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INTRODUCTION

Loss of soft tissue including skin, fat, and muscle is a ubiquitous
problem in clinical medicine. Patients sustain these losses secondary
to tumor excision, traumatic injury, congenital malformation, and
natural aging. The absence of these tissues leads to major functional
and aesthetic disturbances that are difficult to treat by conventional
means. Existing options for soft tissue restoration usually involve
surgery with its attendant cost and morbidity. In addition to these
general inconveniences, each of the most common surgical options
has specific drawbacks. Autologous tissue transfer requires moving
soft tissues from another part of the body in lengthy surgical procedures that result in donor site deficits (1). Prosthetic implants are
prone to foreign body responses, leading to fibrosis and encapsulation (2). Fat grafting, which involves transplantation of adipocytes
harvested during liposuction, is limited to small volumes and is
hampered by poor graft survival (3). Numerous materials have been
developed to overcome these limitations and enable off-the-shelf
solutions for soft tissue restoration (4). Natural biodegradable materials such as collagen (5) and silk (6) have been processed into
injectable filler gels and foams to reconstruct both small and larger
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defects. Hydrogels remain the most popular scaffold matrices to
support tissue regeneration because of their three-dimensional
(3D) nature and elastic properties, which are similar to those of soft
tissues (7, 8). Various methods have been used to generate hydrogel
fillers with shear storage moduli (G′) similar to that of native fat
tissues (150 to 500 Pa) (9), so they may maintain their unique volume
and shape against physical stress from the surrounding tissue. To
date, these resilient structural properties have been achieved at the
expense of high cross-linking density and small average pore size in
the hydrogel networks (10), leading to limited cellular infiltration
and consequently poor regeneration.
Porosity and pore size of the implant materials can influence host
biological responses because of their effect on macrophage infiltration
and activities (11). Several studies have shown that skewed polarization
of macrophages triggered by pore features and mechanical property of
the scaffold can influence the degree of fibrosis and scar formation
(M1 macrophage-dominant response) versus angiogenesis and matrix
remodeling (M2 macrophage-dominant response) (11, 12). Porous
materials implanted in soft tissues, compared with nonporous
implants, modulated pro-regenerative polarization of macrophages,
promoted angiogenesis, and reduced fibrosis and scar formation (13).
Therefore, the ability for hydrogel scaffolds to promote cellular infiltration and vascular ingrowth is key to modulating acute and chronic
inflammation, promoting tissue remodeling, angiogenesis, and regeneration, and achieving a long-lasting soft tissue restoration.
Electrospun nanofiber meshes have often been used as tissue-
engineering substrates because of their topographical similarity to the
native extracellular matrix (ECM). The decellularized ECM of adipose
tissue is highly fibrous and porous (7, 14). However, these mesh-like
matrices are not injectable and do not provide the defined volume or
the mechanical properties necessary for adipose tissue reconstruction.
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Soft tissue losses from tumor removal, trauma, aging, and congenital malformation affect millions of people each
year. Existing options for soft tissue restoration have several drawbacks: Surgical options such as the use of autologous
tissue flaps lead to donor site defects, prosthetic implants are prone to foreign body response leading to fibrosis,
and fat grafting and dermal fillers are limited to small-volume defects and only provide transient volume restoration. In addition, large-volume fat grafting and other tissue-engineering attempts are hampered by poor vascular
ingrowth. Currently, there are no off-the-shelf materials that can fill the volume lost in soft tissue defects while
promoting early angiogenesis. Here, we report a nanofiber-hydrogel composite that addresses these issues. By
incorporating interfacial bonding between electrospun poly(-caprolactone) fibers and a hyaluronic acid hydrogel
network, we generated a composite that mimics the microarchitecture and mechanical properties of soft tissue
extracellular matrix. Upon subcutaneous injection in a rat model, this composite permitted infiltration of host
macrophages and conditioned them into the pro-regenerative phenotype. By secreting pro-angiogenic cytokines
and growth factors, these polarized macrophages enabled gradual remodeling and replacement of the composite
with vascularized soft tissue. Such host cell infiltration and angiogenesis were also observed in a rabbit model for
repairing a soft tissue defect filled with the composite. This injectable nanofiber-hydrogel composite augments
native tissue regenerative responses, thus enabling durable soft tissue restoration outcomes.
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RESULTS

Engineering a fiber-hydrogel composite
with interfacial bonding
We designed a unique composite scaffold by bonding biodegradable
PCL fiber surface with HA hydrogel molecular network. To achieve
this, we first introduced carboxyl groups to PCL fiber surface through
plasma activation according to our previous report (18). The surface
carboxylic group density could be varied between 75 and 150 nmol/mg
of fibers by adjusting plasma treatment time (fig. S1). A small fraction (1 to 3%) of the carboxyl group was converted to the thiol-reactive
maleimide (MAL) group to generate MAL-functionalized PCL (MALPCL) fibers. MAL-PCL fibers were then fragmented in a cryogenic
milling chamber filled with liquid nitrogen. We controlled the average
length of the fibers within the range of 20 to 100 m by adjusting the
duration of the cooling and milling cycles (fig. S2). The MAL-PCL
fiber fragments were then mixed with the HA hydrogel precursors at
predetermined ratios to form composite. During the gelation process,
MAL-PCL fiber fragments were conjugated to HA-SH cross-linked
network, forming interfacial covalent bonds and then generating an
integrated composite structure (Fig. 1A and fig. S3). Scanning electron microscopy images revealed that these fibers were connected to
the dried HA hydrogel network, exhibiting a fibrillar microarchitecture similar to what was observed in native adipose tissue ECM
(Fig. 1, B and C). A marked reinforcement effect was observed when
these fibers were bonded in the HA hydrogel matrix (Fig. 1D). Furthermore, the composite component premix could readily pass
through a 30-gauge needle within 30 min after mixing (Fig. 1E). The
passage through the needle did not induce separation of the fibers
Li et al., Sci. Transl. Med. 11, eaau6210 (2019)
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from the hydrogel phase nor did it affect gelation kinetics (fig. S4).
