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ABSTRACT

Development of Injectable Microcryogel

System for Delivering Therapeutic Agents

Mihn Jeong Park
Interdisciplinary Program in Bioengineering
The Graduate School of Engineering

Seoul National University

Cryogels have a large porous structure, and they can be
tailored to have shape—memory ability and injectability. In addition,
cells or growth factors can be loaded within the cryogel and show
sustained release behavior. Because of these characteristics, the
cryogels have been widely used for tissue—engineering applications.

However, bulky cryogel cannot pass the narrow needle
syringe and fill the irregular shape defect perfectly. Herein, we
established an injectable cryogel system for delivering cells or
therapeutic agents. It displayed smoothly injectable characteristics

that exhibited printability and void—f{illing ability.
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In chapter one, we fabricated injectable cryogel
microparticles (CMP) via simply pulverizing. To prepare the CMP,
we used both methacrylated chitosan (Chi—MA) and methacrylated
chondroitin sulfate (CS—MA) and cross—linked them under —20T
conditions. Also, we loaded the recombinant human—vascular
endothelial growth factor (rhVEGF) into the CMP (V—CMP), and the
sustained release behavior could be obtained. Finally, when the V—
CMP were injected into mice hindlimb ischemia model, the enhanced
neovascularization and effective tissue necrosis prevention were
observed.

In chapter two, we also fabricated injectable cryogel
microsphere vza microfluidic and emulsification. The microspheres
consist of methacrylated gelatin (Gel-MA) and methacrylated
hyaluronic acid (HA—MA), and they had narrow size distribution. In
addition, we confirmed that the cells could infiltrate into the cryogel
microspheres and that the microspheres provided the cells with

favorable environment.

Key words; injectable cryogel, sustained release, microparticle,
microsphere, neovascularization, cell delivery

Student number; 2018—-28698

ii



Table of Contents

ABSTRACT oottt eeteeertee e eeteeesrne s eesaneessannnens 1
Development of Injectable Microcryogel System for Delivering
TherapeULIC AGENTS cuvuniuieieieieieieeieeteeeeeeenteeenteeeneeeeneenensenens i
Table of CoNtents ...ceueieeeiiiiiiee e ii
LiSt Of fIBUIES iivreeiiiieieeiee ettt eere e eeeee e eeae e eeaaee e \%

CHAPTER ONE: Enhanced Neovascularization Using Injectable

and rhVEGF —Releasing MicropartiCles .....c.ccoeevueevnernieneeencennns 1
1. INtrodUCTION ccivti i 1
2. Experimental SECtION . ..civiiiiiie e 5

2.1 Synthesis of methacrylated biopolymers .....ccoccevevvennenn.. 5
2.2 Fabrication of CryogelsS ..ot 6
2.3 Characterization Of Cryogels .oouvviirie e, 6
2.4 TFabrication of cryogel microparticle (CMP) ....ccccoceunn.... 7
2.5 Rheological properties and injectability of the CMP...... 8
2.6 Release KINetiC analy SIS wuveeeeee v 9
2.7 Antibacterial teSt cooivviiiii i 9
2.8 In vitro biocompatibility and cell proliferation ............. 10
2.9 In vivo hindlimb ischemia model and cryogel injectionl11
2.10 Histological analy SIS .oiuvieiieiiiiiiee et 12
2.11 Statistical analy SIS e eeniin i 12
3. Results & DISCUSSION . ...iiiiiii i 13
3.1 Synthesis of methacrylated biopolymers ..................... 13
3.2 TFabrication and characterization of the Chi—MA/
CS—MA/PEGDA CIryogelS..cieieiiiieeiiieieeieieeieeeeeeeeeeeeeeeen, 15
3.3 Preparation of the cryogel microparticle (CMP)
and the 1nJectability .o, 19
3.4 Sustained rhVEGF —release behavior ........ccc.cccoeeeiinnnnll 23
3.5 The effects of released rhVEGF on cell behavior ....... 27
3.6. Intramuscular injection of the CMP for treating the mice
hindlimb ischemia 777 ViVO.........ccoeevuveeeiiieeiiiiiiiiieeiie, 29
O G0 sl L 1] (o) o W 34
iii e



CHAPTER TWO: Injectable Cryogel Microsphere for Cell

| D) AT4<) o RPN 35
2.1 INtrodUCtION . ..uuiiii i 35
2.2 Experimental SeCTION . ouu e 40

2.2.1 Synthesis of methacrylated biopolymers ........co.cuu...... 40

2.2.2 Fabrication of CryOgel ... 41

2.2.3 Swelling ratio and rheological property of cryogel.....41

2.2.4 Preparation of cryogel microspheres ....coccoveevvevinnenn... 42

2.2.5 Cell proliferation and viability .cooveeeeeniieieiieieiieieens 43

2.2.6 Cell INfiltration...oocoveiiiiieiiie e, 43

2.3 Results & DISCUSSION.....viiiiiiiiiieei e 45
2.3.1 Synthesis of methacrylated biopolymers ........ccoouveon... 45

2.3.2 Characterization of Cryogel ..oooovuvieieiieiiiiieiieieeeainnen, 47

2.3.3 Preparation of cryogel microsphere ......co.covvvviviinninnnn. 51

2.3.4 In vitro, cell viability and protection. ......c.coeeevvevvennennee. 53

2.4 CONCIUSION ..ciitiii e 55

I (=) =) o Lo T N 56
X LY 62

v



List of figures

Figure 1. 'H-NMR analysis of the methacrylated biopolymers

Figure 2. Fabrication and characterization of Chi—MA/
CS—MA/PEGDA cryogel

Figure 3. Preparation of the cryogel microparticles (CMP) and its
rheological and injectable properties

Figure 4. Antibacterial test

Figure 5. In vitro cell proliferation and viability test

Figure 6. In vivo therapeutic efficacy of V—CMP in mice hindlimb
ischemia model

Figure 7. Histological and immunostaining analysis of the ischemia
tissues

Figure 8. Comparative table between hydrogel and cryogel

Figure 9. 'H-NMR analysis of the methacrylated biopolymers

Figure 10. Fabrication of cryogel and its swelling ratio

Figure 11. Rheological property of cryogel

Figure 12. Morphology of cryogel microsphere

Figure 13. In vitro, Live/Dead images for verifying cell viability and
protection.

