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ABSTRACT: Engineering bioscaffolds for improved cutaneous
tissue regeneration remains a healthcare challenge because of the
increasing number of patients suffering from acute and chronic
wounds. To help address this problem, we propose to utilize alfalfa,
an ancient medicinal plant that contains antibacterial/oxygenating
chlorophylls and bioactive phytoestrogens, as a building block for
regenerative wound dressings. Alfalfa carries genistein, which is a
major phytoestrogen known to accelerate skin repair. The scaffolds
presented herein were built from composite alfalfa and
polycaprolactone (PCL) nanofibers with hydrophilic surface and
mechanical stiffness that recapitulate the physiological micro-
environments of skin. This composite scaffold was engineered to have aligned nanofibrous architecture to accelerate directional
cell migration. As a result, alfalfa-based composite nanofibers were found to enhance the cellular proliferation of dermal
fibroblasts and epidermal keratinocytes in vitro. Finally, these nanofibers exhibited reproducible regenerative functionality by
promoting re-epithelialization and granulation tissue formation in both mouse and human skin, without requiring additional
proteins, growth factors, or cells. Overall, these findings demonstrate the potential of alfalfa-based nanofibers as a regenerative
platform toward accelerating cutaneous tissue repair.
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■ INTRODUCTION

Cutaneous wounds from traumatic injury or chronic illness
affect millions of patients worldwide.1,2 Treatment of such
wounds is challenging because skin regeneration is a
spatiotemporally complex process that involves the migration
of multiple types of cells toward the wound site.3,4 This process
occurs along with the intricate reorganization of nanofibrous
extracellular matrix (ECM) networks.3,4 Because of these
convoluted repair processes, normal wound healing can only
support a maladaptive regeneration of human skin. Scar
formation is often the end result of the maladaptive healing,
which is accompanied by a dense collagen matrix that obstructs
the regeneration of hair follicles and cutaneous fat tissues.5

Open wounds are also prone to infections because of micro-
organism invasion that can interfere with normal inflammatory
response during the early stages of healing.2 Collectively, the
large population suffering from unhealed wounds and the
complexity of the healing process substantiate the pressing
need for developing wound dressings that (1) absorb wound
exudates (e.g., blood, plasma); (2) protect wounds from
infection; (3) prevent further mechanical damage; and most
importantly, (4) can accelerate skin regeneration.6−10

Currently, a variety of commercial wound dressings have
been developed to retain a moist environment (e.g., hydro-
colloid dressings) and to further accelerate skin regeneration
using bioactive components (e.g., dermal template).11 The

utility of nanofiber scaffolds has recently received considerable
attention, as they recapitulate the fibrous architecture of native
tissue microenvironments that is crucial for homeostasis and
wound repair in cutaneous ECM.12−14 For instance, nanofiber
scaffolds built from fibronectin, one of the main ECM proteins
in skin, promoted wound closure and skin appendage
regeneration.15 Plant-derived components are also currently
being explored as a novel source for nanofiber scaffold
materials to improve cost efficiency, prevent immunogen
transfer and advance compositional definition.16−20 In
particular, soy protein nanofiber scaffolds have been previously
reported to accelerate wound closure and reduce scar
formation.20 However, the limited range of plant types and
processing techniques, as well as the lack of a systematic
understanding of their regenerative mechanisms, constrain the
utility of plant-based bioscaffolds.
Alfalfa (Medicago sativa), an ancient herbal medicine that is

considered as “father of all foods,” has been used in oral and
topical treatments for healing cutaneous wounds.21−23

Mechanistic and clinical studies reported that the medicinal
effects of alfalfa can be attributed to bioactive components,
such as phytoestrogens and chlorophylls.21 Phytoestrogens
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such as genistein are structural analogs of estrogen,23,24 which
bind to estrogen receptor (ER)-β to activate the ER-β
pathways for accelerating wound closure and tissue remodel-
ing.24−28 In addition, chlorophylls in alfalfa can facilitate
antibacterial activity and oxygenation at wound sites.21,29,30

Although the therapeutic potential of alfalfa and its associated
mechanisms have been established,21,23 alfalfa has not yet been
explored as a component for developing regenerative wound
dressings.
In this study, we hypothesize that alfalfa-based nanofibers

can provide cutaneous ECM-mimetic nanostructures and
bioactive molecules to enhance the rate of skin regeneration.
These bioactive components were stabilized within the
scaffolds by the generation of polycaprolactone (PCL) and
alfalfa composite fibers using a high-throughput nanofiber
manufacturing system called pull spinning.31 The physical and
chemical properties of these nanofibers were engineered to
recapitulate native skin microenvironments while carrying
chlorophylls and genistein. The PCL/alfalfa nanofiber scaffolds
accelerated the growth of dermal fibroblasts and epidermal
keratinocytes in vitro, promoted tissue repair in vivo in mice
and ex vivo in human wound models.

■ MATERIALS AND METHODS
Materials. PCL (Mn 80,000; Sigma-Aldrich, USA), alfalfa

(powdered alfalfa leaf; Frontier Natural Products Co-op, USA), and
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Oakwood Chemical, USA)
were used in this study.
Fiber Spinning. Pull spinning was used to produce nanofibers as

described previously.31 In brief, different concentrations of alfalfa were
dissolved in HFIP with 6 wt/v% PCL. The solution was stirred
overnight. The prepared solution was pumped at 0.3 mL/min and
contacted with the rotating bristle at 25 000 rpm to form nanofibers.
The spun nanofibers were dried in a chemical hood overnight to
remove excess HFIP before further characterization. For in vitro cell
culture studies, the nanofibers were directly spun on glass coverslips.
Scanning Electron Microscopy (SEM). The spun nanofibers

were mounted on SEM stubs and sputter-coated with Pt/Pd (5 nm
thickness, Denton Vacuum, USA) before imaging. The samples were
imaged using field emission scanning electron microscopy (FESEM
Supra 55VP, Zeiss, USA).
Fiber Diameter, Alignment, and Porosity Analysis. SEM