After complete gelation, PCL fiber fragments were distributed relatively evenly throughout the hydrogel (fig. S5). In contrast, unmodified PCL fibers and carboxyl-functionalized PCL fibers blended into
the same HA hydrogel without interfacial bonding phase-separated
easily (fig. S6).
To quantitatively analyze the interfacial bonding between PCL
fiber and HA hydrogel, we examined the G0′ of the HA hydrogel
phase and overall G′ of the composite. In an oscillatory strain sweep
test with only 1 to 2% (w/w) of fiber loading in the composite, the
G′ of a composite with fibers having surface MAL groups was two
to fivefold higher than that without interfacial bonding (P < 0.0001;
Fig. 1, F and G). G′ of the composites increased with the increase of
fiber and cross-linker PEGDA concentrations. This allowed us to
generate composites with G′ in the range of 150 to 600 Pa, similar to
that of native fat tissue, while starting from HA hydrogels with an
initial G0′ of 80 to 220 Pa.
Improved cell migration and vascular-like
network formation inside composite
To investigate cell migration inside our composite, we seeded human
adipose-derived stem cell (hASC) spheroids (uniformly generated
with a diameter of ~200 m) inside the composite and imaged cell
spreading as a function of time (19). We seeded hASC spheroids
within a composite (G′ = 150 Pa and G0′ = 80 Pa) and the corresponding HA hydrogel controls (G′ = 80 and 150 Pa) and cultured
them for 14 days. No noticeable cell migration was observed
inside the 150-Pa hydrogel (Fig. 2A), consistent with our previous studies that showed stem cells could not migrate inside an
HA hydrogel matrix when the G′ of the hydrogel was more than
100 Pa (19, 20). In contrast, hASCs within the 150-Pa composite
migrated the longest distance when compared to those in the
80- and 150-Pa hydrogels [composite group: 207 m, 80-Pa
hydrogel group: 145 m (P < 0.01), and 150-Pa hydrogel group: 0 m
(P < 0.0001); Fig. 2B]. They migrated effectively in 3D culture and
formed networks in the 150-Pa composite (Fig. 2C). In addition,
nanofibers were distributed relatively uniformly throughout the
hydrogel.
To further evaluate cell migration and organization inside the
fiber-hydrogel composite, we used an established in vitro vascularization model (21). Single hASCs were cocultured with endothelial
cells inside the 80- and 150-Pa hydrogels and the 150-Pa composite.
We selected the 80-Pa hydrogel as a control because vascular-like
network formation occurred in this HA hydrogel with a narrow
range of G′ around 80 Pa (figs. S7 and S8). These cells inside the
80-Pa hydrogel and the 150-Pa composite spontaneously initiated
vascular-like morphogenesis and organized to form multicellular
tubular structures with branching and visible open lumen space
starting as early as day 2 in culture. Such developments were not
seen in the 150-Pa hydrogel. Tubular structural development was
more pronounced and progressive in the 150-Pa composite than
the 80-Pa hydrogel (Fig. 2D). At day 7 in culture, 3D tubular networks reminiscent of capillaries formed inside both the 80-Pa
hydrogel and the 150-Pa composite; however, they were more
interconnected and developed highest network density in the
150-Pa composite [total length of interconnected branches per area for
the composite group: 12.7 mm/mm 2 , 80-Pa hydrogel group:
7.0 mm/mm2 (P < 0.01), and 150-Pa hydrogel group: 1.7 mm/mm2
(P < 0.0001); Fig. 2E].
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Adding fibrous components to polyethylene glycol (PEG), polyacrylamide, or alginate hydrogels during gelation moderately improves
their mechanical properties for cartilage and bone tissue engineering
(15, 16). These reported materials have relatively high shear moduli in
the range of 5 to 50 kPa. They are not expected to allow cell infiltration
because of their relatively low pore sizes, even when adipocyte adhesive
ligands are present. In addition, these hydrogels are typically nondegradable or have very slow degradation rates. None of these reported
materials for soft tissue restoration—neither hydrogel networks nor
ECM mimetic meshes—have simultaneously met the requirements
for structural integrity conferred by sufficient mechanical property,
high matrix porosity, and pore size that enables cellular infiltration,
vascularization, and tissue remodeling.