Scheme 1. The schematic of fabricating the cryogel microparticle (CMP)

Scheme 2. Schematic of cryogel microsphere preparation via microfluidic

channel and emulsification.



CHAPTER ONE:

Enhanced Neovascularization Using

Injectable and rhVVEGF-Releasing

Microparticles

1. Introduction

Cryogels have an interconnected macroporous structure
formed by the ice crystal-mediated pore formation at low
temperatures [1, 2]. Due to their spongy-—like structure, the
cryogels can imbibe a large amount of water and still retain shape—
memory and deformability. These unique characteristics of
cryogels have enabled them to be applied as injectable scaffolds
system [3]. The injectable cryogels have been utilized to treat
dilaceration or the occasions needed for open surgery in a minimally
invasive way [4, 5]. However, it is often suffered from injecting
cryogels through the narrow needle. Furthermore, since the
cryogels would remain in their original shape after injection, it is not

appropriate to inject them into irregular wounds or dense tissues



such as muscle tissue [6, 7]

The cryogels have also been used as a delivery carrier of
cells, drugs, and macromolecules to improve the therapeutic
outcomes [8—10]. Among various methods for delivering the
growth factors, the strategy based on the electrostatic attraction with
the cryogels has been extensively studied [11]. For examples,
glycosaminoglycans (GAGs) have carboxyl and sulfate groups that
display negative charge, e.g., heparin, heparan sulfate, chondroitin
sulfate (CS), which have an excellent binding affinity with various
growth factors such as vascular endothelial growth factor (VEGEF),
basic fibroblast growth factor (bFGF), and platelet—derived growth
factor (PDGF) [12, 13]. Heparan sulfate has been incorporated into
cryogels for sustained release of growth factors by having a charge—
dependent affinity [14]. Likewise, CS is also negatively charged,
allowing for potential electrostatic interaction with cationic drugs and
protein molecules [15]. They have also been used in the
combinatorial system with other polycationic biopolymers, including
chitosan (Chi), to control the release kinetics of growth factors [16—
18]. These biopolymers are often engineered to finely control the
release kinetics of growth factors [19, 20].

In this study, we developed an injectable cryogel



microparticle (CMP) by simply pulverizing the bulky cryogels aim at
improving the injectability (Scheme 1). We fabricated a cryogel by
cross—linking CS—methacrylate (CS—MA) and Chi—methacrylate
(Chi—MA). The gel—like properties were obtained by dispersing
the CMP in an aqueous phase, and its mechanical and injectable
properties were characterized. Furthermore, we loaded rhVEGF
into the CMP (V—CMP) with anticipating the CS—mediated sustained
release of the rhVEGF. Finally, the therapeutic efficacy of the V—
CMP was estimated vza intramuscular injection into mice hindlimb
ischemia model. It highlights that we could improve the injectability
of the cryogel, and this study would broaden its applicability to tissue

engineering and regeneration medicine.
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Scheme 1 The schematic of fabricating the cryogel microparticle (CMP). The
cryogel was prepared by cross—linking of Chi—MA/CS—MA/PEGDA at —
20C. The rhVEGEF could be entrapped into the cryogel due to the
electrostatic force with negative charges of CS—MA, displaying the
sustained release kinetics of the rhVEGF. The bulky cyrogel was pulverized
into the micron—sized particles and dispersed within an aqueous phase,

which enabled the CMP to be injectable through the narrow syringe needles.
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2. Experimental section

2.1 Synthesis of methacrylated biopolymers

Chitosan methacrylate (Chi—MA) was synthesized, as
previously reported [21]. Briefly, Chitosan (MW: 50,000—190,000
Da, 448869, Sigma—Aldrich) was dissolved in 2 % acetic acid
solution at 1.0 w/v % until the clear solution was obtained at room
temperature. Methacrylic anhydride (276685, Sigma—Aldrich) was
added at a 0.4 molar ratio to the chitosan unit. After reacting for 3
hours at RT, the solution was dialyzed (3.5K MWCO) against distilled
water for two days to eliminate the unreacted reagents, followed by
lyophilization and storage at —20C. The methacrylation was
confirmed by 'H NMR by dissolving both chitosan and Chi—MA in
0.25% DCl—containing D20 (0.5 w/v%).

Chondroitin  sulfate—methacrylate (CS—MA) was also
synthesized as previous work [22]. Chondroitin sulfate (C0335,
Tokyo Chemical Industry Co., Ltd.) was dissolved in phosphate—
buffered saline (PBS) at 10 w/v %. It was reacted with glycidyl
methacrylate (151238, Sigma—Aldrich) (73mM) for 1ldays to
conjugate methacrylate functional groups. Then, the reaction was
stopped by dialysis through a membrane (3.5K MWCO) for 48 hours,

followed by lyophilization and storage at —20C for further use. The
5



methacrylation of C.S. was also confirmed by 'H NMR by dissolving

the polymers in D20.

2.2 Fabrication of cryogels

For fabricating the cryogels, poly (ethylene glycol) diacrylate
(PEGDA) (MW: 3,400 Da, 46497, Alfa Aesar) was used as cross—
linker. The final concentration of Chi—MA and PEGDA were 0.5 and
2.5 w/v %, and that of CS—MA was varying from 0.5 to 2.5 w/v %.
Ammonium persulfate (APS) (A3687, Sigma—Aldrich) and N,N,N’
—tetramethylethylenediamine (TEMED) (Sigma—Aldrich) were
added to the solution at 0.4 w/v % and 0.1 v/v %, respectively. Then
the polymerization was proceeded for 18 hours at —20TC, followed

by lyophilization.

2.3 Characterization of cryogels

The swelling ratio was characterized by measuring both the dry
and wet weight of the cryogel. The wet weight was measured after
soaking the cryogel in DI water until it reached the swollen
equilibrium state. The swelling ratio was calculated as the following
equation;

Swelling ratio (Q) = W¢/Wyq
6



, where Ws and Wy represent swollen and dry weight, respectively.

The mechanical property of the cryogel was estimated using
arheometer (MCR 302, Anton—Paar, Austria) depends on the amount
of CS—MA. The cryogels were prepared in a cylindrical shape with
a diameter of 8 mm. The frequency sweep test was carried out with
increasing the oscillator frequency from 0.1 to 10? Hz at a constant
strain of 1 %. The shear storage modulus (G') and loss modulus (G")
were recorded.

