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The accumulation of skin diseases has increased the need for biomimicking materials with high bioactivity
and biosafety for wound healing, where how to improve the cell affinity of the skin regenerative materials
as well as their neovascularization capacity is a key factor for rapid regeneration of the injured skin tissue.
In the current study, we developed an advanced type of biodegradable nanofibrous biofilm which can
attract skin-related cells and accelerate blood vessel formation for skin regeneration. Firstly, bioactive
nanohybrids (LEU@LP) were fabricated via in situ doping of the nutrient amino acid leucine (beneficial for
fibroblast proliferation and protein synthesis) into LAPONITE® nanodisks (enriched in Mg and Si favorable
for vascularization). LEU@LP nanoparticles were then hybridized with a biodegradable polylactide (PLA)
nanofibrous mesh via an airbrushing technique, followed by a subsequent ammonia plasma surface
treatment to improve PLA's hydrophilicity to increase cell affinity. The resulting hybrid biofilms with skin-
biomimicking nanofibrous structural networks can promote cell adhesion, spreading, migration and
proliferation of fibroblasts, leading to the ideal skin wound healing (with blood vessel formation and hair
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follicle regeneration), probably attributed to their better hydrophilicity to promote cell affinity and the
capacity of sustainable release of leucine (beneficial for fibroblasts proliferation) and the composition
provision (Mg and Si which are beneficial for neovascularization).
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(e.g., fibrin,® gelatin,” elastin,'® chitosan'") with compositional
biomimicry properties have been developed and used at the
clinical level,”>" their animal origin, uncontrolled structure and
mechanical brittleness have been found to cause serious problems,
such as limited cells/nutrient/mass transportation problems and

Introduction

Skin loss and dysfunctions due to wounds, trauma, burns, aging,
and surgery could result in amputation or other life-threatening
consequences, which greatly affect human health.'™ Autografts,

allografts and artificial implants are general methods for the
regeneration of skin. The problems with autografts are
the limited resources and unavoidable injury and complica-
tions with graft-tissue harvesting, and the drawbacks of allo-
grafts, such as immune rejection and virus-inducing risks,
suggesting both these methods are unsatisfactory for clinical
needs.” Although various natural-derived polymeric grafts®’
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immunogenic risk. These disadvantages greatly hamper their
biomedical applications,” and they are mainly used as auxiliary
materials to clean wounds, absorb tissue exudate and protect
wounds.™ Therefore, how to develop artificial grafts with high
bioactivity and biosafety is a crucial and challenging issue for skin
regeneration in the field of modern regenerative medicine. To solve
this problem, researchers have developed natural polymers, syn-
thetic polymers, or a combination of two, such as chitosan,*
collagen,'® poly(lactic-co-glycolic acid),"” poly(e-caprolactone),® and
polylactide," to synthesize different forms of smart dressings. The
advantages of polylactide, such as its biodegradability and con-
trollable structure make it widely used in the field of biomedicine,
and it has been used as a bulk material to obtain smart dressings in
the form of thin films,>® nanosheets,> nanoparticles,®* etc., to
develop a device for growth factor and cell delivery. In addition, a
variety of functionalization methods have been applied to modify
the dressing,”® including doping, copolymerization, and a series
of surface functionalization strategies.

This journal is © The Royal Society of Chemistry 2020


http://orcid.org/0000-0001-5162-4452
http://orcid.org/0000-0001-5569-1038
http://orcid.org/0000-0001-5392-028X
http://crossmark.crossref.org/dialog/?doi=10.1039/d0tb00958j&domain=pdf&date_stamp=2020-08-04
http://rsc.li/materials-b
https://doi.org/10.1039/d0tb00958j
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB008035

Published on 16 July 2020. Downloaded on 6/21/2026 2:09:49 AM.

Paper

Wound healing is a complicated process generally consist-
ing of four successive and overlapping steps: (1) hemostasis
phase; (2) inflammatory phase; (3) proliferative phase; and (4)
maturation and remodeling phase.?*** As skin-related cells,
fibroblasts are one type of critical cell at the proliferative phase,
and participate in many important biological activities during
the wound healing process, including protein synthesis, acti-
vating bioactive signaling for new skin tissue formation and
vascularization.>***® For instance, during the formation of
granulation tissue, fibroblasts are stimulated and then migrate
into the wound site, then proliferate to reconstruct various
connective tissue components.”® Furthermore, fibroblasts are
responsible for the synthesis of extracellular matrix (ECM)
proteins, which are beneficial to construct homogeneous
microenvironments with special constituents (e.g., collagen
and other related proteins) and different bioactive factors
to facilitate vascularization, thereby maintaining good blood
balance and sufficient nutrient/mass provision*” for guidance
of skin regeneration.>***° Hence, the biomimetic materials
should be designed with good cell affinity and neovasculariza-
tion ability, which can recruit fibroblasts and regulate their
ECM protein synthesis behaviors, thereby achieving effective
wound healing in the skin tissues.