images of nanofibers were used to quantitatively determine the fiber
diameter, alignment, and porosity. The analysis was performed by
utilizing ImageJ software (NIH) with the DiameterJ and Orientation J
plug-ins.32,33 The % porosity was calculated by dividing the pore area
(the total number of black pixels in a binary image) by the total area
(the total number of pixels in a binary image). For the fiber alignment
analysis, the Orientation J plug-in generated the distribution of the
alignments for all pixels according to the structure tensor. Afterward,
Gaussian fitting was applied to the raw data to show the anisotropic
distribution of fiber alignment by using OriginPro 8.6 software
(Origin Lab Corporation).
Fourier Transform Infrared Spectroscopy. The IR spectra of

nanofibers were recorded using an attenuated total reflectance-Fourier
transform infrared spectrometer (ATR-FTIR, Lumos, Bruker, USA).
The raw spectra were normalized from 0 to 1. OriginPro 8.6 software
was used to plot the normalized spectra.
UV−Vis Absorption Spectroscopy. The absorption spectra of

nanofiber membranes were recorded using a Cary 60 UV−vis
spectrometer (Agilent, USA). The absorption spectra were collected
from 400 to 800 nm.
Hyperspectral Imaging. PCL and PCL/alfalfa fibers cast on

silicon wafers were imaged in reflectance mode using a darkfield
hyperspectral microscope (Cytoviva) integrated with a confocal
Raman microscope (Horiba XploRA PLUS). Hyperspectral maps
were processed using ENVI data analysis software (ENVI Classic 5.4)

to reconstruct the spectral information for multiple regions of interest
per fiber. The corresponding darkfield images were obtained using a
50× objective under a halogen lamp (International Light
Technologies Part L1090, USA).

Contact Angle Measurement. To measure contact angles, the
cast films were prepared by pouring and drying the polymer solution
in a Petri dish overnight at room temperature. Ten microliters of
water were dropped on the surface of the samples, after which droplet
formation was imaged. ImageJ software with the Drop Shape Analysis
plug-in was used to calculate the contact angle.34

Mechanical Property Testing. The single fiber standard ASTM
D3822M-14 was adapted to determine the modulus of fiber sheets. A
frame cut from a 130 μm thick polycarbonate sheet was employed to
ensure that there was no fiber slippage at the fiber clamp interface.
The frame had a gauge length of 2.5 mm to match the length of the
fibrous scaffolds tested for in vitro cell culture. Fiber samples were cut
to 10 mm length and secured to the frame using a primer (Loctite
770, USA), followed by the application of an adhesive (Loctite 401)
to ensure that there was no slippage between the frame and the fiber.
After preparation, a frame loaded with a sample was placed into the
pneumatic grips of an Instron model 5566 equipped with a 10 N Load
Cell. After loading, the frame was cut to allow for extension of the
fiber sheets. The sample was then strained at a rate of 240% per min
until sample breaking.

Liquid Chromatography−Mass Spectrometry. The amount of
genistein in alfalfa powder and nanofibers was measured by using
liquid chromatography−mass spectrometry (LC-MS, Agilent 1290/
6140, USA) with selected ion monitoring (SIM) mode. Samples were
prepared in dimethyl sulfoxide (DMSO, HPLC grade, Sigma-Aldrich,
USA). A gradient of H2O and acetonitrile (ACN) with a flow rate of
0.25 mL/min was selected as the mobile phase for the C18 LC
column (ZORBAX RRHD C18, USA). The gradient was as follows. A
ratio of 95% H2O and 5% ACN was maintained for the first 2 min.
Then, the ratio increased to 100% B over 10 min. Then, 100% B was
retained for 2 min and decreased to 95% A and 5% B over 1 min.
After chromatographic separation, electrospray ionization (ESI) mode
was applied to ionize molecules and thus detect ions based on their
molecular weights. For genistein detection, negative ESI-MS scans at
m/z 269 were performed with SIM to increase sensitivity to the
genistein-specific peak at m/z 269. For profiling genistein release,
nanofibers were submerged in phosphate-buffered saline (PBS,
Invitrogen, USA) solution at 37 °C. PBS solution and the nanofibers
were collected after 12, 24, and 48 h incubation. Samples were dried
and then dissolved in DMSO for LC-MS measurement as described
above.

Human Dermal Fibroblast and Keratinocyte Culture. Green
fluorescent protein (GFP)-expressing HNDFs (Angio-Proteomie,
USA) and adult human epidermal keratinocytes (HEKa cells,
ATCC, USA) were cultured on nanofibers. HNDFs were subcultured
to passage 7 in Dulbecco’s modified Eagle’s medium (DMEM,
Thermo Fisher Scientific, USA) with 5% fetal bovine serum (FBS)
and 1% antibiotics (penicillin/streptomycin, Thermo Fisher Scien-
tific). HEKa cells were subcultured to passage 5 in dermal cell basal
medium (ATCC, USA) with a keratinocyte growth kit (ATCC,
USA). Both HNDFs and HEKa cells were passaged by using 0.25%
trypsin-ethylenediaminetetraacetic acid solution (trypsin/EDTA,
Lonza, USA). For HNDF and HEKa cell culture, we seeded
100 000 cells per sample in 6-well plates. The cell culture media
were replaced every 2 days.