To satisfy the competing yet critical requirements for structural
integrity and cellular ingrowth (porosity and pore size), we developed a hyaluronic acid (HA) hydrogel composite covalently linked
to fragmented electrospun poly(-caprolactone) (PCL) nanofibers.
Using a thiolated HA (HA-SH)/PEG diacrylate (PEGDA) hydrogel
developed previously by Shu et al. (17), we introduced interfacial
bonding between the HA-SH/PEGDA hydrogel network and surface-
functionalized PCL nanofibers. This composite design gives the
material higher bulk porosity and cell permeability while achieving
sufficiently high storage modulus necessary for the composite to
match the mechanical properties of natural adipose tissue. Here, we
show that this chemically integrated composite structure has improved mechanical properties over a mixture of fibers and hydrogel, particularly for hydrogels with low stiffness, and investigate the
effects on macrophage infiltration and polarization and angiogenic
response from the surrounding tissue.
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Infiltration of macrophages and
their polarization inside composite
We examined whether improved angiogenesis in the composite correlates with
macrophage infiltration and polarization. Activated macrophages exhibit a
spectrum of phenotypes. Two classically
described groups are the M1 (CD86+)
and M2 (CD206+) subtypes, which represent the pro-inflammatory and pro-
regenerative phenotypes, respectively
(22). At POD 7, macrophages rarely infiltrated the 150-Pa hydrogel; however,
we identified an ample number of macrophages inside the 150-Pa
composite. Among the macrophages found in the composite, a portion
of them stained CD206+ and was observed along the fibers at POD 7.
These CD206+ macrophages within the composite exhibited an
elongated morphology (23), which was seldom seen in the hydrogel
controls (Fig. 4A). At POD 14, there were still very few macrophages detected in the 150-Pa hydrogel, which was quantitatively
validated by flow cytometry (Fig. 4, B to D, and fig. S16). More

Fig. 1. Engineering a nanofiber-hydrogel composite with interfacial bonding between nanofiber surface and
hydrogel network. (A) Schematic of the synthesis and structure of PCL nanofiber-HA hydrogel composite. (B and
C) Scanning electron microscopy images of rat native fat tissue (B) and PCL nanofiber-HA hydrogel composite (C) showing
that fibers are embedded into the HA hydrogel network (arrowheads). (D) Image showing a PCL nanofiber-HA hydrogel composite (G′ = 250 Pa, left) and an HA hydrogel [oscillatory shear storage modulus (G′0) = 80 Pa, right] constructed from the same 80-Pa HA hydrogel. (E) Image showing that the composite can be injected through a 30-gauge
needle. (F and G) G′ of HA hydrogels and nanofiber-hydrogel composites with different PEGDA cross-linker concentrations of 2 mg/ml (F) and 5 mg/ml (G) and fiber amounts (0, 10, and 20 mg/ml) with or without interfacial bonding.
The concentration of HA was maintained at 4 mg/ml (n = 3 to 9). Statistical significance was calculated by one-way
analysis of variance (ANOVA) with the Dunnett’s post hoc test. Asterisk (*) indicates the comparison between groups
with and without fibers (hydrogel control). Hash key (#) denotes the comparison between groups with and without
interfacial bonding. ****P < 0.0001, ####P < 0.0001. Data are presented as means ± SEM.

Enhanced angiogenesis inside composite after
subcutaneous implantation in rat model
To investigate composite-mediated host cell infiltration in vivo, we
subcutaneously injected the composite (G′ = 150 Pa and G0′ = 80 Pa)
and two hydrogel controls (G′ = 80 and 150 Pa) into the backs of
Lewis rats. Host vascular endothelial cells (RECA-1+) infiltrated and
formed blood vessels inside the 150-Pa composite (figs. S9 to S11).
The HA hydrogel with a similar G′ lacked vascular infiltration at
Li et al., Sci. Transl. Med. 11, eaau6210 (2019)
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postoperative day (POD) 7 (Fig. 3A).
The composite group resulted in the
highest density of blood vessels among
these three groups at POD 7 [composite
group: 7.7 mm/mm2, 80-Pa hydrogel
group: 3.5 mm/mm2 (P < 0.01), and 150-Pa
hydrogel group: 1.2 mm/mm 2 (P <
0.001); Fig. 3B and fig. S9]. Concurrent
with HA degradation in vivo, vascular
cells infiltrated the hydrogels at POD 84;
however, they were still fewer and less
organized than those in the composite.
Well-formed blood vessel networks with
a total length of about 19 mm/mm 2
formed inside the composite at POD 84
[composite group: 19.0 mm/mm2, 80-Pa
hydrogel group: 3.3 mm/mm2 (P < 0.05),
and 150-Pa hydrogel group: 3.8 mm/mm2
(P < 0.05); Fig. 3C and fig. S11]. The
blood vessels inside the 150-Pa composite were well developed with continuous endothelial lining and surrounding
smooth muscle cells (figs. S12 and S13).
These blood vessels were perfusable and
functional; this was confirmed by indocyanine green angiography that revealed
that host blood could flow into the composite (figs. S14 and S15). Furthermore,
the composite exhibited lasting shape
retention with gradual host cell infiltration and replacement at POD 84 (Fig. 3A
and fig. S11). These results confirm the
ability of this composite to facilitate the
ingrowth of host blood vessels and highlight the advantage of this composite in
satisfying requirements for both mechanical property and porosity.
