ABSTRACT

HU, QUANYIN. Bioinspired Drug Delivery System for Anticancer Therafiynder the
directionof Dr. Zhen Gu.

The development of binspireddrug delivery systerhy virtue of biology, such as
mimicking structural and functional aspectsatural oparticulates or leveraging physiological
signals in the disease environment for bioresponsive drug releaséng actively pursued in
nanomedicine for therapeutic purposes. Given the advantages of intrinsically biocompatible,
biodegradable, and nonimumogenic nature of natural celtbe biomimeticapproach holds vast
promise intargeted delivery for treating a variety of diseases, inclucimgerjnflammation
andcardiovasculatreatmentThis thesis study focused on developmginspired drug deliery
systems wittspatioatemporal release manner for enhanced anticancer treaffmentesearch
themes have beaxplored to realizen-demand drug deliveryl) plateletmimicking
nanomedicine for enhancedncettherapy and 2)tumor microenvironmentedated
construction and deconstruction of depot for extracellular protein deliveryhe first theme,
the aim is to exploiplateletmembranecoated nanoparticles that ciamnget toprimarytumor
tissueand circulating tumor celidrough the specific &hity of P-Selectin and CD44 receptors
This plateletmimicking platform was further extended to amplify the tutamgetingsignals by
combining vasculature and tumor tissue eaageting capability and employed for treatment of
myeloma and thrombuEor the second theme, by taking advantageiofor 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

proten drugs.
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Quantitative regio+of-interest analysis of fluorescent intensities from tumors and
main organs at 72 h post injection. Error bars indicate s.d. (nB3).085, **
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effectively.d, The TEM image and hydrodynamic size distribution of bare m
dextran NP. Scale bar: 100 neyThe TEM image and hydrodynamic size
distribution of PMNP. Scale bar: 100m.f, In vitro stability of PM-NP and
tPA-Ald-PM-NP in PBS and 10% FBS. Brrbars indicate s.d. (n=3),
Cumulative release of bortezomib from MU in PBS with different pH levels.

Error bars indicate S.d. (N=3)u ..ot eee e 95
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Figure 4.4 Evaluation of then vitro myeloma ells targetabilitya, Intracellular delivery of
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Figure 4.5

nuclei were stained byHoecst 33 342. SlgEéeAPCBré) : 20

TUNEL assay of the induced apoptosis of N€929 cells treated with NBort,
PM-NP-bort and AldPM-NP-bort for 12 h. Green fluorescence indicates Alexa
Fluor 488stained nick end label DNA fragment, and fiedrescence indicates
Pl-stained nucleiSc a | e b ag,Flowty@oMetrg analysis of N&H929

cells treated with drug free RPMI 1640 medium -bi*t, PMNP-bort and
Ald-PM-NP-bort at the bort concentration of 10 ng/mL for 12 h. The cells were
stained with Annexin WITC and PI for analysigd, In vitro cytotoxicity of
NP-bort, PMNP-bort, and AldNP-bort after incubation for 24 h. Error bars

INAICALE S.0. (NT3) ettt 100

Bone targetablity evaluatioa, In vitro hydroxyapatite (HAPpinding

efficiency. HAP was incubated with coumaBrNP, coumarir6-PM-NP and
coumarin6-Ald-PM-NP for different time intervals. Eor bars indicate s.d.
(n=3).b, In vitro bone fragment targeting capability. The bone fragments were
treated with comarin6-NP, coumarire-PM-NP and coumaru®-Ald-PM-NP

at coumariré concentration of 200 ng/mL for 1 h and then observed by
fluorescence microscope. Scale bar: gt c, In vivofluorescence imaging

of the nude mice at 24, 48 and 72 h after intrausrinjection of Cy5.8oaded

NP, Cy5.5loaded PMNP and Cy5.9oaded AldPM-NP at Cy5.5 dose of 30

nmol/kg.d, Regionof-interest analysis of fluorescent intensities from whole
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Figure 4.6

Figure 4.7
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Figure 4.8
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mice treated with AlePM-NP-bort and tPAAId-PM-NP-bort after induction

of lung thrombus. Blackrrows indicate the blood vessel. Red arrows indicate
the blocled sites. Scale bar: 100 pdy.Detection of apoptosis in the bone
marrow tissue after treatment using fluoresaifTP (green) for staining
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tPA-Ald-PM-NP-bort. Error bars indicated s.d. (N=3).......ccooeevviiiiiiiiiiicnnn. 113
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Figure 5.1

tPA-Ald-PM-NP-bort (b), after inductionof lung thrombus. Black arrows

indicate the blood vessel. Red arrows intidhe blocked sites. Scale bar:

Schematic of tumor microenvironmemiediated construction of combination
drugdelivery depots for sustained drug release usingNGSa, A typical

CSNG is consisting of cordlG (C-NG) loaded wth therapeutics, sheNG
(SNG) with encapsulated transglutaminase (TG) and human serum albumin
(HSA), coated on the surface ofNIG. The polymeric matrix of @G is acid
degradable and the polymeric matrix eN& 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@6G i nt o -dtehlei viedrryugdepot so.
C-NG can be gradually degraded aubsequently release the encapsulated
therapeutics at the acidic tumor microenvironment. b, ConstructiorNss C
S-NG and crosslinked depots. i, TRAIL and Cilengitide are loaded into
C-NG using emulsion based polymerization method. ii, TG is encapsul

into SNG using interfacial polymerization method. iii, TG catalyzes the
crosslinking of GIn and Lys on HSA to form depots at the tumor site. c,
Co-delivery of TRAIL and Cilengtide by GSIG for combination cancer
treatment through i.v. injecth. CSNGs can accumulate in the tumor site

via EPR effect and active targeting effect of HA. Both therapeutics are

released from the crosslinked Gi&ss depots. i, Cilengitide targets the
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Figure 5.2

Figure 5.3

Figure 5.4

integrins of endothelial cells and inhibit angiogenesis.RAIL targets the

death receptors (DRs) on the cell membrane and trigger the apoptosis...119

SDSPAGE of TRAIL and TG. a, SDEAGE of TRAIL (12% gel). TRAIL
showed about 24 kDa molecular weight. b, SEYSGE of TG (12% gel). TG
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Scale bar, 100 nm. e, Changes in particle size eNGSncubated 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 degradableNs and nondegradable
C-NG at pH 6.5 and pH 7.4, respectively. Error bars indicate s.d. (n48). g,
vitro release profiles of Cilengitide from degradabdNG, norrdegradable

C-NG and HSAdecorated degradebC-NG at pH 6.5 and pH 7.4,

respectively. Error bars indicate s.d. (N=3)-........uuiiiiiiiiiiiiiiieeeiiiieiieeeeeeeen 137

a, TG encapsulation efficiency and loading capacityNGS b, TRAIL
encapsulation efficiency and loading capacity BMG. The protein
encapsulation efficiencis the ratio of (protein in the NG)/added protein.

Protein loading capacity is the weight ratio of loaded protein/(loaded protein
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Figure 55 CLSM images of assembly of @85. GNG was loaded with rhodamine

labeled TRAIL and SNG was labeled with FITC for imaging. Scale bar, 50188.

Figure 5.6 CLSM images of HSA decoratedIG. GNG was loaded with rhodamine

labeled RAIL and HSA was labeled with FITC for imaging. Scale bar, 50. u&®.

Figure 5.7 a, Representative TEM image of NGrtG CSNG after HAase treatment for 6 h.
Scale bar, 100 nm. b, Representative TEM image eNGSncubated with
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Figure 5.10 a.In vitro release of4TG from SNG with or without HAase treatment. Error
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Figure 5.11 a, Circular cchroism (CD) spectra of native TG and released TG. b, CD spectra

of native TRAIL and released TRAIL. ... 141

Figure 5.12 Bioactivity of released TG and released TRAIL. a, The bioactivity of TG
released from BIG and native TG. Error bars indicate srd=J). b,In vitro
cytotoxicity of TRAIL released from @©IG and native TRAIL toward

MDA-MB-231 cells for 24 h. Error bars indicate s.d. (N=3)......ccevvvveieennen. 142

Figure 5.13 In vitro release profiles of TRAIL from degradable 8% and degradable

C-NG with/without HAase treatment at pH 6.5, respectively. Error bars indicate

Figure 5.14 In vitro extracellular HAasé¢riggered construction of drudelivery depots. a,
Extracellular distribution of CG8IG with or without HAase treatment for 2 h.
White arrows indicate the location of rhodamiladeled CSNG. Scale bar,
20 um. b, The induced apoptosis of MBMB-231 cells treated with GG
with or without HAase incubation for 12 h using the TUNEL assay. The Alexa
Fluor 488stained nick end label DNfragment showed green fluorescence,
andthePist ai ned nucl ei showed red fluorescer
cytometry analysis of MDAVIB-231 cells after staining with Annexin-MTC
and PI. The cells were treated with free TRAIL, TRAIL loadedNES with or
without HAase treatment at@lTRAIL concentration of 50 ng/mL for 12 h. The

cells incubated with drug free DMEM served as a contradh ditro
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cytotoxicity of free TRAIL, TRAIL loaded CSNG with or without HAase
treatment fo24 h.Error bars indicate s.d. (n=3).la,vitro cytotoxicity of

native CilengitideandCilengitide released from CSG toward HUVEC cells
for 72 h. Error bargdicate s.d. (n=3). f, FACS analysis of MEMB-231 cells
incubated witlFITC-labeled TRAIL:loaded CS\G after the treatment with
HAase fordifferent hours. MDAMB-231 cells treated with DMEM served as
a control.g, Effect of Cilengitide released from @$G at concentration of

0.1 uM onHUVEC cells tube formation for 8 h. HUVEC cells incubated with

drug freeDMEM served as a control. Seabar, 100 pM.........ccooeeeeiniiiiiiniiees 146

Figure 5.15 Extracellular distribution of G8IG with or without HAase treatment for 6 h.

White arrows indicate the location of rhodamlabeled CSNG. Scale bar,

Figure 5.16 Flow cytometry analysis of MDMIB-231 cellsafter staining with Annexin
V-FITC and PI. The cells were treated with HAase, N&CSNG 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.............cc.ooooiiiieee 148

Figure 5.17 Extracelldar distribution of degradable-NG and nordegradable ENG
without HAase treatment. CLSM images of MEMB-231 cells treated with
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XXXii



conjugated wheat germ agglutinin (WGA). Scale bar, 1Q.pum.................... 149

Figure 5.18 Induced apoptosis assay. Flow cytometry analysis of MIBx231 cells after
staining with Annexin VFITC and PI. The cells were treated with free TRAIL,
degradable NG and nordegradable NG at the TRAIL concentration of
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Figure 5.19 In vitro cytotoxicity of free TRAIL, TRAIL loaded degradaCNG and non
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Figure 5.20 Inducing apoptosis in MDAB-231 cells followed by 24 h incubatiavith
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Figure 5.22 a, In vitro cytotoxicity of Cilengitide toward MDAVIB-231 cells at different
concentrations. Error bars indicate s.d. (n=3)nlyjtro cytotoxicity of CSNG
loaded with TRAIL and Cilengitide at the TRAIL camdration of 10 ng/mL

and different Cilengitide concentrations. Error bars indicate s.d. (n=3).....153

Figure 5.23 Effect of native Cilengtide and Cilengitide released fromNES at the
concentration of 1 uM and 5 uM on HUVEC cells tube formation for 8 h

HUVEC cells incubated with drug free DMEM served as the control. Scale bar,

Figure 5.24 In vivotargetability and retention capability of @85. a,In vivofluorescence
imaging of the MDAMB-231 tumorbearing nude mice at 4, 12, 24rda48 h
after i.v. injection of Cy5.8abeled NoRATG CSNG (i) and Cy5.5abeled TG
CSNG (ii) at Cy5.5 dose of 20 nmol/kg. Arrows indicate the sites of tumors.
b, Ex vivofluorescence imaging of the tumors and normal tissues taken out
from the euthnized 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,
Regionof-interest analysis of fluorescent signals from the tumors and normal
tissues. Error bars inditeas.d. (n=3).P'0.05(twot ai | ed t&studdent 6 s
In vivofluorescence imaging of tumors treated with rhodarabeled Norn

TG CSNG and TG CENG at different time. Scale bar, 100 pm................. 157

Figure 5.25 a, In vivofluorescence imaging of the MDRB-231 tumorbearing nude mice
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at4, 12, 24 h and 48 h after i.v. injection of Cy@mabeled TRAIL (i) and
Cy5.5labeled NorHSA CSNG (ii) at Cy5.5 dose of 20 nmol/kg. Arrows
indicate the sites of tumors. Bx vivofluorescence imaging of the tumors and
normal tisues 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, Regieof-interest analysis of fluorescent signals from
the tumors and norahtissues. Error bars indicate s.d. (n=3). 6.05 (twe

tail ed t8YUA.N.L.O.S e 159

Figure 5.26 a, FACS analysis of MDAB-231 cells incubated with FIT{beled
HA-CSNG and NonHACSNG for 2 h. MDAMB-231 cells treated with
DMEM served as a cordl. b, In vivofluorescence images of tumors treated

with rhodamindabeled HACSNG and NonHACS-NG. Scale bar, 100 pm.160

Figure 5.27 a, Ex vivofluorescence imaging of the tumors and normal tissues (i: free
TRAIL; ii: Non-HSA CSNG,; iii: Non-TG CSNG; iv: TG CSNG) 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,
Regionof-interest analysis of fluorescent signals fromttiraors and normal

tissues. Error bars indicate S.d. (NT3)....ccccuviiiiiiiiiiiiieeeiiiiiirie e 161

Figure 5.28 In vivoevaluation of antitumor efficacy. a, Representative images of the
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MDA-MB-231 tumors after treatment with different TRAIL and Cilengitide
formulations at day 16. The n@mc label for each tumor is as follows: 1,
saline;2, NonTG CSNG; 3, NonCilengitide CSNG; 4, Nondegradable

CSNG; 5, TG CSNG. b,In vivoantiangiogenesis observation of tumors
treated with NorCilengitide CSNG (i) and CSNG (ii). The relatve vessels
numbers denotes the average number of CD31 positive vessels per microscopic
field. Five randomly selected microscopic fields were quantitatively analyzed
onlImageJ. Arrows indicate the sites of tumor blood vessels (green). Error bars
indicate s.d. (n=5). *P" 0.001 (twet a i | e d t&st)uStaenbard?280

pum. ¢, The body weight variation of MDRIB-231 tumorbearing mice

during the treatment. Error bars indicate s.d. (n=5). d, The MEBA231
tumorgrowth curves after intravenous injection of differertnulations 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 (twet ai | e d tEst)uel Histotogical observation

of the tumottissues after treatment. The tumor sections were stained with
hematoxylin andeosin. Detection of apoptosis in the tumor tissues after
treatment. The tumarections were stained with fluoresceidTP (green) for
apoptosis and Hoechi&tr nuclei (blue). The numeric label for each tumor is

as follows: 1, saline2, NonTG CSNG,; 3, NonCilengitide CSNG; 4, Non

degradable C8IG; 5, TG CSNG. Scale bar, 200 JM.........cceeviiiiiiiiieiiieanen. 163

Figure 5.29 Histological observation of the organs collected from the MDB-231

tumorbearing mice after the treatment at day 16. The organ ssatiere
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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 themselik<lhimeric antigen receptors
(CARS) has redirected the T cell specificity and opem@ew era for cancer therap¥xciting
news is that CD18pecific CAR T cell has recently been approved by the US Food and Drug
Administration for treating children and young adults witedll acute lymphoblast leukentia.
Moreover, clinical studies on cell transplantation are under investigation for treating cell function
deficiencies® In addition, novel strategies are cuntlg being developed in various stages to
leverage stem cells for tissue engineefiiYgt, these approaches are often limited by the
difficulty in supplying clinicaiscale demand of donor cells as well as tfedoing need for
immunosuppressive or other adjuvant drugs which are used to boost the cell efficiency but have
adverse effects® To this end, cell egineering methods aiming to address the concerns of
rejection by host immune systems have been proposed by immunoisolation of the cells with
microcapsules or thregimensional scaffolds® Although promising, challenges arise with the
foreign-body response induced Hye 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 waskrequired to assess the accuracy of transplantatidrthe
extent of the engrafted cells for optimizing the therapeutic outédrherefore, further
transformative tehnologies for cell engineering are highly in demand for biomedical

applications.