HEKa cells were cultured for 7 days and then fixed with 4%
paraformaldehyde (PFA), followed by permeabilization with 0.05%
Triton X-100 for 10 min. The fixed samples were then incubated with
5% bovine serum albumin (BSA, Sigma-Aldrich, USA) for 2 h at room
temperature to block nonspecific binding. After blocking, the samples
were incubated with a primary antibody (anticytokeratin 14 or K14,
Abcam, USA) in 0.5% BSA for 1 h at 37 °C, followed by an Alexa
Fluor 488-conjugated mouse IgG (H+L) secondary antibody
(Invitrogen, USA) and 4′,6-diamidino-2-phenylindole dihydrochlor-
ide (DAPI, Invitrogen, USA) for 1 h at 37 °C. The samples were
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mounted on glass slides and imaged immediately using a spinning disc
confocal microscope (Olympus ix83, USA).
Cytotoxicity Measurement. The cytotoxicity of nanofibers was

investigated using a commercial lactic acid dehydrogenase (LDH)
assay (Promega, USA).20,35 The cell culture media were collected at
day 7 of cell culture. The collected media were incubated with the
reagent for 30 min at room temperature. Then, stop solution was
added to the samples, and the absorbance of the solutions was
measured at 490 nm using a microplate reader (BioTek, USA).
Cell Coverage Analysis. GFP-expressing HNDFs and HEKa cells

on nanofibers at day 0 (6 h after cell seeding) and day 7 of cell culture
were imaged using confocal microscopy. The cell coverage was
analyzed using ImageJ to calculate the area percentage of the GFP-
positive area for HNDFs and the K14-positive area for HEKa cells
from the confocal images. The cell coverage was then normalized to
the average cell coverage on PCL scaffolds at day 0.
Mouse Excisional Wound Splinting Model. All animal

experiments for the wound healing study were approved by the
IACUC. As previously reported,36 we utilized the mouse splinting
model to limit wound contraction in the mouse skin in an effort to
investigate human-like wound healing. Briefly, C57BL/6 male mice (8
weeks old, Charles River Laboratories, USA) were anesthetized using
isoflurane during all procedures. The hair on the dorsal side of the
mice was shaved using an electric razor. After shaving, betadine (Santa
Cruz Biotechnology, USA) and ethanol (70% vol/vol) were used to
clean the skin. Full-thickness wounds (2 wounds per mouse) were
made by utilizing a 6 mm diameter sterile biopsy punch (Integra
Miltex, USA). The splinting rings were attached to the skin near the
wound sites with an adhesive (Krazy glue, USA) and sutures
(Ethicon, USA). We applied nanofiber scaffolds, 3 M Tegaderm
hydrocolloid dressing (3M, USA), and Hollister Endoform dermal
template collagen dressing (Hollister Incorporated, USA) to the
wounds and then covered the wounds with Tegaderm waterproof
transparent dressing (Nexcare, USA) patches. For control samples,

the wounds received no treatment but were covered with Tegaderm
patches.

For quantitative wound healing analysis, epithelial gaps and
granulation tissue formation were analyzed from Masson’s trichrome
images following the established methods.36 Wound closure was
monitored on days 0 and 14 after the surgery. Tissues were harvested
on day 14 postsurgery. The harvested tissues were fixed with 4% PFA,
embedded in paraffin, sectioned, deparaffinized, and stained with
Masson’s trichrome. Masson’s trichrome-stained samples were imaged
by a slide scanner (Olympus VS120, USA). In an effort to
quantitatively evaluate the efficacy of engineered scaffolds, we utilized
a skin tissue architecture quality (STAQ) index, as reported in a
recent publication.15 This computer code was written by using Python
software (v 2.5, Python). In brief, the STAQ index uses a modified
version of the Hellinger distance metric to measure the overlap in
values between healthy and healed skin.15

For immunochemistry, the sections were deparaffinized and
incubated with 5% BSA for 2 h. Then, the sections were incubated
with primary antibody (anti K14) in 1% BSA overnight at 4 °C. Next
day, the samples were washed with PBS 3 times and incubated with
secondary antibodies (Alexa Fluor 488-conjugated mouse IgG (H+L)
secondary antibody and DAPI) for 1h. After the incubation, the
samples were washed with PBS 3 times and then imaged using a
spinning disc confocal microscope (Olympus ix83, USA).

Tissues harvested on day 0 were used to assess the architecture of
normal skin tissues. The collected tissues were fixed with 4% PFA,
embedded in paraffin, sectioned, deparaffinized, and dried for SEM
imaging. The samples were then mounted on SEM stubs, sputter-
coated with Pt/Pd (5 nm thickness), and then imaged by using
FESEM. The fiber diameter was analyzed by using ImageJ software
with the DiameterJ plug-in.32

Ex Vivo Human Skin Wound Model. A human skin model
(NativeSkin, Genoskin) with 2 mm wounds was purchased and
cultured for up to 7 days with dedicated culture medium according to
the manufacturer’s instructions.37 The donor was a 45-year-old

Figure 1. Nanofiber fabrication. (a, b) Pull spinning system: (a) representative image and (b) schematic diagram of the setup; (c−e) SEM images,
(f−h) fiber diameter analysis, (i) alignment analysis, and (j) porosity analysis of PCL (6 wt/v%), PCL/alfalfa (6 wt/v%/0.5 wt/v%), and PCL/
alfalfa (6 wt/v%/1 wt/v%) nanofibers. The scale bars of the SEM images are 20 μm. For statistical analysis in f−j, n = 4 and field of view (FOV) ≥
4. The edges of the box plots in (j) were defined as the 25th and 75th percentiles. The middle bar is the median, and the whiskers are the 5th and
95th percentiles. For the fiber alignment analysis, Gaussian fits were applied to the raw data to show the distribution of fiber directionality. (k)
Young’s modulus of nanofiber scaffolds. For statistical analysis, n = 12 and *p < 0.05. The edges of the box plots were defined as the 25th and 75th
percentiles. The middle bar is the median, and the whiskers are the 5th and 95th percentiles.
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Caucasian female. Tissues were collected from the donor’s abdomen,
wounded with a 2 mm biopsy punch, and embedded in the nourishing
solid matrix at day 0.37 Immediately after receiving the samples on day
1, we applied nanofiber scaffolds, 3 M Tegaderm hydrocolloid
dressing, or Hollister Endoform dermal template collagen dressing to
the wounds. After 7 days of culture (maximum culture time), tissues
were collected, fixed with 4% PFA, embedded in paraffin, sectioned,
deparaffinized, and stained with Masson’s trichrome. The stained
tissues were imaged by a slide scanner (Olympus VS120, USA). The
epithelial gap was analyzed from Masson’s trichrome images following
the established method.36

Statistical Analysis. All data are presented as the mean ±
standard error (SEM) and box plots with all data points overlapping.
The edges of the box plots were defined as the 25th and 75th
percentiles. The middle bar is the median, and the whiskers are the
fifth and 95th percentiles. Statistical comparisons using one-way
analysis of variance (ANOVA) with post hoc Tukey’s test and
Grubb’s test (to evaluate outliers) at the 0.05 significance level were
calculated using OriginPro 8.6 software. *p values less than 0.05 were
considered statistically significant.