To investigate the compositional homogeneity of cryogel,
FITC—labeled Chi—MA and RITC—labeled CS—MA were prepared as
previously reported [23, 24]. After fabricating the cryogel, the
fluorescent images were obtained through a fluorescent microscope

(EVOS, AMF4300, EVOS, Life Technology).

2.4 Fabrication of cryogel microparticle (CMP)

To obtain the CMP, the bulk cryogel with a CS—MA
concentration of 2.5 w/v % was ground using a pulverizing machine
(RT—-02A, Rong Tsong Precision Tech. Co., Taiwan) in a dried state.
The particular shape was observed in both dried and swollen state
through an optical microscope, and their size distributions were

determined from the images using Image J (Image J Software).
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2.5 Rheological properties and injectability of the CMP

The rheological properties and injectability of the CMP were
investigated with soaking in PBS with different particle
concentrations. The CMP was dispersed at 5 and 10 w/v % (CMP—
5 and CMP-10, respectively). Each CMP dispersion was loaded
between the measurement cells of the rheometer, whose gap was 1.5
mm (Measuring cell: P—-PTD & H-PTD 200). Viscosity
measurement, strain sweep test, and continuous step strain test were
carried out. Firstly, the viscosity was measured varying the shear
rate from 1 to 10° 1/s. Secondly, in the strain sweep test, both the
shear storage and loss modulus (G' and G") were recorded at a strain
range from 0.1 to 500 % with a frequency of 10 Hz. Finally, the
shape recovery ability of the CMP dispersion was analyzed from the
cyclic strain test by alternating 1 % and 500 % strain minutely for 5
min. In addition, the injectability was confirmed by extruding the
CMP—-10 through a 23G needle into either the PBS bath or pre—

shaped molds.



2.6 Release kinetic analysis

The release behavior of the recombinant human—vascular
endothelial growth factor (rhVEGF) was analyzed. The rhVEGF was
added to the CMP—10 at 10 ng/mL and stored at 4'C overnight. The
100 #L of rhVEGF—loaded CMP—-10 (V—=CMP) was placed on the
upper chamber of transwell, while the lower chamber was filled with
PBS. During incubation at 37C in a humidified atmosphere, the
release behavior was Investigated. Using enzyme —linked
immunosorbent assay (ELISA), the release amount of rhVEGF was

determined, and its cumulative amount was calculated.

2.7 Antibacterial test

The antibacterial ability of the Chi—MA/CS—MA/PEGDA
cryogel was tested with  Escherichia.coli  (E.coli)  and
Staphylococcus aureus (S.aureus) by absorbance estimation (OD
600nm). Bacterial cells were inoculated on agar plate for growth.
After incubating the bacterial cells, the cryogel was soaked in

bacterial media. Measure the absorbance at 600nm.


https://en.wikipedia.org/wiki/Staphylococcus_aureus

2.8 In vitro biocompatibility and cell proliferation

The effects of rhVEGF released from the CMP on cellular
behavior were estimated. Human umbilical vein endothelial cells
(HUVECs) were seeded on the lower chamber, and the V—=CMP was
placed on the upper chamber of the transwell. The same amount of
rhVEGF (10 ng/mL) was added into the culture medium as a positive
control, and the CMP (without rhVEGF) was also tested. The cells
were maintained with EGM™=2 signleQuots® (CC—3162, Lonza,
Walkersville, MD) without the rhVEGF component. After five days,
the cell viability was confirmed using the Live/Dead assay Kkit
(Invitrogen), and the fluorescent images were obtained using a
fluorescence microscope (AMF4300, EVOS, Life Technology). The
cell viability was calculated from the number of live cells per total
cells.

The in vitro cell proliferation was monitored as the way of
cell viability test. The metabolic activity of the cells was confirmed
by Presto blue cell viability reagent (A13261, Invitrogen) following
the manufacturer's protocol. The fluorescence intensity of the
reacted solution was measured at Adex = 560 nm and Aex = 590 nm,

followed by calculating the relative cell proliferation.

10



2.9 In vivo hindlimb ischemia model and cryogel injection

All the in vivo experimental procedures were approved by
IACUC of Seoul National University (SNU—-190917-5). Eight
weeks female balb/c mice (OrientBio Co., Republic of Korea) were
used, and the surgery was carried out under isoflurane anesthesia.
After the hair was removed, the left lower extremity is disinfected
with betadine solution. The skin was incised in 2 to 3 cm, along the
left femoral artery. The blood flow was blocked by ligation with a
3—0 silk suture from the lower part of the inferior epigastric artery
to the midpoint of the superficial femoral artery [25, 26]. After the
surgery, the ischemic hindlimbs of mice were treated by injecting
100 p¢L of PBS, CMP—-10, rhVEGF, and rhVEGF—-CMP—10 into the
musculus gracilis. The extent of necrosis of the hindlimb ischemia
area was analyzed until 28 days. The blood flow of each limb was
measured via a laser Doppler perfusion imaging (LDPI) weekly, and
its perfusion was quantified using colored histogram pixel expressed
as LDPI index, which means the ratio of the ischemic limb to the
normal limb bloodstream. The tissue salvage score was measured
as previously reported [14, 27]. Briefly, the hindlimb tissues were
scored by a semiquantitative scale: entire recovery (score 6), minor

necrosis or nail loss (score 5), partial toe amputation (score 4),

11



total toe amputation (score 3), partial/total foot amputation

(score 2), or partial/total limb amputation (score 1).

2.10 Histological analysis

After four weeks of treatment, the inguinal muscle tissues
were collected and fixed with formaldehyde (4 w/v%). The tissues
were paraffin—embedded and sectioned into 10 gm, followed by
hematoxylin and eosin (H&E) staining. In addition, for investigating
the angiogenic response, the tissue sections were processed to
perform the immunofluorescence staining. The specimens were
incubated with a primary antibody « —SMA (Anti—alpha smooth
muscle Actin antibody, ab5694, Abcam), followed by visualization
using the goat anti—rabbit secondary antibody (Alexa Fluor® 594,
ab150080, Abcam) and 4" ,6—Diamidine—2" —phenylindole

dihydrochloride (DAPI) staining.