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 sophistickigid ddi
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 prolarigrdation time'® Moreover, the
recruitment ospecific cells in response to chemokines has been demonstrated to contribute to
the immune reactions, disease development and tissue consttidtaking lessons from these
processes, attempts have been prompted to transfer therapeutic constructs into natural cells to
devise the next generatiof delivery platforms?*As a f urt herd oemwn®dl uti on,
procedures by camouflaging synthetic nanomaterials with cellular membrane has been proposed
to recreate the key functions of the original cells fdrancing the utility of nanomateridfs®
These cell engineering approaches not only alleviate the host immune response but also retain
the complexity, and most importantly, the biological functions of the rlatelia, endowing
augmented therapeutic efficiency. Thesiewwill focus on the recent studies from our
laboratory toward the new developed cell engineering technologies for applications in cancer

immunotherapy, targeted drug delivendadiabetes treatemt (Figure 1.1).
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Figure 1.1. Schematic illustration of the recent advances inerajineeringechnologies from

different perspectives for drug delivery applications.

1.2 Cell engineering for cancer immunotherapy

Cancer immunotherapy, which booste #ystem immune response to tumor cells, has
emerged as a new pillar in the war against carféeétsiong 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 foriaghzancer
immunotherapy?® For instance, to overcome the rapid loss @il effector function in adoptive
cell therapy (APC), direct surface conjugation of T cells with nanofestencapsulating
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®?° Such engineering strategies offer new paradigm in modulating signaling
events at T cell/APC interfaces. In the develophoétherapeutic cancer vaccines, engineering

dendritic cells (DCs) bin vitro endocytosing antigeoonjugated nanoparticles with bioimaging



functionalities has been validated in enhancing antgpatific T cell response to inhibit tumor
growth, while sinultaneously allowing for tracking the fate of DCs during the proceSgés.

In addition, checkpoint blockade immunotherapy that works by interfering the inhibitory
pathways in T cells has elicited durable clalicesponses and losigrm remissions in treating
different type of cancers; however, insufficient lymphocyte infiltration and theaafet binding
of intravenously administrated checkpoint inhibitors remain the bottlenecks in further improving
the effetiveness™ 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:* our group exploited a checkpoint inhibitor delivery platform for post
surgical cancer immunotherapy by surfaosjugaton with aPDL1 (PaPDL1).?° Once activated
in vitro, aPDL1 could bealeased in the form of platelet plasma membi@ereved
microparticles (PMPs), accompanied by the release of severalffaammatory cytokines. After
intravenous injection,APDL1 was enriched at the surgical wounds ardgbedesidual tumors
highlighting the merits of the injuriioming nature of platelets in immune checkpoint delivery.

In vivotherapeutic performance substantialized that the release of a@Bgdd PMP and

various inflammatory factors synergistically boosted the activation of T celtee&troying

tumor celk at high efficiencyMoreover, the potential of-8PDL1 for treating tumor metastasis
was demonstrated by subsequent intravenous injection of B16F10 cells and antibodies. The
versatility of this engineering technique was provedusther 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 immunbgerapeutic potential in preventing cancer postsurgical recurrence while

limiting side effects.



The rich reactive chemical groups including thiols, amines and carboxylates on cell
surfaces provide sufficient sites for covalently conjugating synthetic iaateklso, the nano
bio interface interactions such as cellular uptake of nanomaterials can be explored to equip cells
with different functions. Notably, the stadé-art bioorthogonal chemistry, which has shown
great viability in selective modifation d biological specie$! may offer new avenues to this
field. These methods are convenient and robust to impart cells with gaining functions while
mai ntaining the cell s own biological competer
complements to traditional genetic engineering technologies in enriching living cell functions.
Besides engineering living cells, we recently engineered B16F10 whole lysate
(containing melanin) for cancer immunotherapy by integrating it with granuloecgtteophage
colony-stimulating factor (GMCSF) into neainfrared lightirradiated nicroneedle patche&®
The sustained transdermal delivery of GNbF could effectively recruit and activate DCs which
consequently internalized the releddysate and present the tumor antigens. Meanwhile, the
irradiation with neainfrared light stimulated the melanin to generate high local temperature,
which further facilitated migration of DCs and other immune cells at the vaccination sites by
elevatinglocal 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 BBpELHic 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.



1.3 Engineering nanomaterals with biomembranes

The r ecdeonvtnoiteonpgi neering of <cell ul ar membr s
yielding insights that are aiding in the design of biomimetic platforms to recapitulate natural
cellular biological functions, suctsaargeting a immune evasiofi To date, many cell types,
including leukocytes, cancer cells, stem cells, bacteria and platelets have been capitalized as
membrane source cells, each with a $ésamwn specific propertie¥. This section will focus on
our recent studies on engineering synthetic nanocarriers with biomembranes to impart local
therapeutic effect.
1.3.1Plateletmembrane

As one of the most important bpgarticulates 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
inflammatoryfactors to recruit leukocyte#\lso, 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 biomoleculargoetimeen
P-Selectin and CD4 receptor plays the key role.

As a starting point, we leveraged advantage of the interactions between platelets and
cancer cells to develop a platefeimicking drug delivery systemi*We ut i | i zdeodwntoh e it
method to warp the platelet membrane on theaserbf doxorubicin (Dx)-loaded nanogels,
where the translocation of abundant surface associated proteins enabled therepfitia¢
specific interactions between platelets and cancer cells. Afterwards, the platelet membranes were
decorated with tumamecrosis facterelated apoptosis inducing ligand (TRAIL). Mediated by

specific interaction between$electin on the platelets and CD44 receptors on the cancer cells,



the platelet membrarsatd nanovehicle (PNNV) could efficiently target to the surfaocé
cancer cells to facilitate the therapeutic efficacy of TRAIL. Upon internalization, the nanogel
inside the PMNV composite containing acicesponsive crosslinkers could dissociate inside the
acidic endosomes, allowing the release of loaded drugssé&tiential drug delivery fashion
finally I ed to a synergistic cytotoxicoigtny .z eMo
protein like CD47 on the membrane minimized the uptake by microphage cells amgypdnto
vivo circulation time* Using MDA-MB-231 tumor model, we demonstrated the superior anti
cancer potency of PNV with the smallest tumor size, which was attributed to the selective
cancer homing capability of PNV andsynergistic anticancer effect based on the gecific
delivery of TRAIL and Dox Moreover, the versatility of PNV 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 inflamation of tumor blood vessel¥Regarding the
inherent property of platelet homing to the injured blood vessel and specific interactions between
platelet and cancer cellspwao modulescomposed delivery method was designed to maximize
the anticancer treatment effect. The signaling transmission nanocarrig) (&S made from an
Arg-Gly-Asp peptidef uncti onal i zed polymeric nanoparticl
inducer. The execution nanocarrier (B)Gvas composed of platelet membraroated
nanoparticle encapsulated with paclitaxel (PTX) to receive the broadcasting inflammation signal
and accumulate at the tumor site. TheaNM&s demonstrated to induce strong inflaation
response on human umbilical vein endothelial cells (HUVIB@jtro, as proved by upregulated

cell adhesion molecules and increased release of cytokinesinA¥igo administration, N



could selectively accumulate at the tumor site and triggdotat inflammation of blood

vessels. Moreover, it was shown thatg\fould be efficiently internalized by MDMB-231

tumor cells, leading to the enhanced cytotoxicity. Furthermore, the sequential administration of
NCa and NG significantly increased thaulg availability and retention time at the tumor site
when compared to the N@lone, which led to the enhanced inhibition of tumor growth. More
importantly, this relay delivery induced negligible systemic inflammation response and did not
cause any pathogical abnormalities of tissues.

As further extension, we designed platelet membrara@ed nanoparticles for combined
treatment of multiple myeloma and thromB&ihe complication such as timbus formation
imposes great challenges to the successful treatment of multiple myeloma and increases the
mortality. A nanoplatelet delivery system was then developed by coating bortelpahéal
nanoparticles with platelet membrane. After that, tissasmpinogen activator (tPA) and
alendronate (Ald) were covalently conjugated on the surface of platelet membrane for clot lysing
and for bone targeting, respectively. Bottvitro andin vivoresults confirmed this nanoplatelet
could increase the drug acculation at the myeloma site by firstly targeting berethe
calcium chelating ability of Ald and secondly binding myeloma cells based on the interaction
between FSelectin on the platelet membrane and CD44 receptors on the tumor cells, leading to
the enlanced 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 atyipursued in theseegrs for therapeutic purposes.
Given the advantages of intrinsically biocompatible, biodegradable, and nonimmunogenic nature

of natural cells, functionalizing synthetic nanoparticles with cell membrane will continuously



contribute tdoridge the gap between natural cells and synthetic formulations and encourage

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

1.32 Subcellular membranes

Generally, upon cargo internalization, vesicles are famted| by invagination of the
plasma membrane. These vesicles then converge upon early endosomal systems, followed by
sorting d the internalized substanc&sThe majority of the endocytosed membrane components
including lipids and proteins will be recycled back to the plasma membiaearly and
recyclingendosomesyhere the membrarg@ssociated proteins and receptors are randomly
distribuied over the endosome membrahRecently, the multiple molecules on plasma
membrane have been demonstrated to mediatggregation of homotypic celf.

In this circumstance, our group proposed an alternative cell engineering method to
fabricate endosome membragecapslated nanogels (ENNG) for homotypic cancer drug
delivery® Mesoporous silic@oated magnetic naparticles 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 théormation of nanogels which appeared as reowal in shape
with multiple silica/magnetic nanopatis clustered insidé&imultaneously, endosome
membrane components were well preserved ershtiell of the EMNG. The much highein
vitro cytotoxicity indwced by bx-loaded EMNG (Dox-EM-NG) than those of doxorubicin
loaded nanogels (@x-NG) and free doxorubicin indicated the targeting effects of theNE38;
whereas the negligible differences in cytotoxicity for human lung adenocarcinpitnalial

cells trated with x-EM-NGs and @x-NGs underlined the homotypic targetinglay of the



EM-NGs Compared to the process of utilizing plasma membrane to coat nanomaterials by
sonicdion or repeated extrusiothe reconstitution of endosomal membrane onto namelies

on a natural endocytosis process, which would better maintain the functions of biological
molecules. Although the detailed mechanism underlying the function of endeswayesulated
nanogels still needs more efforts, this novel cell engineeringadgirovides implications for
developing alternative drug delivery systems, especially personalized therapeutics.

Other subcellular compartments can also be exploited to engineer synthetic materials for
many useispecified purposes. Major advances in Hiesa include the extensively studied
extracellular vesicles, which are important mediatorsrf@rcellular communicatiort. The key
roles extracellular vesicles play in regulating both normal pathological processes and disease
pathogenesis provide clues to engineer and modify saitital particulatefor therapeutic
interventionsAdditionally, engineering cellular membrane with antigens or quantum dots to
derive micre/nanoparticles has shown promising potentighieranostic applicatiorf&**

Related studies of engineering egdirived 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 characterizgt biobd
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 i tight blood glucose contr8f.To this end, great efforts have been devoted to the
development of alternative treatment strategies such asasad therapy and insulin delivery

with syntheticmaterials*® Given the concerns regarding cell transplantation mentioned above,
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glucoseresponsie materials have shown greatential for insulin delivery? Neverthéess, to
construct a system that can respond quickly to elevated blood glucose levels is a great challenge
in closely mi miysiolgical geeds Foeinswift dy 6 s p h

To this challenge, our group engineered RBCs with a glucosatiee (glucosamine)
modified insulin (Glelnsulin) as a new insulin delivery formulation by leveraging the reversible
interaction between glucose and the abundant glucose transporters (GLUTS) on the@furface
RBC membrane® The GleInsulin could gecially 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 400g/dL glucose within 30 min, whereas much slower insulin release
was observed at normalygemic conditionsAfter intravenous injection of the Glasulin
bound mice RBCs into diabetes mice, the injected cells had remained stable even for 72 h, which
fadlitated the longterm insulin deliveryin vivodiabetes treatment showed that-Gisulin
bound mice RBC cells could restore the blood glucose level (BGL) for a much longer time than
free GlelInsulin or free insulin plus mice RBCs, which originated fritn@ longterm stability
and glucoseesponsive property dfie designed systeriihe dynamics of insulin release
detected in intraperitoneal glucose tolerance tests further verified the gtleqpsaent
responsivenes$urthermore, based on the cell memierangineering technologies, we also
built a bicinspired nanoformulation utilizing RBC membrac@ated nanoparticles for insulin
deliveryvia the same mechanism. Such nanoformulations would be much easier and
conveniently integrated with microneedle patsitior 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 shotédimat the inabity of
RBCs to replenish insuliwould inspire new cell engineering methods or engineering of

different cell species to achieve more sustainable diabetes treatment methods.

1.5 Simmary and outlook

The studies summarized in thesviewdemonstrate 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 circulatin 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,4oorkekal
applications, scalep manufacturing of natural cedhgineered drug deliveformulations 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 partieutgtstems is necessary fiovivo 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 pport 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 appimaches

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

Asynt hetic celnasdoe maadtee rfiraolns mahni I-ree apcotsisoensds i n g
behaviors of their natural counterparts are promising to alterha#iddress the combinatio

issues of efficacysafety ad manufacturing”*°

1.6 Dissertation Scope and Organization

Theaim of this dissertation is to develbminspired drug delivery systems for enhanced
anticancer therapyrlhis dissertation is presented as four separate manuscripts (Chapisiti2
a comprehensive introduction (Chapter 1) highlighting redemglopments in bioinspired drug
delivery systems for spattemporal drug deliveryA summary that@ancludes the primary
findings described in Chapter 2 t@5 well as future outloak also provided.

