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Injectable Shape-Memorizing Three-Dimensional
Hyaluronic Acid Cryogels for Skin Sculpting
and Soft Tissue Reconstruction

Liying Cheng, MD, PhD,1,2,* Kai Ji, MD, PhD,1,3,* Ting-Yu Shih, PhD,4,5 Anthony Haddad, MD,1

Giorgio Giatsidis, MD,1 David J. Mooney, PhD,4,5 Dennis P. Orgill, MD, PhD,1 and Christoph S. Nabzdyk, MD1,6

Introduction: Hyaluronic acid (HA)-based fillers are used for various cosmetic procedures. However, due to filler
migration and degradation, reinjections of the fillers are often required. Methacrylated HA (MA-HA) can be made
into injectable shape-memorizing fillers (three-dimensional [3D] MA-HA) aimed to address these issues. In this
study, shape retention, firmness, and biocompatibility of 3D MA-HA injected subcutaneously in mice were
evaluated.
Materials and Methods: Fifteen mice, each receiving two subcutaneous injections in their back, were divided into
four groups receiving HA, MA-HA, 3D MA-HA, or saline, respectively. Digital imaging, scanning electron
microscope (SEM) and in vivo imaging system (IVIS), durometry, and histology were utilized to evaluate in vitro/
vivo degradation and migration, material firmness, and the angiogenic (CD31) and immunogenic (CD45) response
of the host tissue toward the injected materials.
Results: Digital imaging, SEM, and IVIS revealed that 3D MA-HA fillers maintained their predetermined shape for
at least 30 days in vitro and in vivo. Little volume effects were noted in the saline and other control groups. There
were no differences in skin firmness between the groups or over time. Histology showed intact skin architecture in
all groups. Three-dimensional MA-HA maintained its macroporous structure with significant angiogenesis at the
3D MA-HA/skin interfaces and throughout the 3D MA-HA. There was no significant inflammatory response to any
of the injected materials.
Conclusion: 3D MA-HA showed remarkable tissue compatibility, compliance, and shape predictability, as well as
retention, and thus might be suitable for various skin sculpting and soft tissue reconstruction purposes.
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scaffold, regeneration, plastic surgery

Introduction

W ith an increasing understanding of the aging pro-
cess and the rapidly growing interest in minimally

invasive treatments, injectable facial fillers have become a
major treatment modality for the rejuvenation of the aging
face.1 Hyaluronic acid (HA) fillers are some of the most
popular dermal filler agents,2,3 which when injected into and

below the dermis can provide cosmetic volume improve-
ments.2,4,5 However, these volume effects will diminish
soon after injection.6,7 Filler migration and (non)-enzymatic
HA degradation can further lead to progressive volume loss
and shape deformity at the site of injection requiring re-
injection.8 Subsequent fibroblast activation and neocolla-
genesis only result in partial HA filler engraftment into the
surrounding tissue.9–11 Due to filler migration, degradation,
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and lack of filler engraftment into the surrounding tissue,
reinjection of the fillers is often required. Thus, there is a
need for a more durable, shaped-defined HA filler with
improved tissue engraftment properties.

One limiting factor for HA filler is particle size. Existing HA
filler particle diameters range between 300 and 700mm.4 As
fillers are typically injected, particle diameters thus far could
not be increased to any size. HA filler is further characterized
by HA concentration and degree of HA cross-linking.4,5,9,12

Filler migration has been only partially addressed by increasing
the viscosity of the injected solution. It is of great interest for
plastic surgeons to be provided with an injectable filler com-
pound that can predictably fill volume defects and will remain
at the injection site for long-lasting results.

