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Abstract

The dynamic changes in estrogen levels throughout aging and during the menstrual cycle influence 

wound healing. Elevated estrogen levels during the pre-ovulation phase accelerate tissue repair, 

whereas reduced estrogen levels in post-menopausal women lead to slow healing. Although 

previous reports have shown that estrogen may potentiate healing by triggering the estrogen 

receptor (ER)-β signaling pathway, its binding to ER-α has been associated with severe collateral 

effects and has therefore limited its use as a therapeutic agent. To this end, soy phytoestrogens, 

which preferentially bind to the ER-β, are currently being explored as a safer therapeutic 

alternative to estrogen. However, the development and evaluation of phytoestrogen-based materials 
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as local ER-β modulators remains largely unexplored. Here, we engineered biomimetic and 

estrogenic nanofiber wound dressings built from soy protein isolate (SPI) and hyaluronic acid 

(HA) using immersion rotary jet spinning. These engineered scaffolds were shown to successfully 

recapitulate the native dermal architecture, while delivering an ER-β-triggering phytoestrogen 

(genistein). When tested in ovariectomized mouse and ex vivo human skin tissues, HA/SPI 

scaffolds outperformed controls (no treatment or HA only scaffolds) towards promoting cutaneous 

tissue repair. These improved healing outcomes were prevented when the ER-β pathway was 

genetically or chemically inhibited. Our findings suggest that estrogenic fibrous scaffolds facilitate 

skin repair by ER-β activation.

Keywords

Soy Phytoestrogen; Immersion Rotary Jet Spinning; Nanofiber; Wound Healing; Estrogen 
Receptor β

1. Introduction

Estrogen, the primary female sex hormone, affects the regulation and development of 

various organs—including skin [1]. During the menstrual cycle, estrogen levels rise before 

ovulation and fall after ovulation [2]. Recent clinical studies have reported that women 

who undergo surgery during pre-ovulatory phase show a decreased incidence of wound 

rupture and hypertrophic scarring regardless of age, race, and ethnicity [3]. In contrast, 

post-menopausal estrogen deficiencies cause delayed or impaired wound healing in elderly 

women [4–6]. These hormonal events can be modulated when estrogen binds to estrogen 

receptors (ERs: ER-α or ER-β), activating downstream signaling pathways [7, 8].

In cutaneous microenvironments, ER-β is expressed throughout the skin (e.g., epidermal 

keratinocytes, dermal fibroblasts, and cutaneous appendages) [9]. Previously, the role of ERs 

in wound healing has been determined using estrogen-deficient (e.g., ovariectomized (OVX) 

mouse) and ER knockout (KO) rodent models, revealing that estrogen accelerates skin repair 

by stimulating the ER-β signaling pathway [8, 10]. Unfortunately, estrogen also activates 

the ER-α signaling pathway which may potentiate pathologies (e.g., blood clots and higher 

risk of breast cancer progression) [11, 12]. A compound that can selectively activate the 

ER-β signaling pathway might thereby emerge as a promising alternative to estrogen for the 

development of more potent and safer regenerative therapies in wound care.

Interestingly, phytoestrogens found in soy are structurally and functionally analogous 

to estrogen [13]. Among soy phytoestrogens, genistein is a selective estrogen receptor 

modulator that preferentially binds to ER-β [14, 15]. Preclinical and clinical studies have 

both shown that topical treatments and oral intake of genistein accelerate skin tissue repair 

(e.g., new granulation tissue and hair follicle formation) in animal models and human 

patients [16–18]. While previous studies established the protective roles of phytoestrogens 

in the wound healing process [16–18], engineering soy phytoestrogen scaffolds as local 

ER-β modulators and activators towards skin repair remain unexplored. To this end, we 

hypothesized that soy-based fibrous scaffolds may expedite cutaneous wound healing by 

triggering the ER-β pathway, while providing an extracellular matrix (ECM)-mimetic 
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microenvironment and allowing for local delivery of genistein into a target region. We 

herein engineered hyaluronic acid (HA) and soy protein isolate (SPI) composite fibers 

using immersion rotary jet spinning (iRJS) [19–21]. The spun HA/SPI fibers were able 

to recapitulate skin ECM microenvironment and deliver genistein. When applied to OVX 

wild-type (WT) mouse and ex vivo human skin models, HA/SPI scaffolds promoted stronger 

skin tissue repair than controls (no treatment or HA only scaffolds). These beneficial effects 

were abrogated when the ER-β signaling pathway was inhibited.

2. Materials and Methods

2.1. Fiber fabrication.

Soy protein isolate (PRO-FAM® 974, ADM) and hyaluronic acid sodium salt (MW: 

1500–1800 kDa, Sigma) were dissolved in UltraPure DNase/RNase-free distilled water 

(Invitrogen) and DMSO (Sigma) (6:1) solution with 10 mg/mL of sodium chloride (Sigma) 

and stirred overnight. The nanofibers were spun from the polymer solution by using iRJS 

as previously reported [21]. The soy/polymer composite solution was injected at a speed of 

10 mL/min into the reservoir and extruded through the orifices (with a diameter of 300 μm) 

into the precipitation bath (80% ethanol) at 15,000 RPM. The precipitated fibers were then 

collected on the rotating mandrel in the bath. The spun fibers were crosslinked with 10 mM 

EDC and 4 mM NHS in 80% ethanol for 24 hrs on a shaker. The crosslinked fibers were 

washed by running DI water for 1 h, frozen in DI water at −80 ºC, and freeze-dried using 

lyophilizer (SP Scientific) for further characterization and wound healing studies.

2.2. Scanning electron microscopy (SEM) and fiber morphology analysis.

The freeze-dried samples were sputter-coated with Pt/Pd (Denton Vacuum) prior to imaging. 

The samples were then imaged by field emission scanning electron microscopy (FESEM, 

Carl Zeiss). The SEM images of fiber samples were processed in ImageJ (NIH) software, 

together with DiameterJ plug-in to calculate for fiber diameter and porosity [22]. For 

energy-dispersive X-ray spectroscopy (EDS), carbon (CK) and sulfur (SK) atoms were 

mapped with the corresponding SE2 images in FESEM.