Chapter 2 reporta plateletmimicking nanovehicle (PMNV) platform for targeting and
site-specific delivery of anticancer drug. With integration of glaeet s 6 f eat ur es such
blood circulation, low immunogenicity and highly specific affinity toward tumor cells, this
formulation can selectively target to the tumor site and sequentially déiiferent drugsled to
significant enhancement of thatitumor efficacyChapter 3 describébe use of two distinct
modulesb ased dAr el ay tdgyforgampalifgirigiactive tulyrdargeting sigmal and
enhancing antitunraherapy. This relay delivery system was composed of a signal transmission
narocarrier A (NG) that can specifically induce tumblood vessel inflammation generation,

and execution biomimetic nanocarrier B (&at can accumulate at the tumour site by
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receiving the broadcasting signals generated by. BGapter 4epors on the e of a tissue
plasminogen activator (tPA) and alendronate (Aldpjugated, bortezomib (bomhcapsulated
platelet membraneoated nanocarrier (designated tRE-PM-NP-bort) for enhanced therapy
towardmultiple myeloma MM) and thrombus complicatioithis unique tPAAId-PM-NP-bort
can sequentially target the MM site by first binding to the bone microenvironment and
subsequently homing to the MM cel@hapter Hescribes transformableoreshell based
nanocarrie(designated G8!G), which can assembieto microsized 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

2.1Introduction

Biomimetic drug delivery systewifers new opportunities to mimic the biological
particulates, including cells, vesicles and viruses for enhancing biocompatibilityandtjprg
therapeutic efficacy™>*>* As a simple and effective biomime#pproach, 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 included blood cell (RBC) membna-coated PLGA

§%°>>7 white blood cell (WBC) membree-decorated silica particlééand cancer

nanoparticle
cell membraneloaked nanoparticles.Given the complexity of biological entities with different
sorts of membranes integrated with distibioactive 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 mééining the inegrity of blood circulatiorf**®* Recently, the
recognition and interaction between platelets and circulating tumor cells in blood have aroused
considerable attention because of its crucialrtoation to tumor metastasis® The
aggregation of platelets surrounding circulating tumor cells (CTCs) helps CTCs survive in blood
stream and spread to new tissi83he mechanism underlying this specific aggregation includes
biomolecular binding such &Selectin and CD44 recept8f® and structurdased captur®®®

Here we report the development of platelets membrane-(iekted coreshell

nanovehicle (designated PNV) for targeting and sequential dsitespecific delivery of

extracelluarly active protein and intracellular functional small molecular drug. As displayed in
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Figure 2.13 the PMNV is composed of two components: 1) a nanogel based inner core part for
loading small molecular drug; 2) thiafelet 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 surfaceof NVEqui pped wi th | aregce gmu mbeedroblVps fo t fes enlsf,
expected to minimize thie vivoimmunogenicity, polong the circulation timé More
importantly, the overexpressed3ekctin on the PM can specifically bind to CD44 receptors
upregulated on the surface of cancer cells. Taken together, we hypothesizedhedenmd
actively target to tumor site and sequentially deliver anticancer therapeutics to their most active
destinaibns. To demonstrate our hypothesis, we loaded two anticancer therap R8s
and Dox into PMNV (designated TRAIEDox-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) dme cell surfacé! while Dox can intercalate the nuclear DNA of
cancer cells to trigger the intrinsipoptosis sigrilng pathway’*"*

After intravenous (i.v.) injection, the PIMVs are expected to accumulate in the tumor
site by combination of the passive enhanced permagaiiil retention (EPR) effdct® and
active targeting based on the affinity between PM and overexpressed CD44 receptors on the
cancer cellsKigure 2.1b). Meanwhile, the aggregation of PNV on the surface of cancer cells
enabled by capture ability of8electin cold 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 CHi@sré 2.1b), which plays
a vital rde in tumor metastasis®® After cellular internalization, the acigiin the ende

lysosome is expected to digest the a@sponsive modality in the RMV, accompanied by the
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release of encapsulated Dox, which will accumulate in the nuclei of cancer cells for

synergistically inducing apoptosis.
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Figure 2.1 Schematic degn of drugloaded PMNV for targetingand sequential drug delivery.
a. The main components of TRAIDox-PM-NV: TRAIL -conjugated platelets membrane
derived from platelets; Deboaded nanovehicle (DeMV). I. centrifugation of whole blood; I
isolation of patelets; Ill: extaction of platelets membrane.lb vivo elimination of circulating
tumor cells (CTCs) and sequential delivery of TRAIL and Dox. TREBhx-PM-NV captured
the CTCsvia specific affinity of RSelectin and overexpressed CD44 receptors aloskesjuently
triggered TRAIL/Doxinduced apoptosis signaling pathways. I: the interaction of TRAIL and
death receptors (DRS) to trigger the apoptosis signaling; II: the internalization of JBvWXH
PM-NV; lll: the dissociation of TRAIEDox-PM-NV mediated bythe acidity of lyseendosome;

IV: release and accumulation of Dox in the nuclei; V: intrinsic apoptosis triggered by Dox.
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2.2 Experimental section
2.2.1Materials

All chemicals were purchased from Sigikrich and were used as received.
Fluorescein isotlocyanate (FITGNHS, rhodamineNHS and Cy5.8NHS were purchased from
Life Technologies (Grand Island, NY, USA). Glycerol dimethacrylate was purchased from

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

2.2.2lsolation of platelets

Platelets from wha blood were isolated through gradient centrifugation. Briefly, 10 mL
whole mouse blood was centrifuged at 100 x g for 20 min with no brake. Afterwards, the
supernatant was added with PGEL1 to a final concentration of 1 uM and centrifuged at 800 x 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 déabéding with

antibodies against the platelgiecific marker, CD41 and a marker fanite blood cells, CD45.

2.2.3Preparatiorof PM-NV

The NV encapsulated with Dox was prepared using a single emulsion method. Briefly,
500 pL aqueous phase containing 46 mg acrylamide (AAm), R4g8gaminopropyl)
methacrylamide (APMAAmM) and 16 mg glycébmethacrylate (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 ether3Brig44
mg) and ammonium persulfat@PS). 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 maddy replacing the degradable crosslinker GDA with-degradabléN,NG
methylenebis acrylamide (MBA).

To acquire purified platelets membrane, the obtained platelets were added into lysis
buffer and maintained for 30 min. Thereafter, the mixture was cegedfat 18000 x g for 10
min. After sonication, the obtained PM and B¥¥ mixture was stirred and maintained
overnight. To decorated TRAIL on the surface
to generate additional thiol groups, which was fertinked with amines of TRAIL through the
sulfosuccinimidyd4-(N-maleimidomethyl) cyclohexank carboxylate (SulfeSMCC). To access
the amount of TRAIL on the PM, TRAIL was reacted with FiIREIS or Cy5.5NHS overnight
and purified by using @5 column (PDmidiTRAPTM, GE Healthcare). The amount of TRAIL
was determined by measuring the fluorescence intensity of FITC/@igbngicroplate reader
(Infinite M200 PRO, Tecan). The TRAIDox-PM-NV was characterized by the Zetasizer
(Nano ZS, Malvern) and Transmissi Electron Microscopy (TEM) (JEMOOOFX, Hitachi)

operating at 200 kV.

2.2.41n vitro stability of M-NV and Dox release from PNV

Forin vitro stability of PMNV, PM-NV and NV were added into 100% FBS (Hyclone).
The change of particle sizes within 4vas monitored by DLS. Absorbance measurements at 560
nm were taken at predetermined time intervals using a microplate readerirFaitro Dox
release, 0.5 mL of DeRPM-NV and DoxNV was added into a dialysis tube (10K MWCO)
(Slide-A-Lyzer, Thermo Scierfic) embedded into 14 mL of the PBS buffer solution (containing

0.1% TweerB0) at different pH, and gently shaken af’@7n 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.

2.2.5Cell culture
MDA-MB-231 cells and Raw264.7 were ainted 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 penicil l:i

2.2.6Site-specific delivery 8TRAIL and Dox

MDA-MB-231 cells (1 x 10cells/well) were seeded in a confocal microscopy dish
(MatTek). After culture for 24 h, the cells were incubated with TRRM-NV and TRAIL-NV
for 2 h. Thereatfter, the cells were washed with PBS and stained with Alexa Fldiab4&8d
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, MDAMB-231 cells were seeded in a confocal microscopy dish at thaydeh$ x
10° cells/well. Twentyfour hours later, the cells were exposed to {Pd#-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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2.2.7Determinaton of endocytosi pathways

MDA-MB-231 cells (1 x 10cells/per well) were seeded in thev@ll plates and cultured
for 24 h. In order to investigate the endocytosis pathway, the cells werepbated with
various kinds of endocytosis inhibitor, including clathmedided endocytosis: sucrose (SUC,
450mMf*and chl or pr oma %inhibstor ¢f CaRedlinmedidied endocytosis:
nystatin ( N%®snhibit@r 6f micrgpinacitdsis: amiloride (AMI, 1mNf inhibitor
of lipid raft: methytb-cyclodextrin (MCD, 3 mM¥ for 1 h at 37 °C, respectively. Afterwards,
the cells were incubated with D&M-NV at the Dox cacentratio 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 measuie@tiow cytometry.

2.2.8Evaluation of DoxPM-NG uptake by Raw264.7 cells
Raw264.7 cell§l x 1¢ cells/per well) were seeded in thev@ll plates and cultured for
24 h. Afterwards, the cells was added with WX and DoxPM-NV and incubated for 2 h.
Then the cells were washed with PBS and subjected to fluorescence microscopy observation. For
guantitative analysis, the cells were subjected to flow cytometry for fluorescence signals

guantification.

2.2.9Apoptosis assay

Apoptosis of MDAMB-231 cells was detected using the AnnexitrWC Apoptosis
Detection Kit (BD Biosciences) and APBrdU TUNEL Assay Kit (Life Technologies),
respectively. The cells were seeded in theefl plates at the density of 1 xells/well. After

culture for 48 h, the cells were incubated with divegg 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 t{@dCapeptogist act ur er
detection, the cells were analyzed by flow cytometry (BD FACSCalibur). While for TUNEL

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

2.2.10In vitro cytotoxicity

MDA-MB-231 cells (5 x 19cells/well) were seeded in the-9&ll plates. Twentfour
hours later, the cells were treated with TRAbx-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 €L of the MTT sol uti
was replaced with 150 eL of dimethyl sulfoxid

wavelengthof 570 nm by a microplate reader.

2.2.11In vivo pharmacokinetics investigation

In vivopharmacokinetics of DoV and DoxPM-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 DY and DoxPM-NV at the Dox dose of 5 mg/kga
the tail vein. At pradetermined 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 supetnass then anahed by

measuring the fluorescence intensity of Dox.
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2.2.12In vivotargeting capability of PMNV

All animals were treated in accordance with the Guide for Care and Use of Laboratory
Animals, approved by the Institutional Animal Care &zt Committee (IACUC) of University
of North Carolina at Chapel Hill and North Carolina State University. To build NUBA231
tumor-bearing mice model, the female nude mice (6 weeks, J:NU, The Jackson Laboratory) were
subcutaneously implanted with 1 x’MDA-MB-231 cells in 100 pL saline. When the volume
of tumors reached to 40600 mnd, the mice were intravenously injected with Cy&beled
TRAIL-Dox-NV and Cy5.5labeled TRAILDox-PM-NV at Cy5.5 dose of 20 nmol/kg. Images
of mice were taken on IVIS Luma 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 subjeated/feoimaging. The
fluorescence intensities of regiof-interests (ROI) were anagd by Living Image Software.
For Dox distribution at tumor site, DaXV and DoxPM-NV were intravenously injected into
MDA-MB-231 tumorbearing micevia tail vein at the Dox dose of 2 mg/kg. Thece 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.

2.2.13In vivoantitumor efficacy assay

Twenty-five tumor-bearing mice were weighed and randomly divided into five groups
(n=5) when the tumor volume reached to 60%rfnom day 0, the mice were intravenously
injected with TRAIL-Dox-NV (TRAIL: 1 mg/kg, Dox: 2 mg/kg), TRAIEPM-NV, Dox-PM-NV,
TRAIL-Dox-PM-NV andsaline 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 manufactsrerpr ot oc o | anc

observed by fluorescence microscope.

2.2.14In vivoelimination 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 pg/miia tail
vein. Thirty minutes later, the mice were intravenously injected with 1’ MDA -MB-231 cells
in 100 pL salinevia tail vein. Thereafter, the lung tissues of mice were stained with India ink and
taken out for imaging and staining at 8 weeks post igjecEor the hematoxylin and eosin

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

2.2.15Statistics
All results presented are Mean N s. d. Sta
t-test. With & value < 0.05, the differensdetween experimental groups and control groups

were considered statistically significant.

2.3Results and discussion

2.3.1Preparation and characterization of platet@tnicking nanovehicles (TRAHDox-PM-NV)
In order to prepare TRAHDox-PM-NV, the puified platelets were collected throutite

ﬁ6,87

gradient centrifugatio The obtained platelets were verified by fluorescestésated cell
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sorting (FACS) study through labeling with antibodies against thel@lspecific marker,

CD41% and a marker for whitblood cells (WBC), CD45? 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. PMNV was prejaredvia coating the purified platelet membranes on the surface of NV.
Monodispersed NV was obtained with a particle size of 105 nm and zeta poterial iV

(Figure 2.3), characterized by the dynamic light scattering (DLS). After coating with PM, the
resulting PMNV appeared as a ceshell structure with an average diameter of 120.9 nm and
zeta potential 0of21.3 mV Figure 2.4). The increased size and decreased surface charge
indicated the existe® of PM on the surface of N\Figure 2.4b). Additiondly, the successful
coating of PM was further confirmed by colocalization of the Flalizled PM and rhodamine
labeled NV Figure 2.5). To investigate the stability of PIMV, the size changes of NV and
PM-NV was monitored by the absorbance metffoThe absorbance values measuae560 nm

and particle size suggested the superior serum stability e Mhen compared with NV

(Figure 2.4c and Figure 2.9.
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Figure 2.2 FACS study of purified platelets that were double stained for feldgugated, arti

CD45 (white blood cell mads) and antiCD41 (platelet marker).
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Figure 2.3. Characterization of NVia 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 PNNV. a, The TEM image and hydrodynamic siistribution

of PM-NV. Arrow indicates the existence of platelet membrane. The scale bar: 100 nm; inset: 50
nm. i Changes in particle size and zeta potential of NV after coating with Rbf.lE&rs

indicate s.d. (n=3)..¢n vitro stability of NV and PMNV in the 100% fetal bovine serum. The
absorbance at 560 nm is monitoredoEbars indicate s.d. (n=3), lah vitro release of Dox from

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

FITC for imaging. Scale bar: 50 pm.