Such long-lasting and injectable fillers should be non-
immunogenic, nontoxic, possess favorable mechanical proper-
ties, and act as cellular scaffolds to promote integration into the
surrounding tissues. In recent years, the process of cryogelation
has been described. These cryogels could meet all the require-
ments above and thus address filler migration, degradation, and
cellularization.13–15 Once injected, cryogels can restore their
original shape and elicit considerable volume effect. Further-
more, their macroporous ultrastructure promotes oxygen per-
meation and cellular ingrowth.13 The process to produce these
cryogels is highly customizable, in that different polymers such
as alginate, HA, or others can be used and different cryogel sizes
and shapes can be created. Rate of degradation and firmness can
also be adjusted. This study evaluates injectable HA cryogels
(three-dimensional [3D] MA-HA, diameter of up to 5 mm) re-
garding their shape memory capabilities, degradation, firmness,
and tissue compatibility.

Materials and Methods

Materials

HA (Bacterial, strep, Pyogenes, 1.38 MDa MW) was
purchased from Lifecore Biomedical Company; phosphate-
buffered saline (PBS), N,N-dimethylformamide (DMF),
glycidyl methacrylate (GM), triethylamine (TEA), acetone,
N,N,N¢,N¢-tetramethylethylenediamine (TEMED), ammo-
nium persulfate (APS), 2-morpholinoethanesulfonic acid
(MES buffer), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC),
and hexamethyldisilazane (HMDS) were purchased from
Sigma-Aldrich. Cyanine-7 amine (Cy7-amine) was purchased
from Lumiprobe Corp. A customized Teflon mold was sup-
plied by Harvard University. Proteinase K (Roche Diag-

nostics Corp.), DAB Substrate Chromogen System (Dako
North America, Inc.), CD31 (BD Pharmingen�), and CD45
(BD Biosciences) were used in this study.

HA methacrylation

Methacrylated HA (MA-HA) was prepared by reacting
HA with DMF, TEA, and GM. HA (1 g) was dissolved in
200 mL PBS. Sixty-seven milliliters of DMF was slowly
added to the solution.13 This step could generate heat, and
the solution was then cooled down in ice water to room
temperature (RT) before GM (13.3 g) and TEA (6.7 g) were
added to the mixture. The solution was then stirred at RT for
7 days. The mixture was washed, precipitated in acetone,
filtered, and dried in a vacuum chamber overnight at RT,
yielding the solid MA-HA polymer. MA-HA was then pu-
rified and dialyzed for 3 days, placed in liquid nitrogen to
freeze down, and subsequently dried using a lyophilizer
(4 days) (Supplementary Fig. S1A, B; Supplementary Data
are available online at www.liebertpub.com/tea).

Three-dimensional MA-HA cryogel fabrication

Three-dimensional MA-HA was synthesized by redox-
induced free-radical polymerization of MA-HA in water.
MA-HA solution (2.5% [w/v]) was prepared by dissolving
the MA-HA in deionized water. Three-dimensional MA-HA
cryogels were synthesized by mixing 500 mL of MA-HA
solution (2.5% [w/v]) with 20mL TEMED (70 mg/mL) to
make a prepolymer solution in an Eppendorf tube, which
was then placed in a 4�C fridge for at least 10 min until
use. Ten microliters of APS (137 mg/mL) was added to the
MA-HA solution. The APS solution was precooled to 4�C to
decrease the rate of polymerization before freezing. The
mixed solution was then vortexed. Once the APS was added
to the prepolymer solution, the solution was quickly poured
into a precooled (-20�C) Teflon mold and incubated over-
night (Fig. 1). The solution froze within a minute, while a
witness solution stored at 4�C remained unpolymerized for
at least 20 min. After a complete incubation period of 17 h,
the gels were warmed to RT to remove ice crystals and
washed with deionized water (Supplementary Fig. S1C).