2.3. Rheology testing

TA Instruments Discovery Hybrid 3 Rheometer with a cone plate geometry was used to 

determine the rheological properties of solutions (HA (2% wt/v) and HA/SPI (2%/2% wt/

v)). The cone had a 60 mm diameter, 2° angle, and 56 μm truncation gap. The plate was 

temperature-controlled to 25 °C. A solvent trap was used to minimize solvent evaporation 

during testing.

2.4. Uniaxial tensile testing

The freeze-dried samples were uniaxially pulled at a strain rate of 5 %/s up to 60 % strain in 

a tensile tester (CellScale Biotester – Biaxial Tester). The data were recorded using a built-in 

software (CellScale) and analyzed using OriginPro 8.6 software (OriginLab).
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2.5. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of samples were obtained by using attenuated total reflectance (ATR)-FTIR 

(Bruker). Scan range was set between 600 and 4000 cm−1, with 16 scans at a resolution of 

2 cm−1 per sample. The recorded data were normalized to C-O-C stretching peak of HA at 

around 1050 cm−1 using OriginPro 8.6 software.

2.6. Swelling measurement

The scaffolds were submerged and incubated in PBS solution at 37 °C. The weight of 

scaffolds in the solution was measured at day 0, 1, 2, 3, and 4 of swelling. The swelling ratio 

was then calculated by comparing the weight increase compared to the initial weight of the 

scaffolds.

2.7. In vitro degradation test.

Degradation of scaffolds were tested by submerging the scaffolds in phosphate-buffered 

saline (PBS, Invitrogen) solution in 6 well plates at 37 ºC and 5% CO2 with or without 

hyaluronidase (1 U), following a previously established method [23–25]. The change in 

weights of the scaffolds at the given time was measured compared to the initial weight of the 

scaffolds at day 0. The complete degradation time was tracked for all test scaffolds.

2.8. Liquid chromatography-mass spectrometry (LC-MS).

LC-MS (Agilent) was utilized to quantify the amount of genistein within scaffolds. Samples 

were dissolved in DMSO, filtered with polytetrafluorethylene (PTFE) membranes (Pall 

Corporation), and loaded in the system. For the LC part, we used a C18 LC column 

(ZORBAX RRHD StableBond 80Å C18, 2.1 × 100 mm, 1.8 μm, 1200 bar pressure 

limit) with a gradient of H2O and acetonitrile (ACN) at a flow rate of 0.25 mL/min. 

The gradient started with 95% H2O and 5% ACN, and the ratio increased to 100% ACN. 

The chromatographically separated molecules then underwent electrospray ionization (ESI) 

in selected ion monitoring (SIM) mode to detect the charged ions according to their 

molecular weights ([genistein+H]+ at m/z 271). For analyzing the genistein release profile, 

the crosslinked HA/SPI fibers were submerged in PBS solution at 37 ºC and 5% CO2. At 

a given time, the remaining scaffolds and PBS solution were separately collected, dried, 

dissolved in DMSO, and then subjected LC-MS analysis to measure the amount of genistein.

2.9. In vitro cytotoxicity testing

The cytotoxicity of the scaffolds was evaluated by using a standard lactate dehydrogenase 

(LDH) cytotoxicity assay [26]. In brief, human neonatal dermal fibroblasts (HNDFs, 

Angio-Proteomie) were cultured on the scaffolds for 24 hours at 37 ºC and 5% 

CO2 with Dulbecco’s modified eagle medium (DMEM, Thermo Fisher Scientific) and 

antibiotics (penicillin-streptomycin, Thermo Fisher Scientific, diluted to 1%). Following the 

manufacturer’s protocol, cell culture solutions were collected and then incubated with the 

reaction and stop reagents from the assay kit. Absorbance at 490 nm was recorded using a 

plate reader (Synergy HT; BioTek, NJ, USA).
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2.10. ER-β binding assay

The ER-β binding affinity of genistein released from HA/SPI dope and scaffolds was 

measured using a commercial binding assay kit (LanthaScreen TR-FRET ER-β competitive 

binding assay kit, Thermo Fisher Scientific) by the manufacturer’s service team (SelectSreen 

Services, Thermo Fisher Scientific). The HA/SPI dope was prepared by dissolving HA/SPI 

(2%/2% wt/v) in DMSO. On the other hand, HA/SPI scaffolds were submerged in DMSO 

for 5 days to allow for genistein to be released in the supernatant. The samples (HA/SPI 

dope and supernatant from scaffold incubation) were then diluted in 1% DMSO to the 

working concentrations, and mixed with assay buffer, target/antibody mixture, and tracer. 

The mixture was incubated for 60 mins at room temperature. In addition, 0% (without 17-β-

estradiol) and 100% (the highest concentration of 17-β-estradiol) displacement control (DC) 

were prepared as negative and positive control samples. The fluorescence emissions at 495 

(for terbium) and 520 (fluorescein) nm were recorded using a plate reader. Then, emission 

ratio was calculated by dividing fluorescein emission at 520 nm by terbium emission at 495 

nm. Finally, the ER-β binding affinity (% displacement, DC) was calculated according to the 

following equation:

Binding affinity % displacement) = (emission ratio of 0% DC ‐ emission ratio of sample)
(emission ratio of 0% DC ‐ emission ratio of 100% DC)

Z′-factor was also calculated to verify the robustness of the assay as previously described 

[27], where the Z’-factor higher than 0.5 demonstrates a robust assay. The Z’-factor for all 

data points were 0.74, which confirmed the validity of the binding affinity assay results.

2.11. Mouse excisional wound splinting model.

All animal experiments (protocol ID: 11–11-2) were approved by Harvard Institutional 

Animal Care and Use Committee (IACUC). As previously reported [28], we performed 

the mouse excisional splinting model to recapitulate human-mimetic healing processes in 

mouse by preventing wound contraction in mouse skin. WT female mice (7 weeks old, 

C57BL/6, Charles River Laboratories) and ER-β knock-out female mice (7 weeks old, 

B6.129P2-Esr2tm1Unc/J, Jackson Laboratory) were fed a soy-free special diet (LabDiet 

5V5R 50/IF, PMI® Nutrition International) and ovariectomized by manufacturers. After the 

ovariectomy surgery, mice were delivered and acclimated to the vivarium for a week. In 

addition, we also performed wound healing experiments using WT female mice (7 weeks 

old, C57BL/6, Charles River Laboratories) without ovariectomy to verify whether additional 

released genistein and HA-based biomimetic scaffold could promote skin tissue healing in 

normal mice.