- NV
% PM-NV
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Incubation time (h)
Figure 2.6. The particle sizes of NV and RMV after incubation with 100% fetal bovine serum
(FBS). Error bars indicate s.d. (n=3).
To characterize the pkesponsive releaseehavior of Dox from PMNV, a

nondegradable crosslinkenethylenebigacrylamide}®®*

was applied to substitute glycerol
dimethacrylate (GDA) to prepare nondegradable NV as a controlnMiieo release profé of
Dox from DoxNV and DoxPM-NV was monitored at pH 5.4, 6amd 7.4, respectively-{gure
2.4d and Figure 2.7). Only about 23% of Dox was released from B\X and DoxPM-NV
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within 6 h and approximately 65% of Dox was released within 48 h at pH &dntrast, Dox

NV and DoxPM-NV showed much higher cumulative Dox release at pH 5.4 than that ef Dox
NV and DoxPM-NV at pH 7.4. More than 40% of Dox was released in the first 6 h from both
Dox-NV and DoxPM-NV and about 88% of Dox was released within 4&igure 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 accadrite dissociation of PV and subsequent

release of encapsulated Dox.

100

| - Dox-PM-NV (pH 6.5)
-2 Dox-NV (pH 6.5)

Cumulative Dox release (%)

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h)

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

s.d. (n=3).

2.3.2Site-Specific Delivery of TRAIL and Dox by PNNV
To investigate the digery efficacy of TRAIL and Dox by PM\V, the human breast
aden@arcinoma (MDAMB-231) cell§? were incubated with NV and PMV for 2 h, followed

by the observatiomia confocal laser scanning microscopy (CLSM). An evident difference of
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distribution of TRAIL delivered by NV and PMIV was recorded. As displayed figure 2.83
the distribution of the rhodamidaebled PMNV was loated on the cellular membrane and
cytoplasm. In contrast, all of the rhodamiabeled norcoated 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 ofRAIL toward plasma membrane mediated by-RM could be
attributed to the selective affinity of platelets and cancer cells. 33@detin protein
overexpressed on the surface of platelets could specifically bind to the CD44, an upregulated
receptors on #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 intrgltular delivery of Dox by PMNV using CLSM. PMNV
was demonstrated to be internalized by the MRRB-231 cellsvia the clathrindependent
endocytosis with the involvement of lipid raRigure 2.9). As shown inFigure 2.8¢ the
majority of the internalize@M-NVs were found in the endgsosomes labeled with the green
fluorescence, visualized by the overlaid yellow fluorescence for 1 h incubation. In contrast, a
large number of endocytosed FWV/s were localized in the nuclei stained with blue
fluorescenceevidenced 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 elydosome. Furtherme, the
uptake efficiency of DoPM-NV on Raw264.7 cells was significantly lower than that of Dox
NV (Figure2.10 , i ndicateaaggnihzedidgeprfoteins present
uptake by macrophage cells, which is the main reason for ge@kaace of drug delivery

systems (DDSin vivo.
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We further applied the terminal deoxynucleotidyl transferase dUTPenidkabeling
(TUNEL) assayand the Annexi-V/PI double staining ass&to substantiate the synergetic
apoptosis inducing capability of RMV. A stronger green fluorescence was visualized by
TRAIL-Dox-PM-NV compared with TRAIEDox-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 MDMB-231 cells after incubation with TRAIDox-PM-NV for 12
h were 31.8% and 12.3%, respectively, which was significantly higher than 22.00&1&h0f
TRAIL-Dox-NV, 17.4% and 4.4% of DePM-NV, and 12.6% and 5.6% of TRAIBM-NV
(Figure 2.8d).

Thein vitro cytotoxicity of TRAIL-Dox-PM-NV against MDAMB-231 cells was
evaluated by using the(@,5-dimethylthiazol2-yl)-2,5diphenyltetrazolim bromde (MTT)
assay TRAIL-Dox-PM-NV exhibited significantly enhanced cytaioity compared with
TRAIL-Dox-NV, TRAIL-PM-NV and DoxPM-NV at all studied TRAIL and Dox
concentrationsKigure 2.8¢). Notably, the TRAIL-Dox-PM-NV exhibited the increased
cytotoxicity with decreased I§ values of 19.3 ng/mL (TRAIL concentration) and 193 ng/mL
(Dox concentration), 2:fold lower than that of TRAIEDox-NV, 2.6-fold lower than that of
Dox-PM-NV, and 7.8fold than that of TRAIEPM-NV. Collectively, these results validatédtht
the sequential and sspecific delivery of TRAIL and Dox enabled by PNV 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 andox by PMNV. a, Extracellular
distribution of TRAIL-NV and TRAIL-PM-NV after 2 h incubation. White arrows indicate the
location of rhodamingabeled TRAIL-NV and TRAIL-PM-NV. Scale bar: 20 um.,ibFhe

induced apoptosis of MDAMB-231 cells treated with TRAHDox-NV and TRAIL-Dox-PM-

NV after incubation for 12 h using the AFBYdU TUNEL assay. Green fluorescence indicates
Alexa Fluor 488stained nick end label DNA fragment, and red fluorescence indicastaiRed
nucleiSc al e b ar Intracelul@r delivary of ®©oPM-NV on MDA-MB-231 cells at
different time observed by CLSM. The late edgeosomes were stained by LysoTracker Green,
and the nuclei were stained byl doh st 3334 2. S,¢law cgtontetaymalysi?od & m.
MDA-MB-231 cells after staining with Annexin-MTC 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 cellsteduba
with drugfree DMEM were served as a control.le vitro cytotoxicity of TRAIL-Dox-NV,
TRAIL-PM-NV, Dox-PM-NV and TRAIL-Dox-PM-NV after incubation for 24 Hrror bars

indicate s.d. (n=3)
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Figure 2.9. Investigation of cellular uptake mechanidRelative uptake efficiency of TRAI
Dox-PM-NG on MDA-MB-231 cells in the presence of various endocytosis inmgitrror
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St u d etest). dnbibitor of clathrirmediated endocytosis: sucrose (SUC) and chlorpromazine
(CP2); inhibitor of lipid raft: methyb-cyclodextrin (MCD); inhibitor of macropinocytosis:

amiloride (AMI); inhibitor of caveolirmediated endocytosis: nystatin (NYS).
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Figure 2.1Q The uptake of Do-NV andDox-PM-NV by Raw264.7 cells.,&luorescence
images of the uptake of DaxXV and DoxPM-NV at Dox concentration 00 ng/mL. Scale bar:

50 pum. b Quantification of uptake efficiency of DeXV and DoxPM-NV using flow cytometry.

2.3.3In vivotargeting capability and antitumor efficacy of PNV

To evaluate the tumor targeting capability of M, Cy5.5labeled TRAIL-Dox-PM-
NV was administrated intravenously into the MIDB-231 tumorbearing nude miceia tail
vein. PMNV exhibited strong fluorescer signal at the tumor sité @ h postinjection,
validating the notable targeting ability of PNV, which can selectively bind to the

overexpressed CD44 receptors on the surface of NIBA231 cells. As time extended, elevated
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fluorescence intensity wasudnd at the tumor site of mice treated with4RM when compared
with that treated with NV at 12 h, 24 h and 48ig(re 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 byNRMat 48 h post injection. After 48 h
imaging, the tumor and normal tissues were taken o@dervoimaging. The fluorescence
intensity of PMNV at tumor site was much higher than that of NV and athgains Figure
2.11b). The results were confirmed by the quantitative regibimterest (ROI) analysis, which
showed 1.90ld higher fluorescence intensity than that of NV, as well as@dand 4.5fold
higher than that of liver and kidneligure 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 withFiguré 2.11d). The
pharmacokinetics of PNV administeed intravenously was evaluated by quantitatively
monitoring the Dox concentration in the blood plasma. The eliminatioditea(f,,;) and the
AUC (area under the curve) were significantly higher than those of the NV, suggesting the
capability of PMNV to maintain a prolonged circulation timéidure 2.12). Thesean vivo
findings further confirmed that the NV coated with the platelet membranes that cdntafires e | f
recoagni z ecdud inpiltit onaceophage uptake, which was in good accordancenwith

vitro macrophage uptake results.
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Figure 2.11 In vivotargeting ability of PMNV. a, In vivofluorescence imaging of the MDA

Dox-PM-NV

o
T

MB-231 tumorbearing nude mice at 6, 12, 24 h and 48 h after intravenous injection of Cy5.5
labeled TRAIL-Dox-NV (i) and Cy5.5labeled TRAI:Dox-PM-NV (ii) at Cy5.5 dose of 20
nmol/kg. Arrowsindicate the sites of tumors, Bx vivofluorescence imaging of the excised
tumors and normal tissues at 48 h post injection. i, GYRAIL-Dox-NV; ii, Cy5.5-TRAIL -
Dox-PM-NV. From top to bdbm, 1: tumor; 2: kidney; 3: lung; 4pleen; 5: liver; 6: heart, c
Regionof-interest analysis of fluorescent intensities from the tumors and normal tissues. Error
bars indicate s.d. (n=3)P*0.05 (twet ai | e d t&st)Juddrevivdfl@dosescence images of

tumors treated with TRAHDox-NV and TRAIL-Dox-PM-NV. Scale bar: 100 pm.
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Figure 2.12 Pharmacokinetics of Dox after intravenous injection of the-Bgxand DoxPM-
NV into mice at Da dose of 5 mg/kg.,a he plasma Dox concentration curves of the Dk
and DoxPM-NV. Error bars indicated s.d. (n=3). b, Pharmacokinetic parameters of tAR\Dox
and DoxPN-NV. *** P*0.001 (twet ai | ed t&student 6 s

Thein vivoantitumor efficacy was #n assessed using the MBAB-231 tumorbearing
nude mice. The growth of the tumor was significantly inhibited after the treatment with different
TRAIL/Dox formulations, including TRAIEDox-NV, TRAIL-PM-NV, Dox-PM-NV and
TRAIL-Dox-PM-NV, compared with theadine control groupKigure 2.13a,. The tumor
treated with TRAILDox-PM-NV showed the remarkably smaller volume compared with
TRAIL-PM-NV and DoxPM-NV, which indicated the synergetic antitumor efficacy enabled by
PM-NV with the combination of TRAIL an®ox. Additionally, the strongest antitumor effect
achieved by TRAILDox-PM-NV suggested the sequential and-specific delivery of TRAIL
and Dox to their most active destinations could strengthen the synergetic antitumor efficacy.
Meanwhile, the body wght of mice receiving different drug formulations remained stable
during the treatment{gure 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 abnorrmias 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 organsd 2.17).

2.3.41In vivoelimination of circulating tumor cells (CTCs) by PNV

To further assess the potency of this-Bdéted combinational drug delivery platform,
we investigate tha vivo capability of elimination of CTCs by injecting nude mice with MDA
MB-231 cells (1 x 10cells/100 pL saline). These circulating tumor cells could spread to various
organs particularly into lung¥' As displayed irFigure 2.1, the mice treated with saline
exhibited remarkable lung metastasis, which was confirmed by the H&E stdatigugg 2.13d).
However, the mice treated with TRAIDox-NV showed Bghtly 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 TRXPM-NV
when compared to the lung of mizeated with saline and TRAIDox-NV (Figure 2.13),
suggesting the efficient elimination of CTCs in the blood stream which was attributed to the
selective capture by-Belectin on PM and subsequent activation of apoptosis by the binding of

TRAIL and dedah receptors and accumulation of Dox into the nuclei.
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Figure 2.13 In vivoantitumor efficacy evaluation and elimination afccilating tumor cells

(CTCs). aRepresentative images of the MBMAB-231 tumors after treatment with different

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

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

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

different TRAIL/Dox famulations. Error bars indicate s.d. (n=599. 9.05 (twet ai | e d

Studen

t-test). ¢ 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., dHistological observation of the lung tissues after treatment. The lung

sections were stained with hematoxylin and eosin. Black arrows indicatertbedells. Scale

bar: 200 um. eQuantification of visible metastatic nodules. i:ig&] ii: TRAIL-Dox-NV; iii:

TRAIL-Dox-PM-NV. Error bars indicate s.d. (n=3). *?* 0.001 (twet ai | e d

tstiudent 6s
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Figure 2.14 The body weight variation of MDMB-231 tumorbearing mice during the

treatment. Error bars indicate s.d. (n=5).
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Figure 2.15 Histological observation and detection of apoptosis in the tumor tiskees a
treatment. The tumor sections were stained with hematoxylin and eosin, fluoid@dadéin
(green) for apoptosis and Hoechst for nuclei (blue). The numeric label for each tumor is as
follows: 1, saline; 2, TRAIEDox-NV; 3, TRAIL-PM-NV; 4, Dox-PM-NV; 5, TRAIL-Dox-PM-

NV. Scale bar: 100 pm.
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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

gm.
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Saline

TRAIL-Dox-PM-NV

Figure 2.17 Histdogical observation of the organs collected from the MMB-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 pm.

2.4 Conclusion

In conclusion, we have developed a platelet membcaated nandormulation for
sequential and sispecific delivery of TRAIL and Dox. By taking advantage of the specific
affinity between platelets and cancer cells, the W canefficiently deliver TRAIL toward
cancel cell membrane to activate the extrinsic apoptosis signaling pathway. Equipped with an
acidresponsive encapsulation matrix, the M can be digested after endocytosis and
enhanced the Dox accumulation at the nucleactivation of the intrinsic apoptosis pathway.
The promising synergetic antitumor efficacy was achieved by THXk-PM-NV. Because of
the serum stability, targeting specificity, and ease of generation, thid\Pbbuld also deliver
other proteins thaict 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 aroutadhitipm
cancer cells survive in bldoand spread to new tissudss PMNV 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 platiio processes such as hemostasis and
thrombosis by forming the plugs that seal injuvedsels and arrest bleedifig® 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 focaaoér
therapy by providing versatile engineering materials with controllable size andiélsurface
physimchemical propertie®?™ Ligand-based active targeting nanoparticulate DDS has
attracted considerable attention and been developed to increase drug availability at the tumor site
through theselective affinity between the specific ligand and the corresponding receptors
expressed in the tumor tiss(E** However, the active targeting efficiency is often restricted
by the limited density and spécity of the receptors of the tumor ceft&'%*Inadequate
expression of the receptors results in4specific distribution of the DDS in the normaddue
and severe side effects'®

Inspired by the signal broadcasting capability in the biological system, such as
inflammation trigyered neutrophil accumulatitiand damaged blood vess@duced platelet
assembly?®'% here we describe a relay drug delivery strategy, aiming plifging the
targeting sign&l"***** and enhancing artumor therapy. This strategy is composed of two
sequential modulésa signal transmission nanocarrier A (designated)M@d an execution
biomimetic nanocarrier B (designated j@igure 3.18. The NG is made frormanogel
encapsulating TN®J. T h e n an o lyehe sirigle emulsian pethd& and decorated
with RGD peptide to selectively home to tumor blood vessels by binding to the oves®dre
integrins, such avb3™*TNF-U, an i nf | a mma&ine,iscapplied to tigger éuthor c y t o

vascular damage by initiating thglammation cascade signaf: The NG is designed by
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integrating platelet membranes with aceggponsive dextran nanocarrier. PTX is encapsulated in
the nanoparticles as a chemotherapeutic agent, which inhibits the normal breakdown of
microtubuks during the el division**

The NG, preferentially homes to the tumor blood vessels by taking advantage of the
selective affinity between RGD and integrins. The encapsulatedINF s subsequent |y
to generate the inflammation of the tunidwod 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 recruinent function€” Furthermore, recent studies have validated that platelet
membrane coated nanoparticles could effectivdhege to the damaged vasculatures due to
inherent platelet properties and also target the tumor cells by selective bindiSgl&din and
CD44 receptors>** Therefore, the Ngis administrated to receivie amplified
inflammation signal and accumulate at the tumor site. Additionally, ther@spbnsive modality
of the NG will be dissoéated in the acidic endosomé&**® after internalization by the tumor
cells, releasing encapsulating PTX and inhibiting the funstairmicrotubules. Taken together,
the signal transmission N@argets the tumor, subsequently broadcasts the targeting signal and
reports the tumor location to the execution biomimetigN@hich is driven to assemble at the
tumor site efficiently. By takg advantage of the relay action, the tumor targeting signal can be

amplified to maximize the following treatment efficacy.
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3.2Experimental Section
3.2.1Materials

All chemicals were purchased from Sigikrich and were used as received.
Fluoresceinsothiocyanate (FITGNHS, rhodamineNHS and Cy5.8NHS were purchased from
Life TechnologiegGrand Island, NY, USA). AMVCAM-1, antilCAM, anti-b-Actin, antt
CD36, antiCD42d, antiCD40L, antiP-Selectin, antiCD31, antitubulin primary antibodies, and
HRP-conjugated and fluorescentabeled secondary antibodies were purchased from Abcam

compaty (Boston, USA).

