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Abstract

Biodegradable injectable hydrogels have been extensively studied and evaluated in various
medical applications such as for bulking agents, drug delivery reservoirs, temporary barriers,
adhesives, and cell delivery matrices. Where injectable hydrogels are intended to facilitate a
healing response, it may be desirable to encourage rapid cellular infiltration into the hydrogel
volume from the tissue surrounding the injection site. In this study, we developed a platform
technique to rapidly form pores in a thermally responsive injectable hydrogel, poly(NIPAAmM-co-
VP-co-MAPLA) by using mannitol particles as porogens. In a rat hindlimb muscle injection
model, hydrogels incorporating porosity had significantly accelerated cellular infiltration. To
influence the inflammatory response to the injected hydrogel, enzymatically digested urinary
bladder matrix (UBM) was mixed with the solubilized hydrogel. The presence of UBM was
associated with greater polarization of the recruited macrophage population to the M2 phenotype,
indicating a more constructive foreign body response. The hybrid hydrogel positively affected the
wound healing outcomes of defects in rabbit adipose tissue with negligible inflammation and
fibrosis, whereas scar formation and chronic inflammation were observed with autotransplantation
and in saline injected groups. These results demonstrate the value of combining the effects of
promoting cell infiltration and mediating the foreign body response for improved biomaterials
options soft tissue defect filling applications.
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Introduction

Biodegradable injectable hydrogels have found extensive applications in tissue engineering
and a variety of medical procedures, including providing local tissue mechanical support and
as vehicles for drug and cell delivery in soft tissue repair [1-6]. One of the advantages of
injectable hydrogels is that they can be delivered minimally invasively in a designed,
controllable manner [7-9]. In addition, the biodegradability of injectable hydrogels allows
tissue regrowth and remodeling. Recently, concepts have been developed to generate porous
structure within hydrogels to provide pathways for cell infiltration and tissue integration
before hydrogel degradation and collapse [10, 11]. For instance, Griffin et al. employed
hydrogel microsphere building blocks to assemble a crosslinked porous scaffold in situ [11].
Bencherif et al. extruded an elastic porous hydrogel through a needle and the subsequent
shape recovery opened pores in vivo [10]. A variety of thermally responsive injectable
hydrogels have been developed for numerous applications, including to maintain cardiac
functions by providing mechanical support to infarcted myocardium upon intramyocardial
injection [5, 12-14]. One common family of such thermoresponsive hydrogels are those
based on poly(N-isopropylacrylamide) (PNIPAAm), which can be designed to quickly
solidify upon warming to body temperature from a low temperature solution. Since these
hydrogels collapse into a single phase, they can remain intact at the injection site before
degradation with minimal to no signs of cell infiltration into the primary hydrogel mass. As
the two previously mentioned methods to form pores in vivo are not compatible with
hydrogels having similar rapid in situ gelation mechanisms, there is a need to develop a
method to fabricate porous injectable hydrogels. To meet this need, this study evaluated the
mixing of mannitol microparticles with poly(NIPAAm-co-VP-co-MAPLA) (VP: N-
vinylpyrrolidone, MAPLA: methacrylate-polylactide). In this polymer the pendant
hydrophobic MAPLA sidechains generate methacrylic acid units upon hydrolysis, raising
the transition temperature and leading to the eventual solubilization of the copolymer,
without backbone cleavage [15]). The highly soluble mannitol porogens facilitate the
formation of a porous hydrogel shortly after tissue injection.

In addition to supporting cell infiltration and tissue integration, managing the foreign body
response is another important and challenging issue. Similar to other implanted medical
devices, injectable hydrogels induce foreign body responses, which begin with nonspecific
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protein adsorption onto the hydrogel surface and chemoattractant release from platelets and
interacting leukocytes [16, 17]. Consequently, these proteins and chemoattractants recruit
additional macrophages to the injection sites to interact with the hydrogel surfaces [16, 18—
21]. Adherent macrophages are subsequently activated into several heterogeneous
phenotypes including classically activated macrophages (M1) which promote inflammation
and alternatively activated macrophages (M2) which are involved in tissue remodeling [22].
Modulating macrophage behavior has been put forward as a potential strategy to mediate the
foreign body response associated with injectable hydrogels [23].

Decellularized tissue-based materials are comprised of many of the components of the
natural extracellular matrices (ECM) from the source tissue. Products derived from such
materials have shown strong effects in promoting macrophage polarization towards the M2
phenotype and constructive remodeling in regenerative applications [24—-26]. Recent reports
have identified matrix-bound vesicles as a principal functional component moderating
inflammatory effects in decellularized tissue products [27, 28]. Among the variety of
products derived from decellularized tissues, digested formats hold a liquid form at a low
temperature which allows thorough mixture with other components, such as with thermally
responsive hydrogels. Based on these observations there have been several recent reports
that seek to incorporate materials derived from decellularized tissue in the formation of
composite materials with improved healing and functional outcomes [29-31].

The overall objective of this study was to develop a fabrication process to create porous
injectable hydrogels incorporating decellularized tissue digest material. This new hydrogel
material was expected to exhibit faster cellular infiltration and a greater extent of pro-M2
macrophage polarization compared to control groups not incorporating each of the
functional components (Scheme 1). Poly(NIPAAmM-co-VP-co-MAPLA) was chosen as the
representative thermoresponsive hydrogel, and mannitol particles and digested urinary
bladder matrix (UBM) were selected as the porogen and the bioactive decellularized
material components respectively. A rat hindlimb muscle injection model was employed to
characterize in vivo pore formation, cellular infiltration and macrophage polarization
functionality. A rabbit adipose tissue defect model was subsequently used to explore the
potential of the composite to repair soft tissue defects.