■ RESULTS
Nanofiber Fabrication and Mechanical Property

Characterization. To mimic the native cutaneous micro-

environment,3 we fabricated nanofibers using a pull spinning
system under high centrifugal forces (Figure 1a, b).15,31,38−45

Alfalfa was cospun with PCL, which is a common carrier
polymer in nanofiber production due to its fiber-forming
capability, biocompatibility and biostability.46 Specifically, 6
wt/v% PCL was added as a carrier polymer because this
formulation was previously used to create nanofibers without
bead formation.31 Hexafluoro-2-propanol (HFIP) was applied
here as the solvent for the composite polymer dope since it is
volatile and can dissolve both PCL and the biomolecular
contents of alfalfa. The concentration of alfalfa (0, 0.5, and 1
wt/v%) was varied with a fixed ratio (6 wt/v%) of PCL in
HFIP (Table S1). Without the cospinning polymer, alfalfa
alone cannot form fibers (Figure S1a) due to its low chain
entanglement. When cospun with PCL, the spinning
conditions generated continuous nanofibers (Figure 1c−e)
with diameters of 345.3 ± 52.5 nm for PCL 6 wt/v%, 394.3 ±
70.7 nm for PCL 6 wt/v%/alfalfa 0.5 wt/v%, and 408.6 ± 56.1
nm for PCL 6 wt/v%/alfalfa 1 wt/v% (Figure 1f−h). When the
doping concentration was 1.5 wt/v% or higher, the spun
nanofibers exhibited extreme bead formation (Figure S1b,c).
The fiber diameter increased when the ratio of alfalfa increased

Figure 2. Chemical properties of alfalfa scaffolds. (a−d) Contact angle measurements of (a, b) cast films and (c, d) nanofibers. For statistics, (b) n
= 4 and (d) n = 3. The edges of the box plots in b were defined as the 25th and 75th percentiles. The middle bar is the median, and the whiskers are
the 5th and 95th percentiles. Error bars in d represent standard error of mean. (e) Phytoestrogen (genistein) analysis by LC-MS. The gray box
indicates the genistein-specific peak (m/z = 269). (f) FT-IR spectra of nanofibers. Black arrows indicate amide peaks. (g−i) Representative images
of (g) PCL (6 wt/v%) and (h) PCL/alfalfa (6 wt/v%/1 wt/v%) nanofibers with (i) corresponding UV−vis absorption spectra. Black arrows
indicate absorbance peaks specific to alfalfa (λmax= 435, 663 nm). (j) Hyperspectral imaging spectra of alfalfa film, PCL nanofibers, and PCL/alfalfa
nanofibers.
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in the polymer dope. Previously, we described that fiber
morphology (e.g., preventing bead formation) and diameter
can also be controlled by adjusting the tip-to-collector distance
and bristle rotation speed.31 However, polymer concentration
imparts significantly greater influence to fiber morphology and
diameter as compared to collector distance and bristle rotation
speed.31 Similar to the engineered nanofibers, the normal skin
also showed nanofibrous structure with a fiber diameter of
279.5 ± 112.8 nm in the dermal collagenous fiber area (Figure
S2), which is consistent with previous studies.47−49 Along with
the topographical aspect of the nanofibers, fiber alignment was
also incorporated into our design criteria to provide directional
cues for accelerating cellular migration during wound
healing.48,50 The spun nanofibers were verified to have a
unidirectional distribution of fiber orientation (Figure 1i).
Furthermore, the porosity of these nanofiber scaffolds did not
change across the different alfalfa doping concentrations
(Figure 1j). These data suggest that our scaffolds successfully
mimic the nanofibrous architecture of skin, which is important
for providing structural support to the cells.
In addition, scaffold stiffness plays a crucial role in wound

healing.51 Cells prefer to adhere to and proliferate on
substrates that have a stiffness similar to that of the native
tissues from which the cells originate.52 Accordingly,
mechanical matching of scaffolds to the tissue is an important
factor for tissue engineering applications because the stiffness
of human tissues varies according to structure and function
ranging from a few hundred Pa (brain) to a few GPa (bone).53

In particular, the stiffness of the human dermis is within a
range of a few tens of kPa depending on the region of the body
and the method selected for measurement.54−56 To determine
whether these native dermal features were reflected in our
engineered nanofibers, mechanical uniaxial testing was
performed (Figure 1k). The Young’s modulus values of the
PCL/alfalfa scaffolds were 24.9 ± 4.4 kPa (with 0.5 wt/v%
alfalfa) and 9.0 ± 1.8 kPa (with 1 wt/v% alfalfa), whereas that
of the PCL scaffolds was 394.3 ± 35.0 kPa. The Young’s
modulus of the nanofiber scaffolds significantly decreased as
the concentration of alfalfa doping increased. The mechanical
properties of these alfalfa-based nanofibrous scaffolds, which
are within the range of the human dermis.57