3.2.2Preparation of nanocarriers

The C-NC, was prepared using a single emulsioethod as previously reporteriefly,
the blend of 5 mL hexane, 178 mg anionic sodiurbls®-ethylhexylsulfosuccinate (AOT) and
344 mg poly(ethyleneglyt) dodecyl ether (Bri30) were dissolved together, followed by the
addition of 500 uL PBS containing TNB, 46 mg acr y | a&4Bachisopropf)A m) , 2
methacrylamide (APMAAmM), 16 mg glycerol dimethacrylate (GDA) and ammonium persulfate
(APS, 20%) drpwise under magnetic stirring. Afterwards, 20 uL tetramethylethylenediamine
(TMEDA) was added into the mixture for polymerization initiation. After evaporating hexane,
the C-NCa was precipitated and washed by ethanol. For RGD conjug&idla was first
reacted with SMCC linker, followed by the RGD peptide, to obtain.NC

The NG was prepareslia an emulsion/solvent evaporation method. Dextran was first
modified with acidresponsive acetgiroup Thereafter, the 25 mg modified dextran (molecular
weight: 911 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 foomiotethane
evaporation. Afterwards, the emulsion was subjected to centrifugati@N@s collection. The
platelet membrane collection and purification were penél.In brief, whole blood was
collected from the mice, centrifuged at 100 g to separatpldsma and further centrifuged at
800 g to obtain the platelets. After lysis, the mixture of platelet membran&sIdag was

treated with sonication and then stirred overnight to forna.NC

3.2.3Characterization of nanocarriers

Hydrodynamic sizes anceia potentials of N§; C-NCg and NG were investigated by
Zetasizer (Nano ZS, Malvern). The morphologies were characterized by Transmission Electron
Microscopy (TEM) (JEM2000FX, Hitachi) after being stained with 1% (w:v) phosphotungstic

acid.

3.2.4Syntresis of rhodamine FITC- or Cy5.5labeled proteins

The proteins was dissolved in 1 mL carbonate buffer (Naji60©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 wasetetined as 2:1 (wt: wt). The mixture was reacted over
night at 4 °C. In order to obtain purified fluorescetalaeled protein, the mixture was washed
with PBS using centrifugal filters (3K MWCO) (Millipore). The fluorescence intensity of
rhodamine, FITC o€y5.5 was detected by microplate reader (Infinite M200 PRO, Tecan) under

the certain wavelength, respectively.
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3.2.5In vitro release study

For thein vitro release of TNFJ, 1  Amias indubated at pH 5.4 and pH 7.4 PBS at
37 °C in a shaker (New Brawick Scientific). At predetermined time points, free TNF wa s
collected using centrifugal filters (30K MWCO) (Millipore). The amount of TMIF w a s
guantified by the Bradford protein assay.

For PTX release profile study, 0.5 mL of pl@as added into a alysis tube (3K MWCO)
and then embedded into 14.5 mL the PBS buffer solution (containing 0.1% Tween) at different
pH levels at 37C in a shaker. At prdetermined time points, 200 pL buffer was withdrawn and
the same amount of fresh buffer was added.FT concentration was measunad High
Performance Liquid Chromatography (HPLC) (Agilent, Japan). Methanol/water (75/25, viv) was
used as the mobile phase at a flow rate of 1.0 mL per minute. PTX was detected at 227 nm.

For FarUV circular dichroism (CD¥pectra analysis, equivalent amounts of native-TNF

U and refleaved BNEed into 0.1 M phosphate buf

Dichroism Spectrometer (Jasco, UK).

3.2.6Western blotting analysis

Platelets were purified and lysed by thR lysis buffer. The protein concentrations
were determined using the Bradford assay. Equivalent amounts of protein in platelets, platelet
membranes and NGvere boiled for 5 min in loading buffer and then separated Hy2% SDS
polyacrylamide gel eleatphoresis. Afterwards, proteins were transferred to nitrocellulose
membranes. The membranes were blocked for 2 h in 5%glomilk TBS-T buffer. Membranes

were then incubated with specific primary antibodies, and mixed with-¢tRfigated
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secondary antilmhes after washing with TB$. Finally, the membranes were visualized by

enhanced chemiluminescence procedures accordi

3.2.7Cell culture
MDA-MB-231, HL-60 and HUVEC cells were obtained from Tissue Culture Faafity
UNC Lineberger Comprehewns Cancer Center. MDMB-231 cells were cultured in DMEM
with 10% (v:v) FBS, 100 U/ mL penicillin and 1
cultured in M200 medium supplemented with LSGS:64Lcells were cultured in 1640 medium
with 10% (v:v) FBS, 100U mL peni ci I I in and 100 eg/ mL strep

cultured in an incubator (Thermo Scientific) at 37 °C under an atmosphere of 2% CO

3.2.8Cell viability assay

HUVEC cells were seeded in a-9&ll plate at the density of 5 x 16ells/vell. After 24
h, the cells were exposed to the NlEthe TNFU concentration ranging fr
ng/mL for 24 h. Thereafter, 20 puL of MTT solution was added into each well and was allowed to
incubate for another 4 h. Afterwards, the medium wastsutesl with DMSO and the plate was

subjected to the microplate reader for detection.

3.2.9Cellular uptake
HUVEC cells were seeded in a-2ll plate at the density of 5 x 46ells/wells.
Twenty-four hours later, the cells were treated with FHia8eledC-NCa and NG, 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.

3.2.10In vitro inflammatian assay

For the biomarker expression analysis, HUVEC cells were seededwek flate at the
density of 5x108cells/well. After incubation for 24 h, the HUVEC cells were expose@HiNCa
andNGatTNFU concentr at i on -Wfiee ne@umafter6rhltheand TNF
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, andb-Actin were investigated using westerotiing assay as mentioned
above.

For the monocytes adhesion experiment, the HUVEC cells were seededviellgptate
at the density of 5xf@ells/well and treated witB-NCa, NCa and medium. After incubation for
6 h, equivalent amounts of Alexa Fluor 48&8njugated wheat germ agglutinin (WGHkpeled
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 microspe (DM5500B, Leica).

3.2.11In vivoinflammation detection

To build the MDAMB-231 tumorbearing mice model, 1 x {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 t0@600 mn?, the mice were intravenously administrated with

Cy5.5labeledC-NCp and Cy5.5abeled NG at Cy5.5 concentration of 30 nmol/ka the tail
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vein. At predetermined time intervals, the mice images were taken on the IVIS Lumina imaging
system (Caper, 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 regiof-interests were quantified by Living Image Software. Rer t

immunostaining assay, tumbearing mice were treated wiBiNC,, NCa and saline for 12 h.

After that, the tumors were harvested, frozen sectioned and stained wi@D&1itiand anti

VCAM-1 antibodies. Then the tumor slides were subjected to fluoresoa@nooscope for
observation. The fluorescence signals in the images were quantitatively analyzed by Image J

software.

3.2.12In vitro cytotoxicity evaluation

1 x 10 MDA-MB-231 cells were seeded in the confocal dish (MatTek). After incubation
for 24 h,the cells were exposed @NCg and NG at a PTX concentration of 150 ng/mL for 24
h. The cells treated with drfgee medium served as the control. Afterwards, the cells were
washed, fixed, permeabilized with 0.1% TritorlBO and stained with FIT{abelel antitubulin
antibody. After being rinsed with PBS, the cells were subjected to the fluorescence microscope
for observation.

For apoptosis analysis, MDIMB-231 cells were seeded in am@ll plate at a density of
1 x 10 cells/well. Twentyfour hours late the cells were treated wi:NCg and NG at a PTX
concentration of 100 ng/mL for 24 h. The cells treated with-fiegymedium served as the
control. Apoptosis of MDAMB-231 cells were detected using the AnnexifrN'C Apoptosis
Detection Kit (BD Biosences) and AP@rdU TUNEL Assay Kit (Life Technologies),

respectively. The cells were resuspended in binding buffer for double staining with Anrexin 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 (1X71,

Olympus) and analyzed by flow cytometer.

For MTT assay, MDAMB-231 cells were seeded in a-@@ll plate at a density of 5 x
10° cells/well. Twentyfour hours later, the e were exposed to tH&-NCg and NG at a PTX
concentration ranging from 10 ng/mL to 400 ng/mL for 48 h. Thereafter, 20 uL MTT solution
was added into each well and incubated of another 4 h. Afterwards, the medium was substituted

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

3.2.13Pharmacokinetics study

Forin vivo pharmacokinetics study of NCthe mice were administrated with NC
encapsulating Cy5-abeled BSA at the dose of 5 mghi@ the tail vein. At predetermined
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 oi\M@s determined by the fluorescence
intensity of Cy 5.5.

Forin vivo pharmacokinetics study of NCthe mice were injected with coumaiéa
loaded NG andC-NCg at the coumari® concentration of 5 mg/kga the tail vein. The mice
were sacrificed at prdetermined time points (0.25, 0.5, 1, 3, 6, 12, 24 and 48 h) and the blood

was collected for detectiasf coumarin6 concentration.
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3.2.14In vivotargetability

The MDA-MB-231 tumorbearing mice were intravenously administrated with lMCa
TNFFU concent r at viadhe taibvein. Afterl12 hmihpe nkicg were administered with
Cy5.5labeledC-NCg and NG. At predetermined 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 weifeeduant
Living Image Software.

Forin vivonanocarriers accumulation assay, MIMB-231 tumorbearing mice were
first injected with NG for 12 h and then administered the rhodantaieled nanocarriers. After
3 h, the mice were sacrificed and the tuma@ues were collected, sectioned, stained withk anti

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

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

3.2.15In vivoantitumor efficacy
The micewere weighed and randomly divided into 5 groups (n=5) when the tumor
volume reached about 50 MinfFrom day 0, the mice were intravenously injected with, NC
(TNFFU concentration O0.1mg/ kg) andCNChathNGad mi ni st
(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 raaswege 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 wi{it Nic

U concentration 0.1 mg/ kg ays.dwodveeksddter, theebloedv er y o
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was collected from the mice and the cytokines lHN6 and IL1b) concentrations were

determined by the corresponding ELISA Kit.

3.2.16Statistics
All results presented are mean = s. d. Statistical analysis was perforsmédn g St udent
test. With aP value < 0.05, the differences between experimental groups and control groups

were considered statistically significant.

3.3 Results and discussion
3.3.1Characterization of nanocarriers

To substantiate our strategy foragldelivery, we first prepared the R@bodified
nanocarrier (N&) and platelet membrarmated dextran nanocarrier (B()CNCa was obtained
via the single emulsion method with incorporation of the -@egponsive component. It showed
an average size of 11 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 (TEMJ{gure 3.1b). The conjugation of RGD peptide was validated by
the colocalzation of FITClabeled RGD peptide and rhodamiiabeled nanocarrieF{gure
3.2). The NG was prepared by wrapping the purified platelet membrane on the surface of
modified dextran nanocarriet The average size of control nanocarrier (without the platelet
membrane coating, designa&eNCg) was displayed as 5Inm Figure 3.3), which increased
to 128 nm after being coated with the unilamellar platelet membFageré 3.1cand Table
3.1). TEM images also confirmed the existence of the platelet membrane on the surface of the

polymeric core, where the morphologas distinct fronC-NCg. 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 membraneoating. Additionally, PSelectin, which mediates specifimting to the CD44

receptor’* was also present on MQOf note, inflammation augmentedotein CD40L, which

plays a significant role in T cell immunity adéndritic cell maturation'®was successfully

transfered Figure 3.1d). Collectively, the preservation of these key proteins established a solid
foundation for the platelehimicking behaviors of Ng To evaluate the acigksponsive

behaviors of NG and NG, we determined thi& vitro release profiles of TN  f r guand N C

PTX from NG. Evident differences were foundinboth TIF and PTX r el ease pr
different pH levels. The acidic environment accelerated the release rates-of TNFn d P T X

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

accumulative release after 24 h incubatiBigre 3.1d and Figure 3.4, respectively,

suggesting the acidic responsive behaviors of Bi@@l NG. Additionally, the secondary

structure of released TNB was wel | p r e syecirculag dichroisms(CDJ i spl ayed

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 Gk is composed of RGidecorated nanocarrier, which could target the

tumor bloodvessels (i), release encapsulated TWF and i nduce the vascul at
The execution biomimetic N{ds made of platelemmembrane coated dextran nanocarrier with
incorporation of aciditydegradable modality. N§Xould respond to the amplifidargeting

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

drug (iii). b, The TEM image and hydrodynamic size distribution of.N8€ale bar: 100 nm. c,

The TEM image and hydrodynamic size distribution ofsN&tale bar: 100 nm. d, The western

blotting analysis of platelet membrane (R8#8rived proteins. e, The cumulative release profile

of PTX from NG at different pH levels. Error bars indicate s.d. (n=3).
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Nanocarrier Merged

Figure 3.2 CLSM images of N& Nanocarrier was labed with rhodamine and RGD was

labeled with FITC for imaging. Scale bar, 50 um.
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Figure 3.3 The TEM image and hydrodynamic size distributio®€efiCg. Scale bar: 100 nm.
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Table 31 Size and zeta potential of N@nd NG.