Materials and Methods

Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise stated. N-
isopropylacrylamide (NIPAAm) was purified by recrystallization from hexane and vacuum-
dried. 2-Hydroxyethyl methacrylate (HEMA) was purified by vacuum distillation.
Vinylpyrrolidone (VP), lactide, benzoyl peroxide (BPO), sodium methoxide (NaOCHy3),
methacryloyl chloride, methacrylic acid (MAA) and other solvents were used as received.
D-mannitol particles were sieved to obtain the portion between 170 and 230 meshes.
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Synthesis of methacrylate polylactide (MAPLA)

The synthesis of methacrylate polylactide was performed as previously described [32].
Briefly, NaOCH3s/methanol was added to a lactide/dichloromethane solution to synthesize
polylactide (HO-PLA-OCHj3) through ring-opening polymerization. MAPLA was
synthesized by dropping methacryloyl chloride into an HO-PLA-OCHz3/dichloromethane
solution containing triethylamine. Dichloromethane was removed by rotary evaporation, and
the product was purified by flash chromatography to obtain MAPLA with yields of ~60%.

Synthesis of poly(NIPAAmM-co-VP-co-MAPLA) (VP10)

Poly(NIPAAm-co-VP-co-MAPLA) copolymers were synthesized from NIPAAm, VP and
MAPLA by free radical polymerization as previously described [7]. The feed ratios of
NIPAAmM, VP and MAPLA were 80/10/10, and the corresponding product polymers were
denoted VP10. Monomers (0.066 mol) were dissolved in 180 mL of 1,4-dioxane containing
0.23 g BPO. The polymerization was carried out at 70°C for 24 h under an argon
atmosphere. The copolymer was precipitated in hexane and further purified by precipitation
from THF into diethyl ether and vacuum-dried, with yields of ~80%.

Preparation of urinary bladder matrix (UBM) digest

Urinary bladder matrix (UBM) digest was prepared as previously described [33]. Briefly,
fresh porcine bladders were obtained (Thoma Meat Market, Pittsburgh, PA) and excess
connective tissue and residual urine were removed. The tunica serosa, tunica muscularis
externa, the tunica submucosa, and the tunica muscularis mucosa were then mechanically
removed. The luminal surface was rinsed with 1.0 N saline solution to dissociate urothelial
cells of the tunica. The resulting material was composed of the basement membrane of the
urothelial cells plus the subadjacent lamina propria, or UBM. UBM sheets were then placed
in a 0.1% (v/v) peracetic acid solution, 4% (v/v) ethanol, and 95.9% (v/v) sterile water for 2
h. To remove peracetic acid, UBM was washed twice for 15 min with PBS followed by two
15 min washes with sterile water. UBM sheets were then lyophilized and the lyophilized
UBM was powdered using a Wiley mill and filtered through a 60 mesh screen. The
powdered material was solubilized at a concentration of 10 mg/mL in 0.1 mg/mL pepsin in
0.01 N HCI at a constant stir rate of 48 h. The UBM digest solution was then frozen until use
in further experiments. The digest was neutralized to a pH of 7.4 using NaOH and diluted in
phosphate buffered saline (PBS) to the desired concentration.

Hydrogel preparation
Nonporous hydrogel (NP) was prepared by dissolving VP10 in PBS (10 wt%). Nonporous
hydrogel with the UBM digest component (NPE, with “E” denoting the extracellular matrix
components from UBM digest) was obtained by mixing 20 wt% VP10 in PBS and 10
mg/mL UBM digest (1:1 v/v). Porous hydrogel without the UBM digest component (PM)
was prepared by adding 30 wt% mannitol particles to the NP formula and mixing with a
syringe. Pores were formed after PM gelation at 37°C and dissolution of the mannitol
particles. Similarly, porous hydrogel with the UBM digest component (PME) was prepared
by adding 30 wt% mannitol particles to the NPE formula and mixing with a syringe.
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Characterization

Mannitol release from the PM and PME hydrogels were characterized by quantifying the
dissolved mannitol in the supernatant of the hydrogel/PBS system. PM or PME hydrogel
(0.5 mL) was injected into 10 mL 37°C PBS in 30 s after mixing the hydrogels with
mannitol. Supernatants were collected at different time intervals and replaced with fresh
37°C PBS. The mannitol in the supernatants was quantified with a mannitol assay (Sigma-
Aldrich, USA) and the cumulative release was calculated accordingly.

Subsequent to 24 h gelation in 37°C PBS, NP, PM and PME hydrogels were frozen in liquid
nitrogen, cut to expose the interior and lyophilized. The processed samples were observed
by scanning electron microscopy (SEM). The pore sizes of the processed PM and PME
hydrogel sections were measured with ImageJ on the micrographs.

To measure the mechanical properties of the hydrogels, samples from the NP, PM and PME
groups were incubated in a 37°C water bath for 24 h to reach a stable water content,
obtaining hydrogel discs. An ElectroForce 3200 Series 11 (Bose, Minnesota, US) equipped
with a 10 N load cell was utilized to record the compression-force curve immediately after
the samples were taken out of the water bath. The compression modulus was calculated from
these data for each group.

Hydrogel degradation was quantified by mass loss measurements. Hydrogels with known
initial dry masses (~40 mg) were immersed in 4 mL of PBS containing 50 U/mL type |
collagenase at 37°C. (Since collagen is one of the major structure proteins in UBM products,
in the in vitro degradation test collagenase was added to mimic the in vivo enzymatic
degradation mechanism for UBM). At predefined time points over a 4 week period, the
hydrogels (n=3 each) were lyophilized and the relative mass loss was recorded.

Cell migration study

Bone marrow-derived macrophages were harvested from 2 month old C57/BL6 mice as
previously described [34] using methodology approved by the Institutional Animal Care and
Use Committee of the University of Pittsburgh. Briefly, femur and tibiae were harvested and
separated from muscle and connective tissue. Bones were cut at either end to expose the
bone marrow. Sterile syringe and needles were used to flush out bone marrow using
macrophage differentiation media (DMEM/10% FBS/10% L-929 Supernatant/1%
PenStrep/2% NEAA/1% HEPES/0.2% B-2 mercaptoethanol). Bone marrow lysate was
reconstituted in media and filtered through a sterile cell filter. Cells were plated in 6 well
plates and cultured for 7 d in media to differentiate them into macrophages.