Chemical Properties of Nanofiber Scaffolds. To attract
cells into the wound and to potentiate the removal of cellular
debris, it is important that dressings provide a moist
environment with hydrophilic surfaces.58−60 Superhydrophilic
surfaces can be advantageous for wound healing applications
since they promote cell adhesion, proliferation, infiltration, and
ultimately new tissue formation.61 Because the hydrophilicity
of a material affects its efficacy as a bioscaffold, we measured
the wettability of our alfalfa-based scaffolds. The contact angle
(θ) was used to classify the surface wettability as follows:
superhydrophilicity (θ < 25°), high hydrophilicity (25° < θ <
90°), low hydrophilicity (90° < θ < 150°), and super-
hydrophobicity (θ > 150°).62 These values were measured for
both cast films and nanofiber scaffolds by calculating the angles
between a water droplet and the surface of the composite
materials. For cast films, measuring contact angles is a
traditional way to investigate static wettability (Figure 2a,b).
The contact angle on the PCL cast film was measured as 86.4°
± 2.3, which is close to low hydrophilicity because of the
hydrophobic nature of the PCL. With the addition of alfalfa,
the cast film (6 wt/v% PCL/1 wt/v% alfalfa) became more

hydrophilic and exhibited a superhydrophilic surface (θ = 17.9
± 1.7°).
For spun nanofiber scaffolds, the measured contact angles do

not represent conventional static wettability because of the
porous nature of the scaffold (Figure 2c, d). Rather, these
measurements explain the degree of spreading and absorption
of the droplet on the scaffolds.62 The initial contact angles
under all conditions were similar regardless of the chemical
compositions. However, within the same time frame (25 s),
water droplets on PCL/alfalfa (6 wt/v%/1 wt/v%) nanofiber
scaffolds completely spread and were absorbed, resulting in a
superhydrophilic contact angle (∼0°). On the other hand,
PCL-only and PCL/alfalfa (6 wt/v%/0.5 wt/v%) nanofiber
scaffolds retained water droplets on their surfaces at 25 s, with
high contact angles (θ > 70°). Because nanofiber scaffolds are
absorptive materials and have higher roughness than cast films,
the contact angles of nanofiber scaffolds at later time points are
lower than those of cast films. Moreover, the hydrophilic
components of alfalfa (such as proteins and phytoestrogens)
increase wettability by facilitating the interaction between the
surface of the material and the polar water droplet. Therefore,
in subsequent experiments, the superhydrophilic PCL/alfalfa
(6 wt/v%/1 wt/v%) composite nanofibers were selected as the
material of choice for the bioscaffolds used to explore the effect
of alfalfa in nanofibers on wound healing. On the other hand,
PCL nanofibers served as the control group for these
experiments to investigate the effects of alfalfa within the
scaffolds.
To test if the biomolecular components of alfalfa remained

stable during the fiber spinning process, a series of chemical
characterizations of the composite nanofibers were conducted.
First, LC-MS analysis was carried out to verify the presence of
genistein (Figure 2e), which is one of the major phytoes-
trogens in alfalfa. Accordingly, a signal at m/z = 269 was
detected using selected ion monitoring (SIM) mode to
quantify the amount of genistein. The elution time for a
standard solution of genistein was observed at 7.8 min. The
same peak at 7.8 min was also found in alfalfa powder and
PCL/alfalfa nanofibers but not in PCL nanofibers, which
indicates the genistein content in PCL/alfalfa nanofibers. The
amount of genistein in PCL/alfalfa nanofibers was measured,
which was 2.48 ± 1.02 mg/L (analyzed from 5 samples). On
the other hand, the amount of genistein in the alfalfa only dope
was 3.24 ± 0.23 mg/L (analyzed from 3 samples). These data
indicate that the pull spinning system allowed for 76.5% of
genistein from the original alfalfa only dope to be incorporated
within the alfalfa-based nanofibers. We also measured the
release kinetics of genistein from PCL/alfalfa nanofibers
(Figure S3). Under physiologically relevant conditions
(submerged in PBS solution at 37 °C), the nanofibers showed
a burst release of genistein within 2 days because of the fast
dissolution of alfalfa components, mirroring the characteristic
release kinetics of most nanofibers that are noncovalently
loaded with small molecules.20,63 Consequently, genistein,
which accelerates wound healing, may be delivered by using
the PCL/alfalfa nanofibers fabricated herein. Although purified
genistein or chlorophylls have been previously integrated into
bioscaffolds,64−67 additional purification procedures to obtain
these molecules from plants require multiple steps and thereby
may increase manufacturing cost and time.30,68 Accordingly,
using alfalfa as a building block offers a comprehensive and
scalable approach to incorporate multiple bioactive com-
pounds in wound dressings.
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We then examined the FT-IR spectra of the nanofibers
(Figure 2f) to assess the protein content of the alfalfa scaffolds.
The FT-IR spectra showed a major peak at 1723 cm−1, which
is indicative of carbonyl stretching (CO) of PCL.50 All
spectra were normalized to the PCL peak (1732 cm−1) to
observe relative changes in IR peaks. To verify the presence of
alfalfa in the nanofibers, we measured amide peaks, because
PCL has no peak in the amide I and II regions (1500−1700
cm−1). The amide peaks at 1540, 1578, and 1660 cm−1

increased with higher alfalfa concentrations.
The optical properties of PCL/alfalfa composite nanofibers

also showed a distinctive green color due to the high
chlorophyll content in the native state of alfalfa, whereas
PCL-only nanofibers did not (Figure 2g,h). The UV−vis
absorption spectra of PCL/alfalfa nanofibers showed peaks at
∼450 and ∼650 nm,69 which are indicative of chlorophyll
content, whereas no peaks were detected for PCL nanofibers
(Figure 2i). Nanofibers with higher alfalfa concentrations
resulted in stronger peak intensities at 435 and 663 nm. This
finding was further confirmed using hyperspectral imaging
(Figure 2j), whereby the average absorbance map was
collected from multiple regions of samples. In line with the
UV−vis absorption data, the alfalfa cast film showed distinctive
peaks (at ∼435 and 663 nm) due to the chlorophyll content of

alfalfa, which are consistent with the peaks detected in the
different regions of the PCL/alfalfa nanofibers and are not
present in the spectra for the PCL nanofibers. Altogether, these
results indicate that the bioactive components of alfalfa,
particularly genistein and chlorophylls, were successfully
integrated within the PCL/alfalfa composite scaffolds even
after the fiber spinning process.