2.11 Statistical analysis

All data are presented as the mean £ standard deviation.
Statistical significance between groups was determined by Student’

s t—test with *p< 0.05, **p< 0.01, and ***p< 0.005.

12



3. Results & Discussion

3.1 Synthesis of methacrylated biopolymers

We synthesized both Chi—MA and CS—MA by methacrylation
process and conducted the 'H=NMR analysis. The 'H-NMR spectra
of Chi—MA represented the peaks from 1.8 to 2.3 ppm corresponding
to protons in the methacrylamide and the acetyl moieties, and the
peaks of methylene and methacrylamide from 5.2 to 6 ppm also
appeared (Figure 1A) [28]. At the same time, the 'H—NMR spectra
of CS—MA showed the peaks at 1.89, 5.7, and 6.11 ppm
corresponding to the methacrylate group (Figure 1B), which
indicated that both the Chi—MA and CS—MA were successfully

synthesized.

13
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Figure 1 'H-NMR analysis of the methacrylated biopolymers. 'H-NMR
spectra of (A) chitosan methacrylate (Chi—MA) and (B) chondroitin sulfate
methacrylate (CS—MA). The peaks corresponding to the methacrylate
group were confirmed, which indicated that both Chi—MA and CS—MA were

successfully synthesized.
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3.2 Fabrication and characterization of the Chi-MA/CS-
MA/PEGDA cryogels

The cryogels are formed at subzero temperatures, and their
properties could be controlled dependent on cryogelation time,
polymeric molecular weight, and initiator concentration [29].
Through the process, cryogels have interconnected macroporous
structure, which contributes to offering injectability with immediate
shape recovery [30].

The physical and mechanical characteristics of GAGs—based
cryogel scaffolds can be tunable depending on their charge freezing
time, polymer molecular weight or cooling rate, etc. [31]. Here,
Chi—MA was used to strengthen the cryogel mechanical property by
electrostatic interaction with CS—MA, as previously reported [32] .
Also, we characterized the cryogels by tuning the amount of CS—MA
(0, 0.5, 1, and 2.5 w/v %), since the sulfate groups of CS allowed the
cryogels to significantly uptake the water. Poly(ethylene glycol)
diacrylate (PEGDA) was used as a cross—linker, and it could retain
the structural stability of the cryogels (Figure S1). The cryogels
could imbibe the water and be immediately swollen regardless of CS—
MA contents (Supplementary Video 1); however, the volumetric
swelling ratio of the cryogels increased with increasing the CS—MA

15



contents due to the abundant hydrophilic and negative charge
moieties of CS (Figure 2A). The Q value of 2.5% CS—MA cyrogel
represented 24.82 = 1.6 while those of 0, 0,5, and 1.0% CS—MA
cryogels were 18.38 * 2.35, 18.3 * 2.31, and 20.11 * 2.52
respectively (Figure 2B). It suggests that the hydrophilic moiety of
CS—MA was contributed to holding a much more aqueous solution,
which would result in a high loading efficiency of growth factors.
Next, we analyzed the mechanical property of the cryogel dependent
on CS—MA contents. The CS—MA —deficient cryogels exhibited the
highest shear modulus (Figure 2C). However, in the case of CS—
MA —containing cryogels, there was a tendency of having
incremented shear modulus along with the higher CS—MA —contents.
It might be attributed to the increase of polymers contents in the
cryogels.

The various biomimetic scaffolds, consist of both Chi and CS, have
been fabricated via forming polyelectrolyte complex; however, the
electrostatic interaction may often lead to randomly aggregated— and
non—homogeneous scaffolds [33—35]. Thus we estimated whether
the mixture of Chi—MA and CS—MA could fabricate the homogeneous
cryogel scaffolds. After conjugating the distinct fluorescent dyes to

both Chi—MA and CS—MA, respectively, then we inspected the

16



distribution of each polymer within the cryogel through a fluorescent
microscope (Figure 2D). We could observe that FITC—labeled Chi—
MA (green) and RITC—labeled CS—MA (red) were homogeneously
distributed within the cryogel. As a result, we confirmed that the
physical and mechanical properties of the cryogels could be adjusted
by varying the amount of CS—MA. Subsequently, we proceeded with
using 2.5 w/v% CS—MA in the following experiments.

A cationic polysaccharide, Chi have been widely used to
fabricate polyelectrolyte complex with anionic biomaterials, such as
CS and heparan sulfate, through ionic coacervation [17, 18]. We
successfully cross—linked the CS—MA and Chi—MA using PEGDA as
a cross—linker, and the homogenous cryogel scaffold was obtained

without phase separation (Figure 2).

17
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Figure 2 Fabrication and characterization of Chi—MA/CS—MA/PEGDA
cryogel. (A) The photographs of the cryogels in both dried and swollen
states, which showed the higher volumetric swelling was obtained with
increasing the CS—MA content. (B) The swelling ratio (Q) of the cryogels
depending on the amount of CS—MA. (C) The shear storage modulus (G’ )
and loss modulus(G” ) of the cryogels were measured by the frequency
sweep test. (D) The fluorescent images of cryogels consist of FITC—labeled
Chi—MA and RITC-labeled CS—MA, which revealed that Chi—MA and CS—

MA were homogenously mingled throughout the cryogel.
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3.3 Preparation of the cryogel microparticle (CMP) and the
injectability

The injectable biomaterials are beneficial to be used for filling
the wounds or damaged tissues with irregular shape and used as
delivery carriers of therapeutic agents [36, 37]. The injectable
system can also facilitate the surgical procedure, such as
intramuscular injection and intrasynovial injection [38, 39]

Here, we ground the bulky cryogel to improve the injectability
through a pulverizing machine and observed the microscopic images
in both dried and swollen states in PBS (Figure 3A). The CMP
contained micron—sized grains with irregular structures, and each
particle increased in size when swollen like bulky cryogel.
Particularly, the swollen CMP showed an areal particle size
distribution of about from 1.0 x 10* to 10 x 10* xm? whereas
displaying about from 0.5 x 10* to 5.0 x 10* zm? in the dried state
(Figure 3B). The most substantial portion was ranging in size from
1.5x 10*to 5.5 x 10* in the swollen state and from 0.5x10*to 2.5x10"
xm? in the dried state.