After a week of acclimation to the vivarium, wound clips were removed to allow the mice 

to recover for another week before the wound healing surgeries were conducted. On the 

day of wound healing surgery, isoflurane was used to anesthetize the mice throughout the 

procedure. Hair on the dorsal side of mice was shaved by using an electric razor, followed 

by cleaning their skin with betadine (Santa Cruz Biotechnology) and 70% ethanol (v/v). The 

full thickness wounds were inflicted on each mice by using a 6-mm diameter sterile biopsy 

punch (Integra Miltex). Before the surgery, splinting rings were prepared from a silicon 
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sheet (Grace Bio-Labs) by cutting 8 mm inner holes with an 8-mm sterile biopsy punch 

(Integra Miltex), sterilized with 70% ethanol (v/v) and under UV light in a sterile cell culture 

hood. We applied the splinting rings to the wound site with a synthetic adhesive (Krazy glue) 

and surgical suture (Ethicon). Nanofiber scaffolds were placed to the wounds and secured 

with Tegaderm (Nexcare) patches. Control wounds did not receive any treatment but were 

covered with Tegaderm. At day 20 post-injury, mice were sacrificed and skin tissues were 

harvested via IACUC approved protocols. Power analysis was applied to the mice model 

using G power software (Table S1) as previously reported [29, 30]. The calculated statistical 

power values were higher than 0.9 for all conditions, which support the validity of our in 
vivo experiments.

2.12. Human skin wound model.

Human skin biopsies with 2 mm wounds (NativeSkin®, Genoskin) were prepared according 

to manufacturer’s protocol, as previously reported [31]. The human skin model used in 

this study was produced from skin samples collected at the Cape Cod Hospital (Hyannis, 

MA, USA), through the “Genoskin Tissue Donation Program”. This human tissue sourcing 

program has been approved by the Cape Cod Healthcare Institutional Review Board (CCHC 

IRB).

The skin biopsies were obtained from the abdomen of two different patients (44 years old 

and 39 years old, female), wounded with a 2-mm diameter biopsy punch, and embedded 

within a proprietary nourishing hydrogel in 12-well Transwell inserts. Upon receipt from the 

manufacturer, human skin biopsies were incubated with their dedicated culture medium for 1 

h at 37 ºC, 5% CO2, and humidity.

Afterwards, nanofiber scaffolds were cut with 2-mm diameter biopsy punch and applied 

to the wound sites. The skin biopsies were cultured for 7 days (the maximum possible 

culture time recommended by the manufacturer) whereby the culture medium was changed 

daily. Tissues were then harvested 7 days post-injury. In an effort to specifically block ER-

β pathway in vitro, an ER-β antagonist (4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-

a]pyrimidin-3-yl]phenol, PHTPP, Sigma) was added to the culture medium. Following a 

previously reported concentration used for an in vitro experiment [32], 10 mM PHTPP stock 

solution was prepared in DMSO and diluted to a 0.01 mM working concentration in the 

culture medium. To eliminate the effect of the vehicle (DMSO) on the healing process, the 

same amount of vehicle solution was also added to the culture medium of control samples.

2.13. Histological analysis of skin tissues.

The harvested skin tissues were fixed with 4% (v/v) paraformaldehyde (PFA) in PBS 

solution overnight at 4 ºC and washed by PBS 3 times. Along with a series of graded alcohol 

washes (from 0 % to 100 %), the fixed tissues were processed for paraffin embedding, 

sectioning, and Masson’s trichrome staining at the Harvard Specialized Histopathology 

Core. A slide scanner (Olympus VS120) was used to image the Masson’s trichrome 

stained tissues. Dermal wound gap and neo-epidermis length for mouse skin, as well 

as re-epithelialization for human skin, were calculated based on the Masson’s trichrome 

images processed in ImageJ software. Following previously established methods [33, 34], 
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the dermal wound gap and neo-epidermis length were analyzed by measuring the distance 

between the advancing edges of dermal or epidermal layers, respectively (μm). The re-

epithelialization was calculated by measuring distance among the edges of newly formed 

epithelial layers. The sample numbers were as follows: 1) n=4 in the normal mouse model 

without ovariectomy, 2) n=10 for the control and HA/SPI group, n=8 for the HA group in 

the OVX WT mouse model, 3) n=6 for the control and HA/SPI group, n=5 for the HA group 

in the OVX ER-β KO mouse model, and 4) n=9 for the control group, n=8 for the HA group, 

n=9 for the HA/SPI group, and n=8 for the HA/SPI+PHTPP group with 2 sections per tissue 

from 2 different patients in the human skin model.

2.14. Immunofluorescent analysis of skin tissues.

The paraffin-processed sections were de-paraffinized by sequentially washing the sections 

with xylene (Sigma) and ethanol: water gradient. The de-praffinized sections were incubated 

with 5% bovine serum albumin (BSA, Jackson Immunoresearch) in PBS for 2 hrs at room 

temperature, followed by primary antibodies (anti-cytokeratin 14 (K14) and anti-ER-β, 

Abcam) in 1% BSA in PBS overnight at 4 ºC. After the primary antibody incubation, the 

samples were washed with PBS 3 times, followed by incubation with secondary antibodies 

(Alexa Fluor 488-conjugated anti-rabbit IgG (H+L) secondary antibody, Alexa Fluor 594-

conjugated anti-mouse IgG (H+L) secondary antibody, and 4orexa Fluor 488-conjugated 

a (DAPI), Thermo Fisher Scientific)) in 1% BSA in PBS for 1 h at room temperature. 

Subsequently, the samples were washed with PBS 3 times and mounted with Prolong 

Gold anti-fade agent (Invitrogen) on glass coverslips. A spinning disc confocal microscope 

(Olympus ix83) was used to image the processed samples. For coverage analysis, the 

positively stained area in the wound sites and total wound area were measured using ImageJ 

software. The sample numbers for the analysis were n=8 for the control group, n=7 for the 

HA group, n=10 for the HA/SPI group in the OVX WT mouse model, as well as n=6 for the 

control and HA/SPI group, n=5 for the HA group in the OVX ER-β KO mouse model.

Skin Tissue Architecture Quality (STAQ) index, developed in Python (v 2.5, Python), was 

used for quantitative immunofluorescence staining analysis, as previously reported [35, 36].

