UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

LIPID-BASED NANOPARTICLES FOR TISSUE REGENERATION AND CANCER

PHOTOTHERMAL THERAPY

A DISSERTATION SUBMITTED TO THE GRADUATE FACULTY

In partial fulfillment of the requirements for the

Degree of

DOCTOR OF PHILOSOPHY

BY

MENGMENG ZHAI

Norman, Oklahoma

2020



LIPID-BASED NANOPARTICLES FOR TISSUE REGENERATION AND CANCER
PHOTOTHERMAL THERAPY

A DISSERTATION APPROVED FOR THE
DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY

BY THE COMMITTEE CONSISTING OF

Dr. Rakhi Rajan

Dr. Wai Tak Yip

Dr. Si Wu

Dr. Roger Harrison



© Copyright by MENGMENG ZHAI 2020
All Rights Reserved.



Acknowledgment

| am so happy that | could pursue my Ph.D. degree at the best age. It seems like a movie that
appears in my brain. In the past six years, | met a lot of challenges and hardness both in my research
work and personal life. However, | was not alone and have been accompanied by many kind-
hearted people who have supported and encouraged me to date. These experiences in the past a

few years made me stronger, not only in academia but also in mind.

Firstly, 1 would like to thank my supervisor, Dr. Chuanbin Mao, for his guidance and support for
my research work. Under his advice, | could overcome the obstacles either in my research or life
to complete my projects and this dissertation. He has a big impact on me not only on the research

work but also for the enthusiasm for science in my future career.

Secondly, I would like to give special thanks to my advisory committee members, Dr. Rakhi Rajan,
Dr. Roger Harrison, Dr. Wai Tak Yip, and Dr. Si Wu. | am grateful for your time and valuable
suggestions in my research and career. | also thank Dr. Rakhi Rajan for my new committee chair
during Dr.Mao’s medical leave. I also would like to thank Dr. Wai Tak Yip for his kindly help

when | was working as a teaching assistant.

I also appreciate my current and former lab members in Dr.Mao’s research group. They are very
friendly and helpful in both my research and life. | would like to thank Dr. Binrui Cao and Dr.
Penghe Qiu for their valuable research suggestions. They are very nice, patient, and knowledgeable.
| also thank my former lab members, Kegan Sunderland, Lin Wang, Xuewei Qu, Wen Yang, Yan
Li, and Jing Guo and current lab members, Ningyun Zhou, Liwei Zhang, Yueyi Sun, Tongmeng

Jiang, Chenxin Ou, Nanzhong Deng and Haojie Xu for their help of research work.



Finally, I am extremely grateful to my parents for their continuous understanding, supports, and
sacrifice during my Ph.D. years. | also thank my younger sister to help me relax from my work
stress and support me to go further. She is so energetic and actively to influence me a lot by her
energetics. | also thank my best friends, Mei Sun, Wentao Dai, and Pingmei Wang for their kindly

help and good suggestions in my life.



Table of contents

ACKNOWIBAGIMENT ...ttt ettt e s e e re et e s re e st e beesa e besbeessesteesaensesssensessessaessessnensens iv
TADIE OF CONTENTS ...ttt et e st et e s e sae et e steeneenseeseensesseensessesneensens vi
LEST OF TADIES. ...ttt et e s et e te et et e ene e tesaeeaenteeneentens iX
LEST OF FIQUIES ...ttt ettt b e bt b e s b e e b et et et eseebeebeebeneens X
[ ) =] o] AV F= LA o] o OSSPSR Xii
AADSTFACT. ...ttt h et st b e bRt a e a e bbbt et ettt ne b e st b e Xiv
Chapter 1 INTrOQUCTION. ......cc.iiiitirietee ettt sttt b s b ettt ae e b sn e ne e 1
1.1 General DACKGIOUNG ........ccucoiiieieiieetereee ettt s b et b b b e 1
1.2 Filamentous M13 DaCtErIOPNAGE. .....cc.evuerierieieieieieeteete ettt sbe e 1
1.2.1 Biology and StruCture Of Phage .......cccoouiiieiiiieece et 1
A o T o TN o [ 1] o] F- | 2O TSROSO 3
1.2.3 Potential of the as-selected peptides in NnaNotechNolOgy .........ccccvvveeievereerneeeee e, 4

1.3 Mesenchymal stem cells (MSCS) derived BX0SOMES ..........ccerververieieeeenienienieseeneeseeeeeeesesee e neens 5
1.3.1 Biology and Structure 0f the EX0SOIMES..........ccueiriririrerierieeetee ettt 5
1.3.2 EXOSOME ENGINEETING c..euveuteutentenietiettetestestestest et ettt sst st sbe st et et et et eseeseebesbestenbensenseseeneesessesbeneens 7
1.3.3 Applications of the engineering exosomes for delivery of therapeutic molecules................ 9

1.4 Fabrication of the 3D printing sCaffold............c.cooveiiiieiiiee e 12
1.4.1 3D biomaterials scaffold and ProPertieS.......ccccuvieeerieieierieere ettt 12
1.4.2 Applications of the 3D templated scaffold in tissue regeneration..........c.cceceeeveeveeercrennne 14

1.5 Fabrication of photothermal therapy (PTT) Materials .........cccoveeeieeeeiicecece e, 16
1.5.1 The PTT material and Properties.......ccueceririeresieiereeeesiesteetesteseesteseeeesseseessessesssessesseens 16
1.5.2 Applications of PTT MAtErIalS........cccvirerierieieieieisesese e 18

Chapter 2: Human mesenchymal stem cell-derived exosomes enhance cell-free bone regeneration

by altering the exosomal MIRNAS PrOFIlES .......oc.oiiiiiee et 22
P28 I 1 014 oo 11 od i (o] o SRR 22
2.2 Materials and EXPEITMENTS........cciiieieeieeee ettt ettt et et et e te et e tesbeeneesesneeeesneeneas 24

2.2.1 Cell culture, exosome isolation, identification and quantification...........c.c.ccecevvvvevenennen. 24

Vi



2.2.2 The osteogenesis of the hMSCs induced by the osteogenic eX0SOMEes ..........ccecveeevvervennen. 25

2.2.3 ImmMUNOTIUOIeSCENCE STAINING .....veiveeieieceeiceeeee et et sre s eanas 26
2.24 REAI-TIME PCR ..ottt 26
2.2.5 Alkaline phosphatase (ALP) activity and Alizarin red Staining..........c.ccoceeeveeveeienenenennens 27
2.2.6 Colocalization of the exosomes and clathrin or caveolin-1 membrane protein.................. 27
2.2.7 Exosome next-generation sequencing (EXONGS) ......cccooeveiiininineneneneieieeeeseseseeens 28
2.2.8 Construction of the osteogenic 3D Ti-SCaffold..........cccooereriiiiiiniineceee 28
2.2.9 The exosome loading and releasing behaviors of the 3D Ti-scaffold..........ccccccevneninennne 29
2.2.10 In vivo evaluation of the osteogenic 3D Ti-scaffold...........ccoooveiieieiiiiecieeeee, 29
2.2.11 StatiStiCAl ANAIYSIS.....cceceiiieeieie ettt et sttt ere e r e reeanas 30
2.3 rESUILS AN TISCUSSION .....vvinictiieiiiei ettt ettt b 31
2.3.1 The identification and quantification of the exosomes derived from the hMSCs.............. 31

2.3.2 The exosomes derived from the pre-differentiated stem cells induce the osteogenic
differentiation OF NIMSCS IN VITFO .....couiiuiriiiiieieee ettt e 32

2.3.3 The cell-free 3D Ti-scaffolds with the exosomes derived from the stem cells induced the

bone tissue regeneration iN VIV ..........cccoeiirirerieieieiecsese sttt 36
2.4 Mechanism for osteogenesis of hMSCs induced by osteogenic eX0SOmMEeS..........ccecveveerververeenen. 42
2.5 CONCIUSTON ..ttt b e sttt et a e bt bbb e b e b et et eneebesbenbenbentens 48
2.6 Author contribution STAtEMENT ........ccooiiiceceeeee et st sttt sre e reennas 51

Chapter 3: Discovery of exosome-internalizing peptides for targeted breast cancer therapy........... 52
S L INSTFUCTION .ottt ettt et e e et e e te et e s be e b e sbeebeenbesbeessabeessesbesbeensestaessentesesensenseennas 52
3.2 Methods and MALEIIALS ........c.eecviiiieieeceeeee ettt e st e st e aaebesseeseesreennas 54

3. 2.1 MCF=7 CEI CUITUNE ...ttt ettt ettt sttt e st saesteeseenaeeraensesaeeneas 54

3.2.2 Cell culture and eX0S0mMe ISOIAtION ........cceevuieieieseeeeeeee e 54

3.2.3 Selection of the exosome-internalizing peptides from a Ph.D.-12 phage library................ 54

3. 2.4 Phage CapLUre ELISA ... ..ttt ettt e st e s entesanensesreennas 55

Vii



3.2.5 Phage affinity and specificity to exosome by the atomic force microscopy (AFM)............ 55
3.2.6 Platinum nanoparticles SYNTNESIS .......ccvcveciiiieieiieececeee ettt st 56
3.2.7 Construction of the EX0-PtNPS NAN0 COMPIEX .......ccevrirreeiiirieieiieeeseseete e 56
3.2.8 Characterization of PtNPs and Exo-PtNPs nano complex by Transmission electron

MUCFOSCOPY (TEIM) .ottt sttt st et s b e sa e st e s be e besaeesaestesssensesreensessesseans 56

3.2.9 Photothermal properties of the PtNPs and Exo-PtNPs nano complex by an infrared

CAMIBI .ttt ettt s et e te s et e e s ese st s e b e s ea et et e s e e esebesea e et e b e s et e b e b en e et e b eben e s ebebene et et ebeneesebese e s etane 57
3.2.10 Photothermal killing of the MCF-7 cell using the Exo-PtNPs nano complex................... 57
3.2.11 Cell viability of the MCF-7 breast cancer CellS .........coveveiievieiieeese e 57
3.2.12 In vivo study of the photothermal therapy........cccoceveeeeciciceeieceseseee e 58
3.2.13 Organ biodistribution of the EX0-PtNPS nano compleX .......cccccvevvevieneeceneeceese e, 58
3.2.14 STAtiSHICAl ANAIYSIS ...cuveiveeeeiiieeieie ettt st e st e s e e tesbeesaesteeraebesaeenresreeneas 59
BB RESUITS ...ttt b bbbt h bt b e bttt et he b e naeene st 61

3.3.1 Identification of exosome-internalizing peptides from a Ph.D-12 phage library by
DIOPANNING ...t ettt et st e et e teebe e besbe e st e beereebesbeenbesteeraens 61

3.3.2 Prepare the platinum nanoparticles loaded into tumor-homing exosome and characterize

the photothermal properties of EX0-PtNPS Nano COMPIEX.......cccvevvevvreecenienieeseeere e 63
3.3.3 In vivo study Photothermal therapy (PTT) using the EAPW ........ccooviveeevienieneeeeeenen, 66

3.4 DiscusSioN and CONCIUSION .......cciiiririirierieieieiee ettt ettt st st e sae e e e e e e e esessessesnenaens 70
3.5 Author coNtribULION STATEMENT ......cc.eiviiiieieiee ettt nee e 75
] (= =] oL RSSO 76
Appendix: List of Copyrights and PermiSSION ..........cecerieieierieiere ettt 103

viii



List of tables
Table 1.1: Summary of engineering exosomes for cargo delivery..............covviiiiiiiiiinn. ..



List of figures

Figure 1.1: The structure of the M13 bacteriophage particles...............cccooeviiiiiiiiiiinnan.... 2
Figure 1.2: TEM image of M13 phage.......c.oovieiiiiiii e 3
Figure 1.3: The eX0S0ME DIOZENESIS. .. .euutntinttntett ettt et ettt eae 6
Figure 1.4: Exosome-based drug delivery System. ............oovriiiiiiniiiiiiiiieeiieeeaa, 11
Figure 1.5: Various types of 3D scaffold and their applications in tissue regeneration. ........... 14
Figure 2.1: The characterization of the stem cell-derived exosomes. ..............cccvviininnnn. 32
Figure 2.2: Osteogenic differentiation of hMSCs by the osteogenic exosomes. .................... 35

Figure 2.3: The quantitation of the Immunofluorescence staining, Gene expression, and ALP

Y15 AT Ly PP 36
Figure 2.4: SEM images of the Ti-scaffolds, hMSCs-Ti-scaffolds, and exosome-Ti-scaffolds. ..40

Figure 2.5: H&E staining and Masson’s trichrome staining confirmed the new bone formation in

VIVO after 4 and 12 WeeKS. oot e 41

Figure 2.6: Toluidine Blue staining and VVan Gienson staining confirmed the new bone formation

INVIVO after 4 and 12 WeeKS. .. n ettt e 42

Figure 2.7: Histological analysis of the hMSCs decorated Ti-scaffolds (a, b, e, and f) and EXO-

D15 decorated Ti-scaffolds (¢, d, g, and h). ... 43
Figure 2.8: Mechanism for the osteogenesis of hMSCs induced by the osteogenic exosomes....46

Figure 3.1: Identification of exosome-internalizing phage from a Ph.D.-12 phage library by

DIOPANIING. ..ottt ettt et et e e e aen e 63



Figure 3.2: Characterization of the EXO-PtNPs nano compleX. ...........ccoeiveiiiiiiiiiiinianan... 66

Figure 3.3: Cell viability of the MCF-7 breast cancer cells before and after NIR laser

i ug: T N1 8 (o) s RO 69

Figure 3.4: MCF-7 breast cancer mice model constructions and organ biodistribution of

B A P IV e 70
Figure 3.5: inViVO PTT by using EAPW. ... i 71
Scheme 2.1: Cell-free bone tissue regeneration by the stem cell-derived exosomes. ............... 31

Scheme 2.2: The possible signaling pathways for the exosome-induced osteogenic differentiation

OF NMSCS IN VITrO and IN VIVO. .. .oniiii e 47
Scheme 3.1: The overall idea of the photothermal therapy...................cooit. 54
Scheme 3.2: Exosome-internalized peptide selection ..............coovviiiiiiiiiiiiii i 61

xi



3D

AFM

Ag

ALP

Au

CNT
COL
EAPW
ECM
ELISA
EXO-DO0
EXO-D10
EXO-D15
EXO-D20
EXO-D4
EXONGS
Exo-PtNPs
FePt
GAPDH
GO

hMSCs

List of abbreviations
three dimension
atomic force microscopy
silver
alkaline phosphatase
gold
Carbon nanotubes
collagen I-al
Exo-PtNPs nano complex
extracellular matrix
Enzyme-linked Immune Sorbent Assay
exosome derive from 0-day predifferentiated stem cells
exosome derive from 10-day predifferentiated stem cells
exosome derive from 15-day predifferentiated stem cells
exosome derive from 20-day predifferentiated stem cells
exosome derive from 4-day predifferentiated stem cells
Exosome next-generation sequencing
Exosome-platinum nanoparticles
iron Platinum
Glyceraldehyde 3-phosphate dehydrogenase
graphene oxide

human mesenchymal stem cells

xii



MHC
mMiRNA
MVE
MWNTs
NIR
NP
OPN
PBS
PCR

Pt

PTT
QD
RFU
Runx2
SD
SEM
SiRNAs
ss DNA
SWNTs
TEM

Ti

major histocompatibility complex
microRNA

multivesicular endosome
multi-walled nanotubes
near-infrared

nanoparticles

osteopontin

phosphate-buffered saline

polymerase chain reaction
platinum

photothermal therapy

quantum dots

relative fluorescence intensity
Runt related transcription factor 2
Sprague Dawley

scanning electron microscope
small interfering RNA
single-strand DNA

single-walled nanotubes
transmission electron microscope

titanium

Xiii



Abstract

Exosome, a cell budded nanovesicle in diameter around 30 nm to 200 nm, has been found useful
for the gene and drug delivery in bone tissue regeneration and cancer therapy. Exosome derived
from donor cells has some specific physical properties, such as stability, permeability, low toxicity,
lower immune response, and biocompatibility for gene and drug delivery. In this dissertation, stem
cell-derived exosomes were used to induce bone tissue regeneration in vitro and in vivo. In addition,

exosomes were modified with tumor-homing peptide for target breast cancer therapy.