In the case of injectable biomaterials and
viscosupplementation (e.g., dermal fillers), the injectable properties
can be affected by both the molecular weight and cross—linking

19



degrees of the ingredients [40]. Likewise, by mixing it with an
aqueous phase in different concentrations, we investigated the effect
of CMP content on its rheological properties. The amount of CMP in
PBS was set as 5 (CMP—5) and 10 w/v % (CMP—-10). CMP-10 and
CMP—5 had a viscosity of about 129 and 27.0 Pa—s, respectively
(Figure 3C). In both CMP, as the shear rate increased, the viscosity
decreased, implying that the CMP system has shear—thinning
property and can pass the syringe needle. We also estimated the
shear moduli (G' and G") of both CMP under the strain sweep
condition. In the absence of strain, CMP—10 showed G' of 1.15 kPa,
and CMP—-5 of 0.16 kPa (Figure 3D). Both CMP showed that their
G' was higher than G", which suggests that both CMP had gel states.
However, as the shear strain was increased, the gel—sol transition
(G' <G") occurred in CMP—10 and CMP—5 at about 194 and 121 %,
respectively. Based on the breakage strain of the CMP, the oscillatory
shear strain (1 % and 500 %) was applied alternately to determine
whether the CMP system had self—healing ability (Figure 3E). Both
CMP showed a reversible sol—gel transition and exhibited a stable
self—healing behavior, demonstrating that the CMP would recover its
gel state after passing the needles as a sol—like state. Finally, we

confirmed the practical injectability using CMP—10 (Figure 3F(1)). It

20



was shown that the CMP particles were smoothly injectable through
a 23G needle. Furthermore, CMP—10 could retain its structure even
injected into the mold with irregular shapes (Figure 3F (ii) and (iii)).

As a result, we found that our CMP system displayed
excellent injectability with self—healing behavior, which suggests
that it would be readily applied to the diseased or damaged tissues
with irregular shapes. It should be noted that this pulverization
method is not limited to the Chi—MA/CS—MA/PEGDA cryogel, and
can be utilized regardless of the cryogel materials. In fact, we
investigated whether other cryogel systems could also be processed
with pulverization using gelatin/heparin cryogel [14], and the similar
rheological and injectable properties was achieved (data were not
shown). This implies that the pulverization—based strategy can

broaden the applicability of cryogels.
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Figure 3 Preparation of the cryogel microparticles (CMP) and its rheological
and injectable properties. (A) (i) Photograph of pulverized cryogel. The
microscopic image of CMP in (ii) dried and (iii) swollen state. (B) The
particle size distribution of CMP was determined based on the microscopic
images. (C) Viscosity of both CMP showed the shear—thinning property. (D)
The shear moduli were measured by the strain sweep test, which showed
that CMP—10 had higher shear modulus and resistance to shear force—
mediated breakage than CMP—5. (E) The self—healing ability of both CMP
was confirmed by the dynamic strain sweep test with alternately applying
oscillatory shear strain (1 % and 500 %). (F) Visualization of the
injectability of CMP—10 by injecting it in (i) ambient condition and (i) the
void—filling ability of the CMP—10. (G) Sustained release of rhVEGF from
CMP—-10 for 15 days
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3.4 Sustained rhVEGF-release behavior

A variety of angiogenic agents, such as engineered cells,
peptides, and growth factors, have been widely applied to treat
cardiovascular diseases [25, 41, 42]. However, the injection of
these therapeutic agents alone is not recommended due to the
reasons, such as the low survival rate of cells, unstable features of
peptides, and the declined targeting efficiency [43]. It has been
demonstrated that VEGF plays a pivotal role in neovascularization by
inducing proliferation and tube formation of endothelial cells [44].
For enhancing the delivery efficacy of VEGF, polysaccharide
biomaterials have been used as a reservoir to incorporate the VEGF
[45]. Since the covalent conjugation of VEGF often suffers from the
loss of its biological activity, another strategy has emerged using the
electrostatic interaction between VEGF and the biomaterials having
negatively charged moieties [46]. CS is one of the proteoglycans
possessing a negative charge from sulfated groups and have been
used for controlled growth factor delivery [47].

Electrostatic interactions of GFs with biomaterials can
prolong their release duration, which can lead to promising outcomes
for treating diseased or damaged tissues [18, 48]. We anticipated

the chondroitin sulfate would entrap the rhVEGF via electrostatic

23



interaction. We evaluated the released kinetics of rhVEGF from
CMP-10 with a concentration of 10 ng/mL. The initial burst release
was observed within three days, and then the release rate was
declined. This sustained—release lasted up to 14 days, showing that
the CS—mediated binding of rhVEGF to CMP—10 resulted in the
prolonged—release behavior (Fig. 3G). Albeit we thought that the
VEGF was incorporated throughout the surface of the CMP, their
binding appearance should be further investigated.

Although we did not validate the controlled release behaviors
depending on the amount of CS in the cryogels, the V-CMP showed
the sustained release of rhVEGF (Figure 4). It can be considered
that increasing the Chi ratio dominantly in this CMP system would be
applied to carry the other positively charged therapeutic agents, such

as plasmid DNA, hormones, and drugs [49—51].

3.5 Antibacterial test

Chitosan was known to have an antibacterial effect [52]. To
verify the microbial efficacy of the cryogel, gram positive (S.aureus)
and negative (E.coli) were used. The Control group showed burst
growth of bacteria, while the CMP group exhibited a poor growth rate.