Size (nm) Zeta potential
NCa 117+£5 -1.3+0.8
NCg 128+ 12 -21.5+2.6

3.3.2In vitro andin vivoinflammation gneration

To investigate thén vitro blood vessel inflammation triggered by N@ve chose human
umbilical vein endothelial cells (HUVEC) as the cellular model. The cellular internalization
study displayed the enhanced uptake oiH@anC-NCx towards HU\EC cells, suggesting that
the RGD conjugation increased the nanocarriers internalizétigaré 3.6). As shown in
Figure 3.7a the inflammatoryiomarkers, VCAM1 and ICAM%*# were significantly
increased after incubation with N@&hen compared with control and TNFFNC (nanocarrier
without RGD decoration, designat€eNC,) groups. The quantitative detection of arfimatory
cytokines showed an approximate-fo& increase in IL6 production and a 4dd increase in
IL8 production after treatment with N@vhen compared t6-NCx groups Figure 3.7b,c).
Collectively, these results suggested that the RGD decoraticaged the inflammatory
response on the HUVEC cells by binding to the integrins overexpressed on the endothelial cell
surface. We further validated the inflammation generation byntireocytes recruitment
assay?* The increased expression of the adherent bikenson the endothelial cells promotes
the monocytes adhesion, which is the biomolecular mechanism for théarasumune
response?3'2* As displayed irFigure 3.7d, the neutrophil cell line, HI60 cells that were
stained with green fluorescence, displayepghigicant increase in the adhesion to the inflamed

HUVEC cells treated with NCwhen compared witie-NC, and control group, which was in
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agreement with the cytokine production results. Additionally, the bright field images confirmed

that more HE60 cells vere found to surround the W@eated HUVEC cellsKigure 3.7d).
Furthermore, TNFU at the treatment dosage showed insi
cells Figure 3.8).

We next studied thi vivotumor blood vessel inflammation response on MMR-231
tumor bearing mice. All animals were treated in accordanitethe 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 Universityinrieo
pharmacokinetics profile of NGvas frst studied, which showed hdife time of about 4 h for
NCa (Figure 3.9). The tumor homing capability was then investigated by examining the
biodistribution of Cy5.8abeled NG after intravenous administration. As displayedFigure
3.7e, a strong flerescence signal was found on the twiearing mice treated with Cy5.5
labeled NG, which was significantly higher than CyH3abeled GNC, after 6 h administration.

As the time extended, the fluorescence intensities of dgbd&ed NG were significanty

stronger than Cy5-&beledC-NC, at every studied time intervafiQure 3.10). Additionally,

the fluorescence signal GENCx was barely observed at 48 h post administration. The excised
organs further validated the targetability of NN@s evidenced biye higher fluorescence signal

at the tumor as compared@NC, (Figure 3.7). The quantitative regienf-interest (ROI)
analysis showed about &@&d increase in the accumulation of Nid the tumor than that «3-

NCa (Figure 3.79). Collectively, theseesults validated the improved accumulation ofaN6§
taking advantage of RGihtegrin binding capability. The immunostaining assay was applied to
evaluate the inflammation responsevivo. At 12 h post administration, the tumor blood vessels

treated wih NCa showed increased production of the inflammatory biomark6CAM -1
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compared t&-NCp and saline groups, as evidenced by the highest green fluorescence,
suggesting that NCgenerated enhanced inflammation respoRggu(e 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@f & the tumor

site, subsequently inducing the blood vessel inflammation.
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Figure 3.6. HUVEC cellular uptake after treatment wiEhiNC, and NG, at various

concentrations. Error bars indicate s.d. (n=3).
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Figure 3.7. In vitro andin vivoinflammation 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=3p. ¥.01 (twectailed

St u d etest). @, Quantitative determination of inflammation cytokine IL8 production. Error
bars indicate s.d. (n=3)P*0.05 (twet ai | e d t-8estud] ENFEindleced adhesion of HL

60 cells to HUVEC cells. Upper panel: Alex8#8/GA-stained HL60 cells adhered on the
HUVEC cells. Lower panel: Bright field images showed that theGAlcells (sphere

morphology with smaller size) surrounded the HUVEC cells. Scale bar in upper panel: 100 pm.
Scale bar in lower panel: 20 um.le,vivo fluorescence imaging of the nude mice at 6 h after
intravenous administration of Cy5labeledC-NCx and Cy5.5abeled NG via the tail vein. f,

Ex vivofluorescence images of the tumors and main organs. g, Quantitative analysis of
fluorescent signalgdm tumors and main organs at 48 h post injection. Error bars indicate s.d.
(n=3).*P"0.05 (twot ai | e d tEst)uhd éasculdr ;mflammation after treatment with saline,
C-NCj, and NG for 6 h. Red: aCD31 antibody stained blood vessel. Green: VGAMIlue:

Cancer cell. Scale bar: 100 pm.
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Figure 3.1Q In vivofluorescence images of the MBMB-231 tumorbearing mice &ated with

Cy5.5labeled GNC, and Cy5.5-labeled NG at different time intervals.

67



Nucleus VCAM-1 Blood vessel Merged

Figure 3.11 In vivo evaluation of inflammation response. Scale bar: 100 um.
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Figure 3.12 a,In vivoevaluation of inflammation response. The blood vessels weredtaitie
Texas redabeled antiCD31 antibody. The VCAML was labeled with FIT@€onjugated arti
CD31 antibody. The nuclei were stained with Hoechst. Scale bar: 100 um. b, Quantitative
analysis of the fluorescence intensities. All the fluorescence signaswenalized to the saline

group. Error bars indicate s.d. (n=3).#* 0. 001 a( tl wa t&stludent 6 s

3.3.3Cytotoxicity evaluation
The enhanced cytotoxicity of NGQvas investigated on MDMB-231 cells. The

capability to inhibit microtubules wagdt evaluatediia an immunostaining assay. Microtubules,
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which are the active destination of PTX for inhibifitumor cells proliferatio?>'* play an

important role in cell structure maintenance andaielsion. As shown irFigure 3.133 MDA-
MB-231 cells treated with the drdgee medium showed extensive netwdikle distribution of
microtubuks, whereas the cells treated WiHNCg and NG displayed an apparent

morphological difference in microtubule distribution. Furthermore, the irregular network of
microtubules almost disappeared and polar spindles were significantly disrupted aftemtreatme
with NCg, indicating enhanced microtubules stabilization mediated by improved drug
concentration. We next used the AnneYit| double staining assay and the terminal
deoxynucleotidyl transferase @B nick end labeling (TUNELAssay to characterize the

apoptosis inducing capability of NCThe cells treated with N{&Showed a 26.8 + 0.8% early
apoptotic ratio, which was significantly higher than thaCaéfiCg and the control group, which
showed 16.1 + 1.8% and 2.4 + 1.2% apoptotic ratios, respectiigiyré 3.13b and Figure

3.14). The increased apoptotic cells induced bysM@re further substantiated by the TUNEL
assay, as evidenced by the increased green fluoresiedyeted cells after treatment with NC
compared t&-NCg and the control groug-{gure 3.13c and Figure 3.15). Thein vitro

cytotoxicity of NG against MDAMB-231 cells was evaluated using thé43-dimethylthiazol
2-yl)-2,5-diphenyltetazolium bromide (MTT) assayhe IC50 value of Ngwas 152 ng/mL,

while the IG value of C-NCg was 311Ing/mL (Figure 3.13d). The increased cytotoxicity of

NCg was attributed to the enhanced internalization, which was mediated by the selective affinity
between FSelectin and CD44 receptors. Taken together, the platelet membrane coating enabled

the increasedrug accumulation into the tumor cells, leading to the enhanced treatment efficacy.
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Figure 3.13 In vitro cytotoxicity evaluation of Ng: a, Microtubules characterization after

treatment withC-NCg and NG at PTX concentration of 150 ng/mL for 24 h. Tdedls treated

with drug free medium served as the control. The microtubules were stained witteBETed

antitubulin antibody. The nuclei were stained with Hochest. Scale bar: 20 pm. b, Flow

cytometry analysis of MDAVIB-231 cells treated with drug freeedium,C-NCg and NG at the

PTX concentration of 100 ng/mL for 24 h. The cells were stained with Anne&iiT€ and PI

for analysis. ¢, The AP@rdU TUNEL assay of the induced apoptosis of MDUB-231 cells

treated withC-NCg and NG for 24 h. Green flu@scence indicates DNA fragment, and red
fluorescence i ndi cat elnvitrooyloecity.of CBICzanddNG bfterr : 100

incubation for 48 h. Error bars indicate s.d. (n=8.0.05(twoet ai | ed t&student 6 s
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Figure 3.14 Flow cytorretry analysis of MDAMB-231 cells treated with draigee mediumC-

NCg and NG 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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3.3.4Tuma targetability investigation

To explore the inflammation triggered active tumor targeting signal amplification, the
MDA-MB-231 tumorbearing mice were first injected with M@ initiate the inflammatory
response and theadministrated with Cy5-8-NCg and Cy5.5NCg. The mice were divided into
three groups and treated with inflammation induceg NE) + C-NCg, NCg, and inflammation
inducer + NG. As shown in thé&igure 3.16a, NCz and IF + NG showed stronger fluorescence
intensities than IF €-NCg at every study time interval. The accumulatiorlCafiCg 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 fluorescenceositihalC-NCg group at

72 h post administration. Another contribution factor for enhanced accumulation at the tumor site
was increased circulation time of N@&fter platelet membrane coating, which was significantly
longer tharC-NCg (Figure 3.17). Furthemore, the mice treated with IF + N@isplayed a
significantly stronger fluorescence intensity at the tumor site thayal€ administration,

which highlighted the importance of inflammation induction in the improvement of the NC
accumulation. After 78, the main organs were taken out for imaging. The fluorescence signals
in the tumor were consistent with the réate imaging results, which showed the strongest
fluorescence intensity in IF + N@roup Figure 3.1@). Furthermore, the quantitative aysib
confirmed the enhanced accumulation after treatment with IF gt Wikich was about 1-8®ld

higher than NG and 5fold higher than IF €-NCg (Figure 3.16c). Taken together, these results
validated the inflammation condition and platelet membrane tmeréndispensable 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. Aswin inFigure 3.16d andFigure 3.18, 3 h after

administration, a larger amount of nanocarriers were found at the tumor tissue treated with IF +
NCg compared to Ngand IF +C-NCg groups, as evidenced by the stronger red fluorescence
signal. These resultsiggested that inflammatietniggered active tumor targeting signal

amplification maximized the drug bioavailability at the tumor site.
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Figure 3.16 In vivonanocarriers distribution. & vivofluorescence imaging of tMDA -MB-

231 tumor bearmmice at6, 12, 24, 48, and MRafter intravenous injection aiflammation

inducer NG (IF), Cy5.5labeledC-NCg and Cy5.5labeledNCg via the tail veinRed circles

indicate tumor sited, Ex vivofluorescence images of themors and main organScde bar: 100

pm. ¢, Quantitativeregionof-interest analysis of fluorescantensitiesrom tumorsand main orgas
at72h post injectionError bars indicate s.(h=3). *P’ 0.05 **P’ 0.01 (two-tailedS t u d etest). 60 s
d, In vivoimmunohistopathology im&g of the accumulated nanocarriers. The blood vessels were
stained with FITGabeled antCD31 antibody. The nanocarriers were labeled witldamineThe

nuclei were stained with Hahst. Scale barl00 um.
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Figure 3.17 In vivo pharmacokinetics gtly of C-NCg and NG. Error bars indicate s.d. (n=3).
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Figure 3.18 a,In vivoimmunohistopathology images of the accumulated nanocarriers. The
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3.3.5In vivoantirtumor efficacy and toxicity evaluation

To assess thia vivoantitumor efficacy, the MDAMB-231 tumorbearing mice were
administrated with Ngand various PTX formulations including PTX soluti@iNCg and NG.
As shown inFigure 3.19a, b, the NG group displayed stronger atitimor growth efficacy
when compared with IF €-NCg, PTX solution and saline groups, suggesting the tumor
targetability of NG by taking advantage of the specific binding eé®&lectin and CD44
receptor. Furtermore, IF + NG 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, gesutemforcement
of antrtumor efficacy. Additionally, the body weight of the mice showed negligible variation
during the treatment{gure 3.1). The TUNEL staining displayed the highest level of
apoptotic tumor cells after treatment with IF + f\l@sevidenced by the largest numbers of
fluorescencdabeled tumor cells. The hematoxylin and eosin (H&E) staining further validated
the enhanced antiimor therapy of IF + Ngby presenting the massive necrosis of tumor cells
(Figure 3.19), while no obviouslamage was found on normal orgaRg(re 3.20). In order to
evaluate the safety of our relay delivery strategy, the mice were injected witto NWestigate
the systemic inflammatory response. Two weeks post injection, the systemic production of
inflammatory cytokinesncluding IFN, IL6 and IL1b™?” were insignificantly higher than saline
group Figure 3.1%), suggesting minimal potential systemic toxicity at the treatment dose.
Furthermore, the H&E staining die liver, spleen and kidney did not show pathological

abnormalities or inflamed cell&igure 3.1% and Figure 3.21).
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Figure 3.19 In vivoantrtumor efficacy and systemic inflammation evaluation. a, Representative

IL6 concentration (pg/mL)
IL1p concentration (pg/mL)

o

images of the MDAVIB-231 tumors aftetreatment with different PTX formulations at day 16

(from top to bottom, 1: saline, 2: PTX solution, 3: G-NCg, 4: NG, 5: IF+NG) at PTX dose

of 5 mg/kg. b, The MDAMB-231 tumor growth curves after treatment with different PTX
formulations. Error barsidicate s.d. (n=5).P" 0.05, *P" 0.01 (twot ai | ed t&stlucdent 0 s
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 um. e, Systemic inflammation
cytokine IFNb, IL6 and IL1b determination. Error bars indicate s.d. (n=3). f, Histological

observation of liver after treatment with N@nd saline. Scale bar: 100 pm.
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Heart Liver

Figure 3.2Q Histological observation of the organs collected from the MBR-231 turnor-

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

100 & m.
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Figure 3.21 Histological observation of the spleen and kidney collected from the-MBA231
tumorbearing mice after the treatment of NThe agans were stained with H&E. Scale bar:

100 & m.
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3.4Conclusion

Il n conclusion, we developed a Arelay deliwv
sequentially transporting dual nanocarriers. The signal transmission nanocarrier could
specifically targethe 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 bioavailatibty
enhanced antumor efficacy was demonstrated in the MIIB-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 translationahpakeGiven 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 regulg stimuli responsive formulations based on tuning

physiological signals.
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CHAPTER 4 ENGINEERED NANO PLATELETS FOR ENHANCED TREATMENT OF

MULTIPLE MYELOMA AND THROMBUS

4.1 Introduction

Multiple myeloma (MM), one of the most frequently occurrethatlogical cancers
with an average overall survival of 5 years after diagnosis depending on the tumor types, is often
characterized by the clonal proliferation ofptaa cells in the bone marrdi@** The treatrent
of MM remains a big challenge despite the great advances in radiation therapy, chemotherap
and stem cell implantatiori-** The first line treatment for patients ineligible for transplantation
is proteasom@nhibitors combination regimens, such as bortezomib and carfilzomib, aiming at
targeting the MM cells and modulating the bone marrow microenvironmentlingl alleviating
osteolysis>*** However, the norspecifc biodistribution and short circulation time after
administration could result in severe side effects, including peripheral neuropathy, and
significantly limit theirapplication in clinics>® Another contributing factor to the unsatisfactory
treatment efficacy of MM is the emeryee of thrombus complicatidr’ which has been
observed in MM patients after treatment with immunomodulatory drugs in combination with
proteasome inhibitor§®"** Recent clinical studies showed that the risk of le&tMM patients
had increased by-fld after diagnosis of thrombus when compared to pHlents without a
thrombus'®® The mechanism underlying the risk of thrombus formation is multifactorial but
mainly relies on the tumespecific cld-promoting mechanisms, such as increased blood
viscosity, the upregulation of procoaguland fibrinolytic activities->>'*° Therefore the

development of a new drug delivery system with the capability of improving the current
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standarebf-care treatment and eliminating the complications would be greatly beneficial to MM
therapy.