In chapter 2, this study confirmed that exosomes could be employed to induce osteogenic
differentiation of human mesenchymal stem cells (hMSCs) and decorate 3D-printed titanium alloy
scaffolds to achieve cell-free bone regeneration on a bone radial defect rat model. Specifically, the
exosomes secreted by hMSCs osteogenically pre-differentiated for different periods were applied
to induce the osteogenesis of hMSCs. It was discovered that pre-differentiation for 10 and 15 days
led to the production of osteogenic exosomes. Then purified exosomes were loaded into the
scaffolds and the current researchers found that the cell-free exosome-coated scaffolds regenerated
bone tissue as efficiently as the well-reorganized hMSC-seeded exosome-free scaffolds within 12
weeks. RNA-sequencing results suggested that these osteogenic exosomes induced the osteogenic
differentiation by using their upregulated osteogenic miRNA cargos (such as Hsa-miR-146a-5p,
Hsa-miR-503-5p, Hsa-miR-483-3p, and Hsa-miR-129-5p) or downregulated osteogenic miRNAs
cargos (such as Hsa-miR-32-5p, Hsa-miR-133a-3p, and Hsa-miR-204-5p) to activate the
PI3K/Akt and MAPK signaling pathways. Consequently, identification of osteogenic exosomes
secreted by pre-differentiated stem cells and the use of them to replace stem cells represent a novel

cell-free bone regeneration strategy.

Xiv



In Chapter 3, phage display and nanotechnology were integrated to develop novel exosome-based
nanoparticles for delivering platinum nanoparticles (PtNPs), a photothermal reagent, for targeted
breast cancer therapy. An exosome-internalizing peptide was first identified through a phage
display technique. Then a novel nano complex (defined as the EAPW- nano complex) was
developed by loading the peptide modified PtNPs into exosomes, of which the surface has been
engineered to display breast cancer tumor-homing peptides. The tumor-homing peptides on
exosomes led to enhanced delivery of PtNPs to the breast cancer cells in vitro and the tumors in

vivo, resulting in significantly improved cancer-killing efficiency and inhibition of tumor growth.
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Chapter 1 Introduction

1.1 General background

Exosomes as lipid-based nanovesicles budded from donor cells can mediate the local or
intercellular communication by releasing the proteins, nucleic acids (DNAs and RNAs), and lipids
into the target cells to alter the cell fate. Exosomes play a vital role in the biological and
biomedicine area, such as cell proliferation and differentiation, immune regulation, tissue (cardiac,
kidney, nerve, fat, bone, etc.) regeneration,! cancer therapy, 2 etc. Currently, hMSCs are widely
applied in cell therapy and tissue regeneration due to their multipotent and abundant unique
characters. HMSCs can continuously produce and secrete exosomes, which carry some of the
biological cues of hMSCs, such as low immunity, multiple differentiation ability, etc. Owing to
their unique properties, exosomes have been considered as a strong candidate for the diagnosis and
therapy of many diseases, especially in tissue regeneration and cancer treatment.® # In this
dissertation, hMSCs-derived exosomes decorated Ti-scaffolds were used for cell-free bone tissue
regeneration. Besides, tumor-homing exosomes loaded with platinum nanoparticles were also

developed for targeted breast cancer therapy.

1.2 Filamentous M13 bacteriophage

1.2.1 Biology and structure of phage

M13 bacteriophage is a nanofiber, which is composed of a single strand DNA (ss DNA) and
wrapped with 2700 copies of the major protein, pVIII and capped with 5 copies of four minor
proteins (plll, pX, pVI, and pVII) at two ends (Figure 1.1). The plll protein could combine with F

pilus during phage infection of the bacteria. The wild type phage is about 900 nm in length and 10



nm in diameter. Inside of the phage, there is a 6407-6408 nucleotide single-strand DNA (ssDNA).
The ssDNA can encode all the coating proteins, of which there are 2700 copies of major protein
(pVI) and 5 copies of each minor protein (plll, pVI, pVII, and pIX). M13 phage belongs to non-
lytic bacteriophage, so the host was not be lysed after infection, instead, the cell growth rate and
division decreased. ° Bacteriophage only infect bacteria and does not have any toxicity issue or

cause an immune response to humans.®

\Maz,

PVI
7 PIX
PVIII
DNA
PIIl

PVII

"\

AR

Figure 1.1 The structure of the M13 bacteriophage particles. The ssDNA is encapsulated by
five different types of coating proteins (one major coating protein pVIIl, and four minor coating

proteins including plll, pVI, pVII, and plX).



Figurel. 2 TEM image of M13 phage.’

1.2.2 Phage display

Phage display was invented by Gorge Smith in 1985 to display polypeptide on the surface of
filamentous bacteriophage.®  All the five coating proteins can be genetically modified through the
ssDNA inside.® Normally, the plll and pVIII proteins could be modified individually or together,
the latter is called double display.'® This technique allows the phage to carry out dual biological

functions.

Given this specific technique, the phage display can be applied to construct the peptide displayed
phage library. A phage library is composed of phage colonies, which are randomly carrying
various foreign DNA on the appropriate sites of phage genome and also coated by various peptides
on the outside.!* The phage display system can be categorized into different systems by the
recombinant proteins outside. It is more popular to display the foreign peptide on the plll or pVIII
proteins. For the plll protein displayed libraries, they are widely used and commercially available
in the market. Moreover, the foreign protein can be fused on all the five plll proteins copies at the

tip of the phage fiber. Similarly, the foreign protein can also be modified on the pVIII major coat



proteins. However, not all foreign peptides could be displayed on all 2700 copies of the pVIII
proteins. The foreign 15-mer peptide could be displayed on up to ~300 copies of pVIII. So far, the
most popular application of the phage-displayed library is the affinity selection against the target
ligands or receptors. After several rounds of the affinity selection (biopanning), an as-selected
peptide with the highest binding affinity were identified. ' The selection can be conducted against
many different types of targets, such as metals, semiconductors, magnetics, carbon materials,
polymers, and organic compounds etc.>® For the above reasons, the selected peptides can be

further modified on the phage surface as a bio-template in research in the future.

1.2.3 Potential of the as-selected peptides in nanotechnology

The as-selected peptides could be conjugated with protein, polymer, and antibodies in the
bioconjugate chemistry, especially in the biomedical field. It reported that the peptide could be
conjugated to targets by ester chemistries, thiol-maleimide conjugation, and click methods.
Currently, an updated overview indicated that the as-selected therapeutic peptide and protein can
be conjugated to organic reagents and polymers by a novel molecular tool in a bioconjugation
toolbox.'” Besides, the amphiphiles based peptide was confirmed to conjugate to a biopolymer to
enhance self-assemble function in the biological study. ‘8 The as-selected soluble peptide was also
conjugated to poor water-soluble drugs for drug delivery.® Based on those studies, the as-selected
peptide from biopanning has a high potential for conjugated chemistry and could be used for the
modification of inorganic, organic and biological materials (protein and antibodies) with the active

group (-NHz, -COOH) for targeted drug delivery, tissue regeneration, etc. in the future.



1.3 Mesenchymal stem cells (MSCs) derived exosomes
1.3.1 Biology and structure of the exosomes

MSCs can be collected from various tissues, such as adipose tissue, bone marrow, cord blood, liver,
etc. and have a high possibility to self-renew and multipotent differentiation capability into
different cell lineage, such as mesenchymal (bone, cartilage, fat, and muscle, etc.) and non-
mesenchymal cells (neuron, hepatocytes).?>22 The MSCs are widely studied in clinical trials due
to its multi-directional differentiation ability, promotion of tissue repair, and immunosuppression.
Normally, the MSCs are widely used in tissue injury to replace damaged cells for tissue repair.
However, the lower efficiency in differentiation and transition limits tissue regeneration. So
exosomes derived from MSC are considered as a new vector to carry the biomarkers to repair the
tissue, such as repairing the cardiac and kidney injuries, modulating the immune response, and

tumor growth. 23

Exosome derived from the cells is a kind of microvesicle (MV) and is about 30-200 nm in size
(Figure 1.3). Exosomes are inward budded from the endosomal membranes, intracellular
multivesicular body, and exocytotic released to the surroundings 2*2°. The exosomes released into
the extracellular environments contain a range of genetic information?®, including proteins, mRNA,
microRNA, and DNA. Exosomes play a vital role in immune modulation and cell-to-cell
communication?’. Exosomes released from stem cells could deliver the proteins, lipid, and nucleic
acid (RNAs, DNAs) to the surrounding cells and change the fate of the recipient cells?®, When
released from the cells, exosomes may interact with the recipient cells by adhering to the cell
surface. Exosomes and cells communicate with each other by the lipid-ligand receptor interaction,

endocytosis, or fusion of vesicles and cell membrane?®. The genetic information, including proteins,



lipids, and nucleic acids (DNAs and RNAs) carried by the exosomes might determine the cells’
fate®. It reported that intravenous and intracoronary MSC-conditioned medium reduce the infarct
size by approximately 50% in a porcine model of myocardial ischemia and reperfusion injury3L. It
also showed that MSC-conditioned medium induces the migration and proliferation of kidney-

derived epithelial cells. Under this condition, the tubule cell death diminished in vitro, and tubular

Microvesicles, microparticles
ectosomes, oncosomes, etc

|
[ 1

PM

Exosomes

Early
endosome /
MVB Lysosome
—_—

Golgi complex

Figure 1.3 The exosome biogenesis.®? The multivesicular body (MVBs) are formed firstly, which
is includes the exosomes. The MVB further fused with the plasma membrane and release the
exosome into the extracellular matrix (ECM). Exosomes contain the protein, RNAs, and lipids

from the original cells.

cell survival increases in vivo®. It is said that the intravenous injection of MSC-derived exosomes
increases the axonal density along the ischemic boundary cortex zone, further confirming that

exosomes from MSCs could improve and contribute to neurovascular remodeling®. So the



biochemical cues encapsulated in the exosomes could also induce the osteogenesis of the MSC in

vitro and bone tissue formation in vivo. %

Exosomes can be harvested from the conditioned medium of stem cells like hMSCs®¢. They can
be distinguished from the microvesicles (100 nm-1 pm) by size and morphology by transmission
electron microscopy (TEM) or atomic force microscopy (AFM)*’. Stem cell-derived exosomes
are less immunogenic than the cells because of the low content of membrane proteins, such as
major histocompatibility complex (MHC) molecules®. Exosomes, as the cells’ products, can be
standardized and detected in terms of dose and biological activity. They keep their biological
activities for a long time®. Small soluble molecules in the exosomes, such as lipids, proteins
(cytokines, transcription factors, growth factors), nucleic acid (DNA and RNAS), are protected by

the bilayer lipid and released exactly to target tissues*°.

1.3.2 Exosome engineering

A variety of cells derived from exosomes have been applied to the clinical therapeutics due to its
stability, permeability, biocompatibility, and low immune reaction to the targets. Meanwhile, the
study of the lipid and surface proteins are more popular and important recently. The surface marker
of the exosomes, depending on the origin of the cells, plays an important role in the exosomal
therapy and communication with the target cells. Moreover, it is necessary to understand the
composition of the exosomes for the modification of exosome surface or cargo packaging
exosomes. Normally, there are two approaches to exosome engineering: active and passive
encapsulation. The different approaches lead to different loading efficiencies of the drugs inside

the exosome.



For the passive loading approach, it is very simple and does not need extra chemicals or equipment
to help improve this process, such as incubation with exosomes or donor cells. It proved that
hydrophobic drugs can directly fuse into the exosomes by simple coincubation. #* The main
drawback of this approach is lower loading efficiency. In another approach, drugs could be
incubated with the donor cells to enable the loading of the drugs in the secreted exosomes. It also
reported that a low dosage of paclitaxel incubated with the SR4978 Mesenchymal stromal cells for
24 hours caused the secreted exosomes to have obvious anti-proliferative activities against the

pancreatic cells.*?

For the active loading approach, it indirectly loads the drugs by a probe, mechanical force, freezing
and thaw cycles, electroporation, clicks chemistry and antibody conjugation, etc. It was reported
that the mechanical force by the sonification probe could let the drugs diffuse into exosomes by
deformation of the exosome membrane.*® Fuhrmann et al. loaded the porphyrin into MDA-MB231
breast cancer cells derived exosomes by a syringe-based extruder. ¢ Besides, drugs were also
successfully loaded into RAW264.7 macrophages derived exosomes by freezing in liquid nitrogen
and thaw at room temperature triple times.*> However, the drug loading efficiency into exosomes
by this method is low. Another research group also found that SiIRNAs can be loaded into exosomes
by electroporation. The small siRNAs or miRNAs could be efficiently loaded into exosomes by
this method companying the possibility of RNA aggregation. “¢ Interesting research illustrated that
hydrophilic drugs incubated with saponin can help increase the loading efficiency into exosomes
up to 11-fold compared to passive loading without saponin. This means that saponin can grab the
drug and communicate with the cholesterol in the exosome membrane, and then penetrate
exosomes.*” The chemical reaction, such as the click chemistry, can also help conjugate small

molecules on the surface of the exosomes for drug delivery.*® The exosome surface modification



could also be achieved by antibody combination. Higginbotham et al. had confirmed that the CD9
conjugated with Alex-647 could combine to the DiFi cells-derived exosomes because the

exosomes could carry the biomarker (CD9 receptor) from the original cells.*® Table 1 summarizes

the various approaches to engineer exosomes for cargo delivery. *°

Table 1. Summary of engineering exosomes for cargo delivery.*

1) Passive loading

Il) Active loading

a) Incubation of exosomes
and free drugs

b) Incubation of the donor

cells with free drugs

a) Sonication

b) Extrusion

c) Freeze/thaw

d) Electroporation

e) Incubation with saponin

f) Click chemistry

g) Antibody binding

Advantages

Simple
Do not compromise membrane integrity

Simple

Do not compromise membrane integrity

High drug loading efficiency

High drug loading efficiency

Medium drug loading efficiency

Liposome-exosome fusion

Loading with large molecules such as
SiIRNA, miRNA

Enhanced drug loading

Quick and efficient
Better control over the conjugation site
Specific and easy to operate

Disadvantages

Low drug loading efficiency

Low drug loading efficiency
Drugs may cause cytotoxicity to
the donor cells

Compromise membrane integrity
Compromise membrane integrity
Aggregations

Aggregations

Toxicity

1.3.3 Applications of the engineering exosomes for delivery of therapeutic molecules

Based on the good biocompatibility of exosomes, engineered exosome loaded with small
therapeutic molecules, RNA, proteins, and imaging nanoparticles could be used for the therapies

in vitro and in vivo.

Munagala et al. loaded chemotherapeutic and chemopreventive chemicals, such as pacilitaxel,
withaferin, and doxorubicin into exosomes derived from the bovine milk by passive loading. These

drugs combined or went inside the exosome by their specific hydrophobic or hydrophilic



characters (Figure 1.1). *° It showed that the inhibitory concentration (ICsoS) of the paclitaxel-

loading exosome was much lower compared to the free paclitaxel and Taxol. 5!