As the amount of bacteria increases, the absorbance increases.
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Therefore, we confirmed the cryogel has ability to prevent bacteria

growth.
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Figure 4 Antibacterial test. (A) Schematic illustration of microbial test. (B)
Absorbance at 600nm for E.coli and S.aureus to quantify the amount of

bacterial cells.
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3.5 The effects of released rh\VVEGF on cell behavior

We estimated how the rhVEGF released from the CMP—10
could affect the in vitro cellular behaviors using human umbilical vein
endothelial cells (HUVECs). The bolus rhVEGF was treated as a
positive control, and the CMP with and without rhVEGF were placed
in the transwell (Figure 5A). Through the Live/Dead analysis, we
confirmed that all of the groups had little cytotoxicity, in particular,
the cells treated with rhVEGF seemed to spread out much more than
cells without rhVEGF treatment (Figure 5B). By quantifying the cell
viability based on the Live/Dead images, we confirmed that the
rhVEGF —releasing CMP system showed a survival rate of over 95%
and did not provide any negative effects on the cells (Figure 5C).
Furthermore, through the Prestoblue assay, the effect of release
rhVEGF on cell proliferation was assessed (Figure 5D). Although
the cells with rhVEGF—-CMP displayed a lower proliferation rate than
those with bolus rhVEGF, it exhibited a prominently increased
proliferation compared to the cells without rhVEGF treatment. It
suggests that rhVEGF released from the CMP—10 was effective in

cell metabolisms and proliferation.
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Figure 5 /n vitro cell proliferation and viability test. (A) Schematic of the in

vitro cell test. (B) The fluorescent images of the Live/Dead assay. (C) The

quantification of cell viability based on the fluorescent images. (D) The cell

proliferation behavior treated with each group, which revealed that the

released VEGF from the CMP was effective in cell metabolism.
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3.6. Intramuscular injection of the CMP for treating the mice

hindlimb ischemia in vivo

We assessed the therapeutic efficacy of the rhVEGF-—
releasing CMP via intramuscular injection into the in vivo mice
hindlimb ischemia model. The hindlimb ischemia was induced
through excising the left femoral artery and treated the mice with the
following experimental groups: PBS, VEGF, CMP, V-CMP. Above
all, we could assure that the blood flow was successfully blocked
through the doppler images. After the injection of each sample, we
assessed tissue regeneration and blood perfusion for 28 days (Figure
6A). The PBS (control) group showed paw amputation, while at the
same time, the CMP group showed toe amputation. In the case of
the VEGF group, the limb tissue almost remained with a little portion
of the toe decayed. However, the V=CMP group showed excellent
tissue regeneration comparable to the healthy tissue, which might be
contributed to the fasted restoration of blood flow (from about two
weeks). As aresult of quantifying the blood perfusion at four weeks
post—treatment, we confirmed that the blood perfusion was
recovered slightly by the CMP alone, showing LDPI as 43.2 = 15.44.
The V—CMP had significant resilience by exhibiting the highest LDPI
of 90.75 £ 7.33, while VEGF showed LDPI of 70.84 *= 8.13 (Figure
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6B). Furthermore, in the tissue salvage score, the VEGF and the V—
CMP showed about 4.34 and 5.34, respectively; however, the CMP
was inferior to them with showing about 2.67 (Figure 6C). Besides,
we conducted histological analysis on the hindlimb tissues at four
weeks (Figure 7). The H&E images showed that lots of tissue
necrosis occurred in PBS and CMP group, while both the V-CMP and
the VEGF exhibited healthy tissue conditions. The V—CMP showed
a higher number of @ —SMA-—positive cells than that of the VEGF,
and the newly formed blood vessels in the V—CMP appeared much
matured and enlarged. Consequently, we clarified that the CMP
could be used in the intramuscular injection and recover the
bloodstream by sustained releasing the rhVEGF, which effectively
prevented tissue necrosis. Although it should be furhter investigated,
the tissue necrosis was slightly prevented than control group and it
might be attributed that the CS attracted the surrounding
biomolecules, e.g., cytokines, and circulating progenitor cells [53]. In
general, microparticle—based injectable systems displayed
therapeutic effects with spreading throughout the surrounding
tissues [54]. Likewise, it was thought that our CMP—based system
effectively delivers the VEGF with steadily dispersed in the muscle

tissues. It should be further verified how the biodegradability of
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CMP effects on both the release kinetics of VEGF in the i vivo
environment and tissue regenerative ability. Furthermore, Hou et al.
demonstrated that assembly of the microparticles resulted in
retention within the target tissues after the in vivo injection [55].
This strategy can be utilized to enhance retention of the CMP in
tissues using a variety of injectable biomaterials, such as Pluronic—
F127 and high—molecular hyaluronic acid. As shown in Figure 3, the
CMP dispersed immediately within the aqueous bath, whereas it
exhibited sufficient structural stability to be laminated at ambient
conditions; therefore, it may be necessary to further study the
behavior of the CMP when injected into various biological tissues.
Intramuscular injection of the bulky cryogels may be
constrained by the fact that the muscle tissues have highly compact
microstructures [56]. Thomas et al. previously fabricated ECM
powder by pulverization using a grinding mill and demonstrated the
powder would be utilized in tissue engineering applications [57], and
several types of research have been conducted using the ground
particles [58]. Beyond the above methods, we herein simply
developed a pulverized—mediated strategy for fabricating the
injectable cryogel system and tried to verify its feasibility of

therapeutic application vza intramuscular injection.
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Figure 6 The in vivo therapeutic efficacy of V—CMP in mice hindlimb
ischemia model. (A) Representative doppler images of hindlimb ischemia
mouse injected with PBS (control), VEGF, CMP, and V-CMP during the
treatment. (B) Quantitative evaluation of blood perfusion by using Laser
Doppler Perfusion Imaging (LDPI). LDPI ratio was determined by comparing
the blood flow of the lower limb ischemia to that of healthy tissue. (C) The

tissue salvage score of the lower hindlimb regions at four weeks.
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Figure 7 Histological and immunostaining analysis of the ischemia tissues.
Histological H&E staining of ischemic muscle tissue was carried out after
four weeks. The V-CMP exhibited a highly compact and elaborate tissue
structure. Immunostaining images represented that the V—CMP promoted
neovascularization in ischemic muscle tissue with showing most abundant

@ —SMA positive cells (red).
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4. Conclusion

In this study, we have proposed an injectable cryogel system
using the facile pulverization method. Through the pulverization
process, we overcome the size limitation of the injection of bulky
cryogels. We fabricated Chi—MA/CS—MA/PEGDA cryogel with
optimal ratio, and the physical and mechanical properties were
characterized. We confirmed that the CP exhibited the injectability
and could readily fill the void area. Furthermore, the VEGF was
incorporated into the CP and released in a sustained manner via
electrostatic interaction with CS—MA. Finally, we proved that this
CP—VEGF system promoted neovascularization in the in vivo
hindlimb ischemia model with preventing tissue necrosis.
Consequently, we demonstrated that the pulverization—mediated
strategy had the potential to be used for tissue engineering

applications.
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CHAPTER TWO:

Injectable Cryogel Microsphere

for Cell Delivery.