NP, PM and PME hydrogels (0.5 mL) were immersed in 10 mL DMEM for 24 h without
DMEM replacement. The effect of the released products from NP, PM and PME hydrogels
on macrophage migration was evaluated with a CytoSelect cell migration assay (Cell
Biolabs, USA) according to the manufacturer’s instruction. The releasate (500 pL) was
added to the lower well of the migration plate. 150,000 macrophages were added to the
inside of each insert (n=4 each group). DMEM only was used as control.
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Rat hind limb hydrogel injection studies

Adult female Lewis rats weighing 160—-210 g were utilized in a protocol that was approved
by the University of Pittsburgh’s Institutional Animal Care and Use Committee. Anesthesia
was induced with 3.0% isoflurane inhalation with 100% oxygen followed by 1.5-2%
isoflurane with 100% oxygen during the procedure. Dermatotomy was performed to expose
the inner thigh muscles on both legs. Single injections of 200-250 uL of hydrogel were made
approximately 3 mm deep in the muscle bed. For each hydrogel, 18 injections in 18 legs
were made. For acute studies, the inner thigh muscles from 2 legs each of NP, PM and PME
group were excised 3 min after injection. The muscles were incised to expose the hydrogel
injection site, and images were taken with a Dino-Lite (AM4113T-GFBW, AnMo
Electronics, New Taipei City, Taiwan) under brightfield mode. For longer term studies, after
3 and 21 d, 4 rats from each group at each time point were sacrificed and the inner thigh
muscles encompassing the hydrogel injection site were excised, and the tissue was fixed in
10% formaldehyde for 3 d before embedding. Trichrome and immunohistochemical staining
with monoclonal antibodies against CD68 (1:200, Abcam, USA), CD86 (1:150, Abcam,
USA) and CD206 (1:200, Santa Cruz, USA) were performed. CD68 was co-stained with
CD86 and CD206 separately. A red secondary antibody was used for CD68, green
secondary antibodies were used for CD86 and CD206. Nuclei were stained with 40°,6-
diamidino-2-phenylindole (DAPI; 1:10000, Sigma). Microscopic images were taken byr
fluorescence microscopy.

Cell densities around and in the hydrogel injection sites for each group at day 3 and day 21
were analyzed from the microscopic images using ImageJ. M1 macrophages were identified
by CellProfiler as CD68/CD86*/DAPI cells. M2 macrophages were identified by
CellProfiler as CD68*/CD206*/DAPI cells.

Rabbit adipose tissue defect repair

Female New Zealand rabbits (5 months old, 3.5 kg) were utilized in a protocol that followed
the National Institutes of Health guidelines for animal care that was approved by the
University of Pittsburgh’s Institutional Animal Care and Use Committee. Anesthesia was
induced with ketamine/xylazine and maintained with inhalant isoflurane via nose cone.
Dermatotomy was performed to expose the inner thigh adipose tissues on both legs. For the
sham group, the wound in the skin was closed 5 min after dermatotomy. For the PBS, fat
transplantation and PME gel groups, a 1 x 1 cm defect was created by removing a section of
the fat pad in the center of the adipose tissues. The defect site was marked for identification
purposes during explantation with non-absorbable sutures in the corners. For the fat
transplantation group, adipose tissue removed from the other leg of the same animal was
placed in the defect and sutured to surrounding fat tissue followed by wound closure. For the
PBS group, 1 mL PBS was injected into the defect after closing the skin wound. Similarly, 1
mL PME hydrogel was injected into the defect after closing the skin wound for the PME Gel
group. Experiments were designed so that different treatments were made in the same rabbit.

At 2 and 8 wk after surgery, the surgical sites were examined by palpatation by the same
clinician to compare the stiffness of the underlying tissue with the healthy control group
(Since Dr. Sato was the only one who has experience of using this technique in patients, he
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is the only one who scaled the tissues). The perceived tissue stiffness was scored ona 1 to 5
scale with 1 being the most soft and 5 being the most stiff. The rabbits were then sacrificed,
and the inner thigh adipose tissue encompassing the defects was excised. The tissue was
fixed in 10% formaldehyde for 3 d before embedding. Trichrome staining and Oil Red
staining were performed on paraffin sections and frozen sections, respectively. Adipocyte
size and density of crown-like structures were analyzed by ImageJ. Isolectin/BIOPSY/DAPI
staining was performed on the frozen sections.

Statistical analyses

Results

For paired comparisons, a t-test was employed. Where three or more groups were being
compared, one-way ANOVA was employed with Tukey’s test applied for specific
comparisons. Results are presented as the mean with standard deviation. Kruskal-Wallis and
Mann-Whitney test (non-parametric) were used to evaluate the differences among scored
tissue stiffness. Statistical significance was defined as p < 0.05.

Porous hydrogel formation

As shown in Figure S1, sieved mannitol particles have an initial size of 68.0 um. After
mixing with the VP10 hydrogel solution for 10 min, the particle size did not decrease
significantly. In addition, there was no size difference between particles mixed with or
without UBM digest in the hydrogel. After injecting the hydrogel/mannitol mixtures into
37°C PBS, the mixtures instantly solidified, and mannitol was rapidly dissolved and released
from the hydrogel mass. After 24 h, 80% of the mannitol was released from the hydrogel of
PM group, whereas 100% of the mannitol was released from the hydrogel of PME group, as
shown in Figure S2a.

