cells (5 × 10
3
 

cells/well) were seeded in the 96-well plates. After culture for 24 h, the cells were exposed to 

native TRAIL and released TRAIL with different concentrations ranging from 1 ng/mL to 1000 

ng/mL for 24 h. Cell viability was evaluated via MTT assay. 

The transglutaminase assay kit was employed to test the bioactivity of the released TG. 

Briefly, the precoated 96 well-plate was cultured with native TG and released TG with different 

concentration ranging from 0.1 µg/mL to 10 µg/mL. The subsequent procedures were performed 

in accordance with the manufacturer‘s protocol. A450 increases over time were recorded by the 

microplate reader. 

 

5.2.11 Cell culture 

MDA-MB-231 and HUVEC cells were obtained from Tissue Culture Facility of UNC 

Lineberger Comprehensive Cancer Center. MDA-MB-231 cells were cultured in DMEM with 10% 

(v:v) FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. HUVEC cells were cultured in 
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M200 medium supplemented with LSGS. Both cells were cultured in an incubator (Thermo 

Scientific) at 37 °C under an atmosphere of 5% CO2. 

 

5.2.12 Extracellular construction of drug-delivery depots upon HAase treatment 

MDA-MB-231 cells (1 × 10
5
 cells/well) were seeded in a confocal microscopy dish 

(MatTek). After culture for 24 h, the cells were incubated with rhodamine-labeled CS-NG in the 

presence or absence of 1 mg/mL HAase for 2 h and 6 h. Then the cells were washed with 4 °C 

PBS twice and stained with Alexa Fluor 488-labeled wheat germ agglutinin (WGA) for 10 min. 

After washing with PBS twice again, the cells were immediately subjected to CLSM (LSM 710, 

Zeiss) for observation. For FACS study, MDA-MB-231 cells (1 × 10
5
 cells/well) were seeded in 

a 6-well plate. 24 h later, FITC-labeled CS-NG with HAase (1 mg/mL) was added to cells. After 

incubation for different hours, the cells were washed with PBS and subjected to flow cytometry 

(BD Accuri™ C6) for fluorescence analysis. 

 

5.2.13 Apoptosis assay 

Apoptosis of MDA-MB-231 cells was detected using the Annexin V-FITC Apoptosis 

Detection Kit (BD Biosciences) and APO-BrdU TUNEL Assay Kit (Life Technologies), 

respectively. The cells (1 × 10
5
 cells/well) were seeded in the 6-well plates. After culture for 48 h, 

the cells were incubated with TRAIL-loaded CS-NG with or without HAase treatment for 12 h. 

The subsequent procedures were performed in accordance with the manufacturer‘s protocol. For 

Annexin V-FITC apoptosis detection, the cells were treated with HAase, Non-HSA CS-NG 

treated with HAase and CS-NG treated with HAase, CS-NG without HAase treatment and 
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analyzed by flow cytometry (BD FACS Calibur). While for the TUNEL assay, the cells were 

observed by a fluorescence microscope (IX71, Olympus). 

 

5.2.14 In vitro cytotoxicity 

MDA-MB-231 or HUVEC cells (5 × 10
3
 cells/well) were seeded in the 96-well plates. 

For MDA-MB-231 cells, after culture for 24 h, the cells were exposed to free TRAIL and CS-

NG with or without HAase treatment with different concentrations of TRAIL for 24 h. For 

HUVEC cells, after culture for 24 h, the cells were treated with native Cilengitide and released 

Cilengitide with different concentrations for 72 h. Then both cells were combined with 20 μL of 

the MTT solution (5 mg/mL). After 4 h incubation, the medium was removed, and the cells were 

mixed with 150 μL of dimethyl sulfoxide (DMSO). The absorbance was measured at a test 

wavelength of 570 nm and a reference wavelength of 630 nm by a microplate reader (Infinite 

M200 PRO, Tecan). 

 

5.2.15 In vitro tube formation 

Prechilled 96-well plate was coated with 50 mL growth factor-reduced Matrigel and 

incubated at 37 °C for 1 h to allow the Matrigel to polymerize. HUVEC cells were trypsinized, 

resuspended in M200 medium supplemented with LSGS containing different concentrations of 

Cilengitide and then seeded onto the Matrigel at a density of 1 × 10
4
 cells/well. The media 

containing no Cilengitide were set as the control. After shaking for 15 s, the plate was kept in the 

cell incubator for 8 h. Then, branches of capillary-like tube were photographed using a phase-

contrast microscopy (Zeiss, Germany). 
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5.2.16 In vitro distribution of degradable C-NG and non-degradable C-NG 

MDA-MB-231 cells (1 × 10
5
 cells/well) were seeded in a confocal microscopy dish 

(MatTek). After culture for 24 h, the cells were incubated with degradable C-NG and non-

degradable C-NG at pH 6.5 at 37 °C or 4 °C for 2 h, respectively. Then the cells were washed 

with 4 °C PBS twice and stained with Alexa Fluor 488-labeled WGA for 10 min. After washing 

with 4 °C PBS twice again, the cells were immediately observed on CLSM (LSM 710, Zeiss). 

 

5.2.17 Apoptosis assay of degradable C-NG and non-degradable C-NG 

MDA-MB-231 cells were seeded in 6-well plates at the density of 5 × 10
5
 cells per well 

and cultured at 37 °C for 24 h. Cells were then incubated for another 12 h with free TRAIL, non-

degradable C-NG, degradable C-NG (TRAIL concentration of 100 ng/mL) and culture medium 

as a control. Thereafter, the cells were fixed with 3.7% formaldehyde for 15 min, stained with 10 

µg/mL Hoechst 33342 at room temperature for 15 min and washed twice with cold PBS. Finally, 

the nuclear morphology was observed using a fluorescent microscope. 

For quantitative analysis, cells were trypsinized, centrifuged and resuspended in 100 µL 

of binding buffer for double staining with Annexin V-FITC (5 µL) and PI (5 µL) according to 

the manufacturer's protocol. The stained cells were analyzed using the flow cytometer. 

 

5.2.18 In vitro cytotoxicity assay of degradable C-NG and non-degradable C-NG 

MDA-MB-231 cells were seeded into 96-well plates at the density of 5 × 10
3
 cells/well 

and incubated for 24 h at 37 °C to allow cell attachment. After that, the medium was refreshed 

with 200 µL medium containing free TRAIL, degradable C-NG and non-degradable C-NG, 

respectively, at the TRAIL concentrations ranging from 1 ng/mL to 1000 ng/mL at pH 6.5. Cells 
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without exposure to the TRAIL formulations were used as the control. After 24 h incubation, cell 

viability was evaluated via MTT assay. 