In Vitro Skin Cell Culture. In previous sections, the
nanofibrous and superhydrophilic nature of PCL/alfalfa
scaffolds were characterized, along with their bioactive
contents, which are crucial for accelerating the processes
involved in wound healing. We then asked whether PCL/
alfalfa nanofiber scaffolds can support skin cell viability,
adhesion, and proliferation. PCL/alfalfa nanofiber scaffolds
were used as substrates to culture two types of skin cells: adult
human epidermal keratinocytes (HEKa cells) and human
neonatal dermal fibroblasts (HNDFs) (Figure 3). PCL
nanofibers served as a control group to determine whether
the presence of alfalfa in the nanofibers can enhance skin cell
growth. First, the biocompatibility of PCL/alfalfa nanofibers
was investigated by utilizing a traditional lactate dehydrogenase
(LDH) assay to measure the LDH release from necrotic
cells.35 After 7 days of culture, both HEKa cells and HNDFs
on PCL and PCL/alfalfa nanofibers released similar amounts

Figure 3. In vitro epidermal and dermal cell culture. Representative immunofluorescence images of (a−d) HEKa cells cultured on PCL and PCL/
alfalfa nanofiber scaffolds at day 0 (6 h after seeding) and day 7 with (e) cell coverage analysis. The scale bars of a−d HEKa cells are 200 μm. (f−j)
Representative immunofluorescence images of (f−i) GFP-expressing HNDFs cultured on PCL and PCL/alfalfa nanofiber scaffolds at day 0 (6 h
after seeding) and day 7 with (j) cell coverage analysis. The scale bars of f−i HNDFs are 50 μm. n = 6 for HEKa cells and n = 4 for HNDFs at day 0
and n = 10 for HNDFs at day 7. *p < 0.05. The edges of the box plots in e and j were defined as the 25th and 75th percentiles. The middle bar is
the median, and the whiskers are the 5th and 95th percentiles.
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of LDH without a statistically significant difference, demon-
strating the biocompatibility of PCL/alfalfa nanofibers (Figure
S4a, b). Additionally, both HEKa cells and HNDFs showed
anisotropic growth along the fiber axis (Figure 3). PCL/alfalfa
nanofibers showed higher HEKa cell adhesion and growth at
day 0 (6 h after seeding) compared to PCL nanofibers (Figure
3a, b). After 7 days of culture, HEKa cell coverage remained
significantly higher on PCL/alfalfa nanofibers than on PCL
nanofibers (Figure 3c−e). Similarly, HNDFs coverage on
PCL/alfalfa nanofibers was also higher than on PCL nanofibers
at both day 0 and 7 (Figure 3f−j). These data indicate that the
increased hydrophilicity due to the existence of bioactive
components in alfalfa-containing fibers contributed to
enhanced cell growth on the composite bioscaffolds. Taken
together, these in vitro cell culture experiments suggest that
PCL/alfalfa nanofiber scaffolds can promote cell growth and
sustain biocompatibility for epidermal keratinocytes and
dermal fibroblasts to accelerate skin tissue regeneration.
These findings demonstrate the potential applicability of alfalfa
nanofibers toward facilitating skin regeneration.
In Vivo Regeneration of Mouse Skin. In an effort to test

the regenerative potency of PCL/alfalfa scaffolds in vivo, an
excisional mouse splinting wound model was applied to study
how our scaffolds affect tissue regeneration (Figure 4a). This

model limits wound contraction in mice, which therefore
allows for a closer representation of human wound healing as
compared to a nonsplinting mouse model.36,70,71 The control
wounds received no treatment but were covered with
Tegaderm waterproof transparent dressing. Moreover, the
ability of the alfalfa-based scaffolds to initiate wound healing
was compared with that of two types of commercially available

wound dressingshydrocolloid dressing and dermal template
dressing. Hydrocolloid is an adhesive gel type dressing for light
and moderate wound care, whereas the dermal template is an
ECM-based dressing for heavy and hard-to-heal (e.g., chronic
ulcers) wound care.11

After 14 days of healing, wounds treated with PCL/alfalfa
nanofibers or dermal template closed faster than those treated
with control, PCL nanofiber, or hydrocolloid dressing (Figure
4b). There was no significant difference in the wound closure
rate between PCL/alfalfa nanofibers and dermal templates. To
further investigate in vivo tissue regeneration, Masson’s
trichrome staining was conducted on day 14 tissues (Figure
5a−e). After wounding, epithelial cells migrate to the wound
site to close the wounds, whereas fibroblasts and inflammatory
cells deposit new ECM components called granulation tissue
to fill the wound.3 Re-epithelialization was measured by
calculating the distance among newly formed epithelial layers.
In line with the macroscopic wound closure analysis (Figure
4b), the epithelial gaps in PCL/alfalfa nanofiber- or dermal
template-treated wounds were significantly smaller than those
in control, PCL-only nanofiber-treated, or hydrocolloid-treated
wounds (Figure 5f). In addition, more granulation tissue was
formed in PCL/alfalfa scaffold-treated wounds than in control
and PCL scaffold-treated wounds (Figure 5g). PCL/alfalfa
scaffolds and hydrocolloids did not show any significant
difference in granulation tissue formation. Compared to all
other dressings, the dermal template showed the highest
granulation tissue formation.
As previously reported, a statistical STAQ index was utilized

to further quantitatively assess the regenerative capability of
PCL/alfalfa scaffolds (Figure 5h).15 The index generates scores
from 0 (no overlap with healthy skin) to 100% (perfect overlap
with healthy skin). Consequently, this STAQ analysis high-
lighted the capacity of PCL/alfalfa scaffolds to promote skin
restoration, with a 96.9% match to healthy skin in terms of
wound closure, re-epithelialization, and granulation tissue
formation.
To examine the effects of alfalfa scaffolds on the

regeneration of skin appendages such as hair follicles,
cytokeratin 14 (K14) staining was performed (Figure 6).
K14 is highly expressed in the basal keratinocyte layer and the
outer layer of the hair follicle.72 Here, the formation of new
hair follicles in the wound bed was only observed in wounds
treated with PCL/alfalfa nanofibers or dermal template with
positive K14 staining. Altogether, our in vivo results suggest
that PCL/alfalfa nanofiber scaffolds can effectively facilitate
tissue repair in mouse skin.