In vitro degradation of 3D MA-HA cryogel

Heart-shaped 3D MA-HA cryogels were manufactured as
above and according to previously described cryogel fabrication
protocols (Supplementary Fig. S1).13 Structural analysis of the

FIG. 1. Left: heart-shaped Teflon molds for
30 mL 3D MA-HA cryogel. Right: 30 mL 3D
MA-HA before injection into the back of a
mouse. 3D MA-HA, three-dimensional me-
thacrylated hyaluronic acid.
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cryogels was performed to evaluate in vitro degradation using
a scanning electron microscope (SEM) (Ultra Plus Electron
Microscopy). Serial SEM images of 3D MA-HA incubated in
normal saline at 37�C on an orbital shaker for 0, 7, 14, and
28 days were obtained. Each time point had 4 samples reserved
for scanning. After the incubation period, cryogels were rinsed
in PBS and dehydrated in increasing concentration of ethanol
(30%, 50%, 70%, 90%, and 100%) for 20 min each, soaked in
HMDS for 10 min, followed by drying in vacuum desiccators.
The dried samples were then sectioned and coated with gold for
SEM scanning at 3.0 kV and 1000· of magnification. The pore
diameter was measured by averaging the values of the largest
and the smallest axis of the pore. The average pore size of
cryogels was calculated by averaging the gel pore diameters
observed by SEM.

In vivo imaging system imaging

Location and degradation of the injected fillers were in-
directly visualized by noninvasive fluorescence in vivo im-
aging system (IVIS). Three-dimensional MA-HA cryogel
scaffolds, regular HA solution, MA-HA solution, and saline
were first labeled using Cy7-amine and then sterilized.

Cy7-amine was covalently conjugated to HA, MA-HA,
and the 3D MA-HA cryogel. Cy7-amine (0.392 mg) was
diluted in 20 mL MES buffer in which EDC (130 mg) and
NHS (60.4 mg) were added to make the labeling mixture
solution. For 3D MA-HA cryogel-Cy7, 10 cryogels were
placed in a Petri dish with 10 mL (1 mL/gel) of labeling
mixture solution and shaken gently in RT for 3 h. For HA-
Cy7 solution and MA-HA-Cy7 solution, HA solution and
MA-HA solution (100 mg per 20 mL MES buffer) were
placed into the labeling mixture solution and shaken gently
in RT for 3 h, and then dialyzed for 4 days, followed by
sterile filtration and lyophilization. Saline-Cy7 solution was
made by diluting Cy7-amine (0.392 mg) into saline (20 mL).

Eight female C57 BL/6J mice ( Jackson Laboratory), 4–6
weeks of age, were divided into four groups: 3D MA-HA
cryogel-Cy7 (n = 4), HA-Cy7 solution (n = 4), MA-HA-Cy7
solution (n = 4), and saline-Cy7 (n = 4) (Fig. 2). The backs of
the mice were shaved and dehaired using depilatory cream
under general anesthesia according to the approved IACUC
protocol. Thirty microliters of 3D MA-HA-Cy7, HA-Cy7
solution (2.5%), MA-HA-Cy7 solution (2.5%), or saline-
Cy7 was then injected subcutaneously together with 200mL
saline as carrier solution in the dorsum of the mice using a
16G angiocath catheter.

Optical bioluminescence images of mice were obtained using
an IVIS live animal imaging system (Caliper Life Sciences).
Images were taken on days 0, 6, 12, 18, 24, and 30 to allow a

longitudinal analysis. High-sensitivity fluorescence imaging was
quantified by creation of polygonal regions of interest.

Animal injection for in vivo evaluation

The same cryogels used for in vitro degradation were
manufactured according to cryogel fabrication protocols for
animal injection. Female C57 BL/6J mice (n = 15; The Jack-
son Laboratory), 4–6 week of age, were divided into four
groups (n = 4–11), saline (n = 4), HA (n = 8), MA-HA (n = 7),
and 3D MA-HA (n = 11) (Fig. 2). Same injection techniques
were applied as in the method described in the In Vivo im-
aging system imaging section. Serial imaging on days 0, 6, 12,
18, 24, and 30 was carried out. Animals were sacrificed on day
30. A single investigator harvested full-thickness skin biop-
sies from the injected areas with a 10-mm biopsy punch. All
specimens underwent histologic and morphometric analysis.