Here we describe a platelet membraoated nanoparticulafgatform (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 calelivered for efficient dissolution of ttterombus by taking the advantage
of the vital role of platelets ithrombus formationRigure 4.1a-c).******? As a US Food and
Drug Administration (FDA) aproved proteasome inhibitdf bortezomib facilitates the
programmed cell death by preventing the degradation efjpoptotic factors and inhibiting the
regularfunctions of proteasoe1** The clotlysing drug tPA is able to dissolve both
preexisting and nascent clots by catalyzing the conversion of plasminogen to plasmin, which is
the major enzyme respsible for clot dissolutio*>'4®

To deliver bothbortezomib and tPA to their most active destination efficiently, we
construct a corshell structured nanocarrier, where the platelet membrane is wrapped on the
surface of a polymeric nanoparticle. The bortezelodzled core nanoparticle is prepared using
narp precipitation methdd’ with the integration of an acidegradable modality{gure 4.1a).
tPA is decorated on the platelet membraiabiotin-streptavidin affinity** To endow the PM
NP with bone targetability, alendronate (Aldith the capability of chelating calcium ions rich
in the bone microenvironméftis adopted as the targeting ligand to enhance tg dr
accumulation at the bone sites and decrease ttiargt effects. In our previous study, we have
validated that the platelet membraz@ated nanocarrier could target the tumor cells based on the
selective affinity between-Belectin on the platelet mdbrane and CD44 oveqgressed on the

tumor cells.
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After intravenous (i.v.) injection, tPAIld-PM-NPs are expected to accumulate at the
myeloma site through a sequential targeting manner by first targeting the bone microenvironment
through bone mineral baing capability of functionalized Ald, and subsequently targeting the
myeloma cells through the specific affinity betweesdrectin and CD44 receptdfigure 4.1b).

This programmed targeting strategy is expected to enhance the drug concentratioora the b
marrow and decrease the side effects to the normal marrow cells. Furthermore, after
internalization by the myeloma cells, the acidity in the {gadosome will readily cleave the

mildly acidic resposive mdextrannanoparticlé*° releasing the encapsulated bortezomib to
induce the cell death. Of note, when the thrombus complication happens during the MM
treatment, the tPAId-PM-NP is expected to home to the thrombus site due to the intrinsic
property of platelets that is indispensable for thrombus formafiguie 4.1c). Meanwhile, the
conjugated tPA on the PP could readily dissolute the thrombus and reduce the mortality of
MM patients. Taken together, this platelet membreweted nanopétcle 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 anrlIM treatment efficacy.

4.2 Experimental section
4.2.1Materials

All chemicals in this study were purchased from Sighidrich and were used without
further purification. Bortezomib, biotin and streptavidin were obtained from Fisher Scientific

Inc. Fluoresceinsothiocyanate (FITGNHS, rhodamineNHS and Cy5.5NHS were purchased
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from Life Technologies (Grand Island, NY, USA). Coumagirtissue plasminogen activator

(tPA), thrombin, fibrinogen and thromboplastin were purchased from Siddneh.

4.2.2Modification of dextran and preparation of nanoparticle

Thependant acetal modified dextrém-dextran) was synthesized as previously
reported-*’ Briefly, 10 mL of anhydrous DMS®@vas added td g of dextran (molecular weight:
9-11 kDa) followed by theadditionof pyridinium p-toluenesulfonate (PPTS, 15.6 mg, 0.062
mmol) and2-ethoxypropene (4.16 mL, 37 mmoljhe mixture wastirred @ room temperature
for 30 min,and then 1 mL of triethylamingas added to stop the reaction. The resutted
dextran wagrecipitatedoy washng with water (pH~8) collected by centrifugatioand
lyophilized for future use.

Them-dextran nanoparticle was prepaseéathe nanoprecipitation method® Briefly, 25
mg m-dextran was dissolved in 2 nacetonefollowed by the addition of 4 mL pure water. The
mixture was thekept under vacuum overnight to remove acetdhe resultechanoparticles
werecentrifugedat 10009 to remove large nanoparticld$he bortezomidoaded nanoparticle

was made with the sanpeocedure

4.2.3Preparation of PMNP

Platelet membraneoated naoparticle (PMNP) was prepared as described before.[3] In
brief, whole blood was collected from the mice, centrifuged at 200 g to achieve platelet
plasma and further centrifuged at 8)@ 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-RI, the PMNP was first reacted with
NHS-LC-biotin at a 1:5 molar ratio in PBS, pH 7.4 at room temperature for 2 hours. Aftisrwa
the streptavidin was added to biotinylatedRIF at a ratio of 5:1 and incubated for 1 h. Then,
biotinylated tPA was mixed with streptaviedmotinylated PMNP to form tPAPM-NP. The
concentration of the conjugated tPA was determined by tPA ELISREtam, USA). The
decoration of Ald on PMNP was made through the sulfosuccinimidyIN-maleimidomethyl)

cyclohexanel-carboxylate (SulfeSMCC) linker.

4.2.4Characterization of PNNP
The sizes and zeta potentials of NP andR®®Iwere investigated byeihZetasizer (Nano
ZS, Malvern). The morphologies were characterized by Transmission Electron Microscopy

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

4.2.5In vitro stability of PMNP and bortezomib release

The stability ofPM-NP and tPAAId-PM-NP were studied in PBS (pH = 7.4) and 10%
FBS solution. The size change was monitored atlptermined time intervals using dynamic
light scattering (DLS).

For bortezomib release profile study, 0.5 mL of-b?tezomib and PMNP-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 &€ 37 a shaker (New
Brunswick Scientific) at 100 rpm. At predetermined time points, 25 pL bsffletion was
withdrawn, followed by replacing with 25 uL of fresh buffer solution with the same pH. The

concentration of bortezomib released was measuaddigh Performance Liquid

87



Chromatography (HPLC) (Agilent, Japan). Methanol/water (80/20, v/v) s& 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.

4.2.6Cell culture
NCI-H929 cells were purchased from American Type Culture Collection (ATCC) and
cultured in Roswell Park Memiatt Institute (RPMI)-1640 Medium with 10% (v:v) FBS, 0.05

mM 2- mercaptoethanol, 100 U/mL penicillin and

4.2.7Cellular association

Coumarin6 was selected as the fluorescence probe to investigate the subcellular location
of the PMNP after internalization. NGH929 cells (1 x 1Dcells/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 nadherent cells and incubated with courm#&iRM-NP for 1 h
and 4 h. Thereatfter, the cells were washed with PBS, stained with lysosome tracker and Hoechst,

and observed by CLSM (LSM 710, Zeiss).

4.2.8Apoptosis assay

Apoptosis of NCIH929 cells were detected using the Annexi#N'C Apoptosis
DetectionKit (BD Biosciences) and AP@rdU TUNEL Assay Kit (Life Technologies),
respectively. The cells were seeded in theel plates at the density of 1 x “I€ells/well.
Twenty-four hours later, the cells were incubated withidPtezomib, PMNP-bortezomib, Ad-

PM-NP-bortezomib for 12 h. Drufree RPMI 1640 medium served as the control. Afterwards,
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the cells were treated according to the manuf
FITC apoptosis detection, the cells were analyzed by flow cytometryF@TS Calibur). For

TUNEL assay, the cells were observed by fluorescence microscope (1X71, Olympus).

4.2.9In vitro cytotoxicity
NCI-H929 cells (5 x 1®cells/well) were seeded in the-9&ll plates and incubated for
24 h. Then the cells were incubatedniiP-bortezomib, PMNP-bortezomib, AldPM-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 &L o

absorbance was measured at the wavelength of 450 nm by a microplate reader.

4.2.10In vitro hydroxyapatite and bone fragment targeting

1 mL coumarir6-loaded NP, PMNP and AldPM-NP were incubated with 10 mg
hydroxyapatite for various time intervals. Afterwards, the mixture was centrifuged at 2000 rpm
and the coumari® concentratin in supernatant was detectead HPLC at 465nm. The
methanol/water (96/4, v/v) was used as the mobile phase. For the bone fragment targeting assay,
the coumarirb-loaded NP, PWMNP and AldPM-NP was incubated with mice femurs for 1 h.
After washed for thee times, the femurs were subjected to fluorescence microscope for

observation.

4.2.11In vitro thrombolysis activity assay of tRAId-PM-NP
The bioactivity of tPA after conjugation on PNP was evaluated by studying the

capability of hydrolyzing tripeptie chromogenic substrates. In brief, various concentrations of
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free tPA and tPAPM-NP was incubated with S2288 substrate for 30 min d€3Afterwards,
the reaction was stopped by acetic acid and the absorbance was detected at the wavelength of
405 nm.

Thein vitro thrombolysis activity of tPAAId-PM-NP was investigated by evaluating clot
lysis capability. Fibrinogen (3 mg) labeled with FITC wasipibated with 0.5 mL PBS, free
tPA, tPANP, tPAPM-NP and tPAAId-PM-NP at tPA concentration of 5 pg/mL@&a0 pg/mL.

Ten minutes later, Cagand 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 measugeahicroplate reader. To further test

the tPA activity after blood circulation, the mice was intravenously injected with free tPA, tPA
NP, tPAPM-NP and tPAAId-PM-NP at tPA concentration of 0.3 mg/kia the tail vein. After

10 or 20 min, 100 pL blood wagithdrawn and mixed with Cy5-Bbeled fibrinogen, followed

by the addition of CaGlnd thrombin. The fluorescence intensity in the supernatants was

detected.

4.2.12In vivobone targeting assay
To evaluate then vivotargetability of AldPM-NP, Nine mde mice were randomly
divided into three groups and intravenously injected with GiabBled NP, Cy54abeled PM
NP and Cy5.5 labeled AIBM-NP at Cy5.5 dose of 30 nmol/kg. Images of the mice were taken
on IVIS Lumina imaging system (Caliper, USA) at 28 and 72 h poshjection. 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 vivoimaging. The fluoescence intensities of regiofrinterests (ROI) were analyzed by

Living Image Software.

4.2.13In vivolung thrombus targeting and treatment efficacy

The mouse lung thrombus modehs establishedrFor lung thrombus targeting
evaluation, the mice weretmavenously injected with fibrinogen (2 nmol/30 g body weight) and
1 min later, with the various Cy 5l&beled NP formulations, followed bgduction of
thrombosis with thrombopl as viathe taf v&in. hemige body
were sacrificed 30 min later. The lungs were collected, washed with PBS, and imaged using the
IVIS Lumina imaging system. For the lung thrombus treatreéficacy, the mice were
intravenously administrated with CySl&beled fibrinogen. One minute later, saline, tPA,tPA
NP, tPAPM-NP and tPAAId-PM-NP were injected, followed by thromboplastin 20 min later.
After 30 minutes, the lungs were collected andged. The fluorescence intensities of regibn

interests (ROI) were analyzed by Living Image Software.

4.2.14In vivobone marrow targeting capability
Thein vivomultiple myelomabearing mice model waseated Female Nod/SCID mice
were injected witht x 1 NCI-H929 cells per mouséa the tail vein. Three weeks later, the
mice were intravenously administrated with saline, courrgtoaded AIGNP, coumarir6-
loaded PMNP, coumarir6-loaded AldPM-NP and coumaru®-loaded tPAAId-PM-NP. After
6 hoursthe 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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4.2.15In vivomultiple myeloma and lung thrombus treatment

Female Nod/SCID mice were injected with 4 ¥ NICI-H929 cells per mouse and
randomly divided into 6 groups (i6F. After two weeks, the mice were administrated with saline,
bortezomib, AldNP-bort, PNNP-bort, Ald-PM-NP-bort, and tPAAId-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 analysithd-bematoxylin 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 manaft ur er 6 s protocol and obs
microscope. The fluorescence signals in the images were quantitatively analyzed by Image J
software. Foin vivolung clot thrombolysis evaluation, the mice treated with-KRINP-bort
and tPAAId-PM-NP-bortwere 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.

4.2.16In vivo pharmacokinetics investigation

Nine mice were randoly divided in to three groups (n=3) and injected with free
bortezomib, NFbort and PMNP-bort at the bortezomib dose of 5 mgikg 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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4.2.17Statistics
All results presented are Mean N s. d.
t-test. With & value < 0.05, the differences betweeaperimental groups and control groups

were considered statistically significant.

4.3 Results and discussion
4.3.1Preparation and characterization of tR&l-PM-NP

The platelet membrarepated nanocarrier was prepared by wrapping the purified platelet
menbrane on the surface of daiesponsive nanocarrigf composed of modified dextran that is
biocompatible and biodegradadf&!>* The average size of the uncoated nanocarrier was
determined to be 113 nm by the dynamic light scattering (DLS), widshincreased to 127 nm
after coating with the platelet membrakég(re 4.1d,e). Additionally, the PMNP possessed a
similar surface charge to that of plateldtgy(re 4.2). The transmission electron microscopy
(TEM) images demonstrated the existenca ahilamellar membrane on the surface of
nanocarrier, where the morphology was distinct fronbire nanocarrieifo investigate the
colloidal stability, the size change of tF¥d-PM-NP was evaluated over time. Both FNWP
and tPAAId-PM-NP were stableniPBS and 10% FBS solution for 72 h, which was attributed to
the hydrophilic glycans on the platelet membrdfigyre 4.1f). Additionally, the surface
modification of tPA and Ald did not affect the stability of IWP. The conjugation of tPA on the
surfacewas validated by the confocal laser scanning microscopy (CLSM). The colocalization of
the fluorescence signals from Cy 5.5 (blue) in Cylakieled tPA, rhodamine (red) in rhodamine
labled PM and coumari (green) in coumar#g-loaded nanocarrier substatgd the successful

cloaking of PM on the nanoparticle and surface conjugation of FRuIe 4.3). We further
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investigated thén vitro release profile of bortezomib in different pH levels. The results
demonstrated that an accelerated release rate vath/69% cumulative release of bortezomib

within 24 h was obtained for PIMP-bort at pH 5.4, suggesting its agigsponsive behavior

(Figure 4.1g).
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Figure 4.1. Schematic design and charaation of tPAAId-PM-NP-bort. A, The main
components of tPAAId-PM-NP-bort: the platelet membrane derived from the platelets;
polymeric nanoparticle made of agigsponsive modified depetn. B After intravenous injection,
tPA-Ald-PM-NP-bort could sequentially target bone microenvironment thraffytient binding
between Ald and calcium ions and home to MM célsspecific affinity of RSelectin and
overexpressed CD44 receptors. After internalization, the matrix eAIBA’M-NP-bort could
be dissociated by the acidity of lyeadosome, releaginthe encapsulated bortezomih.tBA-
Ald-PM-NP-bort could further target the thrombus that happens during th&dhtreatment
and dissolute the tmbus readily and effectively.,’he TEM image and hydrodynamic size
distribution of bare rdextran NP. 8ale bar: 100 nm.,Hhe TEM image and hydrodynamic
size distributioo of PM-NP. Scale bar: 100 nm, F vitro stability of PMNP and tPAAId-PM-
NP in PBS and 10% FBSrier bars indicate s.d. (n=3)., Gumulative release of bortezomib

from PM-NP in PBS wih different pH levels. Error bars indicate s.d. (n=3).
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@ Platelet
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Figure 4.2 Zata potentials of platelet and PNP. Error bars indicated s.d. (n=3).