Ex Vivo Human Skin Tissue Regeneration. To further
test the regenerative capability of our alfalfa scaffolds, we asked
whether PCL/alfalfa nanofiber scaffolds could promote wound
healing in human skin. Although animal studies (such as
rodent or porcine models) can help to investigate the efficacy
of wound dressings, they are unable to fully model the healing
processes and outcomes in human skin due to the intrinsic
differences between animal and human tissues.37 Here, wound
healing was assessed in a commercially available ex vivo human
skin model (NativeSkin, Figure 7a) to compare different fiber
samples or dressings.37 The ex vivo human skin model
possesses all types of skin compositions and has little impact
on healing processes across different sexes and ages of donors,
therefore providing a precise evaluation of healing outcomes
prior to clinical trials with humans.37,73 The tissues were
collected from the donor’s abdomen, wounded with a 2 mm

Figure 4. In vivo mouse wound closure. (a) Representative images of
wounds at days 0 and 14 postsurgery with (b) wound closure analysis
at day 14 postsurgery. The scale bars in a are 10 mm for day 0 and 5
mm for day 14. *p < 0.05 and n = 6. The edges of the box plots in b
were defined as the 25th and 75th percentiles. The middle bar is the
median, and the whiskers are the 5th and 95th percentiles.
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biopsy punch, and embedded in a nourishing gel for up to 7
days of culture, as previously reported.37 All wound dressings
were applied to the wound site, and tissues were harvested
after 7 days of culture for histological analysis (Figure 7b). The
healing performance in human skin was assessed by the re-
epithelialization rate (Figure 7c−h). The epithelial gap in
PCL/alfalfa-treated wounds was significantly smaller than that
in control or PCL-treated wounds, owing to the existence of an
ECM-mimetic fibrous architecture and bioactive alfalfa
components. Moreover, the re-epithelialization induced by
PCL/alfalfa scaffolds was greater than that induced by
hydrocolloids but slower than that induced by the dermal
template. However, there were no significant differences in the

re-epithelialization rate among PCL/alfalfa scaffolds, hydro-
colloids, and dermal templates. These results suggest that
PCL/alfalfa scaffolds may be used as a dressing for wound
healing in human skin.

■ DISCUSSION
Because of the complexity of the skin regeneration process and
the large number of people suffering from cutaneous damage,
wound management continues to be a global healthcare
challenge. In the United States alone, 11 million and 6 million
people are annually affected by acute and chronic wounds,
respectively.1 In spite of existing treatments and availability of
different materials for wound dressings, 28% of wounds are still

Figure 5. Histological analysis of in vivo mouse skin regeneration. (a−e) Masson’s trichrome images of day 14 wounds with (f) epithelial gap and
(g) granulation tissue formation analysis. The scale bars are 1 mm. The black arrows indicate the original wound edges. For statistics, *p < 0.05, n =
5 for control, and n = 6 for PCL nanofibers, PCL/alfalfa nanofibers, hydrocolloid, and dermal template (2 sections per tissue). The edges of the box
plots in (f) and (g) were defined as the 25th and 75th percentiles. The middle bar is the median, and the whiskers are the 5th and 95th percentiles.
(h) Skin tissue architecture quality (STAQ) index to quantitatively compare the efficacy of engineered and commercial dressings, with scores
representing the percentage match to healthy skin.
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difficult to managenecessitating development of a new
generation of dressings with improved regenerative capabil-
ities.74 In an effort to address some of the limitations in
available wound treatments, we sought to engineer a
regenerative nanofiber dressing using a composite material
between alfalfa and PCL. Alfalfa is an herbal medicine thought
to treat disease, including wound healing.21,23 It is reported

that the chlorophylls and phytoestrogens both contribute to
the medicinal effects of alfalfa.21 We therefore hypothesized
that an alfalfa-based bioscaffold may improve wound healing
by providing biochemical and topographical cues that can
mediate cutaneous regeneration.
Composite nanofibers with alfalfa and PCL were manufac-

tured using a pull spinning system. PCL/alfalfa scaffolds

Figure 6. Hair follicle formation in mouse skin. (a) Schematic illustration of hair follicles (cross section) in skin tissues. (b−f) Representative
immunofluorescence images (stained against K14) of wound healing and hair follicle formation in mouse models. The arrows in the
immunofluorescence images indicate new hair follicle formation at the wound site. The scale bars are 100 μm.