2.15. Statistical analysis.

Box plots were used to present data where edges, middle bars, and whiskers indicated 25th 

and 75th percentiles, median, 5th and 95th percentiles, respectively. One-way analysis of 

variance (ANOVA) with post-hoc Tukey’s test was used to assess the statistical difference 

among samples using OriginPro 8.6 software. *p value lower than 0.05 was considered 

statistically significant.

3. Results and discussion

3.1. Fiber Scaffold Fabrication and Characterization

To test our hypothesis (Fig. 1a–c) using biomimetic and estrogenic fiber scaffolds to 

promote skin repair via the ER-β pathway, we produced ECM-mimetic HA/SPI composite 

fibers using immersion Rotary Jet Spinning (iRJS, Fig. 1d and Fig. S1a–f). The iRJS 

is a dryjet wet spinning platform that uses centrifugal forces to drive jet elongation and 
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coagulation solutions to form fibers from precursor water-based solvents, which is often not 

compatible with other fiber manufacturing platforms [19–21]. Moreover, our system has a 

higher production rate (10 mL/min) than traditional electrospinning systems (< 1mL/min) 

[37, 38]. Here, HA was utilized as a carrier polymer for the genistein-bearing SPI since 

HA is a water-soluble glycosaminoglycan that forms meshed networks in the native skin 

microenvironment [19]. Because phytoestrogens are only slightly soluble in pure water, the 

HA and SPI composite were prepared in water/dimethyl sulfoxide (DMSO) (6:1) to fully 

dissolve soy phytoestrogens prior to the spinning processes [39, 40]. The concentration of 

SPI (0, 2, and 4%, wt/v) was varied to identify an optimal concentration for continuous 

and bead-free fibers with a fixed concentration of the HA backbone (2% wt/v). Pure 

HA (2% wt/v) and HA/SPI (2%/2% wt/v) solutions exhibited bead-free microfibers (Fig. 

1e and f), whereas HA/SPI (2%/4% wt/v) solutions showed beading in the microfibers 

(Fig. S1b). The rheological measurements confirmed that pure HA (2% wt/v) and HA/SPI 

(2%/2% wt/v) dopes exhibited shear thinning behaviors, which in turn prevented beading 

or fiber breakage (Fig. S2) [41]. Accordingly, for further characterization and assessment, 

we used HA/SPI (2%/2% wt/v) fibers as our sample and pure HA (2% wt/v) fibers as a 

control. The spun microfibers were composed of nanofibrils whose diameters were ~10 nm 

(Fig. S1c and d), thus mimicking to some degree the multiscale architecture of collagen 

fibers in the native skin microenvironment [42, 43]. However, the spun fibers quickly 

dissolved in a physiological medium (such as phosphate-buffered saline (PBS)) due to the 

non-covalent nature of bonds between the molecular building blocks of the scaffolds. To 

address this instability, the fibers were crosslinked using 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS) [44]. The biomimetic fibrillar 

structure was also preserved in the crosslinked fibers (Fig. 1g and h and Fig. S1e and 

f). When tested in PBS at 37 °C (Fig. 1i), the crosslinked HA/SPI fibers gradually degraded 

over 5 days, through hydrolysis of HA and SPI as previously described [23, 45], thus 

confirming the improved biostability of the scaffolds. In the presence of hyaluronidase, 

significant mass loss (52 %) of the scaffolds was observed after 1 hour of enzyme treatment 

and complete degradation of the scaffolds occurred after 1 day (Fig S3).

We also performed energy-dispersive X-ray spectroscopy (EDS) to confirm the removal 

of DMSO from the scaffold (Fig. S4). There was only negligible noise in the sulfur 

mapping (S K), suggesting that DMSO is properly removed after fiber fabrication and 

crosslinking processes. Moreover, the swelling property of the scaffolds was measured to 

test their water absorption capability (Fig. S5). Both HA and HA/SPI scaffolds showed high 

water absorption within a day (higher than 2000 %) of swelling, similar to commercial 

absorbent dressings (such as hydrocolloids) [46]. After 4 days of swelling, they reached 

a plateau at a higher absorption of 3000 ~ 4000 %. We further performed an in vitro 

cytotoxicity assay based on lactate dehydrogenase (LDH), a marker for tissue necrosis, to 

assess the cytocompatibility of the scaffolds. When cultured with human dermal fibroblasts 

in vitro (Fig. S6), LDH data revealed no apparent toxicity and no significant difference 

were measured between controls (healthy cells cultured in a cell culture dish) and our 

scaffolds. Collectively, the iRJS platform along with EDC/NHS crosslinking enabled to 

produce nanofibrous and cytocompatible fiber scaffolds.
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We further characterized the structural properties of the engineered fiber scaffolds to study 

the effects of the addition of SPI to the HA backbone and EDC/NHS crosslinking on fiber 

diameter, porosity, and mechanical strength. These parameters are known to be crucial for 

expediting wound healing [47, 48]. First, fiber diameters increased after the crosslinking 

reaction, whereas the addition of SPI to the fibers barely influenced the fiber diameter 

(Fig. S7a). In all cases, fiber diameters ranged from 1 to 3 μm, similar to that of in vivo 
collagen microfibrils [42]. Regardless of the presence of SPI and the use of the crosslinker, 

the engineered scaffolds possessed a highly porous architecture (> 50% porosity, Fig. S7b) 

that could promote cell infiltration and growth [48]. The Young’s moduli of the scaffolds 

increased after crosslinking and slightly decreased after the addition of SPI (Fig. S7c), 

which is consistent with our previous observation [23]. Moreover, the Young’s moduli of the 

scaffolds are between 1 and 10 kPa, similar to that of healthy human dermis [49]. Due to 

the favorable biostability and structural cues, the crosslinked HA and HA/SPI fiber scaffolds 

were used as our control and test sample, respectively, in the following studies.