 

5.2.19 Detection of caspase-3 expression 

The inducing caspase-3 expression was evaluated using the FITC active caspase-3 

apoptosis kit (BD Pharmingen). In brief, MDA-MB-231 cells were seeded into confocal dishes at 

the density of 1 × 10
5
 cells/dish. Twenty-four hours later, the cells were incubated with DMEM, 

free TRAIL, degradable C-NG, non-degradable C-NG, CS-NG with or without HAase treatment 

at pH 6.5 for 12 h. Then Hoechst 33342 was applied for nuclear staining and other procedures 

were conducted according to manufacturers‘ protocols. Finally, the cells were subjected to 

CLSM for observation. 

 

5.2.20 In vitro synergistic cytotoxicity 

MDA-MB-231 cells were seeded into 96 wells plate at the density of 5 × 10
3
 cells/well 

and incubated for 24 h. Thereafter, the cells were exposed to TRAIL-CS-NG and TRAIL-

Cilengitide-CS-NG after HAase treatment at TRAIL concentration of 10 ng/mL and different 

Cilengitide concentrations. After 24 h incubation, cell viability was evaluated via MTT assay. 

 

5.2.21 In vivo targetability and retention capability of CS-NG 

All animals were treated in accordance with the Guide for Care and Use of Laboratory 

Animals, approved by the Institutional Animal Care and Use Committee (IACUC) of University 

of North Carolina at Chapel Hill and North Carolina State University. To build MDA-MB-231 

tumor-bearing mice model, the female nude mice (6 weeks, J:NU, The Jackson Laboratory) were 
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subcutaneously inoculated in the back with 1 × 10
7
 MDA-MB-231 cells. When the volume of 

tumors reached to 400–600 mm
3
, the mice were intravenously injected with Cy5.5-labeled free 

TRAIL, Cy5.5-labeled Non-HSA CS-NG, Cy5.5-labeled TG CS-NG and Cy5.5-labeled Non-TG 

CS-NG at Cy5.5 dose of 20 nmol/kg. Images were taken on the IVIS Lumina imaging system 

(Caliper, USA) at 4, 12, 24 and 48 h post injection. After the 48 h imaging, the mice were 

euthanized. The tumors and major organs (heart, liver, spleen, lung, kidney) were harvested and 

subjected for ex vivo imaging. The fluorescence intensities of region-of-interests were analysed 

by Living Image Software. For retention capability assay, rhodamine-labeled TRAIL-loaded TG 

CS-NG and Non-TG CS-NG were intravenously injected into MDA-MB-231 tumor-bearing 

mice via tail vein at the TRAIL dose of 1 mg/kg. At predetermined time intervals (8 h, 24 h, 72 

h), mice were euthanized and tumors were taken out for frozen section. Hoechst 33342 was used 

for nuclear staining. The stained tumor slides were observed by fluorescence microscope. 

 

5.2.22 In vivo clearance assay 

In order to study the clearance of drug formulations at the early time point, the biodistribution 

profile of TRAIL, Non-HSA CS-NG, TG CS-NG and Non-TG CS-NG were investigated at 1 h post 

administration. After 1 h injection, the tumors and major organs (heart, liver, spleen, lung, kidney) 

were harvested and subjected for ex vivo imaging. The fluorescence intensities of region-of-interests 

were analyzed by Living Image Software. 

 

5.2.23 HA targeting assay 

The HA targeting capability was evaluated on the in vitro cells and in vivo tumor tissues. For 

in vitro study, MDA-MB-231 cells were seeded into 6-well plates at the density of 1 × 10
5
 cells/well 
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and incubated for 24 h at 37 °C to allow cell attachment. After that, the medium was changed with 1 

mL medium containing the same concentration of FITC-labeled Non-HA-CS-NG and FITC-labeled 

HA-CS-NG, respectively. Two hours later, cells were trypsinized, centrifuged and resuspended in 

100 µL PBS and were analyzed using the flow cytometer. For in vivo study, the MDA-MB-231 

tumor bearing-mice were intravenously injected with the same concentration of rhodamine-labeled 

Non-HA-CS-NG and rhodamine-labeled HA-CS-NG via tail vein, respectively. Three hours later, 

the tumor tissues were harvested and subjected to frozen section. After staining with Hoechst 33342, 

the tumor tissues were observed by fluorescence microscope. 

 

5.2.24 In vivo antitumor efficacy assay 

The tumor-bearing mice were weighed and randomly divided into five groups (n=5) when 

the tumor volume reached to 100 mm
3
. From day 0, the mice were intravenously injected with Non-

TG CS-NG (TRAIL: 1 mg/kg, Cilengitide: 2 mg/kg), Non-Cilengitide CS-NG, Non-degradable CS-

NG, TG CS-NG and saline as a negative control every other day for 12 days. The tumor size and 

body weight were measured every two days. At day 16, the mice were euthanized, and the tumor as 

well as the organs were collected, washed with PBS thrice and fixed in the 10% neutral-buffered 

formalin for further section. For the hematoxylin and eosin staining, the slides of tumors and organs 

were observed by optical microscope (DM5500B, Leica). For the TUNEL apoptosis staining, the 

fixed tumor sections were stained by the In Situ Cell Death Detection Kit (Roche Applied Science) 

according to the manufacturer‘s protocol. Hoechst 33342 was used for nuclear staining. The stained 

tumor slides were observed by fluorescence microscope. In order to observe the vasculature, the 

tumor sections were incubated with a CD31 primary antibody (Thermo Fisher, USA) at 4 °C 

overnight followed by incubation with FITC-labeled secondary antibody (Thermo Fisher, USA) for 1 
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h at room temperature. The sections were also stained by Hoechst 33342 and visualized by 

fluorescence microscope. Five randomly selected microscopic fields were quantitatively analyzed on 

ImageJ (National Institutes of Health). 

 

5.2.25 Statistics 

All results presented are Mean ± s. d. Statistical analysis was performed using Student‘s 

t-test. With a P value < 0.05, the differences between experimental groups and control groups 

were considered statistically significant. 