RNA delivery to the target, especially in the in vivo study, is very challenging now. It reported that
RNA could be wrapped by liposomes,®? % dendrimers,> and cationic-polymers *° for target
delivery or therapy. However, these vectors are not good candidates for the clinical application
because of their safety concerns and instabilities.®® To date, SIRNAs or miRNAs could be loaded
into the exosomes by electroporation. Alvarez-Erviti et al. combined the Lamp2b protein targeting
and murine derived exosomes to deliver the GAPDH siRNA and BACE1 siRNA to the blood-
brain barrier in mice. After these exosome treatments, the mRNA expression and beta-amyloid in
the brain were suppressed significantly, compared to the lipofectamine delivery.>” This study
showed that exosomes had provided a promising method for gene and drug deliveries due to its

biosafety and biocompatibility compared to the viral vector, liposomes, and other polymers.

The protein loading into exosomes was already achieved by genetic modification of the donor cells.
Then the isolated exosomes were further applied onto the targets. In another way, proteins could
also be loaded into exosomes either by active or passive methods as described above. It reported
that the catalase loaded exosomes can efficiently inhibit the microgliosis and astrocytosis in a
mouse brain. These results indicated that exosome can carry foreign proteins, such as the catalase

to the brain for neuron protection in vivo. #*

For the delivery of imaging molecules by exosomes, Lai et al. have engineered the exosomes
derived from the human embryonic kidney 293T so that exosomes can express the Gaussian
luciferase, which was integrated to a biotin receptor domain. This fluorescently conjugated
exosome was also employed to track exosomes in vivo. 8 Recently, Oshra et al. demonstrate that

Au loaded exosomes, were employed to an in vivo neuroimaging study to diagnose various brain
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disorders. *° In this study, AuNPs was coated by the glucose and mediated to MSCs by the glucose

transporter GLUT-1.

Base on the above studies, the exosomes were modified or engineered by passive or active methods
to deliver the therapeutics molecules, including RNA, proteins, and imaging nanoparticles (dye or
inorganic nanoparticles, such as AuNP or PtNP), etc. Therefore, the modified and engineered
exosomes or macrovesicle is more popular on cancer therapy, tissue regenerations (cardiac, kidney,

and bone tissue repairing) due to its good properties.
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Figure 1.4. Exosome-based drug delivery system. ° Exosomes are composed of a bilayer lipid
phosphate with an aqueous core. The hydrophobic (A) or hydrophilic (B) regents could either
combine to the surface or go inside the exosomes. (C) DNA, RNA, protein delivery by exosomes.

(D) Imaging molecules can also be linked through targeting receptors on the exosome membrane.
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1.4 Fabrication of the 3D printing scaffold

1.4.1 3D biomaterials scaffold and properties

3D biomaterials are popular to serve as scaffolds for cell attachment, proliferation, ECM
regeneration and vessels, muscles, and bone tissue regeneration. The common 3D biomaterials
include ceramics, polymers, metals & alloys, and their composites. According to their geometry
or materials sources, they can be classified as porous scaffolds, fibrous scaffolds,

microsphere/microparticles scaffolds etc.%°
Porous scaffold

Porous scaffolds, such as a sponge, and foam could provide the pore structure for bone tissue
regeneration, vessel formation, and ECM deposition. The porous structure can allow gas, cells,
and nutrients to migrate thorough the channel. Ideally, the porous structure should contain 90%
pores to reach up to the optimal mechanical properties. In fact, the scaffold pore size depends on
the requirement of the various cells and tissue regenerations. For bone tissue regeneration, a pore
size of about 200-400 pm is more effective for bone formation.8* And a pore size around 50 - 200
pm is suitable for smooth muscle cell growth as well.®? For the fibrous tissue regeneration, a pore
size around 10 -75 um is ideal for their migration and proliferation .%% So the pore size can be

controlled according to the requirement of tissue regeneration.
Fibrous scaffold

Fibrous scaffold, such as the Polycaprolactone (PCL),%* polyelectrolytes (PLA),® poly L-lactic-
co-glycolic acid (PLGA),% gelatin,®” cellulose,® and silk fibroin,®® are a kind of biodegradable
polymers used for the tissue regeneration of skin, cartilage, bone, muscle, vein and can also be

employed as vectors for DNA, protein and gene delivery.” It is discovered that the aligned poly-
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L-lactide (PLLA) scaffold can enhance the endogenic differentiation of the MSCs, compared to
the osteogenic induction of the random fibers.”* However, these fibrous scaffold lacks some

mechanical and physicochemical properties for tissue regeneration.
Microsphere scaffold

Microsphere scaffolds are usually used to deliver the drug, gene, and growth factors in the
advanced biomedical applications. It is found that the polyurethane scaffold loaded with lovastatin
microparticles can release the lovastatin to enhance the BMP-2 expression in the osteoblast cells
for two weeks.”> Another research group loaded BMP-2 growth factors on the PLGA scaffold and
VEGF (vascular endothelial growth factors) onto a poly(propylene fumarate) (PPF) scaffold to
induce bone tissue formation and blood vessel formation in a rat bone model in vivo.”® Normally,
this kind of scaffold was used in the advanced application and site-specific targeting therapies by

delivering the gene, proteins, growth factors, etc. bone therapeutic molecules.
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Figure 1.5 Various types of 3D scaffold and their applications in tissue regeneration.’

1.4.2 Applications of the 3D templated scaffold in tissue regeneration

Recently, more and more patients with bone defects in the US require bone grafts, and most of
them receive surgical implantation due to various clinical diseases such as bone infections, bone
tumors, and bone trauma’™. Traditional therapies for bone defects include autografts, allografts,
and xenografts’®. However, these therapies have their limitations. For the autografts, the donor
source is always limited and mismatches with the defect sites. For the allografts and xenografts,
they have the risks of disease transmission and immune rejection’’. Therefore, bone tissue
engineering is considered a promising method where a 3D scaffold including the biochemical and
physical cues is implanted into the bone defective to induce bone tissue regeneration. The metallic
3D scaffold is the most popular candidate for the loading-bearing bone tissue regeneration

compared to the ceramics, or polymers owing to their high mechanical strength, resistance, and



printing possibilities. Titanium foam mimics the bone structure to induce bone formation
successfully by their permeabilities and porosity properties.’® Meanwhile, using variable pore size
polymer materials could help to create the optimal scaffold stiffness from 4 kKN/mm to 7.1
KN/mm.%" Furthermore, 3D printed titanium scaffold is confirmed to have good biocompatibility
and osteointegration capability and it has the similar induction performance of the polyester ether
ketone materials.”® The porous Mg scaffolds are also promising for bone formation because of its

good mechanical properties and biodegradability.&

For ceramic biomaterials, it is composed of calcium and phosphate salts that can promote bone
tissue formation and induce osteogenic differentiation. All the non-absorbable, bioactive, and
resorbable ceramics are brittle but also has good compression and corrosion resistance. -
tricalcium phosphate, hydroxyapatite, and bioactive glass are also common biomaterials for a 3D
scaffold for bone tissue formation.®! Interestingly, the mesoporous silica-based particle treated
ceramic bone could help improve the biodegradation of the materials and induce bone formation

at the same time.82

Polymer materials are also widely employed for tissue regeneration due to their good
biocompatibility, reproducibility, physical properties, and low price. Some acrylic polymers such
as Polymethylmethacrylate (PMMA), N-(2-Hydroxypropyl) methacrylamide (PHPMA),® 8 and
conductive polymer,%® are considered as good candidates for implantation due to the
biodegradability. It reported that a two-part self-polymerizing PMMA was the most popular

material in orthopedic surgery, such as joint replacement.®®

In conclusion, the requirements for tissue engineering scaffolds are dependent on their specific
purposes and applications. Moreover, some general characters and properties are needed to be

considered to fulfill a serious of the requirement’s as followed. i) materials are biocompatible; ii)
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scaffold is biodegradable. The degradation rates are adjustable, and non-toxic or harmful after
implantation. iii) scaffolds own good mechanical and strength to support the bone with the highly
resistant and loading properties. iv) optimal porosity for cell migration and proliferation; v) high
surface/volume for cell attachment. The scaffolds with the above properties would be a

considerable candidate for the implanted bone defect tissue regeneration in the next.

1.5 Fabrication of photothermal therapy (PTT) materials

Photothermal therapy is a kind of photo-based therapy, which concert near-infrared light (NIR)
(800-1000 nm) to heat (42 °C) to induce cell apoptosis or tissue necrosis by increasing ROS
response in cells without any damage of the skin and organs in the subject.8” Therefore, an optimal
PTT material is the key for a succeeded PTT on cancer therapy. Also, PTT is an ideal therapy for

the ablation of tumors by decreasing the skin and organ damage in the future.

1.5.1 The PTT material and properties

Hyperthermia is a kind of disease that is caused by a virus or bacterial infection. Hyperthermia has
been employed as a treatment for diseases for a long time. Currently, hyperthermia is applied for
wound healing, analgesic, drug delivery, or tumor removal by light ablation. Hyperthermia therapy
can be classified as two types: 1) mild hyperthermia, the temperature is lower than 44 °C and no
necrosis happens. 2) thermal ablation, cell apoptosis will happen under this condition since the
temperature will rise above 45 °C. Usually, the heat can be generated by radiology, ultrasound,
and near-infrared light. 8 8% NIR light (800-1000nm) has much greater tissue transparency without
causing damage to normal tissue. Therefore, PTT materials inside of tumors or tissues can absorb

the NIR light to generate heat to induce cell apoptosis and tumor inhibition locally. There are

16



several PTT materials for photothermal therapies, such as metal nanoparticles, inorganic, and

organic nanomaterials, etc.
Inorganic materials: including metal nanoparticles and carbon tubes

The noble metal materials, such as silver (Ag), gold (Au), quantum dots (QDs), and platinum (Pt)
nanoparticles are considered as good PTT materials because of their good absorption, which is
about 4-5 fold higher compared to other conventional molecular PTT materials. ® Jena et al. had
confirmed that chitosan-coated AgNPs have antibacterial properties by PTT but cause cell toxicity
as well.”* Therefore, the toxicity of the AgNPs to cells has limited their application. Furthermore,
Ag was also combined with Au and constructed as nanoshell, nanorod, nanocages, and bimetallic
particles. %6 Cheng et al. confirmed that silica-Au nanoshell was more efficient among three Au
related nanomaterials, such as silica-Au nanoshell, hollow Au/Ag nanosphere and Au nanorods,
during the photothermal therapies.®® * Gold nanoparticles, such as nanospheres, * hollow and
solid nanoshells, % nanorods,® nanostars,'® nanocubes'®, etc., were the most popularly studied
metallic nanoparticles for PTT. It was confirmed that cytoplasm targeting the Au nanosphere was
more efficient in PTT compared to the nuclear targeting Au nanosphere by laser irradiation.%? It
was also proven that Pd nanoparticles have a significantly higher photothermal stability compared
to Ag and Au because of its higher melting point.2% However, the optical absorption of Pd
nanoparticles mainly falls around the UV/visible region instead of the NIR. Chen et al. have
reported that the Folic coated FePt nanoparticles can enhance the photothermal therapy efficacy in
the EMT-6 breast cancer cells.'% Recently, it was confirmed that the QDs could generate free
charges by surface plasmon resonance (SPR) and could be also be applied to the PTT.% Besides,
graphene oxide (GO) was also another good candidate for the PTT since GO had absorbance from

UV to the NIR region. And GO had been applied to an in vivo study for the ablation of the tumor.1%
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Carbon nanotubes (CNT), such as single-walled nanotubes (SWNTSs) and multi-walled nanotubes
(MWNTSs), have strong optical absorption and heat energy conversion around the NIR region when
applied for PTT. It also reported that the specifically modified CNT could load drugs, like Dox,

and deliver drugs to the tumor for PTT.17
Organ materials

The organic-based nanomaterials, such as the organic dye-based or polymer-based materials, can
be utilized to convert NIR to heat kill cancer cells in vitro and in vivo. 1% The cyanine derives as
a kind of organic compound are widely employed for fluorescent imaging and PTT recently by the
irradiation of the NIR.1% 110 Other organic material, porphyrin, and its derivatives were also
employed in the PTT in cancer therapy.!'' Zheng et al. constructed a lipid-based nanoparticle
called “porphysomes” by the porphyrin lipids. These materials can absorb and convert NIR to heat
efficiently. Tumor inhibition was also confirmed by using porphysomes with the irradiation of
NIR.12Als0, the polymer-based nanomaterials conjugated with other molecules were widely
employed in biomedicine, like cancer therapy. Yang et al. reported a novel conjugated polymer
nanoparticle for photothermal cancer therapy. In their study, polyaniline based nanoparticles were

applied for tumor inhibition in vitro and in vivo. 3

1.5.2 Applications of PTT materials
Tumor imaging

The organic dye-based nanomaterials are the most common and promising clinical agents for
tumor imaging. The organic dyes can be conjugated with tumor-targeting agents ( such as small
molecular, peptides, proteins, and antibodies) for targeted tumor imaging with NIR irradiation.

The newly developed NIR dyes like the Cyanine dyes,'* squaranine derivatives,'!®

18



17 \were more active in

Phthalocyanines and porphyrin derivatives,*® borondipyrromethane dyes,
the NIR light region and have been applied in the biomedical application for tumor detection and
imaging. For these dyes, they have intensive fluorescence intensity and half lifetime. Some of them

have been improved to disperse into the water to avoid aggregation in tissue. These organic

materials are promising agents for biomedical imaging.
Photothermal therapy

Metal nanoparticles, including gold nanoparticles, gold nanorods, gold nanoshells, 8 gold
nanocages,!'® platinum nanoparticles’?® 12 and organic nanoparticles, including graphene
oxide,® carbon-based nanotubes, SWNT22 can be directly introduced into cancer tissues for PTT
through enhanced permeability and retention (EPR) effect. Alternatively, they could be modified
by tumor-targeting ligands (peptides, proteins, peptide ligands, etc.) for enhanced efficiency.
During the synthesis procedure, the shape and size of the nanoparticles can be controlled to achieve
optimal delivery efficiency into tumors. In addition, the surface of the nanoparticles can also be
modified by tumor-targeting ligands for targeted tissue binding. '2®  Similarly, platinum
nanoparticles combined with other metals were employed to multifunctional imaging and

photothermal therapy in the detection and ablation of breast cancer therapy in vivo.

Consequently, requirements for the PTT materials are dependent on their specific purposes and
applications. Also, some general PTT material’s properties need to identify as followed. i) optimal
optical properties in the range of 800 nm-1000 nm; ii) non-toxic or harmful to the cells or tissues;
iii) surface modifiable for the targeting therapy; v) optimal size for loading or targeting for the
further research. PTT materials with the above properties are a considerable candidate for

photothermal cancer therapy in the future.
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In conclusion, exosomes derived from the stem cells are a very good candidate for tissue
regeneration, including cardiac and kidney repairing, and cancer therapy, including chemotherapy
and photothermal therapy due to its good biocompatibility, low immune reaction, stability, and

permeability.

Based on tissue regeneration related backgrounds, a hypothesis is described that exosomes
derived from the stem cells could induce the osteogenesis of hMSCs in vitro and promote
bone tissue regeneration in vivo by implantation of an exosome-Ti scaffold. This hypothesis is
based on the following observation. First, MSCs-derived exosomes could induce osteogenic
differentiation of stem cells depending on altered osteogenic exosomal microRNA profiles in vivo,
in which the exosomes were derived from the MSCs at different differentiated stage. *2* Second,
Titanium foam mimics the bone structure to induce bone formation successfully by their
permeabilities and porosity properties.'?> Moreover, a 3D printed titanium scaffold is confirmed
to have good biocompatibility and osteointegration capability and it also has a similar induction

performance of the polyester ether ketone material..*?® To test this hypothesis, four specific aims

were carried out: i) ldentification and guantification of osteogenic exosomes derive from pre-

differentiated stem cells. ii) Evaluation of the osteogenic differentiation of hMSCs in vitro in the

absence of osteogenic supplements. iii) Evaluation of in vivo bone tissue regeneration by exosome-

coated titanium scaffold in the absence of seeded stem cells. iv) Mechanism exploration of

osteogenic exosomes in osteogenesis of the hMSCs in vitro and bone tissue regeneration in vivo.