Densely packed pores can be observed in the hydrogels of PM and PME groups after 24 h of
gelation, as opposed to the nonporous hydrogel mass of the NP group (Figure 1). The
majority of the pores found in PM and PME groups were elliptical. The pore size of PM
group was 237+80 um, significantly smaller than the pore size of PME group, which was
295487 pm (Figure S2b). In addition, channels wider than 50 pum could be observed on the
walls of the pores, creating interconnected pores (Figure 1).

Release of UBM component

Matrix-bound vesicles (MBVs) were found by Transmission electron microscope (TEM) in
the supernatant 2 min after hydrogel immersion in 37°C PBS, as shown in Figure S3a. The
MBVs showed a typical size as previously reported and remained intact [27]. The protein
content of UBM mixed in the hydrogel was rapidly released. 48% of the total protein was
released within 30 min of gelation, 70% was released after 24 h gelation (Figure S3c).

Physical properties of porous hydrogel

The compression modulus of the nonporous hydrogel (NP group) was 272+38 kPa. Pore
structures significantly decreased the compression modulus to 106+8 kPa and 87+6 kPa for
PM group and PME group, respectively (Figure 2a). There was no difference in terms of
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degradation rate, hydrogel of PME group lost weight in PBS faster than NP and PM groups.
As shown in Figure 2b, PME hydrogel lost 50% weight in 2 weeks in collagenase/PBS,
while similar weight loss took 3 weeks for the other two groups.

Influence of hydrogel on cell behaviors

Dissolved mannitol did not show cytotoxicity on SMCs up to 100 mM, as shown in Figure
S4. Compared to SMCs treated with PBS, SMCs treated with products released from the
hydrogels did not impact proliferation over a week (Figure S3b). SMCs significantly
proliferated during the culture period, as indicated by mitochondrial activity assay and visual
inspection, but neither mannitol, proteins, MBVs nor other components promoted or
inhibited cell proliferation over this period (Figure S4b). On the other hand, the released
products from the PME hydrogel attracted macrophages to migrate through 8 um membrane
towards the high concentration source, as shown in Figure 3. Released products from the
other two groups did not show a significant effect on macrophage migration compared to the
PBS group (Figure 3).

Cell infiltration into hydrogel in vivo

Immediately after injection into the rat hindlimb, hydrogel from all three groups solidified
and formed a hydrogel mass in the muscle bed as a result of temperature increase. As shown
in Figure 4, clear boundaries could be identified between the hydrogels and the muscle. For
the hydrogel from the NP group, hydrogel mass was continuous and homogeneous, whereas
pores can be found in injected PM and PME hydrogels (pointed by arrows in Figure 4). In
addition, similar to the in vitro result, channels between pores could be found in the PM and
PME hydrogels.

Three days after injection, rat leg muscles with injected hydrogel were sectioned and
stained. On DAPI stained images, hydrogel injection sites could be identified in all three
groups. In NP and PM groups, empty regions were apparent on the tissue sections that were
devoid of cell nuclei, corresponding to the region in which the hydrogels had been injected.
These regions were encompassed by a capsule ~100 pm thick of densely packed cells
(Figure 5). A similar capsule of cells was found around the injected hydrogel in the PME
group. However, in contrast to the other two groups, cells were present in the hydrogel area,
at a lower density compared to the cell density in the capsule. Of note, the entire hydrogel
injection site was not infiltrated by cells. Rather, the core of the PME hydrogels remained
cell-free 3 d after injection. As for the NPE group (non-porous VP10 hydrogel mixed with
UBM digest), cells were observed to be further in the hydrogel from the hydrogel/capsule
edge (Figure S5). However, the cells did not penetrate as far as in the PME group.

Twenty-one days after injection, the capsules surrounding the injection sites for all three
groups did not show obvious changes regarding thickness or cell density compared to the
capsules at day 3, as shown in Figure 5c. For the two groups that did not show cell
infiltration at day 3, no signs of cell infiltration in the NP group appeared given another 18
days, as opposed to the extensive infiltration towards the core of the injected hydrogel
observed in the PM group. Similar to the NP group at day 3, the core of the PM hydrogel
was not occupied by cells at day 21 (Figure 5¢). On the other hand, the entire injection site
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of the PME group was filled with cells, including the core of the hydrogel. As shown in
Figure 5c, the cells evenly distributed in the injection area, and the density of the infiltrated
cells was significantly higher than the density of cells in the hydrogel area of the PM group.
In addition, compared to day 3, the cell density in the injection area of the PME group at day
21 increased (Figure 5f). Echoing the cell infiltration results, no extracellular matrix
deposition was visually apparent at day 21 in the NP hydrogel injection area, while extensive
extracellular matrix deposition was seen in sections from the PM and PME groups (Figure
5d).

Macrophage polarization

Cells around and in the injection areas stained positively with macrophage markers. CD68
(red)/CD86 (green) and CD68 (red)/CD206 (green) were stained on separate sections. As
shown in Figure 6a-d, CD68* cells were present in, concentrated in and comprised the major
portion of the cell red fluorescence from CD68 population in the capsule around the
injection areas for all three groups at day 3. Colocalization of the and green fluorescence
from CD86 was observed in all three groups, resulting in yellow cells in the capsules (Figure
6a,c). The CD68*/CD86™ subgroups of macrophages (CD68™ cells) were evenly distributed
in the capsules without preference on either the hydrogel side or the muscle side.
Quantitative results given by CellProfiler showed that around 60% of the macrophages were
CD86 positive for all three groups at day 3 (Figure 6e). CD68*/CD206" subgroups of
macrophages were also identified in the capsules (Figure 6b,d). Similar to the CD86*
macrophages, CD206* macrophages distributed evenly in the capsules. For NP, PM, and
PME, 35%, 40% and 55% of the macrophages were CD206™, respectively (Figure 6f).
However, no significant differences among the CD206* percentages were identified. Further
calculation showed that the ratio between CD206" macrophages and CD86* macrophages
for the NP group (57%) was smaller than for the PME group (90%) group (Figure 6g),
indicating that the macrophages in the capsules around injected NP hydrogel were polarized
more toward an M1 phenotype compared to the PME group. No differences were found
between the NP and PM groups, or between PM and PME groups. Since no cells had
infiltrated the NP and PM hydrogels at day 3, only the infiltrating macrophage polarization
for the PME group was analyzed. Compared to macrophages in the capsule, macrophages in
the PME hydrogel were less polarized, as both the CD86* and CD206* percentages were
smaller (Figure 6e,f). However, the ratio between CD206* macrophages and CD86*
macrophages was not different from the ratio of the macrophages in the capsule (Figure 6g).