In addition, FT-IR measurements were performed to further characterize scaffold 

composition and monitor chemical crosslinking (Fig. S7d), as previously reported [50, 

51]. The EDC/NHS reagent enabled the formation of ester bonds from carboxylic groups 

and hydroxyl groups (between HA-HA, HA-SPI, or SPI-SPI) and amide bonds from 

carboxylic groups and amine groups (between HA-SPI or SPI-SPI) [52]. The increase in 

peaks specific to C=O of esters (at 1700–1800 cm−1) and amides (at 1600–1700 cm−1) 

suggests crosslinking among HA and SPI molecules. In addition, the increase in the amide 

peak in HA/SPI fiber scaffolds compared to pure HA fiber scaffolds supports that SPI was 

successfully integrated into the HA backbone. Moreover, the region between 945 and 1200 

cm−1 is sensitive to the order of the polymer chains which are comprised of coupled C-O, 

C-C, and COH vibrational modes [53]. Regardless of crosslinking, both HA and HA/SPI 

fibers exhibited formation of new bands at ~ 946, 1074, and 1150 cm−1, compared to the 

powder reference. These data demonstrated that our scaffolds possess higher order after 

spinning, compared to the powder before spinning.

Next, the phytoestrogen content of the composite fiber scaffolds was measured using 

liquid chromatography–mass spectrometry (LC-MS) (Fig. 1j–l). Specifically, we focused 

on detecting genistein, which is one of the main soy phytoestrogens known to trigger the 

ER-β pathway that could enhance skin repair [14–16, 54]. The major peak of the positively 

ionized genistein molecule was observed at m/z 271, with a retention time of 7 min in LC 

(Fig. 1j and k). This peak was found in raw SPI powder and HA/SPI fiber scaffolds but not 

in pure HA fiber scaffolds. Furthermore, the genistein and HA release profile of the HA/SPI 

fiber scaffolds was analyzed under physiologically relevant conditions by submerging the 

scaffolds in PBS at 37 °C (Fig. 1l and Fig. S8 and S9). Genistein and HA were gradually 

released from the scaffolds over 5 days (Fig. 1l and Fig. S9a), followed by first-order 

release kinetics (Fig. S8 and S9b) [55]. At 5 days of incubation, the scaffolds were almost 

completely degraded, exhibiting 92.7% genistein and 100% HA release. In addition to 

scaffold degradation, passive diffusion of genistein may also contribute to the molecule 

release due to the high surface area of nanofibers [56]. We also measured the ER-β binding 

affinity of HA/SPI dope and the components released from HA/SPI scaffolds (Fig. S10) 

using a commercial binding assay kit [57]. We used 17-β-estradiol, which is known to bind 
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to ER-β in our body [1], as a control to verify the binding assay. 17-β-estradiol exhibited 

EC50 of 0.198 nM (or 53.9 ng/L). The HA/SPI dope and released components from scaffolds 

both showed a sigmoidal dose-response curve (EC50=2.33 μg/mL for HA/SPI dope and 

56.41 μg/mL for HA/SPI scaffolds), confirming the ER-β binding affinity. Altogether, these 

data suggest that HA/SPI scaffolds can deliver genistein locally to trigger ER-β signaling 

pathways at the wound site.

3.2. Enhanced Skin Repair in Mice Skin via Estrogen Receptor β

We reasoned that the biomimetic and estrogenic cues from HA/SPI scaffolds will promote 

skin repair via the ER-β signaling pathways. To test this hypothesis, a full-thickness mouse 

excisional splinting wound model was utilized (Fig. 2a). All mice underwent ovariectomy 

surgery (OVX, ovariectomized) and were fed a soy-free diet to hinder endogenous and 

external sources of estrogen and phytoestrogens other than our scaffolds [8, 10, 14]. The 

mouse splinting wound model is utilized to better recapitulate the healing processes that 

occur in humans by re-epithelialization as opposed to the wound contraction observed in 

non-splinting models [28]. Wound healing experiments with OVX ER-β knock-out (KO) 

mice were also conducted to study the effects of our scaffolds on cutaneous repair via the 

ER-β signaling pathway [6, 8]. Each mouse had 6 mm circular cutaneous wounds at day 0, 

which were then assessed for skin repair at day 20 when all the wounds were fully closed. 

As a control, wounds that received no treatment were compared to those treated with fibers.

Firstly, ER-β immunostaining was conducted with tissues harvested on day 20 postsurgery 

in an effort to analyze the expression of the ER-β during wound healing (Fig. 2b and c). 

Cytokeratin 14 (K14), expressed in epidermal keratinocyte layers and hair follicles, was also 

immunostained across all samples to visualize skin appendages [58]. As expected, ER-β was 

highly expressed in the skin appendages of the OVX wild-type (WT) mice (Fig. 2b and 

Fig. S11), as demonstrated by the overlap between ER-β-positive and K14-positive areas[9]. 

On the other hand, OVX ER-β KO mice skin only showed non-specific ER-β antibody 

staining in the cornified layer (Fig. S12), as previously reported [59]. The HA/SPI scaffolds 

exhibited the highest expression of ER-β in the wound site as compared to control and 

the HA scaffolds in the OVX WT mice (Fig. 2c). Except for the non-specific staining of 

the cornified layer, the ER-β expression was not detected in OVX ER-β KO mouse tissues 

without regard to treatment. Finally, to quantitatively compare ER-β expression among 

different treatment conditions, we used Skin Tissue Architecture Quality (STAQ) index (Fig. 

S13). The STAQ index analysis calculates the overlap between healthy and healed skin 

tissues after 20 days of wound healing. In line with our statistical analysis using one-way 

analysis of variance (ANOVA) with post-hoc Tukey’s test (Fig. 2c), OVX ER-β KO mice 

showed lower ER-β expression than OVX WT mice. Moreover, a higher expression of ER-β 
in the wound sites was observed for the HA/SPI scaffolds when compared to controls and 

HA scaffolds in OVX WT mice. This suggests that the genistein-bearing HA/SPI scaffolds 

may activate the expression of ER-β in mouse skin that is known to mediate beneficial 

effects in wound healing.