All the proposed objectives for this work have been achieved and are described in Chapter 2.

Breast cancer therapy is always challenging in malignant tumor therapeutics. Based on previous
studies described in Chapter 1, section 1.5, a hypothesis is described that tumor-homing
exosomes loaded with ultra-small PtNPs could kill breast cancer cells in vitro and inhibit the
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tumor growth in vivo when exposed to NIR laser. This hypothesis is based on the following
studies. First, Exosomes derived from bovine milk can carry chemotherapeutic chemicals,
including paclitaxel and doxorubicin to cancer cells for cells’ apoptosis. 12’ Another study reported
that 12 nm FePtNPs in a cubic shape could induce the necrosis of cancer cells, which is similar to

the effect of Au nanorods (40 nm) after NIR irradiation.*?® Here, three specific aims were carried

out to test his hypothesis. i) Identification of exosome-internalizing peptides from a Ph.D.-12

phage library by biopanning. ii) Evaluation of photothermal properties for all developed Exo-

PtNPs nano complex in aqueous solutions. iii) Evaluation of breast cancer cells (MCF-7)-killing

and tumor inhibition efficiency of Exo-PtNPs in vitro and in vivo with NIR laser irradiation. The

first two objectives for this work have been achieved and described in Chapter 3. Animal study for
this work has just finished the pre-test stage, and it showed promises for PPT therapy by Exo-

PtNPs nano complexes.
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Chapter 2: Human mesenchymal stem cell-derived exosomes enhance cell-free bone

regeneration by altering the exosomal miRNAs profiles

2.1 Introduction

Bone defects can be caused by various clinical diseases such as bone infections, bone tumor,
skeletal abnormalities, congenital malformation, fractures, avascular necrosis, atrophic non-unions,
osteoporosis, and bone trauma.l*?®! They are traditionally treated with autografts, allografts, and
xenografts.[’1 However, these therapies have their own limitations. For the autografts, they are
limited to donor sources and mismatched with the defect sites. For the allografts and xenografts,
they have the risks of disease transmission and immune rejection.[**l Meanwhile, the implantation
of the stem cells, such as the human mesenchymal stem cells (hnMSCs)!*3! and human adipose-
derived stem cells,™**! are considered an alternative strategy. However, implantation of stem cells
faces significant challenges, including immune rejection,[*? teratoma formation,**® and
undirected cell differentiation [*3* 1351 When seeded with the stem cells before implantation, the 3D
scaffolds may cause immune rejection,*3¢! induce teratoma formation,**”! and lead to undirected
cell differentiation.*381 Therefore, bone regeneration without the use of externally seeded stem
cells, termed cell-free regeneration, is a promising approach to solving these cell-derived problems.
Indeed, implantation of cell-free scaffolds for cell-free bone tissue regeneration™**! has developed
as a promising strategy to avoid these problems, [139140141]

To achieve cell-free tissue regeneration, the cell-free 3D scaffolds should bear biochemical and
physical cues that can induce osteogenesis.’*?l One of the possible biochemical cues is the
exosomes secreted by donor cells, which are nanoparticles (30-200 nm) with lipid-bilayers
encapsulating signaling cargoes such as miRNAs.[?®l Stem cell-derived exosomes are less

immunogenic than stem cells themselves because exosomes contain a low amount of membrane
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proteins (e.g., major histocompatibility complex, MHC).['31 The exosomes can keep their
biological activities for a long time.[**4] Small soluble molecules in the exosomes, including
miRNAs, growth factors, cytokines, and transcription factors, are protected by the lipid bilayer
and can be released to target tissues.[**” Since the exosomes contain a range of genetic
information,?’1 like miRNAs, they can direct immune modulation and cell-to-cell
communication.?®! Finally, when released from the cells, exosomes can have interactions with the
recipient cells by adhering to their surface and communicate with them by the lipid-ligand
interactions, endocytosis, or fusion with the cell membrane.

Since MSCs will secret exosomes into the culture medium, MSC-conditioned medium will contain
exosomes. This might explain the reported findings that MSC-conditioned medium could be used
to promote tissue regeneration. For example, MSC-conditioned medium could decrease the infarct
size to treat myocardial ischemia.[*®! Such medium enhanced the migration and proliferation of
kidney-derived epithelial cells and increased the survival of the tubular cells in vivo.*l Intravenous
injection of MSC-derived exosomes promoted neurovascular remodeling.[**®! These findings
indicate that the biochemical cues encapsulated in the exosomes might also induce the osteogenesis

in vitro and in vivo. Therefore, a hypothesis is described that exosomes derived from the stem

cells could induce the osteogenesis of hMSCs in vitro and promote the bone tissue regeneration in

vivo by an exosome-Ti scaffold post-implantation.

In this work, osteogenic exosomes secreted from hMSCs were identified and used to decorate 3D
printed titanium alloy scaffolds (Ti-scaffolds) to achieve cell-free bone regeneration (Scheme 2.1).
Specifically, the exosomes derived from the hMSCs pre-differentiated in osteogenic
differentiation medium for 0, 4, 10, 15 and 20 days (termed EXO-DO0, EXO-D4, EXO-D10, EXO-

D15, and EXO-D20, respectively) were employed to identify the exosomes that could induce the
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osteogenic differentiation of hMSCs into osteoblasts in vitro. Then cell-free 3D printed Ti-
scaffolds with the osteogenic exosomes were filled to achieve cell-free bone regeneration. Ti-
scaffolds were used to support the exosomes because Ti is biocompatible, does not elicit immune
reaction with the tissue,**7 1l and supports the attachment of bone cells and the mineralized bone
matrix without any interposition.*”1 In addition, Ti-scaffolds have desired properties, including
the uniform structure, strength, lower stiffness, higher porosity, corrosion resistance, and higher
coefficient friction.[4°]

Real-time PCR, immunofluorescence staining, Alizarin Red Staining, and alkaline phosphatase
(ALP) activity were used to confirm the osteogenesis of the hMSCs under the induction of AMSC-
derived exosomes. The cell-free 3D Ti-scaffolds were also applied to induce bone tissue
regeneration for 4 weeks and 12 weeks in vivo. It was found that the exosomes (EXO-D10 and
EXO-D15) carried the differentiation-inducing miRNAs (like Hsa-miR-146a-5p, Hsa-miR-503-
5p, Hsa-miR-483-3p, Hsa-miR-129-5p and Hsa-miR-32-5p, Hsa-miR-133a-3p and Hsa-miR-204-
5p) and thus could promote the osteogenic differentiation of the hMSCs in vitro and enable the
cell-free Ti-scaffolds to achieve bone tissue regeneration in vivo by activating of PI3K/Akt and
MAPK signaling pathway. Thus, the exosomes from the osteogenically pre-differentiated hMSCs

are inducers for the cell-free bone tissue regeneration.

2.2 Materials and experiments
2.2.1 Cell culture, exosome isolation, identification and quantification

The hMSCs were obtained from the Lonza group Ltd (Lonza, Morristown, NJ, USA). Cells after
fewer than 5 passages were maintained in a humidified atmosphere containing 5% CO; at 37 °C

in the Mesenchymal stem cell growth medium Bulletkit (Lonza, Morristown, NJ, USA). hMSCs
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were pre-differentiated for 4 days, 10 days, 15 days, and 20 days, respectively, by the hMSC
Osteogenic BulletKit (Lonza, Morristown, NJ, USA), and exosomes were isolated and termed
EXO-DO0, EXO-D4, EXO-D10, EXO-D15, and EXO-D20, respectively. After pre-differentiation,
the osteogenic hMSCs were cultured in the hMSCs Basal Medium (Lonza, Morristown, NJ, USA)
in the presence of the osteogenic exosomes. Exosomes were isolated by the ExoQuick-TC kit
(System Bioscience, Palo Alto, CA, USA) and were resuspended into the 1X PBS. The isolated
exosomes were also quantified by the EXOCET Exosome Quantitation kit (System Bioscience,
Palo Alto, CA, USA). The exosomes were also identified and qualified by the Atomic force
microscopy (AFM), Transmission electron microscopy (TEM), and NanosightNS300 (Piscataway,
NJ, US), (Zeiss Neon 40 EsB, NY, USA), respectively. The isolated exosomes were quantified by
the EXOCET Exosome Quantitation kit (System Bioscience, Palo Alto, CA, USA). For the
EXOCET exosome quantification Kkit, it is based on the activity on Acetyl-CoA
Acetylcholinesterase (AChE),*® 1 which is a kind of enzyme enriched in the most kind of the
exosomes. The included calibration standard was able to calculate the standard curve (FS1). It is
an easy and quick colorimetric assay. The procedure for the colorimetric assay as following: 20
nL exosome was lysate by the 80 uL lysis buffer, and incubated at 37 °C to liberate exosome
proteins. Those proteins were prepared with the Buffer A and B, which are provided by the SBI

company for the colorimetric assay at 405 nm using a spectrophotometric plate reader.

2.2.2 The osteogenesis of the hMSCs induced by the osteogenic exosomes

The hMSCs, is in 60% confluency were cultured in the hMSCs Basal Medium (Lonza,
Morristown, NJ, USA) in the presence of the osteogenic exosomes (EXO-D4, EXO-D10, EXO-
D15, and EXO-D20) for another 20 days. During this time, 100 uL of the 1.0 x 10® osteogenic

exosomes were added into the exosome-free medium to the hMSCs, which is seeded into the 24-
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well plates for the induction of the osteogenesis of the hMSCs. The above medium was changed

every two days.

2.2.3 Immunofluorescence staining

The hMSCs induced by EXO-DO0, EXO-D4, EXO-D10, EXO-D15, and EXO-D20, respectively
for 20 days were fixed by the 4% PFA at room temperature for 30 min. After the cell membrane
was permeabilized by the 0.3 % Triton X-100 for 8 min, osteopontin (OPN) and collagen 1 (COL-
1) were immunostained using the corresponding antibody. After the cells were blocked by the 5%
BSA, OPN and COL-1 were further labeled with the secondary antibody conjugated with the
tetramethylrhodamine-5-isothiocyanate (TRITC) (Abcam, Cambridge, MA, USA). FITC-labeled
phalloidin (green) and DAPI (4',6-diamidino-2-phenylindole) (blue) were used to stain the actin
filament and nuclei, respectively. The cells were then imaged by immunofluorescence microscopy.
The quantity of the immunofluorescence staining was calculated by the Image J. And the relative
fluorescence intensity (RFU)= Integrated density- (Area of selected cell * Mean fluorescence of

background readings).

2.2.4 Real-Time PCR

The real-time PCR was used to analyze the osteo-specific genes (Alkaline Phosphatase (ALP),
Runt related transcription factor 2 (Runx2), OPN) and osteo-non-specific genes (COL-1). The
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference gene. Cells were
collected on the ice, and real-time PCR was performed by Ambion Power SYBR Green cells-to-
Ct Kit (Invitrogen, US). The template cDNA was amplified by genetic primers of ALP, Runx2,
OPN, COL-1 and GAPDH. The primer sequences are listed as follows. ALP: Forward primer: 5’-
CAACCCTGGGGAGGAGAC-3’, Reverse primer: 5’-GCATTGGTGTTGTACGTCTTG-3’;152

Runx2: Forward primer: 5’-CCAGATGGGACTGTGGTTACC-3°, Reverse primer: 5’-
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ACTTGGTGCAGAGTTCAGGG-3’;[1% OPN: Forward  primer: 5'-
GACGGCCGAGGTGATAGCTT-3', Reverse primer: 5-CATGGCTGGTCTTCCCGTTGC-
3:[%1 COL-1: Forward primer: 5-GACGGCCGAGGTGATAGCTT-3', Reverse primer: 5'-
CATGGCTGGTCTTCCCGTTGC-3'". [154] GAPDH: Forward primer 5’-
CATGTTCGTCATGGGGTGAACCA-3’, Reverse primer: 5’-
AGTGATGGCATGGACTGTGGTCAT-3".1%1  The real-time PCR was performed under the
following procedure: initially denatured at 95 °C for 5 min, followed by 45 cycles of PCR (95 °C

for 30 s, 58 °C for 30 s and 72 °C for 45 s).

2.2.5 Alkaline phosphatase (ALP) activity and Alizarin red staining

Cells were tested for the ALP activity and calcium nodule staining (Alizarin red staining) after 20
days of incubation with the osteogenic exosomes (EXO-D0, EXO-D4, EXO-D10, EXO-D15, and
EXO-D20), respectively. ALP activity was evaluated by the p-Nitrophenyl phosphate (pNPP)
assay. Briefly, pNPP (Invitrogen, Waltham, MA, USA) was used as a substrate for the ALP activity
analysis where the ALP was hydrolyzed to form a soluble yellow solution at 37 °C. The staining
reaction was terminated by adding 3 M NaOH and the absorbance was read at 405 nm. For the
alizarin red staining, cells were firstly fixed by the 4% PFA at 4 °C for 15 min and stained with

0.2% alizarin red for 15 min. The staining images were captured by the optical microscope.

2.2.6 Colocalization of the exosomes and clathrin or caveolin-1 membrane protein

The hMSCs were incubated with the osteogenic exosomes labeled with the Exo-Green (System
Bioscience, Palo Alto, CA, USA) for 4 hours. Meanwhile, the 2mM RGD-peptide blocked hMSCs
and exosomes-Green were also incubated together for 4 hrs. Cells were rinsed and fixed by 4%
PFA for 30 min. They were subsequently permeabilized using 0.3 % Triton X-100 for 8 min,

followed by blocking with the 5% BSA for 1 h. After blocking, the clathrin (Abcam) and caveolin-

27



1(Abcam) antibody were applied to the fixed cell at 4 °C overnight, respectively. The secondary
antibody conjugated with the TRITC was used for labeling the clathrin and caveolin-1 for 1 h. The
images were captured using confocal microscopy (Leica SP8 Upright CLS/multiphoton/FLIM

microscope, Rockland, MA, USA).

2.2.7 Exosome next-generation sequencing (EXONGS)

The exosomes were isolated from the different culture mediums (hMSCs pre-differentiated for 4,
10, 15, and 20 days, respectively) by following the commercial protocol by the System Bioscience.
Then the next generation sequencing (System Bioscience, Palo Alto, CA, USA) was applied to
track the miRNA expression. The raw fastq data quality was checked by the FASTQC, meanwhile,
the adaptor was removed to trim quality bases by the Trimmomatic. The leading and trailing
ambiguous or low-quality bases, which are below Phred quality scores of 3, were also removed
after adapter clipping. The miRNA read counting was detected by the Chimirra and the miRNA
expressions were normalized by the trimmed mean of M-values (TMM). The edgeR program was
further used to identify the differentially expressed genes. The fold change of the gene expression
of more than 1.5 was defined as the differentially expressed. The miRNA target gene prediction
was detected by the IPA and the clusterProfile R was also performed to do the GO and pathway

enrichment analysis.

2.2.8 Construction of the osteogenic 3D Ti-scaffold

The Ti-scaffolds (8 mm in length, and 3 mm in diameter), 3D-printed from Ti6Al4V powder,
were firstly autoclaved and then cooled to the room temperature. The poly-L-lysine was coated on
the 3D Ti-scaffolds by incubating the scaffolds in a solution of poly-L-lysine overnight before

exosome coating. The exosomes (EXO-D0, EXO-D4, EXO-D10, and EXO-D15) were seeded
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onto the Ti-scaffold overnight at 4 °C. The osteogenic exosomes attached on the surface were

confirmed by the SEM (Zeiss Neon 40 ESB, NY, USA).