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pression of M1-related genes, including
tumor necrosis factor– (TNF) and
interleukin-6 (IL-6) [TNF: 2.5 versus
11.3 (P < 0.0001) and IL-6: 1.8 versus
11.4 (P < 0.0001); fig. S17B]. In contrast, when macrophages were induced
by IL-4, a well-established stimulus for
M2 macrophages (25), the composite,
compared to the 150-Pa hydrogel, increased the expression of M2-related
genes, such as Arg1 and CD206 [Arg1:
4.2 versus 1.5 (P < 0.001) and CD206:
5.0 versus 2.4 (P < 0.001); fig. S17C].
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Composite-mediated
high expression of
angiogenesis-related genes
We studied whether our composite-
mediated angiogenic gene expression using
an angiogenesis polymerase chain reaction (PCR) array. A series of angiogenesis-
related genes had been substantially
up-regulated by the 150-Pa composite com
pared to the phosphate-buffered saline
(PBS) control (Fig. 5, A and B, and fig. S19).
For example, expression of chemokine
ligand 2 (CCL2), which plays a role in
recruiting monocytes/macrophages to
Fig. 2. Enhanced cell migration and vascular-like network formation inside composite. (A) hASC migration from
the graft site (26), was found to be 14.6-,
200-m spheroids embedded in the 80- and 150-Pa HA hydrogels and the 150-Pa composite. (B) Quantitative analy53.0-, and 10.5-fold higher in the comsis of cell migration distance inside the hydrogels and the composite (n = 4 to 7). (C) hASCs formed 3D connected
posite compared to that detected in the
networks in the 150-Pa composite. (D) Vascular-like network formation in the 80- and 150-Pa hydrogels and the 150-Pa
composite. (E) Quantitative analysis of vascular-like network formed inside the hydrogels and the composite (n = 6).
PBS control group at PODs 3, 7, and 14,
Cell morphology was visualized by staining for actin with Alexa Fluor 568 Phalloidin shown in red. Cell nuclei were
respectively. Other cytokines, such as
stained with 4′,6-diamidino-2-phenylindole (DAPI) shown in blue. Nanofibers were labeled with F8BT shown in
CXCL2 and IL-1, both showed high
green. Scale bars, 100 m. Statistical significance was calculated by one-way ANOVA with the Dunnett’s post hoc test.
expression at PODs 3 and 7 but returned
Comparison was performed between groups. ##P < 0.01, ####P < 0.0001. Data are presented as means ± SEM.
to baseline at POD 14. Several specific
angiogenic factors, such as vascular
CD86+ macrophages were identified in the 150-Pa composite than endothelial growth factor D (VEGF-D) (27), displayed 7.2- and
in the 80-Pa hydrogel [150-Pa composite: 70.0% versus 80-Pa hydro- 5.0-fold higher expression at PODs 7 and 14, respectively. In addigel: 61.2% (P < 0.01); Fig. 4, C and D]. Among these CD86+ cells, tion, expression of cell adhesion molecules, such as fibronectin 1 (FN1),
there were a larger number of CD206+CD86+ cells inside the com- was significantly higher in the composite compared with PBS conposite (22.2% versus 13.9%, P < 0.01), leading to a greater shift in trol [POD 3: 3.2-fold (P < 0.05), POD 7: 12.7-fold (P < 0.0001), and
macrophage phenotype toward the M2 subtype inside the composite POD 14: 2.2-fold (P < 0.05)]. Matrix metallopeptidase 9 (MMP9)
as compared with the 80-Pa hydrogel [CD206+/CD86+: 0.318 versus (28), which is involved in degrading ECM and vascular remodeling,
0.227 (P < 0.05); Fig. 4E]. In addition, the double identity of macro- was up-regulated at all time points [POD 3: 8.0-fold (P < 0.05), POD
phages (CD86+CD206+) suggests that the porous and more compliant 7: 121.4-fold, and POD 14: 32.7-fold (P < 0.0001)]. Other types of
hydrogel/composite matrix may be slowing down or reversing M1 proteases, including MMP2 (5.7-fold, P < 0.01) and MMP3 (13.5-fold,
polarization of some macrophages induced by inflammatory response P < 0.001), showed significantly higher expression only at POD 14.
from the placement of foreign materials, other than directly inducing Some peptidase inhibitors, including tissue inhibitors of metalloM2 polarization of the macrophages.
proteinases (TIMPs) 1 and 2, were also highly expressed at PODs 7 and
We also investigated composite-mediated macrophage polariza- 14 [TIMP1: POD 7, 32.7-fold (P < 0.001) and POD 14, 4.8-fold (P < 0.01);
tion in vitro. Mouse bone marrow–derived macrophages cultured TIMP2: POD 7, 2.6-fold (P < 0.05) and POD 14, 3.7-fold (P < 0.01)].
within the 150-Pa composite for 4 days, when compared to those
We next compared the expression of angiogenic genes between
within the 150-Pa hydrogel, had lower expression of M1-related the 150-Pa composite and the 150-Pa hydrogel (Fig. 5C and fig. S20).