2.1 Introduction

Cell—based therapy has been widely utilized as a strategy for
disease treatment and tissue regeneration. Biological scaffolds not
only facilitate the delivery of cells to desirable location, but also
provide favorable environment to control their migration,
proliferation, and differentiation n vivo. However, large open
surgery is inevitably required to transplant the cell—-loaded scaffolds,
which poses a potential risk during the operation [59]. Recently,
injectable biomaterials have been developed for a minimally invasive
therapy and used in various medical treatments. It can reduce
patients’ pain and provide safety [60].

Hydrogel—based injectable biomaterials have been used as
fillers based on the shear—thinning property, but the biological
functions of the cells inside the hydrogel were mostly affected due
to the low diffusion rate (figure 8) [61]. Furthermore, In the case of

an injectable hydrogel system, the injectability is originated from the
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breakage—recovery process. Thus diverse fabrication mechanisms
are needed to be introduced, e.g., shear—thinning ability, host—guest
reaction, and reversible chemical and/or physical bond [62—65].
However, these strategies often displayed disadvantageous features,
which require multiple chemical reactions and potential cytotoxicity
[37, 66]. On the other hand, microparticle—based systems have
been developed to be used as injectable biomaterials since it has inter
particular space between the microparticles, which allows itself to
have deformability and injectability [67]. However, these
microparticulate systems also need to utilize emulsification
techniques, which use the organic phase and require additional
removal procedures [68, 69].

To solve this problem, a microcarrier has been developed that
increases the loading efficiency of cells and provides a high diffusion
rate with a large surface area. However, cell death occurs due to
pressure, friction, and etc. during the injection process, which leads
to significantly reduced transfer efficiency because the cells adhere
only to its surface. Thus the microcarrier has to provide sufficient
internal porous structure to support cell proliferation after the cells
are attached and be able to protect the cells from the external

environment [70].
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Cryogel is a three—dimensional polymer scaffold with a large
porous structure and can be manufactured in various forms through
suitable manufacturing processes [71] . In particular, a sphere—
shaped microcarrier can be fabricated by a conventional emulsion
method. Furthermore, recently, microfluidic devices allow producing
a large number of microspheres with finely controlled sizes and
shapes [72].

In this study, we proposed an injectable cryogel microspheres
(ICM) system for cell delivery (scheme 2). The cryogel was
fabricated using the naturally—derived biomaterials, gelatin and
hyaluronic acid, with introducing methacrylic moiety. By coupling the
microfluidic devices with cryo—emulsification technique, the size of
ICM was determined. We estimated the cell—protective ability of ICM
against injection pressures and in vivo environment. It highlights that
the ICM system would be utilized to stem cell therapy or tissue

engineering application
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2.2 Experimental section

2.2.1 Synthesis of methacrylated biopolymers

Gelatin methacrylate (GelMA) was performed as previously
recommend [73]. The gelatin from porcine skin (type A, Sigma—
Aldrich) was dissolved with 10 w/v% in phosphate—buffered saline
(PBS; Gibco) at 60C. Methacrylic anhydride (MA, Sigma—Aldrich)
was added to gelatin solution for the final concentration at 8 v/v %.
After 3 hours reaction, PBS was added five times of the solution to
stop the reaction and dialyzed against D.W for 7 days at 50T
followed by lyophilization and storage at —20C. The methacrylation
was confirmed by 'H NMR by dissolving gelatin and GelMA in D»0.

Methacrylated Hyaluronic acid (MeHA) was also synthesized
as previously described [74]. Briefly, HA (MW 64000; Life Core
Technologies) was dissolved in PBS at 1 w/v% and stirred. Then
glycidyl methacrylate (GMA; Sigma—Aldrich) was added with 2 v/v%
and toughly stirred at room temperature for 8days. The solution was
dialyzed against D.W through 1000 M.W membrane for 2days
followed by lyophilization. The methacrylation was also confirmed by

'H NMR by dissolving HA and MeHA in D-O.
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2.2.2 Fabrication of cryogel

To optimize the condition of cryogel, we fabricated bulky
cryogel for characterization. We dissolved MeHA and GelMA at 2
w/v%, 4 w/v% in D.I water and mixed with various ratio. The final
concentration of GelMA/MeHA was 2/1, 2/0.5, 1/1 and 1/0.5. APS
and TEMED were added to the solution at 0.4 w/v % and 0.1 v/v %,

respectively The polymerization was processed at —20TC for 24 h.

2.2.3 Swelling ratio and rheological property of cryogel

The swelling ratio was characterized by measuring both the dry
and wet weight of the cryogel. The wet weight was measured after
soaking the cryogel in DI water until it reached the swollen
equilibrium state. The swelling ratio was calculated as the following
equation;

Swelling ratio (Q) = W¢/Wgq
, where W5 and W4 represent swollen and dry weight, respectively.
The mechanical property of the cryogel was estimated using
a rheometer (MCR 302, Anton—Paar, Austria) depends on the
GelMA/MeHA concentration. The cryogels were prepared in a

cylindrical shape with a diameter of 8 mm. The frequency sweep test
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was carried out with increasing the oscillator frequency from 0.1 to
10 Hz at a constant strain of 1 %. The shear storage modulus (G")

was recorded.

2.2.4 Preparation of cryogel microspheres

The cryogel microspheres was prepared using the

microfluidic devices coupled with cryo—emulsification. The
microfluidic channel was purchatsed from MicroFIT Co.Ltd.(South
Korea), which represent cross—shaped junction with a 300 zm
channel thickneses as previously described [75, 76]. MeHA and
GelMA dissolved in DI water at 0.5 w/v% and 1 w/v% respectively,
with APS was injected into the main channel, simultaneously the
mineral oil was injected into the side channel . The polymeric
microsphere was obtained at the junction of both channels, followed
by dropped into the emulsion jacket.
The jacket was pre—cooled down to —20TC in advance using
Refrigerated circulator (ADO7R—40—A13D, Polyscience) filled with
the 80 mL of petroleum ether and 20 mL of mineral oil. TEMED and
surfactant were also added at 0.5 v/v % and 0.1 % into the solution
in the jacket.