 

5.3 Results and discussion 

5.3.1 Preparation and characterization of CS-NG 

Tumor microenvironment-responsive CS-NG was assembled by C-NG loaded with 

TRAIL (Figure 5.2a) and Cilengitide and S-NG encapsulated with TG (Figure 5.2b), 

respectively. The physical properties of obtained C-NG, S-NG and CS-NG were characterized by 

dynamic light scattering (DLS) and transmission electron microscope (TEM). As shown in 

Figure 5.3a, b, the monodispersed S-NG was obtained with an average diameter of 10 nm and 

C-NG exhibited a size of 110 nm. The protein loading capacity of S-NG and C-NG were also 

assessed. It was found that the maximum encapsulation efficiency and loading capacity of S-NG 

and C-NG were around 60% and 20%, 50% and 20%, respectively (Figure 5.4). After the 

covalent conjugation with S-NG, the particle size increased to 123 nm (Figure 5.3c), suggesting 

the successful coating of S-NG on the surface of C-NG. Furthermore, the TEM images clearly 

showed that the gold nanoparticle-labeled S-NG was well-conjugated onto the C-NG surface
91

 

and the assembly of CS-NG was also observed by the colocalization of the fluorescence signals 
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of fluorescein isothiocyanate (FITC) (green) in FITC-labeled S-NG and rhodamine (red) in 

rhodamine-labled C-NG (Figure 5.5). 

To achieve TG-mediated construction of drug delivery depots, HSA was also anchored 

on the surface of C-NG. The crosslinked structure is based on the formation of the isopeptide 

bonds between free amine groups (from lysine) and the acyl groups (from glutamine), catalyzed 

by TG. The HSA decoration was validated by the colocalization of the fluorescence signals of 

FITC in FITC-labeled HSA and rhodamine in rhodamine-labeled C-NG particles (Figure 5.6). 

To evaluate the HAase-triggered release of TG and subsequent construction of the drug-delivery 

depots, we investigated the evolutional aggregation behaviors of CS-NGs over time. As shown in 

Figure 5.3d, the construction of the drug delivery depots at micro-sized CS-NGs assembled 

from individual nano-sized CS-NG exhibited a time-dependent manner after the addition of 

HAase (1 mg/mL ). The crosslinked particle size remarkably increased to 423 nm, 816 nm, 1532 

nm and 10 µm after continuous incubation with HAase for 0.5 h, 1 h, 3 h and 12 h, respectively 

(Figure 5.3e). However, the Non-TG CS-NG treated with HAase and CS-NG incubated with 

serum did not form micro-scaled depots after 6 h incubation (Figure 5.7). These results indicated 

the crosslinking of HSA and the formation of micro-scaled drug-delivery depots, which was 

catalyzed by the TG released from S-NG after digestion of HA matrix by HAase. Additionally, 

the size of CS-NG incubated with serum for 72 h did not significantly increase (Figure 5.8). To 

further validate the degradation of S-NG after the addition of HAase,
192

 the changes in particle 

size and morphology were monitored after incubation with HAase at pH 6.5
79

 for 2 h. A 

remarkable decrease in particle size from 10 nm to 5 nm was observed upon 2 h incubation 

(Figure 5.9a), which was attributed to the cleavage of HA matrix by HAase. Additionally, TEM 

images confirmed the degradation of S-NG (Figure 5.9b).  
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We further investigated the in vitro release profile and the enzymatic activity of TG in the 

presence or absence of HAase at pH 6.5 over time. Only 4.8% of rhodamine-labeled TG (r-TG) 

was released from S-NG in the first 5 min and about 11.3% was released within 1 h in the 

absence of HAase (Figure 5.10a). In sharp contrast, more than 20% of r-TG was released in the 

first 5 min and about 50% was released within 1 h when incubating with HAase. This HAase 

responsiveness of S-NG was further confirmed by enhanced enzymatic activity of TG after 

incubation with HAase (Figure 5.10b). Moreover, the bioactivity of the released TG was 

evaluated by the circular dichroism (CD) spectrum (Figure 5.11a) and transglutaminase assay 

kit (Figure 5.12a), which was consistent with the native TG. Collectively, these results 

demonstrated that HAase that is upregulated in the tumor microenvironment could digest the HA 

matrix of S-NG, thereby promoting the release of TG for the initiation of crosslinking of HSA 

and the subsequent formation of drug-delivery depots. 

To evaluate the pH-responsive release behavior of TRAIL from C-NG, a nondegradable 

crosslinker, methylenebis-(acrylamide), was applied to substitute glycerol dimethacrylate (GDA) 

to prepare nondegradable C-NG as a control. The in vitro release profiles of TRAIL from 

degradable and nondegradable C-NG were studied at pH 6.5 and 7.4, respectively. Only about 20% 

of TRAIL was released from both degradable and nondegradable C-NG within 6 h and 

approximately 35% of TRAIL was released within 72 h at pH 7.4 (Figure 5.3f). In contrast, 

degradable C-NG showed much higher cumulative TRAIL release than nondegradable C-NG at 

pH 6.5. More than 25% of TRAIL was released within the first 4 h from degradable C-NG and 

about 75% of TRAIL was released within 72 h. Furthermore, the addition of HAase did not 

affect the release profile of TRAIL from degradable CS-NG and degradable C-NG (Figure 5.13). 

The bioactivity of the released TRAIL was evaluated by the CD spectrum (Figure 5.11b) and 
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cell viability assay (Figure 5.12b), which was in agreement with the native TRAIL. Furthermore, 

a similar pH-responsive release behavior was also observed for Cilengitide (Figure 5.3g). A 

considerably promoted release rate of Cilengitide from degradable C-NG was achieved when 

compared with nondegradable C-NG at pH 6.5. It was also noteworthy that the decoration of 

HSA lowered the release rate of Cilengitide in the acidic environment, suggesting that the HSA 

covering the surface of C-NG may help inhibit the burst release and diffusion of payloads from 

C-NG. C-NG is therefore expected to gradually dissociate and subsequently release encapsulated 

drugs at the acidic tumor microenvironment, which facilitates the TRAIL binding towards the 

cellular membrane and the location of Cilengitide at the surface of endothelial cells of the tumor 

blood vessels. 