Next, we measured neo-epidermis length and dermal wound gap (Fig. 3a) as metrics 

for evaluating how our scaffolds modulated the formation of the epidermal and dermal 
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layers [33, 34, 60, 61]. The neo-epidermis comprises the newly formed epithelial layers 

consisting of proliferative and non-differentiated keratinocytes during the early stage of 

cutaneous healing [60, 61]. Dermal wound gap indicates unresolved granulation tissue 

without complete regeneration of dermis such as skin appendages [33, 34]. When tissue 

repair was tested in untreated and scaffold-treated OVX WT mice (Fig. 3b–d), the HA/SPI 

scaffolds resulted in significantly smaller dermal wound gaps as compared to control and 

HA scaffolds. Similarly, neo-epidermis length in OVX WT mice was significantly lower in 

the HA/SPI-treated wounds than control or the HA-treated wounds. When wound healing 

was measured in untreated and scaffold-treated OVX ER-β KO mice (Fig. 3e–g), regardless 

of the treatment condition, the dermal wound gap and neo-epidermis length in OVX ER-β 
KO mice was significantly higher than that in OVX WT mice (Fig. 3h and i). These results 

demonstrate that the depletion of ER-β causes delayed healing in line with previous studies 

[8, 15]. Moreover, the beneficial effects of the HA/SPI scaffolds on the dermal tissue repair 

in OVX WT mice were not observed in OVX ER-β KO mice (Fig. 3h). There was also no 

significant difference in the dermal wound gap between control, HA-, and HA/SPI-treated 

wounds in the OVX ER-β KO mice. Likewise, the reduced neo-epidermis by the HA/SPI 

scaffolds in OVX WT mice was not found in OVX ER-β KO mice (Fig. 3i).

In addition, wound healing tests were also investigated in a normal mouse skin model 

without ovariectomy to further test whether released genistein and HA-based scaffolds could 

promote skin tissue repair in normal mice (Fig. S14). Consistent with our in vivo results in 

the OVX mice (Fig. 3), the HA/SPI scaffolds showed significantly smaller dermal wound 

gaps and neo-epidermis lengths compared to the HA scaffolds or controls. Moreover, dermal 

wound gaps and neo-epidermis lengths in control wounds were significantly greater than 

those in wounds treated by the HA scaffolds. Altogether, these in vivo data suggest that 

our HA/SPI scaffolds accelerate epidermal and dermal tissue repair in mouse skin, which 

involve the ER-β pathway as a major driving mechanism.

3.3 Enhanced Human Skin Repair via Estrogen Receptor β

Although human-mimetic mouse wound healing studies suggested the efficacy of our 

fibrous soy protein wound dressings, the mouse model does not fully recapitulate the healing 

in human skin [31]. Therefore, we questioned whether HA/SPI scaffolds could promote 

tissue repair in a human skin ex vivo model, thus implying conservation of the ER-β 
potency. To test this premise, wound closure in ex vivo human skin samples was examined 

for 7 days (NativeSkin, Fig. 4a–c) [31]. An ex vivo human skin biopsy can provide a 

pre-clinical model for determining human-dependent mechanisms of the healing process 

using wound dressings [31].

The ER-β signaling pathway was selectively inhibited by an ER-β antagonist (4-[2-

phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol, or PHTPP) to study 

the effect of the scaffolds on ex vivo healing processes via the ER-β [8]. By measuring 

the distance between the newly formed epidermal layers (called the epithelial gap, Fig. 

4d), we investigated the re-epithelialization rate to understand how the engineered materials 

affect wound closure in human skin. Seven days after the injury, the HA/SPI scaffolds 

significantly promoted re-epithelialization compared to control and HA scaffolds (Fig. 
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4e–g). Following treatment with PHTPP that selectively inhibits the ER-β pathway, the 

re-epithelialization rate by the HA/SPI scaffolds was significantly reduced (Fig. 4h and i). 

Additionally, to verify the expression of ER-β in the healed skin samples, we performed 

ER-β immunostaining. Consistent with the in vivo results (Fig. 2), human skin treated with 

the HA/SPI scaffolds had the largest ER-β-positive area among all the conditions (Fig. 

4j–l). However, the expression of ER-β in the wound bed and newly formed epithelial 

tongues was retarded by PHTPP (Fig. 4m). We did not observe any significant difference 

in re-epithelialization between each donor (Fig. S15), which is consistent with previously 

published results [62]. Taken together, these results suggest that the HA/SPI scaffolds 

promote human tissue repair via the ER-β as a major driving mechanism.

4. General discussion and conclusion

Estrogen has been utilized to reverse delayed wound healing in post-menopausal women 

by stimulating the ER-β pathway [3, 6, 8]. However, the non-preferential binding of this 

hormone can elicit negative collateral effects, limiting its use for regenerative therapies [11]. 

To overcome this problem, we hypothesized that the ER-β signaling pathway is the principal 

mechanism that is activated by the biomimetic and estrogenic soy scaffolds to promote skin 

repair. To test this hypothesis, we first designed our scaffold to account for the critical 

role of fibrous dermal ECM architecture in maintaining homeostasis and tissue repair in 
vivo [43, 63, 64]. To this end, our scaffolds were built with water-soluble HA as a carrier 

polymer during fiber spinning, because HA is an ubiquitous component of the native skin 

ECM network [65, 66]. Although HA has been integrated in commercial wound dressings 

as a bioactive component, engineering pure HA nanofibers has been challenging due to low 

production rates, thick fiber diameters, and nonhomogeneous structures that are associated 

with the limitations of previous techniques (e.g., electrospinning) [38, 67]. We recently 

developed a nanofiber manufacturing platform (called iRJS) that allows a high throughput 

production of HA-based nanofibers [41]. Our scaffolds produced by the original platform 

successfully recapitulated aspects of multiscale architecture and the fibrous nature of the 

native skin microenvironment [43]. Due to the fibrous structure and hydrophilic molecules, 

the scaffolds exhibited highly absorbent capability that can provide a hydrated environment 

for accelerated wound healing [46]. These implantable and biodegradable scaffolds can be 

easily applied to wound sites for local delivery of bioactive molecules to accelerate wound 

healing [43, 68–73].