Skin firmness evaluation by durometry

A highly sensitive digital 00–000 Shore durometer was
used to evaluate the firmness of the skin before and after
injection of the respective compounds. This methodology has
been widely used to evaluate skin firmness both in patients
and in experimental animal models.16,17 This technique is
noninvasive and therefore no significant distress and technical
complications for the animals were experienced. Time points
were days 1, 3, 6, 12, 18, 24, and 30. Three measurements per
time point and treatment group were obtained and values were
averaged. One-way analysis of variance (ANOVA) was per-
formed for statistical analysis.

Histologic evaluation of tissue response
to injected cryogels

Histology (hematoxylin and eosin) and immunohisto-
chemistry (endothelial cell marker platelet endothelial cell
adhesion molecule-1 CD31, pan-leukocyte marker CD45) of
samples were performed according to previously described
standard protocols.18,19 Images were acquired using a Nikon
E200 microscope (Nikon Corp.). Density of blood vessels
and density of CD45+ inflammatory cells were quantified
according to previously established methods.18,19 For each
slide and staining, three high-power fields were evaluated by
two blinded reviewers with experience in skin histology and
trained in the specific methods used in this study.

Statistical analysis

All the results are expressed as the mean – SD in text and
figures. One-way ANOVA (Win-STAT; R. Fitch Software) with

FIG. 2. Study design. Left:
injection of 3D MA-HA
cryogel-Cy7, HA-Cy7 solu-
tion, MA-HA-Cy7 solution,
and saline-Cy7 in the dorsum
of mice. Right: respective
injections of unlabeled of
saline, HA, MA-HA, or 3D
MA-HA.
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Tukey’s post hoc correction was used to determine the signifi-
cance of differences for quantitative immunohistochemistry. A
value of p < 0.05 was considered statistically significant.

Results

Three-dimensional MA-HA cryogel fabrication

To prepare HA amenable to cryogelation, pendant metha-
cryloyl groups were first introduced into the HA main chains
(Supplementary Fig. S1A, B). By the process of cryogelation
at -20�C and utilizing a free-radical cross-linking mechanism,
MA-HA was used to generate macroporous 3D MA-HA
cryogels. During cryotropic gelation, most of the solvent
(water) was frozen, and the dissolved solutes (macromonomers
and initiator system) were concentrated in small semifrozen
regions called nonfrozen liquid microphase, in which the
free-radical cryopolymerization of MA-HA occurred (Sup-
plementary Fig. S1C). After complete polymerization, 3D
MA-HA cryogels were incubated at RT and washed with
deionized water to remove unreacted polymeric precursors.
The ice crystals melted, leaving behind a network of inter-
connected pores (Fig. 3); 2.5% MA-HA solutions and 2.5%
HA solutions were prepared at RT, which were designated as
conventional, noncross-linked control group agents.

In vitro degradation of 3D MA-HA

SEM imaging of 3D MA-HA revealed the aforementioned
highly interconnected pore structure with the average pore size
of 15–62mm (in the range of 12–167mm) with the median value
of 32.2mm. Serial SEM imaging showed largely unchanged
ultrastructure of interconnected pores on days 0, 7, 14, 21, and
28, respectively (Fig. 3). Three-dimensional MA-HA maintained
its porous ultrastructure for at least 28 days of in vitro incubation
in normal saline at 37�C on an orbital shaker.

Injectability and shape memory of cryogels

A unique feature of these cryogels is their shape memory.
Heart-shaped 3D MA-HA cryogels (Fig. 1) were suspended in
0.2 mL of saline and successfully passed through a 16G needle
(Supplementary Movie S1). The large volumetric change of

the macroporous gels was presumably caused by a reversible
collapse of the pores. When the sheer force was discontinued
after injection, deformed gels rapidly returned to their original
nondeformed configuration, as surrounding water was re-
absorbed into the gels (Supplementary Movie S1).