At day 21, the foreign body response did not diminish, with macrophages remaining around
and within the injection sites, as shown in Figure 7a,b. CD68 staining showed cells
infiltrating the PM hydrogel and that the cells following the first wave of infiltration in the
PME hydrogel were mostly macrophages (Figure 7a,b). Similar to the results at day 3,
colocalization of CD68 and CD86 was observed for a significant portion of the macrophages
in the capsules for all three groups (Figure 7a,c). The percentage of CD86* macrophages
decreased significantly between day 3 (61%) and day 21 (53%) for the PME group, while
the percentages did not change significantly for NP and PM groups (Figure 7e). In terms of
the CD206™ subgroup of macrophages in the capsules, the percentages decreased
significantly between day 3 (40% and 55%) and day 21 (17% and 43%) for PM and PME

Acta Biomater. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 10

groups respectively, while no significant changes were found for the NP group (Figure 7).
From day 3 to day 21, the ratio between CD206™ macrophages and CD86™ macrophages in
the capsules for the PM group decreased significantly, while the ratios for the NP and PME
groups remained at the same level (Figure 7f). As a result, the PME group showed the
highest CD206*/CD86* ratio among the three groups, and the ratio for the NP group was
higher than for the PM group. In terms of the CD206*/CD86™ ratio, the macrophages
infiltrating the PM hydrogel appeared to be more polarized toward the M1 phenotype
compared to the macrophages in the capsule around the PM hydrogel and the macrophages
infiltrating the PME hydrogel (Figure 7g).

Repair of adipose tissue defect

Two weeks after surgery, adipose tissue samples collected from rabbits in the Sham group
showed structures resembling that of healthy adipose tissue, featuring densely packed
hexagonal adipocytes (Figure 8a). In contrast, for the PBS injection group, the defect
wounds closed and were infiltrated by scar tissue. Inflammation could be found in adipose
tissue adjacent to the scar: the organized structure of adipocytes was disrupted by
inflammatory cell infiltration and collagen deposition. Similar to the PBS group,
inflammation was observed in and around transplanted autologous fat, especially along the
boundary of the tissue bed and the implanted tissue. In comparison, adipose tissue near the
defect filled with PME hydrogel maintained the morphology of healthy fat tissue. A thick
layer of cells attributed to the foreign body response encompassed the injected PME
hydrogel, comparable to the phenomenon found in the rat model (hydrogel mass could be
observed during the excision procedure). As shown in Figure 8, there was extensive cellular
penetration across the hydrogel-tissue interface and infiltrating the porous hydrogel,
consistent with previous findings, yet at this time point there was not morphological
evidence of new adipose tissue in the hydrogel pocket. Oil Red staining supported the
observations made from the trichrome staining. Qil droplets occupied almost all of the
volume in the adipocytes and the volume of the adipose tissue. This characteristic of normal
adipose tissue was also present in fat tissue around the implanted hydrogel. In contrast, oil
droplets in the PBS group and Fat Transplantation group lost their normal morphology, with
smaller, disjointed areas staining positively with Oil Red. These stained areas were
discontinuous compared to those in the Sham and PME Gel groups.

At 8 weeks post-surgery, the gross appearance of the treated adipose tissue in the animals is
shown in Figure 9. Unlike the 2 week time point, no hydrogel mass was found in the PME
hydrogel treated group. Despite migration and tissue encapsulation, more than half of the
suture markers could be located after 8 weeks and were generally found to have maintained
the square layout created at the time of intervention (Figure 9). The distances between the
markers in the PBS group appeared to have decreased as the defects closed, whereas the
marker patterns in the Fat Transplantation group and PME Hydrogel group did not appear to
shrink. Due to the loss of some of the markers and the limited numbers of rabbits in each
group, this observation was necessarily qualitative. Tactile semi-quantitative evaluation of
the treated areas prior to re-opening of the surgical site revealed that the tissue for the Fat
Transplantation group, but not the other groups, became stiffer (stiffness score increased
from 1.8+£0.3 to 2.8+0.3 in the Fat Transplantation group). Further qualitative examination of
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the tissue surrounding the surgical areas indicated that these tissues did not stiffen for any of
the groups. The stiffening of the fat transplanted site was consistent with the extensive
chronic inflammation and fibrotic tissue deposition found histologically in the Fat
Transplantation group (Figure 10). Mild inflammation was observed near the scar formed in
the defect of the PBS group, which appeared to have dissipated from the acute inflammation
found at 2 weeks post-surgery. Tissue collected from the Sham and PME Gel groups
exhibited little morphological differences compared to the healthy control tissue, showing
negligible signs of inflammation or fibrosis (Figure 10). Oil Red staining reflected the
observations made with trichrome staining. The organization of adipocytes in the Sham,
PME Gel, and PBS groups (besides the scar tissue apparent in the latter group) resembled
that of the Healthy group, while adipocytes in the Fat Transplantation group were
interspersed with fibrotic tissue. Isolectin staining (red channel in the right column of Figure
10) highlighted vascular structures and macrophages within the treated adipose tissue. PME
Gel treated adipose tissue generally presented a vascular morphology similar to that of the
Sham and Healthy groups. Putative macrophages were apparent in sites treated with the
transplanted fat tissue, co-localizing with fibrotic tissue and making it difficult to discern the
vasculature. A high density of macrophages was also found in the scar and at the interface of
the scar and healthy adipose tissue in tissues in the PBS group.