2.2.9 The exosome loading and releasing behaviors of the 3D Ti-scaffold

The 3.99 x10° exosomes were incubated with the poly-L-lysine coated 3D Ti-scaffolds for 12 hrs
and 24 hrs, respectively, at 4 °C. The loading efficiency %= the # of the exosomes loaded to the
3D Ti-scaffolds (# of initial exosomes-# of rest of exosomes)/ the # of initial exosomes * 100%.
The exosomes releasing from the 3D Ti-scaffolds performed at the basal medium, pH=7.4, 37 °C
at 1, 2, 3, 5,7, 12, 24, and 48 hrs. The exosome releasing efficiency %= # of exosomes in the

supernatant/ # of exosomes loaded into the 3D Ti-scaffolds * 100%.

2.2.10 In vivo evaluation of the osteogenic 3D Ti-scaffold

The male 5-6 weeks old Sprague Dawley (SD) rats (Harlan, ~125 g) were randomly separated
into 7 groups (n=5), including healthy group, negative group, EXO-D0, EXO-D4, EXO-D10,
EXO-D15, and hMSCs cell-seeded group. The SD rats were anesthetized with the isoflurane, and
a segmental defect about 8 mm was created. The exosome seeded 3D Ti-scaffold and its
positive/negative control was loaded into the defect zone. The blank control was also created
without loading any implantation. The animals were sacrificed to evaluate the bone tissue
regeneration using the hematoxylin and eosin (H&E), Masson's Trichrome, Toluidine blue, and
Van Gieson staining. The osteogenic 3D-Ti scaffolds were collected from the rats 4 and 12 weeks
post-implantation, respectively, put into 10% fresh formalin solution and immersed for 1 day. The
fixed 3D-Ti scaffolds were encapsulated by a paraffin block. After that, the implanted scaffolds
were sectioned into 4-pm-thick slices and placed onto the glass slides. After deparaffinated, these
slices were stained with H&E, Masson's Trichrome, Toluidine blue, and Van Gieson, and then

imaged.
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2.2.11 Statistical analysis

The data were presented as the mean + standard deviation. They were analyzed by the one-way

ANOVA with Tukey’s post-hoc test using SPSS21 (IBM, USA) with p<0.05 showing the

significant difference.
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Scheme 2.1. Cell-free bone tissue regeneration by the stem cell-derived exosomes. a.
Exosomes were isolated from the pre-differentiated hMSCs induced by the osteogenic medium for
4,10, 15, 20 days, respectively. Osteogenic differentiation was tested to identify the exosomes that
could induce the osteogenic differentiation of hMSCs. b, Representative structure, and
morphology of Ti-scaffolds (8 mm in length and 3 mm in diameter). c-e. Osteogenic exosomes

were seeded into the Ti-scaffolds, which were then implanted into the rat radial bone defect model

(d and e) for 4 and 12 weeks, respectively.
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2.3 results and discussion
2.3.1 The identification and quantification of the exosomes derived from the hMSCs

The exosomes secreted by the pre-differentiated hMSCs were found to be indeed nearly spherical
nanoparticles around 143.0 + 9.3 nm by the NanosightNS300 (Figure 2.1c), consistent with the
observations by AFM and TEM (Figure 2.1a-b). Their concentrations were determined to be as
high as ~ 4.0 x10° particles/ uL (Figure 2.1d) for EXO-D0, EXO-D4, EXO-D10, EX0O-D15, and

EXO-D20. The exosomal protein marker CD63 was also detected by the western blot (Figure 2.1e).
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Figure 2.1 The characterization of the stem cell-derived exosomes. (a-b) AFM (a) and TEM (b)
showing the size and morphology of the exosomes derived from hMSCs. Scale bar: 200 nm. (c)
The size and concentration of the hMSCs-derived exosomes by the NanosightNS300. The inset is
an image showing the snapshot of video tracking. Scale bar:800 nm. (d) The concentration of
exosomes (derived from the pre-differentiated h(MSCs on Day 0, Day 4, Day 10, Day 15, and Day
20, respectively) determined by the ExoQuick-TC kit. () The Western blot analysis of the
exosome derived from the pre-differentiated hMSCs and hMSCs. 20 ug of the exosome proteins

were loaded into the lane. All of the exosome's specific anti-CD63 primary antibody was used.
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2.3.2 The exosomes derived from the pre-differentiated stem cells induce the osteogenic
differentiation of hMSCs in vitro

To evaluate the osteogenic performance of the exosomes, the osteogenic exosomes were used as
an inducer to activate the osteogenesis of the hMSCs. The hMSCs were incubated with the EXO-
D0, EXO-D4, EXO-D10, EXO-D15, EXO-D20 for 20 days. Immunofluorescence microscopy
(Figure 2.2A, a-e) shows that the type 1 collagen (COL-1) expression of the cells treated with
different osteogenic exosomes is almost the same because COL-1 is not an osteo-specific
differentiation marker, which is similar with the osteogenic medium induced hMSCSs (Figure 2.2
B, a-e). Meanwhile, the immunofluorescence intensity of the Col-lexpression of the hMSCs
induced by the osteogenic exosomes and medium were also quantified. The Col-1
immunofluorescence intensity of the cells induced by the osteogenic medium for about 15 dan 25
days is much higher than other groups (Figure 2.3a). While, the Col-1 immunofluorescence
intensity of the cells treated by the EXO-D15 also shown the highest signal comparing to the other
groups (Figure 2.3a), but there is no significant difference between the osteogenic exosome
treatment and osteogenic medium treated. However, the osteopontin (OPN) expression in Figure
2.2A, h-j is much higher than that in Figure 2.2A, f-g, indicating that the EXO-D10, EXO-D15,
and EXO-D20 have the higher differentiation-inducing ability for the osteogenesis of the hMSCs,
which is also consisted with the osteogenic medium induced cells (Figure 2.2B, h-j). For the
quantity of the immunofluorescence staining, it was also found that OPN expression of the cells
induced by osteogenic medium for about 4 days and 10 days show the higher signal (Figure 2.3b).
And the OPN expression of the cells treated by the EXO-D10, EXO-D15 also show the high signal
than the other groups (Figure 2.3b), but no significant difference between the osteogenic exosome

treatment and osteogenic medium treated. To further confirm the exosome’s osteogenic
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differentiation ability, the real-time PCR analysis of the osteo-specific markers (Runx2, ALP, and
OPN) was performed. Figure 2.3c shows that OPN gene expression of the cells treated with the
EXO-D10 is the highest, and OPN gene expression in the EXO-D15 group is a little bit lower than
that in the EXO-D10 group but still higher than the other groups. For the ALP gene expression,
the cells incubated with the EXO-D10 have the highest expression among those groups. For the
COL-1 gene expression, the EXO-D15 treated cells are much higher than the other groups but still
lower. Runx2 gene expression of the EXO-D10 treated cells is higher than the other groups but
still lower. These results demonstrate that the EXO-D10 and EXO-D15 can induce the osteogenic
differentiation of the hMSCs more efficiently than the other exosome samples. Matrix
mineralization is a crucial step towards the formation of calcified extracellular matrix associated
with the true bone, so Alizarin Red was used to determine the presence of the calcium deposition
by the osteogenic lineage. The red deposition in Figure 2.2A m and n is more obvious than that in
Figure 2.2A K, |, and o, further indicating that EXO-D10 and EXO-D15 can induce the osteogenic
differentiation of the hMSCs more efficiently than the other exosomes. Meanwhile, the ALP
activity was also tested to confirm the osteogenesis of hMSCs. In Figure 2.3d, EXO-D10 and
EXO-D15 show a higher ALP activity than the others, consistent with the results of real-time PCR
and immunofluorescence assay. Therefore, EXO-D10 and EXO-D15 showed the best ability to
induce the osteogenic differentiation of hMSCs due to the significant enhancement in OPN gene
and protein expression, calcium deposition, and ALP activity in comparison with the other

exosomes.
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Figure 2.2. Osteogenic differentiation of hMSCs by the osteogenic exosomes. A. (a-j)
Immunofluorescence staining of the osteogenic markers (a-e, COL-1; f-j, OPN) in the hMSCs
showing the osteogenic differentiation on Day 20 induced by hMSCs-derived osteogenic
exosomes (EXO-D0, EXO-D4, EXO-D10, EXO-D15, and EXO-D20) and the osteogenic medium
(B). The red color of the cells (h, i, j in A) treated with the EXO-D10, EXO-D15, and EXO-D20
is much deeper than that of the cells in f and g. Similarly, the red color of the cells (h, i, j in B)
treated with the osteogenic medium is more deeper than the other control cell in f and g. Blue

(DAPI), nuclei; green (FITC), F-actin; red (TRITC), OPN and COL-1. (k-0) Bright-field images
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Figure 2.3. The quantitation of the Immunofluorescence staining, Gene expression, and ALP
activity. The Relative Fluorescence intensity (RFU) of the Col-1 (a) and OPN (b) marker of the
immunofluorescence staining. (c) Real-Time PCR analysis of the osteogenic markers (COL-1,
Runx2, ALP, and OPN) showing the osteogenesis of hMSCs induced by the osteogenic exosomes
at the gene level. For each gene expression, it was compared by the EXO-D4 treated group. (d)
ALP activity of osteogenesis of hMSCs induced by the osteogenic exosomes. For each ALP

activity, it was compared by the EXO-DO treated group. () The Alizarin Red intensity after all
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kinds of exosomes induction. Each exosome treated group was compared with the EXO-DO treated
group. * p<0.05; ** p< 0.0, N=3.

2.3.3 The cell-free 3D Ti-scaffolds with the exosomes derived from the stem cells induced
the bone tissue regeneration in vivo

To demonstrate that the osteogenic exosomes (EXO-D10 and EXO-D15) identified by in vitro
differentiation assay could enable the cell-free 3D-printed Ti-scaffolds to induce bone regeneration
in vivo, the cell-free but exosome-seeded scaffolds were implanted (Figure 2.3) into the rat radial
bone defect model to evaluate bone regeneration after 4 and 12 weeks. SEM confirms the porous
structures of the cell-free 3D-printed scaffolds with and without exosomes (Figure 2.3). The
exosomes (EXO-D15) are attached to the surface of the scaffold. All kinds of exosomes are
attached to the scaffolds (data is not shown). The loading and releasing patterns of the exosomes
to the Ti-scaffold were also evaluated. After 12 hours of incubation, the exosome loading
efficiency is higher than the 24 hours incubation and is calculated as 79.48% (Figure 2.4b). The
exosomes released from the scaffold continuously and the releasing efficiency can reach up to 50%
after 2 hours (Figure 2.4c). It is shown that the exosomes could successfully be loaded into the
scaffold and release into the around environment continuously. As a control group, hMSCs-seeded
scaffolds were also prepared (Figure 2.5) to demonstrate that exosome-coated cell-free scaffolds
can perform as well as hMSC-seeded exosome-free ones in osteogenesis. The newly formed bone
tissue and blood vessels were examined by H&E staining, Masson trichrome staining, Toluidine
blue staining, and Van Gieson staining (Figure 2.5 and 2.6). The H&E staining assays indicate that
the Ti-scaffolds seeded with the osteogenic exosomes (EXO-D10 & EXO-D15) induce the new
bone formation, which is evidenced by the presence of new bone cells and Haversian canals like

structures ( red arrows in Figure 2.5 and 2.6), as well as the formation of the blood vessels (blue
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arrow in Figure 2.7 h) inside or around the scaffold channels. The collagen production was also
confirmed by the three-color staining (Massion Trichrome Staining, Figure 2.5 b and d). The light
green color (collagen protein) was further enhanced in the EXO-D15 decorated Ti-scaffolds
(Figure 2.5 d) compared to the other EXO-coated group after 12 weeks of implantation, suggesting
that more collagen was produced in the former than in the latter. Meanwhile, osteoblasts (in blue)
were also obviously observed both in the hMSCs-seeded and EXO-D10, EXO-D15 groups by the
Toluidine blue staining, and Van Gieson staining in Figure 2.6, and the Haversian canals like
structures can be found in Figure 2.6 ¢ and d. It suggested that the EXO-D10 and EXO-D15 seeded
scaffolds could induce bone tissue regeneration as the hMSCs seeded scaffolds. Overall, the bone
formation in the cell-free scaffolds seeded with the osteogenic exosomes is comparable to that in
the hMSCs seeded group 4 and 12 weeks post-implantation. For the 12 weeks of implantation, the
bone tissue regeneration was further enhanced for the EXO-D15 coated Ti-scaffolds compared to
the EXO-D10 coated Ti-scaffolds. In addition, the reduced bone formation was detected in the
exosome-free Ti-scaffolds (Data is not shown) compared to the exosome-coated Ti-scaffolds.
Hence, the combination of the 3D Ti-scaffolds and the osteogenic exosomes could enhance the
bone tissue regeneration without externally seeding hMSCs in the scaffolds due to the
osteogenesis-induction capability of exosomes.

It is known that the implantation of biomaterials would cause inflammatory responses in vivo.
Given this, it is likely that the implantation of the scaffolds could influence the body healing by
itself at the early stage of the implantation. It is reported that the migration of the inflammatory
cells (microphage and giant cells) to the biomaterial's surface may activate the inflammatory
response through the production of a wide range of the inflammation involved cytokines in the

first two or four weeks.[* In our study, the H&E staining results for 4 weeks post-implantation
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show that only a few neutrophils are dispersed in the tissue/scaffold connection area in the hMSCs
seeded Ti-scaffold (Figure 2.7 a and b). However, no neutrophils were found in the exosome
decorated Ti-scaffold groups (Figure 2.7 c, d, and g, h). This observation indicated that no
inflammatory response was caused by the exosomes decorated scaffolds at the early stage of the
implantation. Furthermore, it was found that there were no inflammatory cells in both the hMSCs
coated and exosome-decorated Ti-scaffold groups 12 weeks post-implantation (Figure 2.7 e and
f). These results further confirm that the inflammatory response would take place at the early stage

of biomaterials implantation.
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Figure 2.4. SEM images of the Ti-scaffolds, hMSCs-Ti-scaffolds, and exosome-Ti-scaffolds
(a) and exosomes loading (b) and releasing pattern (c) of the exosomes from the exosome-3D-Ti-
scaffold. (a) The SEM images of the Ti-scaffolds, hMSCs-Ti-scaffolds, and exosome (EXO-D15)-
Ti-scaffolds. (b) UV-Vis absorption spectra of the initial exosomes solution and the supernatant
after 12 or 24 hours loading into the Ti-scaffold. And the exosomes loading efficiency is calculated
as 79.48%. (c) The exosomes releasing from the Ti-scaffold in the basal medium (pH=7.4).
hMSCs are pseudo-colored into the red on the hMSCs-Ti-scaffolds. The Conc. of the exosome is

calculated as the number of exosome particles per mL.
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Figure 2.5. H&E staining and Masson’s trichrome staining confirmed the new bone
formation in vivo after 4 and 12 weeks. (a,c) H&E staining; (b,d) Masson’s trichrome staining;
low magnification scale bar: 250 um. The arrows indicated the newly formed bone. The black
areas reflect the section of the Ti-scaffolds. N=5. The area framed by red square highlights the

presence of bone cells.
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Figure 2.6. Toluidine Blue staining and Van Gienson staining confirmed the new bone
formation in vivo after 4 and 12 weeks. (a, ¢) Toluidine Blue staining; (b, d) Van Gienson
staining; low magnification scale bar: 250 pum. The arrows indicated the new bone formation. The
black areas are the sections of the Ti-scaffolds. Light pink: the collagen fiber; light blue: the

osteoblast cells. N=5.
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Figure 2.7. Histological analysis of the h(MSCs decorated Ti-scaffolds (a, b, e and f) and EXO-
D15 decorated Ti-scaffolds (c, d, g and h). The black arrows show that the neutrophils were
dispersed in the boundary between the tissue and Ti-scaffold 4 weeks post-implantation but were
not present 12 weeks post-implantation, suggesting that some immune reaction after 4 weeks of
implantation (a and b) and no obvious immune response after 12 weeks of implantation (e and f)
in the hMSCs decorated Ti-scaffolds. No obvious inflammatory response was found in the EXO-
D15 decorated Ti-scaffolds after both 4 (c and d) and 12 weeks (g and h) of implantation,
suggesting the absence of immune reaction in EXO-D15 decorated Ti-scaffolds. Red arrows:

osteoblasts. Blue arrows: blood vessels.