genes [CD86: 2.5 versus 5.8 (P < 0.05) and CCR7: 3.0 versus 15.4 In particular, Anpep (8.0 versus 0.9, P < 0.001), VEGF-D (7.2 versus
(P < 0.0001); figs. S17A and S18]. When macrophages were ex- 0.4, P < 0.05), and FN1 (12.7 versus 2.1, P < 0.01) were expressed
posed to lipopolysaccharide and interferon-, both of which have significantly higher in the composite. Several receptors, including
been shown to polarize macrophages toward M1 phenotypes (24), VEGFR1 [Flt1: 2.0 versus 0.4 (P < 0.01)], Itga5 (2.6 versus 0.8,
the composite, compared to the 150-Pa hydrogel, attenuated ex- P < 0.001), and Itgb3 (2.9 versus 0.7, P < 0.05), were also highly expressed
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DISCUSSION

We developed a mechanically tunable
nanofiber-hydrogel composite that
mimics the structural properties of adipose tissue ECM and promotes host
vascularization. The unique feature of
this nanofiber-hydrogel composite is
the interfacial bonding between nano
fiber surfaces and the hydrogel network.
This bonding provides an effective approach to improving the stiffness of the composite with relatively
low fiber loading while also maintaining critical pore size in the hydrogel phase. Our results show that the composite can promote cellular infiltration, revascularization, and host tissue integration into the
scaffold. In addition, this nanofiber-hydrogel composite provides
soft tissue restoration in an injectable form without the use of exogenous growth factors, thus enhancing its clinical translatability.
The degradation behavior of the composite is important to cell
infiltration and tissue remodeling. Degradation is mediated by the
enzymatic hydrolysis and infiltrated cells inside the composite. The
HA hydrogel is first degraded by hyaluronidase in vivo, as was shown
previously (29). The degraded HA fragments can induce angiogenesis (30). PCL degrades primarily through bulk hydrolysis mechanism
(31). Our porous structure of composite allowed the infiltration of
host cells, including macrophages and endothelial cells, and led to
increased concentrations of secreted factors locally, such as MMPs
and VEGF-D, to remodel the matrix and promote angiogenesis inside
the composite. In particular, activated macrophages secrete hyaluronidase (32) and are likely to accelerate HA degradation as they
migrated through the composite, whereas the PCL fibers remained

Fig. 3. Improved angiogenesis inside composite after subcutaneous implantation. (A) Host vascular cell infiltration in the injected 80- and 150-Pa HA hydrogels and the 150-Pa composite at PODs 7, 14, and 84. Nanofibers were
labeled with F8BT shown in green. Cells were stained with RECA-1 for endothelial cells (shown in red) and with DAPI
for nuclei (shown in blue). Scale bars, 100 m. (B and C) Quantitative analysis of the densities of the blood vessels (B)
and the blood vessel network (C) inside the hydrogels and the composite (n = 6). Statistical significance was calculated
by two-way ANOVA with the Dunnett’s post hoc test. Hash key (#) denotes the comparison between groups. Asterisk
indicates the comparison between time points. # or *P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. Data are
presented as means ± SEM.

in the composite. Peptidase inhibitors, including TIMP1 (32.7 versus
2.5, P < 0.05) and TIMP2 (2.6 versus 0.7, P < 0.01), exhibited increased expression in the composite. Collectively, these results clarify
that our composite mediates high expression of pro-angiogenic
genes, which facilitate the ingrowth of host blood vessels, vascular
maturation, and remodeling inside the composite.
Composite-mediated angiogenesis in a rabbit
soft tissue defect repair model
We further investigated our composite-mediated host cellular infiltration in a rabbit model for soft tissue defect repair. We developed
a protocol to create standardized circular defects within the inguinal fat pads of rabbit using a circular punch (volume, 1 ml). We
then injected either composite (1 ml; G′ = 150 Pa or G0′ = 80 Pa) or
one of the two hydrogel controls (1 ml; G′ = 80 and 150 Pa) to adequately fill the defect (Fig. 6A). The defects filled with hydrogels
appeared transparent, whereas those with composite appeared
whitish, similar to native fat (fig. S21). At POD 14, host blood vessels
(CD31+) grew into the 80-Pa hydrogel and the 150-Pa composite
but not the 150-Pa hydrogel. A boundary between the 150-Pa hydroLi et al., Sci. Transl. Med. 11, eaau6210 (2019)
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gel and the surrounding host tissue was
evident. Macrophages (CD68 + and
CD206+) also infiltrated the 80-Pa hydrogel and the 150-Pa composite but
not the 150-Pa hydrogel (Fig. 6B). By
POD 42, the 150-Pa composite and the
150-Pa hydrogel yielded similar shape
retention, both being greater than that
of the 80-Pa hydrogel (fig. S21). Blood
vessels could be identified at the periphery of the defect site filled with 150-Pa
hydrogel and the boundary with the host
tissue (Fig. 6C), and CD68+ pan macrophages and CD206+ pro-regenerative
macrophages were not found around
the defect site (Fig. 6D). Blood vessels
spread broadly within the 150-Pa composite at POD 42. These host blood vessels
infiltrated the composite to a greater
degree and in a broader area, presenting a notably higher density of blood
vessels inside the sample region than the
150-Pa hydrogel (P < 0.05; Fig. 6E).