Adipocyte size is a reflection of the status of the cells, which is influenced by metabolic
activities, inflammation, and fibrosis of the adipose tissue [35]. In terms of cell area in tissue
cross-section, the adipocyte size distribution for healthy fat presented a single peak
distribution, with the most frequent area being between 4000 and 5000 pum? (Figure 11). For
the Sham group 8 weeks after surgery, a subpopulation of the adipocytes became larger, with
the primary peak area being comparable to healthy tissue. For the three types of treated
defects, the peaks of the area distribution shifted smaller with each showing the highest
frequency between 1000 and 2000 pm2. The size distribution for the PBS group showed a
single, narrow peak, while the distribution for the PME Gel group was skewed with a tail of
larger adipocytes. Distinct from other groups, the adipocyte area distribution for the Fat
Transplantation group had a longer tail in the larger area region; a significant subgroup of
the adipocytes being larger than 15000 pmZ2. On average, adipocytes in the Fat
Transplantation group were larger than for all other groups (Figure 11b), whereas the cells
were smaller in the PBS treated tissue. Adipocytes from the PME Gel treated tissue had a
similar average area compared to the Healthy and Sham groups. Looking at another
morphological parameter, the number of crown-like structures were quantified for all
groups. This parameter, related to apoptotic activity [36], was found to be markedly elevated
for the Fat Transplantation group.

Discussion

There is an increasing need for biomaterial-based soft tissue fillers for patients who have
congenital soft tissue defects, traumatic injuries, surgical resections and cosmetic needs.
Mechanical properties, degradation profile, and cell/tissue interaction including tissue
integration and vascularization are the primary considerations in developing desirable
biomaterial options for soft tissue applications. Hydrogels, especially those derived from
natural sources have the advantage of high bioactivity and mechanical properties that may
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approximate target tissue in addition to the potential for injection-based delivery. Porous
scaffolds, generally not delivered by injection, have the desirable features of increased tissue
integration and vascularization potential. Although not optimized, the porous injectable
hydrogel described in this work combined the desirable features from these two general
types of soft tissue fillers.

For most injectable hydrogel designs, the integration of the injected hydrogels and the host
tissue is highly dependent on the degradation of the hydrogel mass. Slow hydrogel
degradation may result in minimal tissue ingrowth and result in prolonged undesired
material-tissue interaction leading to material encapsulation. Fast hydrogel degradation
could lead to failure in mechanical support and quick erosion from the void space into which
cell infiltration is desired [11, 37]. Efforts have been made to match the degradation rates of
hydrogels to the temporal requirements to achieve maximal beneficial effects. As hydrogels
usually form nonporous crosslinked swollen masses upon injection, one strategy is to
incorporate enzyme cleavable sites to allow cells to actively migrate into the hydrogels [38,
39]. Another strategy is to tune hydrogel degradation rate by controlling the crosslinking
density or hydrolytical potential [15, 40].

Recently developed porous hydrogels have been shown to encourage cell infiltration into the
hydrogel prior to significant mass loss [11, 41, 42]. However, the adaptability of those
strategies to gels employing rapid in situ gelation mechanisms is limited. Sacrificial porogen
leaching has been extensively adopted in fabricating porous scaffolds with control over pore
size, porosity and connectivity [43-46]. In principle, porogen leaching is compatible with
various gelation mechanisms and material candidates to obtain corresponding combinations
for injectable porous hydrogels. The key is the coordination of delivery time, gelation time
and dissolution time of the porogen. In this study, mannitol was chosen not only for its
cytocompatibility and clinical use as a tissue injectate [47, 48], but also its solubility
characteristics. Mannitol is highly soluble in saline at body temperature, while its solubility
is relative low at 4°C. This behavior is opposite of that for poly(NIPAAmM-co-VP-co-
MAPLA) in PBS solution. Due to the contrasting solubility characteristics, a mixture of
hydrogel solution and mannitol particles was feasible at 4°C, with an insignificant decrease
in particle size, and rapid dissolution initiated at approximately the same time of the
thermally-induced phase transition for the hydrogel. Porogens with higher solubility may
have dissolved during the mixing and injection steps, or during sol-gel transition for
hydrogels with slower gelling mechanisms. On the other hand, slightly soluble porogens or
porogens with slow dissolving rates may not generate porous structures shortly after gelation
for subsequent cell infiltration (for instance, gelatin microspheres did not dissolve 24 h after
gelation of poly(NIPAAm-co-VP-co-MAPLA) hydrogel, data not shown). In addition, the
porogens should not interfere with the gelation process or the resultant crosslinks. As a
variety of other injectable hydrogels employ rapid, in situ gelation mechanisms, and since it
is in principle easy and convenient to mix the porogen (and digested ECM) with hydrogel
precursors prior to injection, it appears that the described technique would be readily
transferred to a wide spectrum of injectable hydrogels.

An unexpected finding was that the measured pore sizes in the collapsed hydrogels were
significantly greater than the size of the loaded mannitol particles, and that channels were
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formed connecting adjacent pores. Compared to the original design in which the walls
between pores were thin to allow channel formation upon degradation, the existing
connections formed during mannitol dissolution would theoretically be more beneficial for
cell infiltration. It is speculated that there was a short range fluctuation in mannitol particle
concentration during the mixing and gelation steps which resulted in local aggregation of
particles by the end of the gelation. Since the volume of hydrogel solution between
aggregated particles would be minimal, internal structures within the larger pores would not
be stable. The channels between pores may be due to particle aggregates contacting each
other during hydrogel gelation. Although the focus of this study was to demonstrate the
concept of fabricating porous injectable hydrogels (in combination with modulating the
foreign body response), learning the mechanism behind this phenomenon and understanding
the relationship between particle size/concentration and pore structure in order to design and
control pore structure is of value for further investigation.