Genistein, one of the main phytoestrogens endogenous to soy protein, is incorporated 

as the bioactive compound in our scaffold design [11, 14, 74, 75]. This phytoestrogen 

serves as a local ER-β modulating molecule for accelerated wound healing [14]. Although 

genistein has been studied as a selective ER-β modulator, engineering genistein or soy 

phytoestrogen scaffolds remains poorly explored. Previous reports describing topical and 

oral administration of genistein, or genistein-bearing soy protein (such as SPI), described 

enhanced skin repair (wound closure and hair regrowth) in animal models [11, 14, 17, 

18, 74–76]. However, sustained administration, either topically or orally, may potentiate 

maladaptive, negative effects [77]. We reasoned that an alternative strategy, nanofiber 

scaffolds, would offer controlled, localized release of the therapeutic molecule while 

mimicking the ECM architecture required for cell migration and proliferation in the wound. 
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Because previous studies have relied on in vitro or in vivo models [14, 74–76, 78], 

there is also a need to investigate the effect of genistein and the ER-β pathway in the 

context of human skin repair to improve clinical relevance. Moreover, these methods did 

not control for the release of genistein and for the recapitulation of the physicochemical 

properties (for instance, a nanofibrous architecture) that are known to support homeostasis 

and innate healing processes in our body [79]. Some studies did not report that genistein 

could be loaded within engineered nanofibers [78, 80]. However, these studies used 

synthetic backbone polymers that can be considered suboptimal materials for wound healing 

because of their limited biomimetic chemical and structural properties [43, 81, 82]. More 

importantly, how the delivery of phytoestrogens from nanofibers affects the ER-β signaling 

pathway for skin repair remained to be determined. It was therefore critical to combine 

the manufacturing platform, HA nanofibers, and genistein to reveal how these engineered 

biomimetic and estrogenic fibers influence this ER-β pathway for enhanced skin repair.

To address these issues, we incorporated SPI with biomimetic HA fibrous backbone as an 

ER-β-triggering genistein source. After the addition of 2% SPI, the scaffolds maintained 

nanofibrous architecture with homogenous distribution of SPI throughout the scaffolds. Due 

to the fast dissolution of the HA-based scaffolds in physiological conditions, the scaffolds 

needed to be chemically crosslinked via EDC/NHS coupling, which is known to have no 

cytotoxicity when the crosslinked scaffolds are washed thoroughly [83]. The crosslinked 

scaffold was gradually degraded in PBS over 5 days, indicating improved biostability after 

crosslinking process. In the presence of hyaluronidase that degrades HA in the native 

microenvironment, the scaffold was quickly degraded within 1 day due to fast degradation 

of HA by the enzyme. The in vitro degradation rates were much faster than the actual 

scaffold degradation during in vivo and ex vivo experiments. The difference in degradation 

rates results from in vitro degradation testing conditions in a large volume of solution, 

whereas the scaffolds are only exposed to a small volume of solution during in vivo and 

ex vivo healing processes. A previous study, which focused on understanding the effect 

of iRJS-spun HA scaffolds early in the healing process (at day 6), showed us that HA 

products were still present at that time [41], suggesting similar results should be expected 

with HA/SPI scaffolds. Additionally, it should be noted that degraded products of HA may 

play alternating roles in inflammation. For instance, anti-inflammatory and pro-resolving 

responses were found on high molecular weight HA (over 1 million Da, similar to HA in the 

native tissues), while pro-inflammatory response was found on low molecular weight HA 

(lower than 1 million Da) [84–86].

To verify the existence and release of the ER-β-triggering genistein from our scaffolds, 

we performed LC-MS analysis on dissolved HA/SPI samples. LC-MS data showed the 

genistein-specific peak (m/z= 271), confirming the presence of genistein in our scaffolds. 

While being degraded in a physiologically relevant condition (PBS at 37 °C), our scaffolds 

gradually delivered genistein over 5 days and were fully degraded at day 5. This degradation 

tendency followed a first-order release kinetics, previously observed for bconcentration-

dependent release from porous matrices [87]. Moreover, an ER-β binding assay was 

conducted to verify the binding affinity of released genistein from HA/SPI scaffolds with 

ER-β receptor. The EC50 of HA/SPI scaffolds (5.641 mg/mL) was higher than that of 

17-β-estradiol (0.198 nM or 53.9 ng/L) or genistein (~ 5 nM or ~ 1 μg/L) [88]. It should 
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be noted that, while only a small amount of 17-β-estradiol or genistein (less than 100 

μg) per animal or human (based on their body weights) is needed to trigger the ER-β for 

accelerating wound healing [5, 6, 14, 74, 76, 89], a few grams of our scaffolds directly 

applied to the small wound sites allow for a local modulation of ER-β levels. Additionally, 

our results suggest that HA/SPI scaffolds have lower binding affinity than the HA/SPI dopes. 

This indicates that some of the ER-β-triggering molecules (such as genistein) were lost 

during fiber spinning or crosslinking processes. The environment provided by other scaffold 

components to genistein could have also affected its ER-β binding activity. Nonetheless, 

sufficient amounts of the active component in HA/SPI were left to enable ER-β binding as 

confirmed by the sigmoidal dose response curve recorded from the binding assay.

Next, the effect of our scaffold in wound healing and ER-β signaling pathway was 

investigated in mouse skin. Here, we used a standard OVX female mouse model to study the 

effect of exogenous estrogenic compounds on wound healing by inhibiting the production of 

endogenous estrogen [1, 5, 6]. OVX female mice display indeed a delayed healing response 

compared to normal female mice due to the lack of endogenous estrogen [6]. However, 

when OVX female mice are treated with estrogen or genistein, the delayed healing is 

reversed [6, 90]. In our study, wound healing control tests in OVX ER-β KO female mice 

were thus performed to verify whether our scaffolds could trigger the ER-β pathway during 

wound healing [1, 5, 6]. We performed our in vivo experiments with female mice because 

the effect of our scaffolds on wound healing and ER-β signaling may vary in male mice, 

considering their differences in estrogen expression, physiology, and pathology [89, 91]. 

We also designed in vivo experiments to investigate outcomes (dermal and epidermal tissue 

repair) at a later stage (day 20) of wound healing, to allow comparison with recent wound 

healing studies [92–94].