These results confirm the ability of the
composite to facilitate the ingrowth of
host blood vessels into a large soft tissue
defect site.
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discernable even after 3 months while the cells remodeled around
them. PCL fibers could last more than 6 to 18 months in vivo based
on our initial observation and data reported in the literature (33).
Previous studies have investigated the effect of hydrogel G′ on cellular infiltration in HA hydrogels. However, these HA hydrogel scaffolds exhibit G′ that are 4- to 10-fold greater than scaffolds used in
this study (34). We observed markedly decreased cell migration in the
150-Pa hydrogel when compared to the softer 80-Pa hydrogel. Vascularization is also minimal throughout the 150-Pa hydrogel, especially
when compared to the softer hydrogel of 80 Pa. The 80-Pa hydrogel,
however, is not feasible for soft tissue reconstruction, given its limited
persistence after in vivo implantation. Simply increasing cross-linking
density in the hydrogel to improve its G′ does not resolve this issue
because it renders the hydrogel impermeable to cell infiltration and
migration. The addition of surface bonding of PCL nanofiber fragments
to HA network in the 80-Pa hydrogel resulted in a composite that
Li et al., Sci. Transl. Med. 11, eaau6210 (2019)
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exhibited enhanced mechanical stiffness with a low fraction [1 to 3%
(w/w)] of PCL fibers, as well as improved persistence without hampering cell migration and host tissue infiltration compared to hydrogel controls. For this study, we only included 1% of the PCL nanofiber
fragments into the composite to ensure good injectability through a
small-diameter needle. The covalent bonding was introduced to confer substantial mechanical reinforcement effect even at such a low
weight fraction. The average porosities of hydrogels and composite
were calculated on the basis of their compositions. Our 80- and 150Pa hydrogels had average porosities of 99.6% and 99.2%, respectively.
The 1% (w/w) PCL fiber loading in the 150-Pa composite only slightly
reduced the porosity of the entire matrix to 98.7%. However, the
mesh size or pore size of the composite is difficult to determine because of the biphasic nature of the material. With only 1% fiber loading,
we do not believe its effect on pore size distribution in the hydrogel
phase will be substantial. The composite achieved the cell infiltration
6 of 11
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Fig. 4. Infiltration of macrophages into composite and hydrogels and their phenotypes. (A) Macrophages infiltrated into 80 and 150-Pa hydrogels and 150-Pa composite at POD 7. Elongated CD206+ macrophages were found inside the composite. Macrophages were stained with CD206 (shown in red) and CD86 (shown in blue). PCL
nanofibers were labeled with F8BT shown in green. Scale bars, 100 m. (B) Macrophages observed inside the composite and the hydrogels at POD 14. Macrophages were
stained with CD206 (red), CD68 (gray), and CD86 (red). Cell nuclei were stained with DAPI in blue. Scale bars, 100 m. (C to E) Quantitative analysis of infiltrated macrophages inside the composite and the hydrogels by flow cytometry (n = 3). Statistical significance was calculated by one-way ANOVA with the Dunnett’s post hoc test to
compare between groups. #P < 0.05, ##P < 0.01. Data are presented as means ± SEM.
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Fig. 5. Composite-mediated high expression of angiogenesis-related genes. (A) Heat map analysis of angiogenesis-related gene expression in the 150-Pa composite
and the 150-Pa hydrogel at PODs 3, 7, and 14. (B) Relative quantification (RQ) for fold change of angiogenesis-related gene expression between the 150-Pa composite and
the PBS control. (C) Comparison of angiogenesis-related gene expression between the 150-Pa composite and the 150-Pa hydrogel at POD 7 (n = 3). Statistical significance
was calculated by Student’s t test. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. Data are presented as means ± SEM.

and angiogenic property by the porous HA hydrogel (G0′ = 80 Pa)
and macrophage conditioning, although nanofiber presence also appeared to facilitate cell migration.
We found that a blood vessel network developed and persisted in
the 150-Pa composite at 3 months after injection. This angiogenesis
response is likely due to the high porosity, low stiffness, and cell-permeable
Li et al., Sci. Transl. Med. 11, eaau6210 (2019)

1 May 2019

nature of the composite that relates to the role of recruited macrophages (35, 36). One distinct advantage of our composite material
lies with its ability to allow infiltration of host monocytes and macrophages into the composite. We observed a large number of macrophages clustered along the fibers within our composite. Among
these macrophages, there were a large number of “pro-regenerative”
7 of 11
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CD206+ cells (Fig. 4). This type of pro-regenerative macrophage has
previously been shown to increase neovascularization (22, 36). Furthermore, we found that the composite enriched chemokines, such
as CCL2 (37), which played a role in recruiting monocytes/macrophages
and endothelial progenitors into the composite. Macrophages secreted high concentrations of MMP9, enabling degradation of the ECM
and recruitment of more inflammatory cells into the composite (28).