 

 

Figure 5.2. SDS-PAGE of TRAIL and TG. a, SDS-PAGE of TRAIL (12% gel). TRAIL showed 

about 24 kDa molecular weight. b, SDS-PAGE of TG (12% gel). TG showed about 37 kDa 

molecular weight. 
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Figure 5.3. Characterization of CS-NG and HAase-triggered construction of drug-delivery 

depots. a-c, The TEM images and hydrodynamic sizes of S-NG (a), C-NG (b) and CS-NG (c). 

The scale bars, a: 20 nm; b and c: 100 nm. d, Representative TEM images of CS-NG after HAase 

treatment for 0 h, 0.5 h, 1 h, 3 h and 12 h. Scale bar, 100 nm. e, Changes in particle size of CS-

NG incubated with 1 mg/mL HAase for different time at pH 6.5. Error bars indicate s.d. (n=3). f, 

In vitro release profiles of TRAIL from degradable C-NG and nondegradable C-NG at pH 6.5 

and pH 7.4, respectively. Error bars indicate s.d. (n=3). g, In vitro release profiles of Cilengitide 

from degradable C-NG, non-degradable C-NG and HSA-decorated degradable C-NG at pH 6.5 

and pH 7.4, respectively. Error bars indicate s.d. (n=3). 
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Figure 5.4. a, TG encapsulation efficiency and loading capacity by S-NG. b, TRAIL 

encapsulation efficiency and loading capacity by C-NG. The protein encapsulation efficiency is 

the ratio of (protein in the NG)/added protein. Protein loading capacity is the weight ratio of 

loaded protein/(loaded protein + NG). Error bars indicate s.d. (n=3). 

 

 

Figure 5.5. CLSM images of assembly of CS-NG. C-NG was loaded with rhodamine-labeled 

TRAIL and S-NG was labeled with FITC for imaging. Scale bar, 50 µm. 
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Figure 5.6. CLSM images of HSA decorated C-NG. C-NG was loaded with rhodamine-labeled 

TRAIL and HSA was labeled with FITC for imaging. Scale bar, 50 µm. 

 

 

Figure 5.7. a, Representative TEM image of Non-TG CS-NG after HAase treatment for 6 h. 

Scale bar, 100 nm. b, Representative TEM image of CS-NG incubated with serum for 6 h. Scale 

bar, 100 nm. 
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Figure 5.8. Changes in particle size of CS-NG incubated with serum for different time at pH 6.5. 

Error bars indicate s.d. (n=3). 

 

 

Figure 5.9. Characterization of S-NG after HAase treatment. a, The particle size of S-NG treated 

with HAase for 2 h. b, TEM image of S-NG treated with HAase for 2 h. Scale bar, 20 nm. 
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Figure 5.10. a, In vitro release of r-TG from S-NG with or without HAase treatment. Error bars 

indicate s.d. (n=3). b, The bioactivity of TG released from S-NG with or without HAase 

treatment. Error bars indicate s.d. (n=3). 

 

 

Figure 5.11. a, Circular dichroism (CD) spectra of native TG and released TG. b, CD spectra of 

native TRAIL and released TRAIL. 
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Figure 5.12. Bioactivity of released TG and released TRAIL. a, The bioactivity of TG released 

from S-NG and native TG. Error bars indicate s.d. (n=3). b, In vitro cytotoxicity of TRAIL 

released from C-NG and native TRAIL toward MDA-MB-231 cells for 24 h. Error bars indicate 

s.d. (n=3). 

 

 

Figure 5.13. In vitro release profiles of TRAIL from degradable CS-NG and degradable C-NG 

with/without HAase treatment at pH 6.5, respectively. Error bars indicate s.d. (n=3). 
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5.3.2 Evaluation of the in vitro drug delivery efficacy of CS-NG 

We next investigated the enhanced delivery efficiency of the membrane-associated 

therapeutics enabled by extracellularly built depots transformed from individual CS-NG. To 

assess this, the human breast adenocarcinoma (MDA-MB-231) cells
198

 were incubated with CS-

NG with or without HAase for 2 h and 6 h followed by the observation via confocal laser 

scanning microscopy (CLSM). As shown in Figure 5.14a and Figure 5.15, there was an obvious 

difference in the distribution of the rhodamine-labeled CS-NG in the absence and presence of 

HAase. Without HAase treatment, most of red fluorescence was detected within the cell, 

indicating that CS-NG was internalized by cancer cells. In contrast, with HAase treatment, the 

majority of red fluorescence was visualized on the cell membrane. Furthermore, the aggregation 

of CS-NGs was found on the surface of cellular membrane, suggesting that the formation of 

crosslinked CS-NGs was attributed to the TG released from S-NG after HAase cleavage. The 

next fluorescence-activated cell sorting (FACS) study showed a significant decrease in cellular 

uptake of CS-NG after the treatment of HAase for 3 h and 12 h compared with untreated CS-NG 

(Figure 5.14f). Collectively, the construction of drug-delivery depots from individual CS-NG 

could effectively inhibit the uptake by cancer cells, which could facilitate the construction of 

depots in vivo and extracellular release of drugs. 

To evaluate the apoptosis inducing capability of CS-NG in the presence or absence of 

HAase, the Annexin-V/PI double staining assay
199

 and the terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) assay were performed to quantitatively and qualitatively 

determine the percentage of cell apoptosis. A stronger green fluorescence signal was detected in 

cells with the addition of CS-NG treated with HAase than that without HAase treatment (Figure 

5.14b), indicating the broader apoptotic DNA fragment stained by the Alexa Fluor 488 due to 
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caspase 3 cleavage.
200

 Additionally, the rate of early and late apoptosis of MDA-MB-231 cells 

after incubation with HAase treated CS-NG for 12 h were 20.9% and 5.4%, which was much 

higher than 10.5% and 2.4% of CS-NG without HAase treatment and 11.7% and 1.0% of Non-

TG CS-NG with HAase treatment (Figure 5.14c and Figure 5.16). Furthermore, HAase showed 

negligible cytotoxicity toward MDA-MB-231 cells. 

The in vitro cytotoxicity of CS-NG with or without HAase treatment against MDA-MB-

231 cells was evaluated by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. CS-NG with HAase treatment exhibited a significantly enhanced 

cytotoxicity when compared with CS-NG without HAase treatment at all studied TRAIL 

concentrations (Figure 5.14d). Notably, the IC50 value of CS-NG with HAase treatment was 

150 ng/mL, 3.2-fold lower than that of CS-NG without HAase treatment (488 ng/mL). It was 

suggested that HAase-triggered the release of TG and subsequently the crosslinking of CS-NG 

mediated by the released TG could enhance the extracellular delivery of membrane-associated 

drugs and therefore provide higher cytotoxic activity. 