When the 3D MA-HA scaffolds were dehydrated, they
collapsed and assumed irregular shapes. Upon rehydration,
they quickly regained their original shapes (Supplementary
Movie S2).

Three-dimensional MA-HA morphology
and biocompatibility in vivo

Sterile heart-shaped 3D MA-HA cryogels (Fig. 1) were
successfully injected subcutaneously in the back of mice with
200mL saline as carrier solution using a 16G angiocath catheter
(Fig. 4). The deformed gels rapidly regained their original
shapes by reabsorbing the surrounding water. During the
30 days of observation, 3D MA-HA maintained its pre-
determined shape in vivo (Fig. 4). This shape was still clearly
visible on day 30 and after explantation. Only the 3D MA-HA
group demonstrated a robust and lasting volume effect after a
single injection of only 30mL of compound. Moreover, 3D
MA-HA was still located at the original injection site without
diffusion or migration. No adverse events such as bleeding,
infection, inflammation, or allergic reactions were noted at any
time point. No capsule formation was found after 30 days.

Longitudinal IVIS imaging for in vivo 3D-MA-HA
localization after subcutaneous injection in mice

To further evaluate the degradation and diffusion of the
3D-MA-HA cryogel, IVIS was performed. Cy7-labeled sa-
line, HA, MA-HA solution, and 3D MA-HA cryogel were
injected in the dorsum of mice, and serial imaging on days
0, 6, 18, and 30 was performed (Fig. 5). All groups showed
fluorescence signals instantly after injection, which indi-
cated successful injection and in vivo localization of the
injected compounds. In the saline-Cy7 injection group,
fluorescence signal could not be detected on day 6. In the
HA-Cy7 and the MA-HA-Cy7 groups, the fluorescence
signal disappeared by day 18. In contrast, the signal site of

FIG. 3. Scanning electron microscope
imaging of 3D MA-HA incubated in normal
saline at 37�C on an orbital shaker for up
to 28 days. Imaging revealed largely
unchanged ultrastructure of interconnected
pores.
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3D MA-HA-Cy7 emitted a robust fluorescence signal for at
least 30 days after injection in the dorsum of mice (Fig. 5).
In addition, 3D MA-HA-Cy7 remained exactly at its injec-
tion site for at least 30 days without obvious signs of sig-
nificant degradation or migration.

Evaluation of skin firmness by durometry

Skin firmness at the injection sites was measured using a
highly sensitive OOO-Durometer. The average values showed
no significant differences between the treatment groups or
within a group over time (Fig. 6). This is an important finding

as the goal is to develop an injectable compound that not only
provides a significant volume effect but also maintain firmness
similar to the surrounding skin.

Histological analysis of mouse skin
injected with 3D MA-HA

Histological analysis revealed intact architecture of subcu-
taneous tissue above and below the panniculus carnosus in all
animals 30 days after treatment (Fig. 7). No inflammation was
observed in subcutaneous tissues either above or below the
panniculus carnosus in any group. Three-dimensional-MA-

FIG. 4. Photo panels of the four treatment groups from the top (left panel) and from a lateral view (right panel). Only 3D
MA-HA elicited a predictable and lasting volumetric effect while maintaining the predetermined heart shape for at least
30 days. No signs of inflammation or infection were noted.

FIG. 5. Serial in vivo fluo-
rescence imaging of mice
locally injected with equal
volumes of Cy7-containing sa-
line, Cy7-labeled HA, MA-HA,
or 3D MA-HA. Only 3D MA-
HA-Cy7 showed persistent
fluorescence signals for at least
30 days. Of note, there was no
migration of the fluorescence
3D MA-HA-Cy7 signal, sug-
gesting that 3D MA-HA-Cy7
remained at the initial injection
site. Skin sites injected with
Cy7-containing saline or Cy7-
labeled HA, MAHA showed no
fluorescence by day 30.
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HA matrices were clearly visible in the subcutaneous tissue
and cellularization of 3D MA-HA occurred homogeneously
and throughout the cryogels. This result indicated that 3D-
MA-HA maintained its macroporous ultrastructure 30 days
after injection and showed signs of cellularization (Fig. 7).