In addition to promoting cell infiltration, the polarization of macrophages towards a
remodeling phenotype has been achieved. The foreign body response induced by injectable
hydrogels have been an obstacle in achieving more favorable therapeutic outcomes. Current
strategies of moderating the classic foreign body response are emphasizing reduction in
macrophage activation. Vegas et al. identified that triazole modified alginate hydrogel
inhibited recognition by macrophages and fibrous deposition among a library of modified
alginate hydrogels, although the mechanism is not clear [49]. Zhang et al. employed the
superhydrophilicity of zwitterionic polymers to form nondegradable hydrogels with low
protein adsorption levels as a means to reduce macrophage activation [17]. In addition to
less dense collagen deposition, a movement of macrophage polarization toward an M2
phenotype on zwitterionic hydrogels compared to control materials was found. However,
making a material “invisible” does not take advantage of the potential constructive effects of
the macrophages [17, 49]. In this study, macrophage infiltration was not discouraged, but
M2 polarization of recruited macrophages was putatively enhanced by the inclusion of ECM
digest. Previous studies and reviews showed not only the desirability but the necessity for a
macrophage transition from proinflammatory, M1 phenotype to the constructive and
modulatory M2 phenotype for constructive and functional healing and regeneration in
various body systems including muscle, heart, skin, urogenital tract, and central nervous
system, among others [50-55]. In a recent mechanistic study by Huleihel et al. MBVs have
been identified as one of the most decisive components in ECM products in terms of the
corresponding bioactivities [27]. Therefore, the introduced simple strategy is theoretically
widely applicable to other injectable hydrogel materials, as has been presented in other types
of biomaterials and devices [29, 56, 57].

In this study, UBM was added to the hydrogel and applied in muscle and adipose tissue
models. Homologous (same tissue) versus heterologous (different tissue from the intended
use) source tissue ECM as the preferred material for given applications has been well
studied. In a recent study of ECM use for volumetric muscle loss in 14 human patients, no
detectable difference was seen between dermal ECM, small intestinal submucosa derived
ECM or UBMI58]. In a study comparing ECM effects upon neuronal stem cell
differentiation, UBM-ECM was shown to be superior to brain ECM [59]. In contrast,
homologous sources were shown to be superior in models involving other anatomic sites of
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corresponding clinical applications. However, whether UBM is the most suitable choice for
use in adipose tissue is yet to be determined.

The in vivo results achieved with ECM component inclusion were generally encouraging,
and associated with these results, several influential factors and accompanying effects should
be discussed. The UBM product promoted cell infiltration, thus increasing the number of
macrophages in and around the hydrogel. Although the overall pro-M2 polarization effect
has been demonstrated, the population of M1-like macrophages enlarged as well. The impact
of such an effect on specific applications would need to be evaluated. In addition, pore size
(curvature) has been shown to affect macrophage polarization in polyester scaffolds,
indicating there may be a favorable range of pore sizes [60]. The diameter of mannitol
particles was originally chosen according to the pore size reported to be associated with pro-
M2 phenotype behavior in previous studies [60]. As the concept of modulating macrophage
polarization has been shown, in this study the authors did not attempt to optimize the pore
size, and in fact the observed pores were larger than expected. Porosity (theoretically mainly
affected by the wt% of mannitol mixed into gel) was not optimized, as well, which is
another limitation of this study as it may affect the cell infiltration rate and modulus of
hydrogel. The hydrogel compressive modulus was also affected by mixing in ECM. Blakney
et al. studied activation of macrophages on poly(ethylene glycol)-based hydrogels with
compressive moduli of 130, 240 and 840 kPa and found that hydrogels with lower stiffness
led to reduced macrophage activation [61]. Since the PME gel was porous, the compression
modulus of the hydrogel substrate was higher than the composite. Comparing the stiffness of
the PM and PME gels, the compression modulus of substrate in the PME gel was estimated
to be between 200 and 250 kPa. Therefore, mechanical property influence on pro-M2
macrophage polarization might be further improved by optimizing the stiffness of the
hydrogel substrate. The effect of hydrogel degradation rate was also not directly examined.
Since ECM component addition was associated with faster degradation, it is not possible to
separate these effects.

Some further limitations associated with the in vivo studies should be noted. The
macrophage polarization and adipose tissue repair were done in different species and in
different tissue beds. The rat was convenient for the general muscle injection study since
there are a variety of specific antibodies available with the rat model to characterize the
biological response. The rat also represents a lower animal than the rabbit for this first level
study. However, for a more clinically relevant model where a soft tissue defect is present, the
rabbit was utilized since it provided an adequately sized fatty tissue depot. Unfortunately,
fewer monoclonal antibodies are available for the rabbit model, limiting the characterization
to more morphology-based assessments. In addition, this study employed only one pair of
M1 and M2 markers to support the identification of macrophage phenotype. The use of
further markers may have provided stronger confirmation of the observed results for this
parameter. Finally, as we propose the concepts and methods of introducing porous structures
in injectable hydrogels and encouraging constructive foreign body responses for hydrogels,
the utilities of these concepts and methods in promoting soft tissue regeneration and other
soft tissue applications in addition to the wound healing function demonstrated in this study
are yet to be evaluated.
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Conclusion

In this study, a fabrication process to create porous injectable hydrogels incorporating
decellularized tissue digest was developed. Poly(NIPAAmM-co-VP-co-MAPLA) was chosen
as a representative fast gelling thermoresponsive hydrogel, and mannitol particles and
digested urinary bladder matrix were selected as the porogen and bioactive decellularized
tissue components respectively. Connective porous structures with desirable pore sizes were
formed in situ upon injection. In soft tissue injection models, this new hydrogel material
induced more rapid cellular infiltration and a greater extent of M2 macrophage polarization
compared to control groups not incorporating all of the functional components. The
combined strategy of pore formation in injectable hydrogels together with the provision of
ECM-based components to mediate the foreign body response toward a more constructive
outcome should be transferrable to a variety of other injectable hydrogel systems for soft
tissue applications.
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Statement of significance