To further characterize the gradual dissociation of C-NG under the acidic tumor 

microenvironment, degradable C-NG loaded with rhodamine-labeled TRAIL were subjected to 

MDA-MB-231 cells. The majority of red fluorescence signal was detected on the cellular 

membrane for degradable C-NG (Figure 5.17). Furthermore, the membrane-associated 

distribution property of degradable C-NG led to enhanced apoptosis inducing capability (Figure 

5.18), elevated cytotoxicity (Figure 5.19), increased fragment of cell nuclei (Figure 5.20) and 

upregulated caspase 3 protein expression (Figure 5.21) when compared with the nondegradable 

C-NG.  
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Next, we evaluated the cytotoxicity of released Cilengitide against the human umbilical 

vein endothelial cells (HUVEC) in vitro using MTT assay and the tube formation assay. Cell 

viability assay showed no significant difference of cytotoxicity between native Cilengitide and 

released Cilengitide at all studied concentrations toward HUVEC cells (Figure 5.14e). 

Furthermore, Cilengitide displayed cytotoxicity toward MDA-MB-231 cells (Figure 5.22a). 

When combined with TRAIL, a synergetic anticancer efficacy was achieved (Figure 5.22b). In 

tube formation assay, the HUVEC cells subjected to Dulbecco's Modified Eagle Medium 

(DMEM) treatment (blank control) formed extensive and enclosed tube networks (Figure 5.14g). 

In contrast, Cilengitide released from CS-NG displayed a significant activity in inhibiting the 

tube formation at the concentration of 0.1 µM. Furthermore, the inhibition activity could be 

enhanced by increasing the concentration of released Cilengitide (Figure 5.23). Notably, there 

was no evident difference in tube formation between cells treated with native Cilengitide and 

released Cilengitide, indicating that there was no bioactivity impairment during the assembly and 

disassembly of CS-NG. 
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Figure 5.14. In vitro extracellular HAase-triggered construction of drug-delivery depots. a, 

Extracellular distribution of CS-NG with or without HAase treatment for 2 h. White arrows 

indicate the location of rhodamine-labeled CS-NG. Scale bar, 20 µm. b, The induced apoptosis 

of MDA-MB-231 cells treated with CS-NG with or without HAase incubation for 12 h using the 

TUNEL assay. The Alexa Fluor 488-stained nick end label DNA fragment showed green 

fluorescence, and the PI-stained nuclei showed red fluorescence. Scale bar, 10 μm. c, Flow 

cytometry analysis of MDA-MB-231 cells after staining with Annexin V-FITC and PI. The cells 

were treated with free TRAIL, TRAIL loaded CS-NG with or without HAase treatment at the 

TRAIL concentration of 50 ng/mL for 12 h. The cells incubated with drug free DMEM served as 

a control. d, In vitro cytotoxicity of free TRAIL, TRAIL loaded CS-NG with or without HAase 

treatment for 24 h. Error bars indicate s.d. (n=3). e, In vitro cytotoxicity of native Cilengitide and 

Cilengitide released from CS-NG toward HUVEC cells for 72 h. Error bars indicate s.d. (n=3). f, 

FACS analysis of MDA-MB-231 cells incubated with FITC-labeled TRAIL-loaded CS-NG after 

the treatment with HAase for different hours. MDA-MB-231 cells treated with DMEM served as 

a control. g, Effect of Cilengitide released from CS-NG at concentration of 0.1 µM on HUVEC 

cells tube formation for 8 h. HUVEC cells incubated with drug free DMEM served as a control. 

Scale bar, 100 µm. 
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Figure 5.15. Extracellular distribution of CS-NG with or without HAase treatment for 6 h. White 

arrows indicate the location of rhodamine-labeled CS-NG. Scale bar, 20 µm. 

 

 

Figure 5.16. Flow cytometry analysis of MDA-MB-231 cells after staining with Annexin V-

FITC and PI. The cells were treated with HAase, Non-TG CS-NG with HAase treatment at the 

TRAIL concentration of 50 ng/mL for 12 h. The cells incubated with drug free DMEM served as 

a control. 
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Figure 5.17. Extracellular distribution of degradable C-NG and non-degradable C-NG without 

HAase treatment. CLSM images of MDA-MB-231 cells treated with degradable C-NG and non-

degradable NG at pH 6.5 for 2 h at 37 ºC and 4 ºC, respectively. The cellular membranes were 

stained by Alexa Fluor 488-conjugated wheat germ agglutinin (WGA). Scale bar, 10 µm. 
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Figure 5.18. Induced apoptosis assay. Flow cytometry analysis of MDA-MB-231 cells after 

staining with Annexin V-FITC and PI. The cells were treated with free TRAIL, degradable C-

NG and non-degradable C-NG at the TRAIL concentration of 100 ng/mL for 12 h without 

HAase treatment. The cells incubated with drug free DMEM served as the control. 

 

 

Figure 5.19. In vitro cytotoxicity of free TRAIL, TRAIL loaded degradable C-NG and non-

degradable C-NG toward MDA-MB-231 cells for 24 h at pH 6.5 without HAase treatment. Error 

bars indicate s.d. (n=3). *P˂0.05 (two-tailed Student‘s t-test). 
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Figure 5.20. Inducing apoptosis in MDA-MB-231 cells followed by 24 h incubation with free 

TRAIL, TRAIL-loaded non-degradable C-NG and degradable C-NG (TRAIL concentration, 100 

ng/mL). Fluorescence images of MDA-MB-231 cells nuclei labeled by Hoechst 33342. MDA-

MB-231 cells treated with drug free DMEM were served as the control. Scale bar, 10 µm. 
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Figure 5.21. CLMS images of MDA-MB-231 cells stained with FITC-labeled active caspase 3 

antibody after treated with different TRAIL formulations. The cells nuclei labeled by Hoechst 

33342. Green: active caspase 3; Blue: cell nuclei. Scale bar, 20 µm. 
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Figure 5.22. a, In vitro cytotoxicity of Cilengitide toward MDA-MB-231 cells at different 

concentrations. Error bars indicate s.d. (n=3). b, In vitro cytotoxicity of CS-NG loaded with 

TRAIL and Cilengitide at the TRAIL concentration of 10 ng/mL and different Cilengitide 

concentrations. Error bars indicate s.d. (n=3). 
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Figure 5.23. Effect of native Cilengtide and Cilengitide released from CS-NG at the 

concentration of 1 µM and 5 µM on HUVEC cells tube formation for 8 h. HUVEC cells 

incubated with drug free DMEM served as the control. Scale bar, 100 µm. 