Evaluation of angiogenesis (CD31) and immune
cell infiltration (CD45) in response to subcutaneous
filler injection

No statistically significant differences were found in the
density of CD31+ blood vessels in the subcutaneous tissue above

the panniculus carnosus at the injection site among different
groups (Fig. 8). In contrast, the subcutaneous tissue below the
panniculus carnosus at the injection site revealed a significantly
higher CD31+ blood vessel density in the 3D MA-HA group
(Fig. 8) when compared with controls. Moreover, angiogenesis
was noted not only at the host tissue to scaffold interface but also
throughout the injected 3D MA-HA. This result suggests that the
porous structure and chemical composition of 3D MA-HA
promoted host tissue ingrowth and possible engraftment.

There was no significant difference in CD45+ cell counts
in either layer (subcutaneous tissue above or below the
panniculus carnosus) and across the respective groups on

FIG. 6. Durometry was
used to detect skin firmness.
The digital 00–000 Shore
durometer scale ranges from
0 to 100. Top: durometer
hardness testing temporarily
deforms the tested material
by impinging the indenting
pin on the tested surface. The
relative movement of the
durometer’s indenting pin is
measured and converted into
a hardness value. Bottom: no
significant differences were
noted between any of the
treatment groups at any given
time point.

FIG. 7. Hematoxylin and eosin staining of treated mouse skin after 30 days. Three-dimensional MA-HA maintained its
macroporous ultrastructure 30 days after injection and showed signs of cellularization. The overall skin architecture was not
adversely altered by either treatment. Upper panel: subcutaneous tissues above the panniculus carnosus; bottom panel:
subcutaneous tissues below the panniculus carnosus. Scale bar represents 400mm.
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day 30 (Fig. 9). This result suggests that neither saline, HA,
and MA-HA nor 3D MA-HA induced tissue inflammation or
immune cell infiltration in the skin that was present by day
30 after injection.

Discussion

Success of modern skin filler therapy is limited by filler
agent degradation, migration, and lack of incorporation.
This study evaluated 3D MA-HA as a filler material aimed
to address these three major issues. The cryogelation process
yielded a scaffold with a highly porous interconnected and
tightly cross-linked internal microarchitecture. This caused
the cryogels to collapse when experiencing sheer stress
during injection and to rapidly resume their predetermined
shape once placed into the body without mechanical frac-

ture. The in vitro data illustrated that 3D MA-HA degraded
very slowly at body temperature in an aqueous phase as
evidenced by the unchanged porous ultrastructure on SEM
imaging on day 28 (Fig. 3). This further demonstrated that
3D MA-HA consisted of a stable porous system that did not
significantly swell in a wet state. No apparent weakening of
the interconnected pores occurred.

This study also revealed that 3D MA-HA of a defined shape
(heart shape, with diameter up to 5 mm) could be injected
subcutaneously through a conventional 16G catheter syringe in
the dorsum of mice. After the injection, 3D MA-HA quickly
regained the original shape (Supplementary Movie S2). Three-
dimensional MA-HA resided at the site of injection and pro-
vided lasting volume-enhancing effects for at least 30 days.
None of the control groups provide any comparable effects.
Even on day 30, the predetermined heart shape could clearly be

FIG. 8. CD31 staining of dorsal mouse skin 30 days after injection with saline, HA, MA-HA, or 3D MA-HA. A
significantly higher CD31 count was noted in the layer below the panniculus carnosus of mice at the site of 3D MA-HA
injection on day 30 when compared with the control groups. On day 30, there were no differences in CD31 counts in the
layer above the panniculus carnosus at the site of injection across the groups. Arrow represents injection area. Scale bar
represents 200mm. * represents p < 0.05.