Consequently, our ER-β immunostaining data indicates that the OVX ER-β KO mice had 

no significant ER-β expression regardless of treatment except for the non-specific staining 

of the cornified layers. On the other hand, HA/SPI-treated OVX WT mice exhibited higher 

ER-β expression compared to HA-treated or control wounds. The higher ER-β expression 

by HA/SPI scaffolds was further confirmed by a quantitative statistic assessment (STAQ) 

index) [35, 36]. These results are in line with previous studies where genistein was topically 

or orally provided [14, 74–76], supporting that the genistein-bearing scaffolds can trigger 

the ER-β signaling pathway in mouse skin. HA-treated wounds exhibited a higher ER-β 
expression than control wounds. One possible explanation is that HA-treated wounds had 

a higher non-specific ER-β antibody staining in the cornified layer and thus higher ER 

β-positive area compared to control wounds in OVX WT mice. On the other hand, HA/

SPI-treated wounds showed higher ER β-positive area not only in the outmost epithelial 

layer, but also in the dermal layer. Our wound healing study in normal mice without 

ovariectomy further supports that HA-based fibrous backbone can accelerate skin tissue 

repair in normal mice regardless of the ER-β signaling. Furthermore, HA/SPI scaffolds 

outperformed controls (no treatment or HA only scaffolds) in dermal and epidermal tissue 

repair in both OVX WT and normal (without ovariectomy surgery) mice, but not in OVX 

ER-β KO mice in which the ER-β pathway is inhibited. Altogether, these in vivo data 

suggest that HA/SPI scaffolds may activate the ER-β and in turn, accelerate tissue repair.
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Although our current and previous in vivo studies provide crucial insights on the ER-β-

mediated skin repair by soy phytoestrogen in animal models, the influence of genistein 

within engineered scaffolds on wound healing via the ER-β in human skin still remains 

unexplored. To address this limitation, we performed wound healing studies based on an ex 
vivo human skin model donated from female patients. To investigate the healing process at 

an earlier timepoint, we performed ex vivo wound healing experiments with human skin to 

examine results within a week (day 7). In line with our in vivo mouse data, HA/SPI scaffolds 

exhibited faster re-epithelialization than control (no treatment) or HA only scaffolds. To 

test whether the accelerated re-epithelialization was achieved via the ER-β pathway or 

not, we added an ER-β selective antagonist (PHTPP) to HA/SPI-treated wounds. Once 

PHTPP was applied, HA/SPI scaffolds were not able to promote re-epithelialization, but the 

re-epithelialization rates of untreated control or HA-treated samples were similar. On top of 

that, the ER-β expression triggered by HA/SPI scaffold was also inhibited when treated with 

PHTPP. To the best of our knowledge, our ex vivo study revealed, for the first time, that 

genistein-bearing scaffolds can accelerate wound healing in human skin tissue via the ER-β 
pathway. In summary, our findings suggest that the genistein delivery and fibrous nature of 

our HA/SPI scaffolds enable accelerated cutaneous repair in both mouse and human skin via 

the ER-β pathway.
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Fig. 1. Fabrication and characterization of genistein-containing fibers.
a–c, Schematic of proposed role of HA/SPI fiber scaffolds for activating the ER-β pathway 

in cutaneous wounds. (a) The engineered scaffolds are locally applied to the wound site. (b) 

During healing processes, the fibers degrade over time and continuously release genistein, 

an ER-β modulating molecule. The genistein released from the scaffolds binds to the ER-β, 

(c) promoting skin tissue repair. d, Schematic of the iRJS machine. e–h, SEM images of the 

engineered fibers. The scales are 50 μm. i, Scaffold degradation kinetics were characterized 

by measuring the weight loss of crosslinked HA/SPI scaffolds in PBS solution. j–l, LC-MS 

analysis of genistein content in scaffolds. (j) Full MS spectra of genistein showing the major 

peak at m/z 271 (inset: molecular structure of genistein). (k) LC-MS spectra of samples, 

recorded in SIM mode. The gray area indicates the genistein-specific peaks (retention time: 

7 min). (l) Genistein release kinetics of crosslinked HA/SPI scaffolds in PBS solution. For 

statistical analysis, n=3 and errors bars=standard error of mean (SEM) in i and l.
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Fig. 2. ER-β expression in mouse skin at day 20 post-injury.
a, Schematic illustration of the experimental timeline. b, Immunofluorescence images of 

day 20 post-injury mouse skin stained with DAPI (for nuclei), anti-ER-β, and anti-K14 (for 

keratinocytes) antibodies. Scales are 100 μm. c, ER-β expression analysis. For statistical 

analysis, *p<0.05, for OVX WT mice, n=8 for the control group, n=7 for the HA group, 

n=10 for the HA/SPI group. For OVX ER-β KO mice, n=6 for the control and HA/SPI 

group, n=5 for the HA group. Box plots with all data points overlapping show data where 
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edges, middle bars, and whiskers indicated 25th and 75th percentiles, median, 5th and 95th 

percentiles, respectively.
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Fig. 3. In vivo mouse wound healing and histological studies.
a, Schematic illustration of the wound healing evaluation parameters. b–g, Masson’s 

trichrome images of day 20 post-injury wounds treated with control (no treatment), HA 

scaffolds, and HA/SPI scaffolds for (b–d) OVX WT and (e–g) OVX ER-β KO mice with 

the zoom-in images of healed wounds on the right panels. Black and white arrows indicate 

dermal wound gaps and the edges of neo-epidermis, respectively. Scales of left and right 

panels are 500 and 100 μm, respectively. h–i, Quantitative analysis of skin tissue repair (h, 

dermal wound gap and i, neo-epidermis length) at day 20 post-injury. For statistical analysis, 
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*p<0.05, For OVX WT mice, n=10 for the control and HA/SPI group, n=8 for the HA 

group. For OVX ER-β KO mice, n=6 for the control and HA/SPI group, n=5 for the HA 

group. Box plots with all data points overlapping show data where edges, middle bars, and 

whiskers indicated 25th and 75th percentiles, median, 5th and 95th percentiles, respectively.
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Fig. 4. Ex vivo human skin wound healing via ER-β.
a, Schematic illustration of ex vivo human skin models. b–c, (b) Photograph of a wounded 

human skin biopsy on day 1 prior to scaffold application with (c) experimental timeline. d, 

Schematic illustration of the reepithelialization analysis. e–h, Masson’s trichrome images of 

day 7 post-injury tissues. The black arrows indicate the edges of the new epithelial tongues. 

Scales are 1 mm. i, Assessment of re-epithelialization analysis at day 7 post-injury. For 

statistical analysis, *p<0.05, n=9 for the control group, n=8 for the HA group, n=9 for 

the HA/SPI group, and n=8 for the HA/SPI+PHTPP group, 2 sections per tissue from 2 

different patients. Box plots with all data points overlapping show data where edges, middle 

bars, and whiskers indicated 25th and 75th percentiles, median, 5th and 95th percentiles, 

respectively. j–m, Immunofluorescence images of day 7 post-injury tissues stained with 

DAPI (for nuclei) and anti-ER-β antibody. The white arrows indicate the edges of the new 

epithelial tongues. Scales are 1 mm.
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