 

5.3.3 In vivo targetability and retention capability of CS-NG 

To assess the targeting and retention capability of CS-NG in vivo, the biodistribution of 

Cy5.5-labeled free TRAIL and Cy5.5-labeled TRAIL-loaded CS-NG after intravenous 

administration into the MDA-MB-231 tumor-bearing nude mice was monitored by a non-

invasive near infrared optical imaging system. As displayed in Figure 5.24a and Figure S25a, 

both Non-TG CS-NG, Non-HSA CS-NG and TG CS-NG exhibited similarly strong fluorescence 

signals at tumor site at 4 h post-injection, validating the notable targeting ability of CS-NG 

composed of HA matrix that can selectively bind to the overexpressed CD44 receptor on the 
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surface of MDA-MB-231 cells, which was also confirmed by the enhanced uptake of HA-CS-

NG compared with Non-HA-CS-NG toward MDA-MB-231 cells and increased accumulation of 

HA-CS-NG at the tumor site compared with Non-HA-CS-NG on MDA-MB-231 tumor-bearing 

nude mice (Figure 5.26). However, the free TRAIL displayed limited accumulation at the tumor 

site and most of the fluorescence signals were found at liver and kidney, indicating the quick 

clearance of free TRAIL. As time extended, the decreased fluorescence intensity was found at 

the tumor site of mice treated with TRAIL, Non-TG CS-NG and Non-HSA CS-NG when 

compared with that treated with TG CS-NG at 12 h and 24 h, suggesting the tumor 

microenvironment-mediated construction of depots, which enhanced the retention time of CS-

NG at tumor site. At 48 h post injection, the fluorescence signal of Cy5.5-TRAIL at tumor site 

could be barely observed in the tumor site of the mice treated with TRAIL, Non-TG CS-NG and 

Non-HSA CS-NG. Whereas a much stronger fluorescence signal could be found in TG CS-NG 

group, validating the superiority of decreased clearance rate and remarkably enhanced retention 

time of TG CS-NG at the tumor region. After 48 h, the fluorescence intensity of TG CS-NG at 

the tumor site was much higher than that of TRAIL, Non-TG CS-NG and Non-HSA CS-NG in 

the ex vivo imaging (Figure 5.24b and Figure 5.25b). The fluorescence signal of the tumor was 

also stronger than other normal tissues. The quantitative region-of-interest (ROI) analysis 

showed the fluorescence signal intensity of tumor was 3.4-fold higher than that of free TRAIL, 

1.5-fold higher than that of Non-TG CS-NG and 1.3-fold higher than Non-HSA CS-NG, as well 

as 2.1-fold and 3.2-fold higher than that of the liver and kidney (Figure 5.24c and Figure 5.25c). 

Next, we evaluated the clearance of TRAIL, Non-TG CS-NG, Non-HSA CS-NG and TG CS-NG 

at 1 h post injection (Figure 5.27). After 1 h administration, the ex vivo images showed the 

significant accumulation of free TRAIL at liver and kidney. However, the majority of Non-HSA 
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CS-NG, Non-TG CS-NG and TG CS-NG were located at liver. The minimized accumulation of 

CS-NG at kidney confirmed the stability of Non-HSA CS-NG, Non-TG CS-NG and TG CS-NG 

after administration. 

To further explore the mechanism underlying the enhanced retention capability of TG 

CS-NG, in vivo fluorescence test was performed.
201

 The fluorescence signal of CS-NG in the 

tumor site was initiatively similar at 8 h and then prominently higher than that of Non-TG CS-

NG at 24 h and 72 h (Figure 5.24d). Additionally, the fluorescence signal was barely observed 

at the tumor site associated with Non-TG CS-NG treatment after 24 h, which indicated quick 

clearance. In sharp contrast, the tumor treated with TG CS-NG exhibited the strongest 

fluorescence intensity at 72 h compared with 24 h and 8 h, suggesting the enhanced retention 

capability of TG CS-NG. As expected, the majority of TG CS-NG found at the tumor site was 

aggregated, which was in good accordance with the in vitro observation, indicating that the 

enhanced retention capability of TG CS-NG was attributed to the elevated accumulation and the 

declined clearance of TG CS-NG by the tumor microenvironment-mediated release of TG. In the 

tumor microenvironment, the overexpressed HAase was expected to digest the HA matrix 

readily, resulting into the exposure of TG. The released TG was first exposed to the HSA 

covered on the surface of C-NG and subsequently catalyzed the crosslinking of the HSA-C-NG, 

because S-NG and HSA were co-conjugated on the C-NG. Although TG could catalyze the 

crosslinking of other proteins in the extracellular matrix, but the high density of HSA decorated 

on the C-NG and direct exposure of released TG to HSA would make the crosslinking of C-NG 

more competitive than that of other proteins in the tumor microenvironment. Furthermore, the 

sufficient TG encapsulated in the S-NG would eventually catalyze the micro-assembly of C-NG, 

even if the non-specific crosslinking might happen. 
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Figure 5.24. In vivo targetability and retention capability of CS-NG. a, In vivo fluorescence 

imaging of the MDA-MB-231 tumor-bearing nude mice at 4, 12, 24 h and 48 h after i.v. 

injection of Cy5.5-labeled Non-TG CS-NG (i) and Cy5.5-labeled TG CS-NG (ii) at Cy5.5 dose 

of 20 nmol/kg. Arrows indicate the sites of tumors. b, Ex vivo fluorescence imaging of the 

tumors and normal tissues taken out from the euthanized mice at 48 h post injection. The 

numeric label for each organ is as follows: 1, heart; 2, liver; 3, spleen; 4, lung; 5, kidney; 6, 

tumor. c, Region-of-interest analysis of fluorescent signals from the tumors and normal tissues. 