Figure 7. Ex vivo human skin regeneration. (a) Schematic illustration of the ex vivo human skin wound model with (b) a representative image of
the wounded human skin model taken from the abdominal area of a donor. The scale bar is 8 mm. (c−g) Masson’s trichrome images of day 7
wounds with (h) epithelial gap analysis. The scale bars are 1 mm. For statistics, *p < 0.05, n = 5 for control, hydrocolloid, and dermal template, n =
7 for PCL and PCL/alfalfa nanofibers. The edges of the box plots were defined as the 25th and 75th percentiles. The middle bar is the median, and
the whiskers are the 5th and 95th percentiles.
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successfully recapitulated the native dermal ECM structure and
exhibited superhydrophilic surface that could improve cellular
growth, moist environment in wound sites, and wound
healing.20,75 After fiber spinning, PCL/alfalfa scaffolds still
possessed measurable genistein and chlorophyll content.
Because of the existence of alfalfa in the engineered nanofibers,
higher HEKa and HNDF adhesion were observed on PCL/
alfalfa nanofibers as compared to PCL nanofibers in vitro.
Additionally, when tested in a mouse excisional wound
splinting model, the performance of PCL/alfalfa scaffolds
was then compared with not only internal controls (no
treatment and PCL scaffolds) but also commercially available
wound dressings (hydrocolloid and dermal template). This
comparison was performed in an effort to contribute to the
lack of quantitative comparison between new regenerative
scaffolds and dressings that serve as clinical standards.76−78

Hydrocolloid and dermal template were selected as wound
dressings for moderate and heavy wound care, respectively.
Hydrocolloid dressings, composed of gel forming colloidal

materials with adhesives,11 are one of the most commonly used
dressings to treat light and moderate wounds. These can easily
adhere to skin, retain a moist environment, and absorb wound
exudate to better promote wound healing as compared with
traditional gauze dressings.11,79 However, hydrocolloid dress-
ings may absorb harmful bacteria due to the adherent nature of
the dressings and they lack any bioactive components (e.g.,
ECM proteins or phytoestrogens). On the other hand, dermal
template is a biological or bioactive dressing that actively
participates in the healing process to treat heavy acute and
chronic wounds.11 Dermal template is composed of dermal
ECM components (mainly collagen), thereby closely mimick-
ing properties of skin tissues.11 It facilitates wound closure and
new cutaneous tissue formation.80 However, it may induce scar
tissue formation composed of excessive collagenous fibers and
may cause immunogenicity depending on the donor and
recipient species.20,81 Our engineered wound dressing can
recapitulate the nanofibrous architecture of the native skin
ECM microenvironment and deliver bioactive molecules (e.g.,
genistein or chlorophylls) to promote cutaneous tissue repair
like dermal template. In addition, similar to hydrocolloid
dressings, our plant-based nanofiber scaffolds may pose lower
risks of immunogenicity as compared to animal-derived
scaffolds.19,82,83 The PCL/alfalfa nanofibers therefore provide
several advantages for better wound care as compared to the
aforementioned commercial wound dressings.47

To provide a quantitative metric of performance for the new
bioscaffold presented herein, skin tissue architecture quality
(STAQ) index was applied to compare the healing outcomes
based on histological analysis of PCL/alfalfa scaffolds, our
controls, and commercially available wound dressings.15

Considering wound closure, re-epithelialization, and granula-
tion tissue formation, PCL/alfalfa scaffolds scored 96.9%
healing, while PCL scaffolds gained 70.6% healing. This data
indicated that the existence of bioactive components from
alfalfa in the nanofiber scaffolds enhanced healing outcomes.
Dermal template and hydrocolloid achieved 97.6% and 88.0%
healing, respectively. This suggests that the healing perform-
ance of PCL/alfalfa scaffolds falls within the efficacy range of
established wound dressings such as hydrocolloid, which
mainly provides a barrier against bacterial infection, and
dermal template, which delivers bioactive compounds (such as
ECM proteins) to enhance skin regeneration.75

Finally, the efficacy of our engineered nanofibrous scaffolds
was further demonstrated using a commercially available ex
vivo human skin model. However, it should be noted that this
model can be only cultured up to 7 days, only allowing for re-
epithelialization measurements.37 PCL/alfalfa scaffolds and
commercial wound dressings showed improved re-epitheliali-
zation as compared to control (no treatment) and PCL
scaffolds. However, there was no significant difference between
PCL/alfalfa scaffolds, hydrocolloid, and dermal template in
healing outcomes in the human skin model. Together with our
in vivo data, results measured using the human skin model
strongly support that our PCL/alfalfa scaffolds may have
wound healing performance similar to commercially available
wound dressings.
There are various factors that may contribute to the

enhanced wound healing by PCL/alfalfa scaffolds. First, the
bioactive components of alfalfa can accelerate the healing
process. For instance, genistein (one of the main phytoes-
trogens) in alfalfa can promote re-epithelialization, new hair
follicle formation, and adipose tissue regeneration via ER-β
signaling pathways.25,28,84 Genistein also exhibits antibacterial
and anti-inflammatory properties that can prevent bacterial
infection, boost inflammatory process, and thus enhance
wound healing.28,85,86 In addition, alfalfa also possesses
antibacterial and antimutagenic chlorophylls, which are widely
used as additives in commercially available ointments used for
treating normal wounds and chronic ulcer.21,29 Chlorophylls
possess a chemical structure similar to that of hemoglobin,
which can facilitate oxygenation in wound sites.30 In addition,
the hydrophilic surface, nanofibrous architecture, and mechan-
ical stiffness that mimic the native dermal ECM microenviron-
ment can expedite cell attachment, migration, and con-
sequently ECM remodeling.52,58−60 Furthermore, the fiber
alignment within our engineered scaffolds offers a unidirec-
tional cue to facilitate cell migration and new tissue
formation.48,50

■ CONCLUSIONS
In this study, we present an engineered alfalfa-based nanofiber
composite material with potential applications toward wound
healing. PCL/alfalfa composite bioscaffolds are composed of
hydrophilic nanofibers and bioactive compounds such as
chlorophylls and genistein, which are known to assist in skin
repair. Because of the presence of these medicinal components,
aligned PCL/alfalfa nanofiber scaffolds promoted in vitro
cellular growth of epidermal keratinocytes and dermal
fibroblasts. Furthermore, these alfalfa nanofiber scaffolds
showed a regenerative capacity comparable to that of
commercially available dressings by promoting wound closure,
re-epithelialization, and granulation tissue formation in mice
and in human models. In summary, PCL/alfalfa nanofibers can
be used to create effective and sustainable regenerative
bioscaffolds that may facilitate skin repair by enhancing the
rate of wound closure and tissue remodeling.
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