FIG. 9. CD45 staining of
dorsal mouse skin 30 days
after injection with saline,
HA, MA-HA, or 3D MA-HA.
No differences in CD45
counts were noted between
the different treatment groups
on day 30 after injection.
Arrow represents injection
area. Scale bar represents
200mm. Bottom panels:
no statistically significant
differences were found
between the different
treatment groups.
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seen at the injection site (Fig. 4) and after explantation (Sup-
plementary Fig. S2). The shape restoration of 3D MA-HA
cryogels in the subcutaneous layer did not cause extra tension
on the skin, local inflammation, or edema.

Filler therapy should reproduce firmness and overall
texture similar to the untreated surrounding skin. Durometry
yields precise data about tissue firmness and can detect
subtle differences in skin texture.20–25 In this study, duro-
metry revealed that skin injected with 3D MA-HA had
similar firmness as the control groups and no changes over
the course of 30 days were noted (Fig. 6).

As conventional HA filling agents typically consist of
viscous HA, filler migration and insufficient incorporation
are common. In contrast to the control groups, significant
cellularization and angiogenesis (CD31+ staining) were de-
tected at the interface of 3D MA-HA and the host tissue as
well as throughout 3D MA-HA itself. This tissue engraftment
might be a result of the 3D MA-HA unique porous ultra-
structure that allowed for the passage of oxygen and nutri-
ents, as well as cell migration and cell–cell interaction. SEM
imaging of 3D MA-HA showed an average pore size between
15 and 62 mm with a median value of 32.2 mm. It has been
previously shown that the macroporous scaffolds used for
in vivo tissue regeneration had better biological activity when
their pore size located in a certain range of 20–150.5 mm.26,27

Filler should not evoke a significant inflammatory response
as this could result in foreign body and granuloma formation,
nor should other potentially catastrophic complications such
as tissue necrosis be a concern.28–32 Our data did not reveal
any significant differences in immune cell infiltration between
the groups on day 30. While this is encouraging, one limita-
tion of the study is that no early time point analysis was
performed to assess for potential early inflammatory reactions
in response to filler injection. That being said, there was no
clinical evidence that 3D MA-HA caused skin irritation,
bleeding, or other adverse skin reaction at any time point.

One of the most important complications of commercial HA
filler injection is vascular embolism, which may result in tissue/
organ necrosis and even blindness or stroke. This is because the
particle size of various HA fillers is close to the diameter of the
blood vessels present in subcutaneous layers. These filler par-
ticles may inadvertently enter these blood vessels causing
partial or complete vessel occlusion. Plastic surgeons nowadays
are working on improved injection techniques and rescue so-
lutions once embolism occurred.33–35 Our injected 3D MA-HA
cryogel had a diameter of 5 mm, which is far larger than the
diameter of subcutaneous blood vessels, thus minimizing the
risk of inadvertent blood vessel embolization.

In summary, 3D MA-HA demonstrated key features that
address some of the major limitations of current conven-
tional filler therapy.

Conclusions

Injectable 3D MA-HA cryogels of at least 5 mm in diam-
eter could be successfully deployed through a 16G catheter
into the subcutaneous compartment of C57 BL/6J mice.
Three-dimensional MA-HA regained its original shape, which
it maintained for at least 30 days without any signs of adverse
reaction to the surrounding. Three-dimensional MA-HA
injection did not affect skin firmness, nor did it cause a sig-
nificant inflammatory response over the studied time. Three-

dimensional MA-HA did appear to become cellularized, in-
cluding widespread neoangiogenesis. Therefore, it is con-
cluded that 3D MA-HA may be a new candidate substrate for
skin sculpting and soft tissue reconstruction. To further con-
firm its clinical applicability, additional studies should be
carried out to characterize its long-term outcomes, biodegra-
dation rate, inflammatory reaction, and systemic toxicology.
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