Error bars indicate s.d. (n=3). *P˂0.05 (two-tailed Student‘s t-test). d, In vivo fluorescence 

imaging of tumors treated with rhodamine-labeled Non-TG CS-NG and TG CS-NG at different 

time. Scale bar, 100 µm. 
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Figure 5.25. a, In vivo fluorescence imaging of the MDA-MB-231 tumor-bearing nude mice at 4, 

12, 24 h and 48 h after i.v. injection of Cy5.5-labeled TRAIL (i) and Cy5.5-labeled Non-HSA 

CS-NG (ii) at Cy5.5 dose of 20 nmol/kg. Arrows indicate the sites of tumors. b, Ex vivo 

fluorescence imaging of the tumors and normal tissues taken out from the euthanized mice at 48 

h post injection. The numeric label for each organ is as follows: 1, heart; 2, liver; 3, spleen; 4, 

lung; 5, kidney; 6, tumor. c, Region-of-interest analysis of fluorescent signals from the tumors 

and normal tissues. Error bars indicate s.d. (n=3). *P˂0.05 (two-tailed Student‘s t-test). 
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Figure 5.26. a, FACS analysis of MDA-MB-231 cells incubated with FITC-labeled HA-CS-NG 

and NonHA-CS-NG for 2 h. MDA-MB-231 cells treated with DMEM served as a control. b, In 

vivo fluorescence images of tumors treated with rhodamine-labeled HA-CS-NG and NonHA-CS-

NG. Scale bar, 100 µm. 
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Figure 5.27. a, Ex vivo fluorescence imaging of the tumors and normal tissues (i: free TRAIL; ii: 

Non-HSA CS-NG; iii: Non-TG CS-NG; iv: TG CS-NG) taken out from the euthanized mice at 1 

h post injection. The numeric label for each organ is as follows: 1, heart; 2, liver; 3, spleen; 4, 

lung; 5, kidney; 6, tumor. b, Region-of-interest analysis of fluorescent signals from the tumors 

and normal tissues. Error bars indicate s.d. (n=3). 

 

5.3.4 In vivo antitumour efficacy evaluation 

The in vivo antitumor efficacy was evaluated on the MDA-MB-231 tumor-bearing nude 

mice model. The growth of the tumor was significantly inhibited after the treatment with 

different TRAIL formulations, including Non-TG CS-NG, Non-Cilengitide CS-NG, Non-

degradable CS-NG and TG CS-NG, compared with saline control group (Figure 5.28a). It was 

worth noting that Cilengitide played a significant role on suppressing tumor growth, which was 
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validated by the decreased tumor vascularization at the tumor site treated with Cilengitide-loaded 

CS-NG compared with that treated with Non-Cilengitide CS-NG (Figure 5.28b). Meanwhile, the 

body weight of mice receiving TG CS-NG remained stable during the treatment (Figure 5.28c). 

As shown in the Figure 5.28d, both Non-degradable CS-NG and TG CS-NG groups exhibited 

stronger inhibition effect than other groups, revealing the superior antitumor efficacy attributed 

to the prolonged retention capacities of CS-NG crosslinked by released TG enzyme. Furthermore, 

the mice treated with TG CS-NG showed significantly smaller tumor volume compared with 

those treated with Non-degradable CS-NG, which indicated the cleavage of acidic-responsive 

crosslinker—GDA could promote the release of loaded TRAIL and Cilengitide and facilitate the 

binding to each corresponding active destinations. The histologic images of the tumor section 

stained by the hematoxylin and eosin (H&E) showed a massive cancer cell remission after 

applying TG CS-NG (Figure 5.28e), while no obvious pathological abnormalities were observed 

on normal organs (Figure 5.29). Moreover, the fluorescence images obtained using the in situ 

TUNEL assay
202

 presented the highest level of cell apoptosis in the tumor collected from the 

mice treated with TG CS-NG (Figure 5.28e). Collectively, these results indicated that the 

extracellular drug-delivery depots can be effectively constructed at the tumor site for sustained 

release, inducing the apoptosis of tumor cells with enhanced efficacy. 
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Figure 5.28. In vivo evaluation of antitumor efficacy. a, Representative images of the MDA-

MB-231 tumors after treatment with different TRAIL and Cilengitide formulations at day 16. 

The numeric label for each tumor is as follows: 1, saline; 2, Non-TG CS-NG; 3, Non-Cilengitide 

CS-NG; 4, Non-degradable CS-NG; 5, TG CS-NG.  b, In vivo anti-angiogenesis observation of 

tumors treated with Non-Cilengitide CS-NG (i) and CS-NG (ii). The relative vessels numbers 

denotes the average number of CD31 positive vessels per microscopic field. Five randomly 

selected microscopic fields were quantitatively analyzed on ImageJ. Arrows indicate the sites of 

tumor blood vessels (green). Error bars indicate s.d. (n=5). ***P˂0.001 (two-tailed Student‘s t-

test). Scale bar, 200 µm. c, The body weight variation of MDA-MB-231 tumor-bearing mice 

during the treatment. Error bars indicate s.d. (n=5). d, The MDA-MB-231 tumor growth curves 

after intravenous injection of different formulations at a TRAIL dose of 1 mg/kg and Cilengitide 

dose of 2 mg/kg. Error bars indicate s.d. (n=5). *P˂0.05 (two-tailed Student‘s t-test). e, 

Histological observation of the tumor tissues after treatment. The tumor sections were stained 

with hematoxylin and eosin. Detection of apoptosis in the tumor tissues after treatment. The 

tumor sections were stained with fluorescein-dUTP (green) for apoptosis and Hoechst for nuclei 

(blue). The numeric label for each tumor is as follows: 1, saline; 2, Non-TG CS-NG; 3, Non-

Cilengitide CS-NG; 4, Non-degradable CS-NG; 5, TG CS-NG. Scale bar, 200 µm. 
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Figure 5.29. Histological observation of the organs collected from the MDA-MB-231 tumor-

bearing mice after the treatment at day 16. The organ sections were stained with H&E. Scale bar, 

100 μm. 

 

5.4 Conclusion 

Dysregulation of enzymes and pH play the critical roles in the cancer cell proliferation, 

invasion and metastasis
203-205

. Developing the drug delivery systems with the ability to respond 

to dysregulated enzyme and acidic pH dual stimuli can assure the spatio-temporal precision drug 

release under complex cancer pathological conditions, improved treatment efficacy and 

decreased unwanted side effects
206,207

. In this study, we have developed a new drug delivery 

strategy by using in situ extracellularly built depots assembled from individual nanocarriers for 

sustained release of combination therapeutics toward cell membranes to inhibit tumor 

proliferation. Both the construction and deconstruction of depots are activated in the tumor 

microenvironment by overexpressed enzyme (HAase) and the acidic condition, respectively. 