2.4 Mechanism for osteogenesis of hMSCs induced by osteogenic exosomes

To understand why the two osteogenic exosomes, EXO-D10 and EXO-D15, can induce the
osteogenic differentiation of the hMSCs in vitro, the exosome endocytosis and next-generation
sequencing (EXONGS) was performed. Firstly, the Exo-green labeled osteogenic exosomes were
incubated with the hMSCs followed by incubation with the Clathrin and Caveolin-1 antibody.
Ideally, the exosomes, as well as Clathrin or Caveolin-1 protein, should be colocalized because
the exosomes are endocytosed by a pathway involved with Clathrin or Caveolin-1.[**"1 To confirm
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if the integrin on the cell membrane and/or exosome membrane are involved in. The cell membrane
and exosome membrane are blocked with the 2mM RGD peptide. The high concentration of the
RGD peptide could saturate all the integrin receptors on both membranes. And from Figure 7a, it
showed that after the RGD peptide blocking, the colocalization of the exosome and anti-caveolin-
1 and clathrin are more obvious than the no blocked one. It is further shown that the exosomes are
colocalized with the Caveolin-1 and Clathrin mostly on the cell membrane and minorly inside of
the cells. However, there are more exosomes colocalized with the Caveolin-1 (Figure 2.8a).
Therefore, it is most likely that the exosomes go into the cells predominantly by the Caveolin-1
involved signaling pathway.

To evaluate whether the miRNAs in the exosomes are involved in the osteogenesis in vitro, the
exosome next-generation sequencing (NGS) was performed to track the difference in miRNAs in
the exosomes among different exosomes samples. Millions of RNAs were detected by the NGS
from the commercial service (System Bioscience). The changes in miRNAs expression were
shown in Figure 2.8 e-h. Compared to the miRNAs expression in EXO-D0 exosomes, the
expression of 160, 166, 193, and 136 miRNAs were upregulated and that of 130, 139, 150, 191
miRNAs was downregulated in the EXO-D4, EXO-D10, EXO-D15, and EXO-D20 exosomes,
respectively. More importantly, osteogenic miRNAs, such as Hsa-miR-146a-5p, 1% 1591 Hsa-miR-
503-5p, 6% Hsa-miR-483-3p, 6% 62 and Hsa-miR-129-5p,*63 were upregulated in the EXO-D10
and EXO-D15 (Figure 2.8 i). Namely, these miRNAs in EXO-D10 and EXO-D15 have a higher
abundance than in the other exosomes, which is the possible reason for the enhanced bone tissue
regeneration by EXO-D10 and EXO-D15 in vitro and in vivo compared to other exosome groups.
Meanwhile, like Hsa-miR-32-5p,*%* Hsa-miR-133a-3p,’®® and Hsa-miR-204-5p,'% were

downregulated in the EXO-D10 and EXO-D15 (Figure 2.8j) obviously. MiRNAs might interact
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with the growth factors or receptors, like BMPR2/MAP2K, BMP1, and RUNX2 (according to
NGS data analysis, not shown). In conclusion, the overexpression of pro-osteogenic miRNAS, such
as Hsa-miR-146a-5p, Hsa-miR-503-5p, Hsa-miR-483-3p, and Hsa-miR-129-5p and the inhibition
of anti-osteogenic miRNAs, such as Hsa-miR-32-5p, Hsa-miR-133a-3p and Hsa-miR-204-5p,
were taken together to induce the osteogenic differentiation of the hMSCs in vitro and in vivo.
According to the analysis of the NGS sequencing results, the PI3K/AKkt signaling pathway™¢71 and
MAPK signaling pathway!*8 1¢°l (Scheme 2.2) might play a leading role in the osteogenesis of the
hMSCs,2" especially for the osteogenic exosomes of EXO-D10 and EXO-D15. MiRNAs might
interact with the growth factors or receptors, like TARF6, FGF2, BMPR, BMP1, and RUNX2
(according to NGS data analysis, not shown) to activate the PI3K/Akt and MAPK signaling
pathway for the osteogenesis of the hMSCs. Therefore, NGS data explains why two groups of the
exosomes, EXO-D10, and EXO-D15, can induce the osteogenic differentiation of the hMSCs in
vitro and bone tissue regeneration in vivo. Namely, the exosomes, especially EXO-D10 and EXO-
D15, carry the osteogenic miRNAs to induce the osteogenesis of the hMSCs in vitro and bone

tissue regeneration in vivo (Scheme 2).
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Figure 2.8. The mechanism for the osteogenesis of hMSCs induced by the osteogenic
exosomes. (a) Colocalization of the exosomes and clathrin/caveolin-1 protein. Anti-caveolin-1
protein is colocalized with the exosomes labeled with the green fluorescence of the hMSCs and
the RGD-peptide blocked hMSCs as well, but anti-clathrin protein is not as obvious as the anti-
caveolin-1. The images are captured by the confocal microscopy. (b-e) Volcano analysis for the
miRNA expression of different osteogenic exosomes. (f) upregulation and (g) downregulation of
the miRNAs expression (fold change) involved in the osteogenesis of the hMSCs. FGF: Fibroblast
growth factor; BMPR2: Bone Morphogenetic Protein Receptor 2; TRAF6: TNF receptor-

associated factor; SMADA4: Mothers against decapentaplegic homolog 4; MAP2K: Mitogen-

45



activated protein kinase; BMP1: Bone morphogenetic protein 1; RUNX2: Runt-related
transcription factor 2. The significant differences are calculated by comparing the EXO-D4/DQ0 in

each group. Scale bar: 10 pm. * p<0.05, N=3; ** p< 0.01, N=3.
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Scheme 2.2. The possible signaling pathways for the exosome-induced osteogenic
differentiation of hMSCs in vitro and in vivo. It is likely that the osteogenic exosomes induce
the osteogenesis of the hMSCs by the PI3K/Akt and MAPK signaling pathways. FGF: Fibroblast
growth factor; BMPR2: Bone Morphogenetic Protein Receptor 2; TRAF6: TNF receptor-
associated factor; SMAD4: Mothers against decapentaplegic homolog 4; PI3K: The
phosphoinositide 3-kinase; Akt: serine/threonine-specific protein kinase; MAPK: microtubule-

associated protein kinase.
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2.4 Discussion

Small soluble molecules associated with exosomes, which are secreted from the stem cells at the
different stages of differentiation, might have different positive effects on the cell differentiation
in vitro and tissue regeneration in vivo. Meanwhile, the exosomes can be easily endocytosed into
the host cells by the Caveolin-1 involved signaling pathway (Figure 2.8d). Current researchers
isolated the exosomes from pre-differentiated stem cells and allowed them to be incubated with
the stem cells in basal medium to figure out whether the osteogenic exosomes isolated from
different stages could induce the osteogenesis of hMSCs. It was found that EXO-D10 and EXO-
D15 carried osteogenic miRNAs, like Hsa-miR-146a-5p, Hsa-miR-503-5p, Hsa-miR-483-3p, Hsa-
miR-129-5p (Figure 2.8i), and Hsa-miR-32-5p, Hsa-miR-133a-3p and Hsa-miR-204-5p (Figure
2.8]) enabling them to induce the osteogenic differentiation of hMSCs by activating the PI3K/Akt
signaling pathway!*®1 and MAPK signaling pathway!*% (Figure 2.7). Those signaling pathways
play important roles in the osteogenesis of the hMSCs and could help to confirm the osteogenic
ability of the exosomes. Interestingly, another batch of miRNAs profiles, like miR31,1"
miR211,*2 and miR-21'"® ™* were reported to be negative inducers of osteogenesis and
downregulated during the osteogenic differentiation of the MSCs, even though our NGS data did
not include those miRNAs profiles. In conclusion, the overexpression of pro-osteogenic miRNAS,
such as Hsa-miR-146a-5p, Hsa-miR-503-5p,Hsa-miR-483-3p, and Hsa-miR-129-5p and the
inhibition of anti-osteogenic mMiRNAs, such as Hsa-miR-32-5p, Hsa-miR-133a-3p and Hsa-miR-
204-5p, were combined together to induce the osteogenic differentiation of the hMSCs in vitro and
in vivo. In the previous study, the hMSCs derived exosomes could also induce the osteogenic
differentiation of the hMSCs from the late stage differentiation hMSCs derived exosomes and

osteogenic miRNAs profiles, like the miR-31-3p/5p and miR-10b-5p, were also included. 1"# The
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exosomes from the pre-differentiated hMSCs, especially for 21 days pre-differentiated, could
promote the osteogenic differentiation of the hMSCs obviously with the strong ALP activity,
accumulation of the mineralization in ECM. In a word, the microRNAs profiles in the exosomes
derived from the pre-osteo-differentiated stem cells can change the communicated hMSCs,
especially for the osteogenic differentiation. Furthermore, the osteogenesis of the stem cells was
also confirmed by the RT-PCR, immunofluorescence staining, Alizarin Red S Staining, and ALP

activity.

The exosomes derived from the stem cells can be easily attached to the poly-L-lysine coated 3D
Ti-scaffold (Figure 2.4). After implantation, the exosomes could release the small molecules, like
the miRNAs, to the microenvironments and recruit the cells, then communicate with the
surrounding cells by the lipid-ligand receptor interactions, endocytic uptake, or fusion of vesicles
and cell membrane.?® Compared with the exosome-free Ti-scaffold implants, the exosome-coated
Ti-scaffolds showed enhanced bone regeneration, as evidenced by obvious collagen formation and
matrix mineralization (Figure 2.5 and 2.6). These results show that the identified osteogenic

exosomes can be used to decorate scaffolds to achieve cell-free bone regeneration.

2.5 Conclusion

In conclusion, exosomes secreted by hMSCs differentiated in the osteogenic medium at different
times were isolated. Then, the exosomes were added into the basal medium to test whether the
exosomes could induce the osteogenic differentiation of hMSCs. It was found that exosomes
secreted by the hMSCs osteogenically pre-differentiated for 10 and 15 days could most efficiently
induce the osteogenic differentiation of hMSCs in basal medium. Finally, it showed that the
resultant osteogenic exosomes could be used to decorate the 3D-printed Ti-scaffolds to achieve
cell-free bone regeneration within 12 weeks. The exosome-coated cell-free Ti-scaffolds could
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induce bone regeneration as efficiently as the hMSC-seeded exosome-free Ti-scaffolds because of
the formation of the Haversian canal structure (Figure 2.5 a and c), which is an earlier stage of
newly formed bone structure. This structure was also consistent with Maggiano et al. ‘s
detection.!” Utilizing the RNA-sequencing technique, it was verified that the exosomes could
induce the osteogenic differentiation because they contained upregulated osteogenic miRNAs and
thus triggered at least two osteogenic differentiation pathways (PI3K/Akt and MAPK). Hence, this
study shows that osteogenic exosomes can be identified from pre-differentiated stem cells and thus
used to replace stem cells in tissue regeneration.

According to current studies, stem cell-derived exosomes are widely employed in the regenerative
medical area, including skin wound healing, cardiac, liver, kidney, and nerve repairing, but has
limited application to bone defect regeneration.*’® In one previous study, MSCs-derived exosomes
could induce osteogenic differentiation of stem cells depending on altered osteogenic exosomal
microRNA profiles in vivo, but there was no related in vivo study.'?* So far, the traditional bone
defect treatment such as autograft, allograft, xenografts as described in Chapter 1.4.2, could cause
immune rejection and disease transmission after implantation.”” Therefore, bone tissue engineering
is considered a promising method where a 3D scaffold including the biochemical and physical
cues is introduced into the defective bone to induce bone tissue regeneration. In particular, the
metallic 3D scaffold, such as porous Ti 24, Mg ¥’ scaffold, is the most popular candidate for the
loading-bearing bone tissue regeneration compared to ceramics, or polymers owing to their high
mechanical strength, resistance, and
printing possibilities. Moreover, 3D printed titanium scaffold was verified to have good
biocompatibility and osteointegration capability and it also possessed a similar induction

performance of the polyester ether ketone material. *%* It is known that the human adipose stem
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cells- derived exosomes were used to coat PLGA scaffold to promote the bone regeneration in
calvarial defect model.1”® And macrophage-derived exosomes can also be integrated with titanium
oxide nanotubes for bone tissue regeneration in vitro. 1® In summary, previous studies showed
that, i) stem cells-derived exosomes could be used for osteogenesis of MSCs in vitro, but no further
in vivo applications, especially for the loading-bearing bone tissue regeneration was estimated. ii)
3D metal scaffold seeded with cells could be implanted into the defective bone site for tissue
regeneration, but could also cause critical immune responses especially at the early stage after

implantation.

In this work, a novel strategy for bone tissue regeneration was developed to treat bone disease.
Firstly, the stem cell-derived exosomes are used as a bone formation inducer for decorating the
3D-printed Ti-scaffolds. Such cell-free bone tissue regeneration based on the exosomes is a new
way to cure bone tissue disease. The cell-free strategy will not only avoid the immune rejection
resulting from the implantation of the foreign cells into the body but also will decrease the expense
of treating bone defects (data is not shown). In addition, exosomes derived from the stem cells are
successfully used to induce osteogenic differentiation. Achieving such directed differentiation is
very important in bone regenerative medicine. Since exosomes can now be isolated using the
commercial Kits, the use of exosomes is a new and facile approach to directing stem cell

differentiation in cell-free tissue regeneration.

Based on this work, for the loading-bearing bone tissue regeneration, an implanted scaffold needs
to fulfill the following requirement: i) materials are biocompatible; ii) scaffold is biodegradable.
The degradation rates are adjustable, and non-toxic or harmful after implantation. iii) scaffolds
own good mechanical strength to support the bone with highly resistant and loading properties. iv)

optimal porosity for cell migration and proliferation; v) high surface/volume for cell attachment.
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In this work, osteogenic exosome has been confirmed as a good inducer for osteogenesis in vitro
and tissue regeneration in vivo. However, the 3D implanted titanium scaffold is not biodegradable
or the degradation rate is pretty low after implantation. So, an ideal 3D scaffold with all the above
good properties is expected to be developed for the loading-bearing bone tissue regeneration in the

future.

2.6 Author contribution statement

This study was designed and directed by Dr. Chuanbin Mao and Dr. Mingying Yang as the
principal investigators. Mengmeng Zhai planned and performed all of the experiments in this study.
Wen Yang, Jing Guo, and Kegan Sunderland helped with animal surgery in this work. This
manuscript was written by Mengmeng Zhai and edited by Dr. Chuanbin Mao and Dr. Mingying

Yang.
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Chapter 3: Discovery of exosome-internalizing peptides for targeted breast cancer therapy

3.1 Instruction

Cancer has been the most common cause of death in the US in recent years.'® Photothermal
therapy (PTT) is a promising method for cancer treatment due to selectively killing cancer cells
and its limited side effects on the patients compared to the surgery, chemotherapy, and
radiotherapy.18! 182183 For the PTT, a PTT material is applied to absorb near-infrared light (NIR)
and generate the heat to efficiently kill cancer cells. NIR light (800-1000nm) has much greater
body transparency without causing damages to normal tissues. 18! Recently, lots of PTT materials,
including noble metal nanoparticles,’®* gold(Au) and silver(Ag), magnetite iron oxide
nanoparticles,'®>8" organic nanomaterials,'® 18 and selenides'®® have been discussed for the
photothermal therapy. Although applications of the inorganic nanoparticles have high efficiency
for cancer therapy, clinical usage of those is limited due to the biotoxicity of the cells, tissues, and
organs in the human body.*! The organic nanoparticles have good biocompatibility, however, the
biodegradability and accumulation toxicity are still challenging in the clinical. 18% 192-194 Therefore,
a novel safe and highly effective PTT material will be needed for cancer therapy in the future. The
platinum nanoparticles are considered as a type of suitable PTT nanoparticles, which has a good
NIR absorbance and generates heat. The platinum has an ultra-small size, which is around 10 nm,
and it is also good for the biodegradability and less of accumulation toxicity due to the easy kidney

clearance.