Our objective was to develop a fabrication process to create porous injectable hydrogels
incorporating decellularized tissue digest material. This new hydrogel material was
expected to exhibit faster cellular infiltration and a greater extent of pro-M2 macrophage
polarization compared to control groups not incorporating each of the functional
components. Poly(NIPAAmM-co-VP-co-MAPLA) was chosen as the representative
thermoresponsive hydrogel, and mannitol particles and digested urinary bladder matrix
(UBM) were selected as the porogen and the bioactive decellularized material
components respectively. In rat hindlimb intramuscular injection models, this new
hydrogel material induced more rapid cellular infiltration and a greater extent of M2
macrophage polarization compared to control groups not incorporating all of the
functional components. The hybrid hydrogel positively affected the wound healing
outcomes of defects in rabbit adipose tissue with negligible inflammation and fibrosis,
whereas scar formation and chronic inflammation were observed with autotransplantation
and in saline injected groups.

The methodology of this report provides a straightforward and convenient mechanism to
promote cell infiltration and mediate foreign body response in injectable hydrogels for
soft tissue applications. We believe that the readership of Acta Biomaterialia will find the
work of interest both for its specific results and general translatability of the findings.

All authors of this manuscript have seen and approved of this submission.
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NP PM PME

Figurel.
Hydrogel cross-sections. NP: nonporous hydrogel, NPE: nonporous hydrogel without the

UBM digest component, PME: porous hydrogel with the UBM digest component.
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(a) Compressive modulus of hydrogels. (b) Hydrogel degradation profile of hydrogels. *

Significant difference, p< 0.05.
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Figure 3.
Chemotactic migration of macrophage induced by release products from hydrogels.
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PM

Figure 4.
In situ pore formation in hydrogels after intramuscular injections. M: muscle, G: hydrogel,

Arrows: boundary of pores.
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Figureb.

Cell infiltration into injected hydrogels. M: muscle, G: hydrogel, Arrows: foreign body
capsule. (a) DAPI staining of rat hindlimb muscle 3 days after hydrogel injection, scale bar
=500 pm. (b) Trichrome staining of rat hindlimb muscle 3 days after hydrogel injection. (c)
DAPI staining of rat hindlimb muscle 21 days after hydrogel injection. (d) Trichrome
staining of rat hindlimb muscle 21 days after hydrogel injection. (e,f) Relative cell density
(muscle = 100%) in injected hydrogel and foreign body capsule 3 days and 21 days after
injection.
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Figure 6.

PM PME

Macrophage polarization 3 days after hydrogel injection. M: muscle, G: hydrogel, Arrows:
foreign body capsule. (a) CD86 (green) and CD68 (red) staining. (b) CD206 (green) and
CD68 (red) staining. (c) CD86 (green)/CD68 (red) and (d) CD206 (green)/CD68 (red)
staining at the hydrogel/muscle interface. (e, f) Percentage of CD86™ and CD206™ cells in
CD68™ population, respectively. (g) Ratio between CD86" and CD206™ cells in CD68*
population. * Significant difference, p < 0.05.
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Figure 7.
Macrophage polarization in hydrogel injection sites after 21 days. M: muscle, G: hydrogel,

Arrows: foreign body capsule. (a) CD86 (green) and CD68 (red) staining. (b) CD206 (green)
and CD68 (red) staining. (c) CD86 (green)/CD68 (red) and (d) CD206 (green)/CD68 (red)
staining at the hydrogel/muscle interface. (e, f) Percentage of CD86" and CD2067 cells in
CD68™" population, respectively. (g) Ratio between CD86" and CD206™ cells in CD68*
population. * Higher than PM group, # Higher than NP and PM groups, p < 0.05.
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Figure8.
Morphology of rabbit adipose tissue 2 weeks after treatment. H: healthy tissue, T: transplant.

(a) Trichrome staining. (b) Oil Red staining.
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Figure.
Gross appearance of rabbit adipose tissue 8 weeks after treatment. Arrows: suture markers.
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Figure 10.

Morphology of rabbit adipose tissue 8 weeks after treatment. H: healthy tissue. (a)
Trichrome staining. (b) Oil Red staining. (c) Isolectin (red)/BIOPSY (green)/DAPI staining.

Acta Biomater. Author manuscript; available in PMC 2019 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhu et al. Page 33

a
50 —s—Healthy
8 —s— Sham
B 40 ——PBS
% il —v— Fat transplantation
8’ —+—PME Gel
o 30+
ko)
S 20-
o)
=
8 10-
1)
B
D_
T T T T T T T T T T T T QK T T T T T T T T T T T T
U\f;%ﬁ}ﬁ%%ﬁﬁ%ﬁ\ﬁoﬁ&@ .\@\‘g@sﬁwﬁgﬁ@ﬁ :b‘5§§)>@;?>£<55§).‘;¢5’°@
o $ IS E TSI I I T
Adipocyte size (um®)
b . c ;g' 100 .
___ 10000 — =
NE = |
> 8000 é %
N X
o 6000 ——m—— g 60+
5 :
% 4000+ g 401
< - *
2000 4 = 0]
, g
s " S ol
A et et e e et
Treatment Treatment
Figure11.

Morphology analysis by adipocyte size and crown-like structure number. (a) Frequency
distribution of adipocyte size. (b) Adipocyte size comparison among treatments. (c) Ratio
between the quantity of crown-like structure and adipocytes. * Significant difference, p <
0.05.
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Scheme 1.
(a) In situ formation of pores immediately subsequent to hydrogel injection. (b) Faster cell

infiltration and pro-M2 macrophage polarization in the porous injectable hydrogel.
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