This tumor microenvironment-responsive delivery system makes such ―transformable‖ 

formulation highly selective; while the resulting extracellular depots enable highly sustained 

release of the membrane-associated therapeutics toward to their most active destinations. This 
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formulation can be further adapted as a general platform for delivery of a variety of other 

therapeutics, such as small molecule anticancer drugs, anti-inflammation drugs and vaccine 

agents, because of its targeting specificity, transformable behavior, and biodegradable nature. 

For future translation, the long term toxicity of the matrix of CS-NG, such as HSA and 

acrylamide, should be thoroughly investigated. 
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CHAPTER 6 SUMMARY AND OUTLOOK 

 

In this dissertation, four projects inspired by biology, including cell mimicking and 

leveraging physiological signals, for on-demand drug delivery and enhanced anticancer therapy 

were summarized as below: 

1) We have developed a platelet membrane (PM)-coated core-shell nanovehicle 

(designated PM-NV), which can sequentially and site-specifically deliver extracellularly active 

drug—tumor necrosis factor (TNF)-related apoptosis inducing ligand (TRAIL) and 

intracellularly functional small molecular drug—doxorubicin (Dox). By taking advantage of the 

high affinity between PM and cancer cells, the PM-NV effectively aggregated on the surface of 

cancer cells and subsequently promoted the interaction of TRAIL and death receptors. After 

endocytosis, PM-NV was degraded by acidity in the lyso-endosome, accompanied by the release 

and further accumulation of encapsulated Dox into nuclei. Synergetic cytotoxicity toward MDA-

MB-231 cells and enhanced antitumor efficacy were therefore achieved. Furthermore, PM-NV 

can eliminate the circulating tumor cells (CTCs) in vivo and significantly inhibit the tumor 

metastasis.  

2) We have described a tumor targeting amplification strategy by ―relay delivery‖ of two 

distinct modules—targeting signal transmission nanocarrier A encapsulated with tumor necrosis 

factor α (TNF-α) and decorated with RGD peptide (designated NCA), and execution biomimetic 

nanocarrier B encapsulated with paclitaxel (PTX) and coated with platelet membrane (designated 

NCB). The NCA is capable of specifically homing to tumor blood vessels, triggering the localized 

inflammation, which serves as an amplified tumor targeting signal. The sequential delivery of 

NCB will accumulate at the tumor site by receiving the broadcasted signal generated by NCA. The 
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in vivo xenograft tumor-bearing mice study substantiated that this relay delivery strategy could 

significantly maximize the drug accumulation at the tumor site, thereby enhancing the treatment 

efficacy and decreasing the side effects on normal tissues.  

3) We have developed a tissue plasminogen activator (tPA) and alendronate (Ald)-

conjugated, bortezomib (bort)-encapsulated platelet membrane-coated nanocarrier (designated 

tPA-Ald-PM-NP-bort) for enhanced therapy toward MM and thrombus complication. By taking 

advantages of the bone binding capability of Ald and the specific affinity between platelets and 

MM cells, the delivery platform holds promise in sequentially and precisely homing to the MM 

cells and increasing the drug availability at MM site, leading to improved treatment efficacy and 

decreased the side effects. After endocytosis, tPA-Ald-PM-NP-bort could be degraded by the 

acidity in the lyso-endosome, accompanied by the release of encapsulated bortezomib into the 

cytosol. Promoted cytotoxicity toward NCI-H929 cells and anti-MM efficacy were therefore 

achieved. Importantly, the tPA-Ald-PM-NP-bort could effectively dissolute the thrombus during 

the treatment and decrease the mortality caused by complications. 

4) We have developed a ―transformable‖ core-shell based nanocarrier (designated CS-

NG), which can enzymatically assemble into micro-sized extracellular depots at the tumor site 

with assistance of hyaluronidase (HAase), an overexpressed enzyme at the tumor 

microenvironment. Equipped with an acid-degradable modality, the resulting CS-NG can 

substantially release combinational anticancer drugs—tumor necrosis factor (TNF)-related 

apoptosis inducing ligand (TRAIL) and antiangiogenic Cilengitide toward the membrane of 

cancer cells and endothelial cells at the acidic tumor microenvironment, respectively. Enhanced 

cytotoxicity on MDA-MB-231 cells and improved antitumor efficacy were observed using CS-
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NG, which was attributed to the inhibition of cellular internalization and prolonged retention 

time in vivo. 

In these four projects, we have demonstrated the pre-clinical application and therapeutic 

efficacy of bioinspired drug delivery system by leveraging physiology for anticancer treatment. 

The key attributes of natural bioparticulates, such as morphology, self-recognition marker, and 

interaction with tumor cells, have been leveraged to design bioinspired drug delivery system to 

mimic functionality of cells and enhance anticancer efficacy. To fulfill this, developing a deep 

understanding of the delivery mechanisms that are used by biological carriers and improving 

synthesis techniques that will allow the adoption of superiority of cells into synthetic drug 

delivery system. To further translate these promising results to potential clinical application, we 

need to gain more fundamental knowledge to bridge the gap of biology and materials science. It 

is necessary to perform thorough biological and physiological evaluation of bioinspired drug 

delivery system, which must be supported by a well understanding of the biomolecular and 

cellular mechanisms involved in the disease. In addition, to meet the clinical needs for better and 

safer disease treatment, the physicochemical property of the bioinspired drug delivery system 

and the interaction between drug delivery systems and cells/tissues should be rationally designed 

and evaluated. A biocompatible material without triggering immune response and systemic 

toxicity would be ideal to construct bioinspired drug delivery system. Moreover, the byproducts 

of the synthetic materials should also be biocompatible and degradable even after metabolism. 

Last, in order to leverage the physiological signals for enhanced anticancer therapy, the 

dysregulated physiological biomarker should be carefully evaluated and selected. For example, 

the dysregulation of the enzyme quite varies in the different diseases and even in the different 

stages of one disease. Sufficient evaluation of quantity and distribution of the specific 
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physiological signal should be taken into account to ensure spatio-temporal drug release at the 

desired site. 
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