The stem cell-derived exosomes originate from the cells and are a good vector for the PPT agent
delivery. It has seemed that all cells can produce and take up the exosomes. The cell-derived

exosomes can also be applied to every therapeutic area due to its obvious advantages. Compared
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to liposome delivery, the exosomes can avoid the immune clearance owing to the abundance of
CDA47 on the exosomes.®® Furthermore, the tumor-targeting peptide can enhance passive cellular

uptake. Therefore, a hypothesis is described that tumor-homing exosomes loaded with ultra-small

PtNPs can kill breast cancer cell in vitro and inhibit the tumor growth in vivo with the NIR laser

irradiation.

In this study, a novel nano complex was developed, of which the platinum nanoparticles loaded
into the tumor-targeting exosomes, then the novel complex was applied to the breast cancer

photothermal therapy with the irradiation of the 808 nm NIR laser in vitro and in vivo, respectively.
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Scheme 3.1. The overall idea of photothermal therapy. a. Strategy for preparing the platinum
nanoparticles exosomes carried systems: PtNPs were first modified by the exosome internalizing
peptide by forming the PtNP/WL nano complex. Then above nano complex was loaded into the
tumor-homing exosomes by forming the PtNP/WL-Exosome (EAPW). b. A sketch of the
photothermal therapy in vivo. Mice were irradiated after 24 hours of injection of EAPW, with a

pulsed 808 nm laser to trigger the release of PtNPs.
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3.2 Methods and materials

3.2.1 MCF-7 cell culture

The human MCF-7 breast cancer cells (ATCC, Manassas, VA, USA) were cultured in Dulbecco’s
Modified Eagle’s medium (DMEM) (ATCC) with 10% fetal bovine serum (ATCC) with the

humidified atmosphere containing 5% CO; at 37 °C.

3.2.2 Cell culture and exosome isolation

The human mesenchymal stem cells were obtained from the Lonza group Ltd (Lonza, USA). Cells
less than 5 passengers were maintained in a humidified atmosphere containing 5% CO?2 at 37 °C
in the Mesenchymal stem cell growth medium Bulletkit (PT-3001, Lonza). hMSCs were pre-
differentiated for 15 days by the hMSC Osteogenic BulletKit (PT-3002, Lonza). Exosomes were
isolated by the ExoQuick-TC kit (EXOTC50A-1, System Bioscience) and were resuspended into

1x PBS.

3.2.3 Selection of the exosome-internalizing peptides from a Ph.D.-12 phage library

The Ph.D.-12 Phage Display Peptide Library from New England Biolabs was used in this work.
In this library, random dodecapeptides were fused to a minor coat protein, plll, which include five
identical copies at one tip of the filamentous M13 phage. The displayed peptide (12-residues) is
expressed at the N-terminus of plll and is followed by a short linker (Gly-Gly-Gly-Ser) before the
wild-type plll sequence. First, the phage library was depleted with a culture dish for 1 hour at 37 °C
to remove the phages specifically binding to the culture dish. Then the resultant phage library was
incubated with stem cell-derived exosomes for another 1 hour. The unbound and nonspecifically

bound phages were removed after ten washes with 0.1% Tween-20 containing washing buffer. The
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exosome surface-binding phages were collected using a pH 2.2 elution buffer. During the
incubation, some phages may become internalized into the exosomes. To isolate these exosome-
internalizing phages, the exosomes were lysed with a lysis buffer after the surface-binding phage
were eluted. The eluted and internalized phages were then amplified, purified, and used as an input
library for the next round of biopanning, respectively (Scheme 3. 2). The peptide sequences were

determined by DNA sequencing.

3.2.4 Phage capture ELISA

The actual exosome affinity to the selected peptides was confirmed by using phage capture ELISA.
In this test, the selected phages (10'?) were first coated on the 96-well plate overnight. The
uncoated phages were removed from the petri dish on the next day. The stem cell-derived
exosomes were then incubated with coating phage for another hour. The unbound exosomes were
removed by repeatedly washing. Following this, exosomes bound to phages were detected by anti-
CD63 (Abcam) conjugated with horseradish peroxidase (HRP) enzyme. After that, 450 nm

absorbance was detected by a plate reader.

3.2.5 Phage affinity and specificity to exosome by the atomic force microscopy (AFM)

The stem cells derived exosomes (10*?) were incubated with the WL displayed phages and wild
type phages for about one hour at 4 °C, respectively. The exosome/phage nano complex was
isolated by the ExoQuick-TC kit (EXOTC50A-1, System Bioscience). Then the exosome/phage
nano complex was dropped on the mica sheet by spin-coating methods. The morphology of the

exosome/phage nano complex was captured by AFM.
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3.2.6 Platinum nanoparticles synthesis

K2PtCls of 6 mM was reduced by 10 mg/ml NaBH4 and 40 mM sodium citrate in a 60 °C oil bath
under vigorous stirring for a few hours (at least 4 hours). The generation of the Pt nanoparticles

was observed by the formation of a light-dark solution.

3.2.7 Construction of the Exo-PtNPs nano complex

The stem cell-derived exosomes were incubated with the CRHSQMTVTSRL%-G-
AREGTRFSLIGGYR (ARS pep) at 4 °C, overnight. It was reported that the CRHSQMTVTSRL
peptide can specifically bind to the CD63 protein fragment containing the second extracellular
loop (LEL), which is enriched in the exosomes derived from all kinds of cell sources, such as
melanoma cells, lymphoblastoid cell lines, and hMSCs. 1%-2%2 Current researchers also reported a
tumor-targeting peptide, AREGTRFSLIGGYR, which can specifically target breast cancer tumors
in vivo.2% The conjugated peptide (ARS) can specifically help to target breast cancer tumors. After
incubation, the ARS-peptide modified exosomes (EXOars) were purified by the ExoQuick-TC Kit.
Besides, the Pt nanoparticles were incubated with the WL peptide (exosome internalized peptide)
for another 2 hours at room temperature. The WL-peptide-modified Pt nanoparticles (PtW) were
further incubated with the EXOars overnight at 4 °C to form the tumor-homing Exo-Pt nano
complex (EAPW), which is loaded with PtW (exosome internalized peptide (WL) modified

Platinum nanoparticles).

3.2.8 Characterization of PtNPs and Exo-PtNPs nano complex by Transmission electron
microscopy (TEM)
The EAPW nano complex and exosomes were diluted into 1X PBS with a density of 10° particles/

ml and fixed by an equal volume of 4% PFA, respectively. Then, the Exo-PtNPs nano complex
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(EXO, EPT, EPW, and EAPW ) was absorbed and stained onto a carbon-coated formvar film
attached to a metal specimen grid by the published protocol. 1° TEM was utilized to identify the
morphology of these nano complexes. PtNPs were also loaded onto a carbon-coated formvar film

attached to a metal specimen grid with a density of 10° particles/ ml and identified by TEM.

3.2.9 Photothermal properties of the PtNPs and Exo-PtNPs nano complex by an infrared
camera

The PtNPs, Exo-PtNPs (EPT), Exo-PtNPs/WL(EPW), Exo/ARS-PtNPs/WGV(EAPW) solution
were prepared according to the above methods, respectively. Next, each 100 ul solution was
irradiated by the NIR 808nm laser for 10 minutes at a power density of 8.6 W/cm? at a time. The
thermal images of the above solutions were captured by an infrared camera (ICI 7320, Infrared
Cameras, Inc, Beaumont, TX, USA) to track the temperature changes of the nano complex solution

with irradiation of the NIR light (808 nm).

3.2.10 Photothermal killing of the MCF-7 cell using the Exo-PtNPs nano complex

The MCF-7 cells were seeded in a 96-well plate with a density of 10° ahead of the experiment day.
Then 0.1 mL of PtNPs, EPT, EPW, and EAPW were dissolved into the DMEM cell culture
medium without serum. After 4 hours of incubation, the above medium was removed, and cells
were washed by the 1X PBS twice. Then 0.1 mL fresh medium was refilled into the 96-well plate.
MCF-7 cells treated with above Exo-Pt nano complexes were irradiated by NIR 808 nm laser at a

power density of 8.6 W/cm? for about 10 min.

3.2.11 Cell viability of the MCF-7 breast cancer cells

After four hours’ incubation of the EXO, PtNPs, EPT, EPW, and EAPW nano complex, the MCF-

7 cells were then washed by 1X PBS twice and nutritional by fresh medium. The Alamar Blue
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regents (Invitrogen, US) were applied to cells for another four hours’ incubation for cell viability
detection. Besides, MCF-7 cell viability after the laser irradiation was performed to verify the Exo-
Pt nano complexes cancer-killing efficiency. After that, 570 nm and 600 nm absorbance was
detected by a plate reader for cells’ cytotoxicity detection. Moreover, a live/dead cell staining was
also applied to visualize cell death. Calcein AM and ethidium homodimer-1(1:4) were added to
the MCF-7 cells after irradiation by 808 nm NIR light with all EXO-Pt treatment to verify live/dead

cells.

3.2.12 In vivo study of the photothermal therapy

The nude mice (Female, Athymic nude-Foxnl1™, 3-5 weeks) bearing about a five mm diameter
tumor in the infra-axillary region were randomly separated into six groups. The six groups were
injected intravenously by the saline, PtNPs, EXO, EPT, EPW, and EAPW for about 24 hours of
blood circulation. 1 mg/kg of the above nano complex was injected in mice by the tail veil. After
that, the tumor sites were irradiated by the 808 nm NIR for about five minutes with a power density
of 8.6 W/cm?. The laser size is about 10 mm. The temperature tracking of the tumor was recorded
by an infrared camera (ICI 7320, Infrared Cameras, Inc, Beaumont, TX, USA). Tumor dimensions
were measured every two days and lasted for 15 days’ photothermal therapy. Then mice were
sacrificed, and tumors were collected for further research applications. Tumor size was also

calculated with the equation: Volume= length X Width?/2.

3.2.13 Organ biodistribution of the Exo-PtNPs nano complex

The Exo-PtNPs nano complex was injected into the tumor-bearing mice by tail veil for 24 hours
of blood circulation. Next, tumors and other organs, including heart, liver, spleen, lung, and kidney,

were collected after the heart perfusion then dried by a freeze-drying system. Finally, tumors and
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organs were milled and digested by the aqua regia, then diluted by 2.5% HNOs. The above
supernatants were collected by centrifugation and further diluted by 2.5% HNOs3 to detect the

concentration of Pt by ICP-MS.

3.2.14 Statistical analysis

The data were presented as the mean + standard deviation. They were analyzed by the one-way
ANOVA with Tukey’s post-hoc test using SPSS21 (IBM, USA) with p<0.05 showing the

significant difference.
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Scheme 3.2. Exosome-internalized peptide selection. A major coat (plll) displayed phage library,
composed of billions of phage clones. The phage clones display a unique peptide fused to each of
the 5 copies of plll. The phage library was depleted first to remove the peptides that can bind to
the Petri dish and control cells. The depleted phage clones interacted with the hMSCs derived
exosomes. The non-binding phages were washed away from the exosome surface by washing
buffer. The exosome binding phages were eluted by the elution buffer. The eluate phages were
amplified by infecting the ER2738 E.Coli. The output phages from the former round were used as
the input library for the next round of selection. Four rounds of biopanning were completed until
some phage clones were dominant, which was distinguished by the DNA sequence analysis.

Consequently, the dominant phage clones were considered as the exosome-binding phages.
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3.3 Results
3.3.1 Identification of exosome-internalizing peptides from a Ph.D-12 phage library by

biopanning

The stem cell-derived exosomes from the cell culture medium were collected by ExoQuick-TC Kit.
The stem cell-derived exosomes are around 200 nm by AFM (Figure 3.1-A) and TEM (Figure 3.2-
A). The in vitro phage biopanning was performed for about 4 rounds for affinity testing against
the stem cell-derived exosomes. At the end of the biopanning, 240 colonies were picked out and
sent for sequencing. Among those sequences, the ones with the top 4 highest frequencies are WL,
IR, SY, and HP (data is not shown here). The phage affinity and specificity to the exosomes were
confirmed by AFM (Figure 3.1 C-D) and phage capture ELISA (Figure 3.1-G), respectively. The
as-selected phage can bind (Figure 3.1C) and penetrate or fold (Figure 3.1 D) to the exosomes, in
versa, the wild type phage can neither bind nor penetrate the exosome (Figure 3.1 F). In particular,
phages containing WL and IR sequences showed higher absorbance (Figure 3.1 G) than the wild
type phages, indicating a higher affinity of the selected phages to exosomes. This confirms that
the phages selected by biopanning against exosomes are indeed specifically targeting the exosomes.