After 24hours for stirring, the cryogel microspheres were collected

42



and washed with petroleum ether, ethanol and DI water sequentially

(or consecutively) each for 1 day, followed by lyophilization.

2.2.5 Cell proliferation and viability

The in vitro cell proliferation was monitored as the way of cell
viability test using Human dermal fibroblasts (HDFs). 5x10%*cells per
well were seeded on a 24—well plate and incubated with cryogel
microspheres in DMEM with 10% FBS and 1% PS.

After 3days and 7days, Live/Dead assay kit
(Invitrogen)was used to assess the proliferation of HDFs and the
fluorescent images were obtained using a fluorescence microscope
(AMF4300, EVOS, Life Technology). The cell viability was
calculated from the number of live cells per total. We also confirmed
that the cells were almost alive after injection via Live/Dead assay

kit.

2.2.6 Cell infiltration

We coated 24 plate well with 1 w/v% agarose gel to prevent
cell adhesion. We sterilized cryogels under UV for 24 hours and put
cryogel microspheres on the coated 24 well plate as one layer. As

mentioned above, 5x10%ells per well were seeded on a cryogels and
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incubated in DMEM with 10% FBS and 1% PS. After 3 days, to
identify cell infiltration into cryogel microspheres, we used Confocal

laser scanning microscope (LSM710 ,Carl Zeiss, Germany).
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2.3 Results & Discussion

2.3.1 Synthesis of methacrylated biopolymers

We synthesized both GelMA and MeHA by methacrylation
process and conducted the 'H=NMR analysis. The 'H-NMR spectra
of GelMA represented the peaks from 5.2 to 6 ppm corresponding to
methylene and methacrylamide (Figure &) [77]. At the same time,
the 'TH-NMR spectra of MeHA showed the peaks at 5.8 and 6.3 ppm
corresponding to the methacrylate group (Figure 8), which indicated

that both the GelMA and MeHA were successfully synthesized.
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Figure 9. '"H-NMR analysis of the methacrylated biopolymers. 'H-—NMR
spectra of (A)gelatin methacrylate (GelMA) and (B) methacrylated HA
(MeHA). The peaks corresponding to the methacrylate group were

confirmed, which indicated that both GelMA and MeHA were successfully

synthesized.
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2.3.2 Characterization of cryogel

The cryogels could imbibe the water ,however, the volumetric
swelling ratio of the cryogels increased with increasing the MeHA
contents due to the abundant hydrophilic and negative charge
moieties. Also, as gelatin concentration increases, the cryogel
becomes opaque.

The Q value of GelMA/MeHA cryogel with a concentration
ratio of 2/1 and 1/1 w/v% represented 31.32 £ 3.40 and 36.31 =
6.36, respectively (Figure 9). While at the same time, the cryogels
of 2/0.5 and 1/0.5 w/v% were 26.63 £ 2.75 and 28.35 * 4.15,
respectively. Although the cryogels in all groups were significantly
swollen, the Q was much higher in MeHA —rich cryogels than that of
MeHA —deficient cryogels. It suggests that the hydrophilic moiety of
MeHA was contributed to interacting with much more water
molecules, which would result in a high swelling ratio.

Next, we investigated the mechanical property of cryogels
depending on the polymer contents using a rheometer (Figure 10).
The cryogel with GelMA-rich groups showed a much higher
mechanical property. In particular, the 2/0.5 cryogel had a robust
mechanical behavior than 2/1 cryogel despite the overall higher

polymeric concentration. It might be attributed that the more MeHA
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content was in the cryogel, the lower the network density appeared,

which caused a diminished mechanical property.
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Figure 10. Fabrication of cryogel and its swelling ratio.
(A) photographs of cryogel in both dried and swollen states,
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2.3.3 Preparation of cryogel microsphere

We obtained cryogel microspheres via microfluidic channel
and emulsification. Size of the microsphere was determined by the
microfluidic channel internal diameter (figure 11A). The inner width
of the microfluidic channel was about 300 #m and the microspheres
in wet state were about 300—500xm (figure 11B). We also
visualized the homogeneously mingled state using RITC conjugated
GelMA through a microscope (figure 11C). Given that the animal cell
size is about 20 #m, the cryogel microspheres were sufficient to

provide an environment for cell delivery. Furthermore, the pore size

of cryogel was about 42.18um enough to make cells infiltrate into

cryogel (figure 11D).
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Figure 12. Morphology of cryogel microsphere. (A) microfluidic channel and
microspheres are passing through it. (B) microscope transmittance image
of cryogel microspheres. (C) RITC conjugated GelMA cryogel microspheres.

(D) SEM image of microsphere and its pore size.
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2.3.4 In vitro, cell viability and protection.

Through the Live/Dead analysis, we confirmed that
GelMA/MeHA cryogel was biocompatible had litte cytotoxicity.
There is no difference between day3 and day7 Live/Dead images,
which means that cells were alive within cryogel microspheres and
did not provide any negative effects on the cells. We could also see
the elongation of HDFs for growth on day 7 (figure 13).

Furtheremore, we confirmed that cells were protected in
cryogel after injection through 21G syringe needle (figure 13). It
suggests that cells do not adhere only to its surface and could
infiltrate into sufficient internal space in cryogel through macropores.
Thus, cell death almost does not occur during injection process. It
results from that cryogel makes loading efficiency of cells increase

and provide a high diffusion rate with large surface area.
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Figure 13. In vitro, Live/Dead images for verifying cell viability and

protection.
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2.4 Conclusion

In this study, we developed injectable cryogel microspheres
system for improving the cell delivery efficacy. Through varying the
MeHA/GelMA ratio, we optimized the cryogel with characterizing the
swelling behavior and mechanical property. Then, we could fabricate
cryogel microspheres with narrow size distribution by coupling the
microfluidic channel with cryo—emulsification technique.
Furthermore, we verified the in vitro cell viability and cell protection
ability of the cryogel microspheres, which was attributed to that the
cells could infiltrate into the cryogel microspheres due to its
macroporous structure. In short, we have developed a cryogel
microsphere scaffolds for delivering the cells with high loading
efficiency. This approach would be applied to cell—based therapeutic

applications.
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