In addition, the degradation products of HA may provide additional pro-angiogenic signal (30) and further facilitate blood vessel
development in the local milieu. The PCL fibers continue to provide
mechanical support to improve the structural integrity, allowing
blood vessel development inside the composite. Accumulation of
macrophages inside the composite produced other types of MMPs
(MMP2, MMP3, and MMP19), VEGF-D, and FN1, all of which
facilitated angiogenesis, vascular remodeling, and maturation inside
the composite (fig. S22) (38). In contrast, the HA hydrogel without
PCL fibers but cross-linked to the same stiffness (G′ = 150 Pa), despite
also having degraded HA fragments that could encourage angioLi et al., Sci. Transl. Med. 11, eaau6210 (2019)

1 May 2019

genesis, limits degradation and cell migration to the periphery of
the implant. The HA hydrogel of 80-Pa allows host cell infiltration
and angiogenesis inside its matrix, but the fast degradation of HA
limits the structural integrity of the hydrogel, leading to less blood
vessel networks inside the implant. Our results confirm that both
porosity and nanofibers are required to realize the substantial cell
infiltration, angiogenesis, and tissue regeneration and remodeling.
Note that hydrogels with a larger pore structure have also been explored using other approaches. For example, Griffin et al. (39) developed
a microporous annealed particle hydrogel and achieved cell infiltration
with rapid tissue regeneration. Using 30- to 150-m hydrogel particles,
they formed an annealed particle network with interconnected micropores of 10 to 35 m using Factor XIII (FXIIIa) to cross-link the contact
surfaces of the hydrogel particles and thus to stabilize the hydrogel network. This interconnected pore network was shown to have facilitated
cell infiltration and angiogenesis. Compared with this approach, our
composite design relies on the intrinsic pore size and structure of the
porous hydrogel and incorporated nanofibers, without requiring careful
8 of 11
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Fig. 6. Composite-mediated angiogenesis at the rabbit fat tissue defect site. (A) General procedure for creating defects in the inguinal fat pad in a rabbit model (steps 1
to 3) and injection with the composite (step 4). Scale bars, 10 mm. (B) Host blood vessel growth into the 80- and 150-Pa hydrogels and the 150-Pa composite at POD 14. Endothelial cells were stained with CD31 in red. CD68+ was used as a pan macrophage marker; CD206+ labeled pro-regenerative macrophages. Macrophages were stained with
CD68 (red) and CD206 (red). Cell nuclei were stained with DAPI in blue. Fibers were F8BT-labeled (green). Scale bars, 100 m. (C) Host blood vessel growth into the 150-Pa
hydrogel and the 150-Pa composite at POD 42. Scale bars, 500 m. (D) CD68-marked pan macrophages; CD206-labeled pro-regenerative macrophages. Scale bars, 100 m.
(E) Quantitative analysis of the distribution of blood vessels inside the 150-Pa composite and the 150-Pa hydrogel at POD 42 (n = 4). Statistical significance was calculated by
two-way ANOVA with the Bonferroni’s post hoc test. #P < 0.05, ##P < 0.01, ####P < 0.0001. Data are presented as means ± SEM.
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MATERIALS AND METHODS

Study design
The objective of this study is to develop a nanofiber-hydrogel composite
with the interfacial bonding between the fibers and hydrogel matrix
for soft tissue reconstruction and regeneration. The composite with
the interfacial bonding between fibers and hydrogels could maintain
their structure and simultaneously allow cell migration and infiltration inside the matrix. The interfacial bonding between fibers and hydrogels was examined by rheological tests. In vitro cell migration and
vascularization studies were designed to investigate cell migration and
organization inside the matrix. The ability of the composite for cell
infiltration was tested by subcutaneous injection of the composite
(n = 6). PCR array assay was applied to investigate the mechanism of
composite-mediated cell infiltration and angiogenesis in vivo (n = 3).
The potential of the composite for soft tissue regeneration was also
tested in a rabbit soft tissue defect model (n = 4). The immunostaining
images were evaluated and analyzed by a technician in a blinded manner.
There were no data excluded from this study. Individual subject-level
data are reported in data file S1. Primary antibodies used in the study
are listed in table S1.
Statistical analysis
Data are shown as means ± SEM. Data were analyzed using
GraphPad Prism software (GraphPad Software Inc.) by Student’s
t test (unpaired and two-tailed), one- or two-way ANOVA (analysis of variance), followed by Dunnett’s or Bonferroni’s post hoc
test as needed. The values were considered significantly different
at P < 0.05.
SUPPLEMENTARY MATERIALS

stm.sciencemag.org/cgi/content/full/11/490/eaau6210/DC1
Materials and Methods
Fig. S1. Controlling carboxylic group density on the PCL nanofiber by changing plasma
treatment time.
Fig. S2. Controlling the length of nanofiber fragments and the reproducibility of composites.
Fig. S3. The molecular structure of HA hydrogel as a comparison for the composite.
Fig. S4. Characterization of mechanical properties of the composite.
Fig. S5. Fluorescence image showing the distribution of nanofibers inside the composite.
Fig. S6. Fluorescence image showing phase separation of carboxyl-functionalized nanofibers
from the hydrogel.
Fig. S7. Vascular-like network formation in HA hydrogels.
Fig. S8. hASCs cocultured with human umbilical vein endothelial cells inside the 80-Pa
hydrogel.