In conclusion, as-selected phages can be internalized into the exosomes specifically.
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Figure 3.1. Identification of exosome-internalizing phage. Peptides from a Ph.D.-12 phage
library by biopanning. A-F images show the internalization of the tips of Filamentous M13 phage
nanofibers due to the display of an exosome-internalizing peptide at the tip. (A)Exosomes; (B)
M13 phage nanofibers with the exosome-internalizing peptide (WL) displayed at the tip. (C-D)
typical morphology of the phage-exosome complex, showing the internalization of the phage tips
in the exosomes. (E) Wild type phages do not bind or penetrate exosomes. (F) Cartoon showing
the internalization of phage tips resulted in the segments of phage protruding from exosomes. (C-
D) being shorter than the original phages (B). It should be noted that due to the significant
difference in the height between the phage (~7 nm) and exosomes (~100-200 nm), phages and
exosomes cannot be visualized simultaneously under AFM although they are still visible. G shows
the binding of control wild type phages and affinity phage to exosomes evaluated by ELISA. The

X-axis indicates the affinity selected peptide sequence displayed on the tips of the phages. The Y-
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axis shows the absorbance of the ELISA signal. CON: Control group, no phage treatment; WT:
Wild Type phage; WL, IR, and SY represent the 12-mer foreign exosome targeting peptides (the

sequence is not shown here) displayed engineered phages, respectively. N=5, *P<0.05, **P<0.01

3.3.2 Prepare the platinum nanoparticles loaded into tumor-homing exosome and
characterize the photothermal properties of Exo-PtNPs nano complex

The PtNPs around 10-15 nm (Figure 3.2 B) were synthesized by our protocol as described in the
method part. The 1mg/ml exosome internalized peptide (WL) was incubated with PtNPs at room
temperature about 2 hours to form WL-PtNPs (PtW) complex. Meanwhile, stem cell-derived
exosomes (Figure 3.2 A) was modified by tumor-targeting peptide (ARS) to form the EXOcrs
nano complex and the modification efficiency was about 40% by flow cytometry. The WL-PtNPs
(PtW) complex was further loaded inside the EXOcrs nano complex at 4 °C overnight with gentle
shaking to form the EAPW nano complex (Figure 3.2 C and D). The PtNPs loading efficiency into
the exosomes was time-dependent and also detected by ICP-MS (Figure 3.2 G and H). The result
also showed that after 36 hours of incubation among those Exo-PtNPs nano complex, the PtNPs
loading efficiency into EAPW could reach up to 88.98% compared to after 24 hours incubation
(50.17%). Moreover, UV-Vis absorbance spectrum of the Exo-PtNPs nano complex (Figure 3.2 F)
demonstrated that a considerable absorbance existed in all the Exo-nano complexes among the
NIR range (800 nm - 1000 nm). It showed that above Exo-nano complexes were able to convert
NIR light to heat and can be further applied to the photothermal therapy. Next, the photothermal
properties of the EXO, PtNPs, EPT, EPW, and EAPW solution were evaluated by using an infrared
camera by applying the NIR light (Figure 3.2 E). It indicated that EAPW nano complex has the
highest photothermal properties compared to the other Exo-PtNPs nano complex, in which the

temperature can reach up to 42 °C by the irradiation of 808 nm NIR laser at a power density of 8.6
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W/cm? after 250s irradiation. That could be considered as a reasonable time for the photothermal
therapy in vivo. To confirm the toxic of the nano complex to cells, the cell viability of MCF-7 cells
was also performed after 4 hours’ incubation with Exo-PtNPs nano complex treatment with and
without laser irradiation (Figure 3.3). Figure 3.3 B demonstrated that the various Exo-PtNPs,
especially for EAPW, didn’t impact the cell viability of the MCF-7 cells compared to the pure
PtNPs after 4 hours’ incubation without laser irradiation. After that, 808 nm NIR laser was further
applied to the MCF-7 cells for 10 min with a power density of 8.6 W/cm? after all the Exo-PtNPs’
nano complex treatment. From Figure 3.3 C, it showed that EPT, EPW, and EAPW nano complex
could kill the MCF-7 cells after 10 min laser irradiation compared to PtNPs, EXO nano complex.
To further confirm the cell viability of the MCF-7 cells, the live/dead cell staining was also
performed (Figure 3.3A) after laser irradiation. The images showed that EPT, EPW, and EAPW
treated cells were killed more efficiently than the other nano complex treated group after NIR laser
irradiation. In conclusion, the novel EAPW, EPT and EPW nano complex can be considered as
good photothermal material to convert the light to heat for breast cancer therapy and might be

applied to in vivo study in the future.

64



D
P - : Y “ofEE — %y
EXO - EXO (Ora) e s, | .. ™
o . 3
m
oo -
[= o
g |-
o
-
©
s |®
3
L
(]
£
o
v
2
w
et 10° 10* 0 10° 10
EXO-CRS-FITC
E
464 —=— Con F
44 ] . g1 | ®PiNPe 20-
42 s sPLEHE T T [ 18]
oot R! - T
40 4 B i 164
7 4 144
-:: 124
£ £ o]
& 30 g 08
L 284 064
264 04+
21 024
21 004
204 X
0 10 200 300 400 500 600 200 300 400 500 600 700 800 900 1000
Time (s) Wavelength(nm)
G 24 hours incubation H 36 hours incubation
600 600
— mm EXO - 85.85%,88.98% @ EXO
509 W EDPT _— TR wm EDPT
< 400 55.03% P PT
2 300 44.9% 50.17% @ EPT " EPT
o 200 o EPW mn EPW
S . = EAPW = EAPW
© 100
10
5
0

L & C &S S

EXO-nanocomplex EXO-nanocomplex

Figure 3.2. Characterizations of the Exo-PtNPs nano complex. TEM image of exosome (A),
PtNPs (B), and EAPW nano complex (C). (D) Flow cytometry for measuring the modification

efficiency of a tumor-targeting peptide (ARS) on exosomes. FITC-labeled ARS (1mg/ml) and
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Exo-Red staining labeled exosome membrane were used. (E) The temperature tracking of EXO,
EPT, EPW, and EAPW aqueous solution irradiated by the 808 nm NIR laser at a power density
of 8.6 W/cm? for 10 min; (F) The UV-Vis absorbance spectrum of Exo-PtNPs nano complex in
aqueous solution from 300nm -900nm; (G) and (H) PtNPs loading efficiency to tumor-targeting
exosomes after 24 and 36 hours’ incubation. EXO: Exosomes; EDPT: The platinum particles
precipitated by the EXO-Quick kit; PT: Platinum nanoparticles; EPT: Exosomes loaded with the
PtNPs; EPW: Exosomes loaded with the exosome-internalized peptide modified PtNPs; EAPW:

Tumor homing exosomes loaded with the exosome-internalized peptide modified PtNPs.

3.3.3 In vivo study Photothermal therapy (PTT) using the EAPW

The PTT was performed on a nude mouse model bearing MCF-7 breast cancer tumor in the infra-
axillary region. Firstly, the in vivo organ biodistribution of saline, EXO, EPT, EPW, and EAPW
nanoparticles was performed after 24 hours’ blood circulation. From Figure 3.4 C, Pt concentration
in the liver and spleen are much higher than the other organs, such as heart, lung, and tumor.
However, Pt concentration in the tumor was still a little bit higher than the other organs, including
the heart and lung. It showed that EAPW can specifically penetrate and cumulated at the tumor
site with a high concentration of Pt detected by ICP-MS, even though the significant difference is
not obvious. Next, the NIR laser was applied on the tumor site with a power density of 8.6 W/cm?
for 5 min. Besides, temperature changes of tumor sites were tracked by an infrared camera with
NIR irradiation after 24 hours injection of EAPW. From the thermographs and temperature curve
(Figure 3.5 A and B), it indicated that a higher skin temperature of 40 °C was captured after 4 min
NIR irradiation compared to the saline and PtNPs group. Tumor’s temperature was likely a little
bit higher than 40 °C. The skin temperature could be improved by increasing the injection dosage

of EAPW in the future. Moreover, tumors were irradiated with NIR laser every 2 days for 15 days
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PTT therapy and tumor size was also recorded. After two weeks of PTT therapy, the tumor size of
EAPW treated group obviously decreased from 60 mm?® to 40 mm?® compared to saline groups
(Figure 3.5D). The tumor weights of EAPW treated groups were also lighter than the other groups
(Saline and PtNPs) after 15 days’ PTT therapy (Figure 3.5E). All these results showed that EAPW-
mediated PTT could efficiently inhibit tumor growth in vivo. In addition, the body weight did not
lose during the EAPW injection period (Figure 3.5 C). It further indicated that the EAPW didn’t
have any systemic toxicity during the therapeutic period. In conclusion, the novel developed
EAPW nano complex could specifically penetrate and accumulated into the tumor site without the
toxicity for the body system. Also, EAPW could efficiently Kill breast cancer cells and inhibit

tumor growth in vitro and in vivo under NIR exposure.
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density of 8.6 W/cm? for 10 min followed by 4 hours’ incubation with various Exo-PtNPs nano
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with various Exo-PtNPs nano complex (EXO, EPT, EPW, and EAPW) before (B) and after (C)
laser irradiation. EXO: Exosomes; PtNPs: Platinum nanoparticles; EPt: Exosomes loaded with the
PtNPs; EPW: Exosomes loaded with the exosome-internalized peptide modified PtNPs; EAPW:
Tumor homing exosomes loaded with the exosome-internalized peptide modified PtNPs. Scale

bar: 100 um. * P<0.05, N=3.
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weights (F) from CON, PtNPs, and EAPW treated groups after 15 days’ PTT therapy. CON: Saline
treated group; PtNPs: Platinum nanoparticles; EAPW: Tumor homing exosomes loaded with the

exosome-internalized peptide modified PtNPs.

3.4 Discussion and Conclusion

Exosomes are considered a promising therapeutic vector for various pathologies, such as cancer
therapy. These about 200 nm’ vesicles (Figure 3.1 A) were secreted from different cell types and
can communicate with recipient cells to deliver the therapeutic molecules by endocytosis.?%* In

particular, the MSC derived exosomes exhibit some properties, including low immune response,
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decreasing inflammation, etc.?® In this work, a novel tumor-homing exosome nano complex
(EAPW) (Figure 3.2 C) were developed to deliver platinum nanoparticles for photothermal breast
cancer therapy. PtNPs were delivered to breast cancer tumors with the protection of exosomes,
which can cross biological barriers, such as blood-brain barrier and deliver cargos, including
therapeutic drugs and genes to recipient cells.?%® These exosomes were also modified with a breast
cancer tumor-homing peptide (ARS) by CD63 antibody conjugation, which method was developed
by Gao et al.'® The ARS-peptide was selected by in vivo biopanning method and identified the
high targeting affinity by in vivo fluorescence imaging.?’” The Exosomes’ modified efficiency by
ARS peptides was detected by about 40% by flow cytometry (Figure 3.2 D). It reported that 12
nm FePtNPs in a cubic shape could induce the necrosis of cancer cells, which is similar to the
effect of Au nanorods (40 nm) after NIR exposure. 128 Therefore, PtNP as a kind of ultra-small
PTT material can be applied to generate heat to kill cancer cells under NIR exposure as same as
Au. Moreover, the ultra-small PtNPS could be loaded easily by either passive or active methods.
Interestingly, the PtNPs loading efficiency into EAPW (Figure 3.2 H) can reach up to
approximately 90% after 36 hours of incubation among all exosomes, including EPT, EPW, and
EAPW in our study. In addition, PtNPs in ultra-small size could be easily cleaned by the kidney
after releasing from exosomes so it isn't harmful to the cells, tissues, and organs in the animals.?%
For in vitro study, there was no cell cytotoxicity caused among EPT, EPW, and EAPW nano
complex before NIR exposure (Figure 3.3 B). Vice versa, cell viability was dramatically decreased
to lower than 50% after NIR exposure (Figure 3.3 A and C). It indicated that these nano complexes
cannot impact cell life without any NIR irradiation, but can efficiently kill the cancer cells when
exposed to NIR. It is likely that these nano complexes would not influence the normal cells, such

as MCF-10 (normal breast cells) although this test was not performed. Furthermore, there is no
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significant difference in cell viability and live/dead staining after the treatment of EPT, EPW, and
EAPW nano complex (Figure 3.3 A and C). It further confirmed that ARS-peptide might
specifically bind to the tumor in vivo, not breast cancer cells in vitro due to the high selected
affinity to tumors. 27 Moreover, the tumor-targeting exosomes nanovesicles might find and retain
into the tumor sites by a ligand-receptor interaction (ARS-peptide binding to the ligand on the
tumor) after blood circulation and extravasation, then target to the tumor and release the platinum
nanoparticles in a tumor.2% In vivo study was also performed by tail vein injection of EXO, PtNPs,
and EAPW nano complex on tumor-bearing mice. After 15 days of PTT therapy, the tumor volume
of EAPW treated mice is obviously smaller than Saline treated mice (Figure 3.5 E and F). The
tumor site’s temperature could reach up to 40 °C (Figure 3.5 B) during NIR laser irradiation with
the injection of 1mg/kg EAPW compared to 42 °C detected by Zhou et al. ?* Normally, the
temperature of the tumor site is likely a little bit higher than the skin. However, it is still unknown
whether inside organ temperature can reach up to 42°C or higher to induce necrosis of tumors with
a dose of 1mg/kg EAPW by i.v. injection. Next, a high dosage of EAPW would be applied to a
tumor-bearing mouse with a range of 1mg/kg ~ 2 mg/kg for efficient PTT therapy by increasing
temperature to 42 °C. Besides, the ARS-peptide did not show obvious tumor-targeted affinity to
breast cancer tumor by organ biodistribution of EAPW (Figure 3.4 C) in tumor-bearing mice after
24 hours’ injection. It is likely caused by the experimental operation or 24 hour’s blood circulation
periods of EAPW are longer so that EAPW has already been cleaned by the kidney. Therefore, the

ARS- peptide tumor affinity needs to be further confirmed in the future.

In conclusion, a novel nano complex was developed, which can carry the targeting PtNPs homing
to the breast cancer tumor. As a novel photothermal “drug”, the enhanced cancer-killing efficacy

has been improved by in vitro and in vivo study. The tumor-targeting exosomes can specifically

72



bind to the tumor and release the PtNPs with a high concentration of Pt by the detection of ICP-
MS. This effective loading method can progressively improve the cancer-killing efficiency in vitro
and tumor inhibition in vivo, respectively. The tumor attenuation was further detected by the
application of the 808nm NIR laser. Finally, this novel method has provided a promising method

for photothermal cancer therapy by the effective loading “drug” in the future.

Currently, traditional breast cancer therapies, including chemotherapy, radiotherapy, surgery,
hormonal therapy, and targeted therapy could cause serious side effects, such as vomiting, hair
loss, pain, and hot flashes on patients and impact the patient's normal life. Here, PTT, as a photo-
based therapy, can convert NIR light (808 nm) to heat (42 °C) to kill cancer cells without any
damage on skin and organs. The ultra-small noble metal nanoparticles, such as PtNP, AuNP, gold
nanorods, and gold nanoshells, are considered as good PTT materials because of their good
absorption, which is about four-five higher compared to other conventional molecular PTT
materials.?!® However, theses nanoparticles might be cleared by the immune system before
targeting to the tumor in vivo. Therefore, a vector is necessary to protect these metal nanoparticles
to avoid the clearance by immune systems and deliver it to the tumor site. Exosomes are good
original vectors that can protect and deliver the therapeutic nanoparticles to the tumor sites by
good biocompatibility as well. In a previous study, it was shown that 12 nm FePtNPs in a cubic
shape could induce the necrosis of cancer cells, which is similar to gold nanorods (40 nm)’ effect
with NIR exposure.*?® Zhou et al. found that the platinum-copper alloy nanoparticles can not only
help track the tumor by guiding of photoacoustic imaging but also can efficiently inhibit tumor
growth by photothermal therapy in vivo.!? Another study also established that hollow gold
nanoparticle loaded within exosomes could be applied to melanoma cancer(B16-F10)

photothermal therapy. 2! Based on these former studies, i) ultra-small inorganic metal
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nanoparticles, such as AuNP, PtNP can be applied to cancer photothermal therapy. However,
immune clearance cannot be avoided before targeting and retaining to a tumor. ii) PTT materials
(AuNPs) loaded within exosomes had been developed for the photoacoustic imaging and

photothermal therapy, but lack of specific tumor-targeting is an issue.

In this study, a novel Exo-PtNPs nano complex has been developed by PtNPs loaded within tumor-
homing peptide modified exosomes. This nano complex possesses the following advantageous
properties: i) avoid the immune system clearance by exosome’s protection when going through the
blood circulation; ii) target and retain (EPR effect) to the tumor by the tumor-homing peptide and
receptor interaction; iii) PtNPs are no-toxic and harmful after releasing from the exosomes; iv)
have absorbance in the NIR range (800-1000 nm); v) no accumulation of PtNPs in ultra-small size
and easily cleaned by kidney after releasing from exosomes. Besides, PtNPs synthesis developed
and generated by our protocol is easy and less expensive. This study did not find any critical side
effects on cells or animal studies. However, the fabrication procedure of the nano complex is
complicated and requires two purification steps after peptide modification. It is challenging and
necessary to improve the fabrication procedure of Exo-Pt nano complex for a high percentage yield
in the future. Moreover, PtNP is also a good material for photoacoustic imaging. Actually, a double
functional Exo-PtNPs nano complex was developed for photothermal therapy and photoacoustic
imaging in this work, even though the photoacoustic efficiency has not been verified yet. It is vital
for us to target the tumor and track the tumor metastasis by the photoacoustic imaging technique
in the future. Furthermore, therapeutic chemicals, such as Doxorubicin, could also be packaged
into the Exo-PtNPs nano complex to form a triple functional nano complex, which can be applied
to the photoacoustic imaging and chemo-photothermal therapy (CPT) in cancer diagnosis and

therapy in the future.
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