Cyb.5-tPA Rhd-PM
Cou-6-NP Merged

Figure 4.3. CLSM images of tPAM-NP. NP was loaded with coumaté) PM was labeled

with rhodamine and tPA &s conjugated with Cy5.5 for imaging. Scale bar: 50 um.
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4.3.2Evaluation of then vitro myeloma cell targetability

NCI-H929 MM cell with oveexpression of CD44 receptdtswas selected as the model
cell line in this study. Additionally, coumari was decorated as tHadrescence probe to track
the intracellular behavior of PMIP. We first investigated the intracellular delivery efficiency
and endosome escape of W via the confocal imaging. After 1 h of incubation, the majority
of internalized PMNP was entrapped the endosome, as evidenced by the yellow fluorescence,
resulted from colocalized coumailoaded nanoparticle and texas-tatleled enddysosome.
In contrast, the green fluorescence signal was found to separate from red ones after 4 h of
incubation, sugesting the liberation of encapsulated coumérfrom the endocytosed RMP
(Figure 4.4a). The enhanced release of the encapsulated cargo to the cytosol indicated the
dissociation of the PNNP, which was attributed to the agielsponsive behavior of the
polymeric matrix composed of the modified dextran.

After confirming the effective internalization of RMP, the apoptosis inducing
capability of PMNP was demonstrateda the terminal deoxynucleotidyl transferase dUTRnic
end labeling (TUNEL) assagnd tle AnnexinrV/PI double staining assaMCI-H929 cells
treated with PMNP-bort and AldPM-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 capaility of PM-NP. The late apoptosis ratios were 19.1% forlddR. While after
coating with PM, the PMNP-bort and AldPM-NP-bort exhibited higher ratios of apoptotic cells

with the late apoptosis rate of 38.6% and 37.4%, respectiviglyre 4.4c). We furher
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evaluated the cytotoxicity of different bortezomib formulatigiascell counting kit8 (CCK8)
assay. PMNP-bort and AldPM-NP-bort displayed higher cytotoxicity against NB929 cells
with the IC50 values of 13.6 ng/mL and 13.1 ng/mL, respectivelichuiere significantly

lower than that of Nfort (23.2 ng/mL) [igure 4.4d). Collectively, the specific affinity
between platelets and myeloma cells contributed to the enhanced internalization ofilie PM
and further increased the apoptosis inducing lwfipaand cytotoxicity against MM cells.

Furthermore, the addition of Ald did not affect the efficacy ofRFibort.
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Figure 4.4. Evaluation of thén vitro myeloma cells targetability. Antracellular delivery of
Coumarin6-PM-NP onNCI-H929 cells at different time intervels observed by CLSM. The late
endolysosomes were stained by LysoTracker Red, and the nuclei were stained by Hoechst
33342. Scale bar®2 ¢ mThe A?OBrdU TUNEL assay of the induced apoptosis of NCI
H929 cells teated with NFbort, PMNP-bort and AldPM-NP-bort for 12 h. Green fluorescence
indicates Alexa Fluor 488tained nick end label DNA fragment, and red fluorescence indicates
Plstaned nucl ei . S c¢Hol eytoieary analydiDoONGAH920 cellSreated with
drug free RPMI 1640 medium, Nbbrt, PMNP-bort and AldPM-NP-bort at the bort
concentration of 10 ng/mL for 12 h. The cells were stained with AnneX#hlnZ andPI for
analysis. DIn vitro cytotoxicity of NRbort, PMNP-bort, and AldNP-bortafter incubation for

24 h. Error bars indicate s.d. (n=3).
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4.3.3Bone targeting efficacy evaluation
The bone targetability of AMPM-NP was investigated by studying the binding efficiency
between AldPM-NP and bone fragment and further evaluaiadvhole body imaging aftan

vivo administration. Hydroxyapatite (HAP), the most abundant mineral in the bone, was used to
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mimic the bone microenvironmeht Alendronate could bind to the HAP through chelating the
calcium ions availablen the structure HAP with a high affinity. As displayedrigure 4.5,
over 70% of AldPM-NP was observed to bind to HAP within 4 h, while the-RM and NP
displayed minimized binding efficacy with less than 10% binding efficiency. We next tested the
targeting capability of AldPM-NP on the bone fragment. After incubation for 1 h, a clearly high
fluorescence signal was found on the bone fragment treated wHRAMMNP. In contrast, the
femurs treated with PNNP and NP showed a barely observable fluorescsignal Figure
4.%). Taken together, these results demonstrated the superior binding efficacyRiviANGP to
the bonen vitro.

Thein vivobonehoming ability of AldPM-NP was investigated by performing
biodistribution studies using Cy5l6aded nandormulationsvia anin vivoimaging 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 Ceolina at Chapel Hill and North Carolina State University.
The mice were treated with CySl@aded NP, Cy54oaded PMNP and Cy5.8oaded AldPM-
NP and the whole body imaging was taken during different time interval®2 MNP showed a
higher fluorescereintensity than PMNP and NP at every detected time point. After 72 h-post
injection, the PMNP displayed enhanced fluorescence signal than NP that was barely observed,
which was mainly attributed to abunddins € lefc 0 g n i z eod the phatelet mebranes
resulting in the long circulation time of RMP. In contrast, AlelPM-NP presented the highest
fluorescence intensity among all the treated groups with the main retention of {R&AGP
located at the borassociated tissue including spine and fe(frigure 4.5¢). 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 fWP and 9 folds higher than NPigure 4.5d).
After 72 h, the dissected femursnedaken out and imagex vivo The results were in good
accordance with the whole body imaging and further validated the effective bone targetability of

Ald-PM-NP (Figure 4.5¢).
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Figure 4.5. Bone targetablity evaluation.,An vitro hydroxyapatite (HAP) binding efficiency.

HAP was incubated with coumariNP, coumarirs-PM-NP and coumari®-Ald-PM-NP for
different time intervals. Ear bars indicate s.d. (n=3), B vitro bone fragment targeting
capability. The bone fragments vedreated with coumari6-NP, coumarirs-PM-NP and
coumarin6-Ald-PM-NP at coumari¥6 concentration of 200 ng/mL for 1 h and then observed by
fluorescence neroscope. Scale bar: 500 um.I€ vivofluorescence imaging of the nude mice at
24, 48 and 72 h &dr intravenous injection of Cy5l6aded NP, Cy5foaded PMNP and
Cy5.5loaded AldPM-NP at Cy5.5 dose of 30 nmol/kg., BRegionof-interest analysis of
fluorescent intensities from whole body at 72 h. The analysis was based on the whole body
fluorescene intensities from multiple mice (three mice for each group). Error bars indicate s.d.
(n=3).*P'0.05 (twot ai | e d t&st)ubEs vivofluaescence imaging of the femur tissues

at 72 h post injection.
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4.3.4Thrombus dissolution activity assay

To assess the potency of thrombolysis of -#P-NP, we first tested the bioactivity of
tPA by hydrolyzing the tripeptide chromogeniuatsstrates after conjugatidrf The results
demonstrated a similar bioactivity between free tPA andRRANP (Figure 4.6a), suggesting a

good preservation of the bioactivity of tPA. We further evaluateththigro thrombus
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dissoltion capability of various tPA formulations by incubating with fibrinogen, follotwethe
addition of thrombinThe results displayed insignificant difference between free tPA and tPA
conjugated NP formulation§&igure 4.6b). Next, the thrombolysis potey of tPAPM-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 tdie superior thrombolysis ability, as evidenced by the
higher fibrinolysis ratio compared to tPMP (Figure 4.6c). Taken together, the decoration of

the platelet membrane on the nanocarrier elongated the circulation of HrMMR, which

was beneficial téhe tPAmediated 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 tmnbdoplastin to trigger thdatting cascade in the
lung >’ As displayed irFigure 4.6d, thelung treated with Cy5-fobaded PMNP and Cy5.5
loaded AldPM-NP showed stronger fluorescence intensity compared to Gy&ded NP,
suggesting the excellent targeting capability of-RM and AIdPM-NP endowed by platelet
membrane decoration. Quantificatishowed that the intensity of the lung signal was similar to
that in the PMNP and AldPM-NP groups, while over 1fdld higher than the NP group. There
was no significant difference in thrombolysis potency betweerRRFMIANP and tPAAId-PM-NP
(Figure 4.6e). The homing ability of tPAPM-NP was mainly due to the intrinsic properties of
platelets that are essential for the thrombus formation.

To investigate efficacy of the platelet membraoating in enhancing the lung thrombus
formation inhibition, saline rée tPA, tPANP, tPAPM-NP and tPAAId-PM-NP were tested in

the lung thrombosis model after administration of the Gld@bgled fibrinogen. As showed in
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Figure 4.6f, the strong fluorescence signal in the saline group validated the successful
establishmenof lung thrombus model. The tPRM-NP and tPAAId-PM-NP displayed the

most effective dissolution potency, as evidenced by the lowest fluorescence intensity of the
lungs. Quantitative data showed ovefioRl lower in the fluorescence intensity of lungs teea

with tPA-PM-NP and tPAAId-PM-NP compared to the free tPA and HRWR (Figure 4.69).
Collectively, these results demonstrated that the enhanced targeting capability of nanoparticles
enabled by platelet membrane coating contributed to the improved detiomof tPA at the

thrombus site, leading to the efficient dissolution of the thrombus formation.
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Figure 4.6. Thrombus disdation activity determination. AThe bioactivity assay of tPA
conjugated on the PMIP. Eror bars indicate.d. (n=3). B In vitro fibrinolysis of fibrin clots by
saline, free tPA, tPANP, tPAPM-NP and tPAAId-PM-NP. Error bars indicate s.d. (n=3).
Fibrin clot treated witlsaline served as the control. 1€ vitro fibrinolysis of fibrin clots by
blood drawn fron the mice treated with tPA, tRNP and tPAPM-NP. Error bars indicate s.d.
(n=3).*P'0.05,**P" 0. 0041 a( tl wa tSstuliievivoflacsescence imaging of
lungs treated with Cy 5-maded NP, Cy54oaded PMNP and Cy5.8oaded AldPM-NP at
Cy55 concentration of 30 nmol/kg, Ruantification of the fluorescence intensitytioé lungs.
Error bars indicate s.d. (n=3)."®" 0. 0041 a( tl wa t-&st)uFdrevivdfldosescence
imaging of lungs treated with saline, tPA, R, tPAPM-NP and tPAAId-PM-NP. The lung
treated withsaline served as the control, Quantificdion of the fluorescence intensity of the

lungs. Error bars indicate s.d. (n=3)P* 0. 0 1t g it lweod t&stludent 6s
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4.3.5In vivoant-MM and thrombus treatment efficacy

The bone marrow targeting efficiency was investigated by injecting thebkiiving
Nod/SCID mice with different coumarirzloaded NP formulations. As observed by the
confocal imaging, the bone marrow treated with-RMI-NP and tPAAId-PM-NP displayed the
highest accumulation of the nanopatrticles, which were significantly highehtNP 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 targetabibtyPM-NP could be compromised due to the lack of
homing capability to the bone, while the binding potency oflRiwas unsatisfactory because
of ancloring at the bone mineral only.

We next evaluated the pharmacokinetics ofRFl and tPAAId-PM-NP by
guanttatively monitoring the bortezomib concentration in the blood plasma. The circulation time
of PM-NP and tPAAId-PM-NP were significantly higher than that of the NP, suggesting the
decrease clearance rate after platelet membrane coating. Furthermoeeptia¢giah of Ald and
tPA did not significantly affect thim vivo pharmacokinetics of PNNP (Figure 4.8).
Additionally, we investigated the afdM efficacy in the MM-bearing NodSCID mice by
administering with various bortezomib formulations. As dispdlaya-igure 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 treatedth Ald-NP-bort and PMNP-bort was less than 60 days. In a
sharp contrast, the mice treated with AM-NP-bort and tPAAld-PM-NP-bort achieved the
longest survival time with half of mice surviving over 80 days. This remarkabld/&mti
efficacy was attbuted to the programmed targeting manner of AlM-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 wiiVANP-bort and
tPA-Ald-PM-NP-bort (Figure 4.7d and Figure 4.9). No obvious pathological abnormalities
were observed in the normal orgakgy(re 4.10). After induction of théung thrombus, tPA

Ald-PM-NP-bort exhibited a superior dissolution capability over-RI6I-NP-bort, as evidenced
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by the presence of the blocked blood vessels in the lung hematergim staining (H&E)
staining of AlIdPM-NP-bort (Figure 4.7c and Figure 4.11), verifying that the tPAAId-PM-NP-

bort reduced the thrombus complication during-8¥ treatment.
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Figure 4.7. In vivoant-MM and thrombolysis efficacyA, In vivofluorescence images of the

bone marrow of the Nod/SCID mice treated withrsglicoumarirb-loaded AIdNP, coumarin
6-loaded PMNP, coumarir6 loaded AldPM-NP and coumari® loaded tPAAId-PM-NP for 6

h. Scale bar: 100 um.,Burvival curves of MMbearing Nod/SCID mice (n=6) following the
administration of saline, bortezomib, ANMP-bort, PMNP-bort, Ald-PM-NP-bort ard tPA-Ald-
PM-NP, respectively. (Histological observation of the lungs of the mice treated with P\t
NP-bort and tPAAId-PM-NP-bort after induction of lung thrombus. Black arrows indicate the
blood vessel. Red am indicate the blcked sites. Scale bar: 100 um, Detection of apoptosis
in the bone marrow tissue after treatment using fluorestidirP (green) for staining apoptotic

cells. Scale bar: 100 pm.
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Figure 4.8 The plasma bortezomib concentration curveti® NRbort, PMNP-bort and tPA

Ald-PM-NP-bort. Error bars indicated s.d. (n=3).
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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 nagddb the bortezomib

group. Error bars indicate s.d. (n=3R* 0 . 0 5t g it Iweod t&stludent & s
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Figure 4.1Q Histological observation of the organs collected from the-b#dring Nod/SCID

mice after the treatment. The organ sections were stained with H&E. Scale bar: 100 pum.

Figure 4.11 H&E staining of theungs of the mice treated with ARIM-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 um.
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