Fig. S9. Infiltration of host vascular cells into the 150-Pa composite at POD 7.
Fig. S10. Blood vessels inside the 150-Pa composite at POD 14.
Fig. S11. Well-formed blood vessel networks inside the 150-Pa composite at POD 84.
Fig. S12. Vascular maturation inside the 150-Pa composite at PODs 7, 14, and 84.
Fig. S13. Vascular network inside the 150-Pa composite at POD 84 shown in the 3D image.
Fig. S14. Macroscopic images of subcutaneously injected 80- and 150-Pa hydrogels and 150-Pa
composite at PODs 7 and 14.
Fig. S15. Perfusable blood vessels observed in the 150-Pa composite examined by indocyanine
green angiography.
Fig. S16. Macrophages infiltrated 80- and 150-Pa hydrogels and 150-Pa composite at POD 14.
Fig. S17. Composite-mediated macrophage polarization in vitro.
Fig. S18. Macrophage morphologies inside the 80- and 150-Pa hydrogels and 150-Pa
composite under normal conditions.
Fig. S19. Angiogenesis-related gene expression inside the 150-Pa composite.
Fig. S20. Comparison of angiogenic gene expression between the composite and the hydrogel
with the same G′ of 150 Pa.
Fig. S21. Composite-mediated tissue regeneration in a rabbit soft tissue defect model.
Fig. S22. Processes involved in composite-mediated angiogenesis.
Table S1. Primary antibodies used in this study.
Data file S1. Individual subject-level data for quantitative analysis.
References (42–48)
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control of pore structure and interconnectivity of microgel particles,
which may be difficult to achieve in vivo after injection.
This study highlights the use of the body’s own abilities for tissue
remodeling and regeneration. Even without the presence of exogenous cytokines or cells loaded into the composite before injection,
angiogenesis was observed inside the composite with a longer-lasting
shape retention outcome. In contrast, most recent studies have
focused on the use of exogenous factors or cellular cues in conjunction with scaffolds. Even with the addition of these factors, the cellular
infiltration and vascular ingrowth effects have been modest.
The composite used in this study is intended as in situ forming
material. In consideration of clinical application of our composite,
patients with typical breast lumpectomy are often left with postoperative breast deformities (40). Intraoperative delivery of our composite
after breast tumor resection would allow for immediate soft tissue
restoration in a single-stage procedure. The in situ gelling nature of
our composite allows conformation to the irregular contour defects
created after tumor extirpation. The gelation process usually takes
several hours to form stable matrix without requiring additives or
generating by-products. This feature provides an ample time window for injection after component mixing and affords the ability to
shape before the composite is fully set. In the case where soft tissue
reconstruction is not performed concurrently, in situ gelling composite allows for a minimally invasive percutaneous delivery, which
is well tolerated in the outpatient clinical setting. Our results from
the rabbit model also demonstrated a case for repair immediately
after tissue removal or defect repair.
Generating larger volumes of soft tissue with the composite
alone will be challenging because spontaneous cell infiltration to
reconstruct soft tissue is a slow and gradual process. Nonetheless,
the composite may be used in conjunction with autologous or allogeneic adipose-derived stem and progenitor cells to augment the
effect. The porous and angiogenic nature of the composite argues
favorably for its additional function as carrier for these cells after
transplantation. In addition, the mechanism of composite-mediated
macrophage polarization and tissue ingrowth still needs to be further
expanded, including the effect of matrix stiffness on macrophage
conditioning (41). The fiber-hydrogel composite may create a unique
microenvironment that exerts a different mechanobiology to macrophages and endothelial cells. The exact mechanism will require
more detailed signaling dynamic study, which is part of an on-going
investigation that we will report in the near future.
Beyond the data presented here on the unique structural design,
composition, and property of the composite, the excellent safety
track record of HA and PCL in clinical devices argues favorably for
the future clinical translation of this composite. Translational activities are currently underway to develop an injectable biodegradable
filler product for soft tissue augmentation in aesthetic and reconstructive cases, which follow a U.S. Food and Drug Administration
regulatory pathway for a class III medical device.
In summary, we have developed a unique nanofiber-hydrogel
composite that mimics the microarchitecture and mechanical properties
of soft tissue matrix. The high porosity and integrated nanofiber fragments promote host cell infiltration, macrophage conditioning toward
pro-regenerative phenotype, and angiogenetic response within the
composite, without the addition of any exogenous cells or factors,
thus building the foundation for soft tissue restoration in defect repair.
Our goal is to translate this approach into a minimally invasive solution for the numerous patients suffering from soft tissue losses.
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Crafting a (re)constructive composite
To be useful for soft tissue reconstruction, a biomaterial should be compatible with surgical manipulation while
providing material properties similar to the native tissue and should not promote scarring or adverse cell activation.
Toward this goal, Li et al, developed an injectable, biodegradable composite biomaterial composed of hyaluronic acid
hydrogel with embedded synthetic polymer fibers. Human cells formed vascular-like networks within the material in
vitro, and subcutaneously implanted material showed macrophage infiltration and angiogenesis in rats. Macrophages
were polarized toward a pro-regenerative phenotype, and the material facilitated adipose soft tissue defect repair in a
rabbit model.