As a bioactive amino acid, leucine is involved in multiple
human biological activities, such as protein synthesis,*® weight
reduction®' and muscle regeneration.>” For instance, leucine
can promote the absorption of glucose and increase the sensi-
tivity of insulin to maintain the blood glucose balance;***" this
energetic process is helpful to accelerate the fat burning effect
for body building.***” The lack of leucine may cause
hypoglycemia-related diseases, including headache, fatigue,
depression, insanity, and irritability.*® Recent reports indicated
that leucine may stimulate protein synthesis by improving the
expression of eukaryotic initiation factors and down-regulate
the proteolysis by inhibiting ATP ubiquitin-proteasome
pathways.?* When leucine is combined with sestrin2, the
mTORC1 complex expression will be activated in fibroblasts,*®
which is beneficial to the proliferation of fibroblasts and
increase in contractile o-smooth muscle actin expression,
enabling their potential in wound healing applications.*>°
Despite these benefits, the use of too much leucine may cause
high side effects, such as pellagra®' and dermatitis.*> Therefore,
it is necessary to develop a kind of material which can sustain-
ably deliver leucine to maximize its benefits for skin regenera-
tion via improving its instability and avoiding side effects.

Herein, we proposed to develop a biodegradable wound
healing film, which can act as a leucine reservoir for the
sustainable delivery of this signaling molecule in order to
accelerate the proliferation of fibroblasts and to promote their
protein synthesis for skin regeneration. We firstly fabricated a
type of leucine-carrying nanohybrid by in situ encapsulating it in
a kind of silicate-based nanodisk (LAPONITE®™, LP) containing
Mg and Si to promote the formation of neovascularization.****
The leucine-loaded nanohybrids were then in situ doped into
the biodegradable nanofibrous biofilm of polylactide (PLA, a
kind of biodegradable polymer approved by the Food and Drug
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Administration (FDA)*®) via an airbrushing technology (a
simple and effective nanofiber-spinning technique as compared
to the electrospinning method*®) to form an ECM-mimicking
nanofibrous architecture.””*® The obtained hybridized biofilms
subsequently underwent ammonia plasma surface treatment to
increase the PLA’s hydrophilicity to improve its cell affinity.*® We
found that the leucine-incorporated LP-hybridized biofilms with
biodegradability and biosafety could comprehensively promote
wound healing effects by synergistically improving their cell
affinity as well as neovascularization capacity, at both in vitro
and in vivo levels (Scheme 1).

Results and discussion
Preparation and characterization of LEU@LP nanohybrids

The instability and side effects of small molecular therapeutic
agents are the main problems for their biomedical applications.*® To
overcome these disadvantages, we firstly developed a kind of
nanocarrier for leucine delivery via a simple assembly of the drug
onto silicate-based nanodisks (LAPONITE®, LP) enriched in Mg and
Si components with a potential to promote neovascularization,*>**
The morphology of the resulting nanohybrids (LEU@LP) was firstly
observed under a transmission electron microscope (TEM). As
shown in Fig. 1B, LEU@LP had a nanosize of 32.2 £+ 4.2 nm,
which was a little bigger than the original nanosize of
LAPONITE® (22.2 & 2.5 nm in diameter®). The microstructure
of the resulting nanohybrids was characterized by FTIR analysis.
Similar to LP, LEU@LP nanoparticles offered characteristic
peaks at 1006 cm ™' corresponding to the stretching vibration
of the Si-O and Si-O-Si bands, and at 3431 cm ™' corresponding
to the -OH bending bonds.>* Meanwhile, different from native
LP, the LEU@LP nanoparticles also displayed some new absorp-
tion peaks at 768 cm™~" and 1610 em™", which may come from
the vibration bands of the -NH group and -COOH group of the
leucine molecule,’” respectively. The new FTIR peak appearance
in LEU@LP indicated a successful loading of leucine into LP,
resulting in the nanosize increase after the assembly of LP with
the leucine (Fig. 1C).

Preparation and characterization of hybridized nanofibrous
biofilms

In tissue engineering, it is important to develop bioactive
materials with a structure mimicking that of the specific tissue
to be regenerated.> Since skin tissue owns a nanofibrous collagen
network architecture, we developed biodegradable ECM-mimicking
nanofibrous films of polylactide (PLLA, a kind of FDA-approved
biodegradable polymer)* via an airbrushing technology (a simple
and effective nanofiber-spinning technique as compared to electro-
spinning method*®), through which LEU@LP nanoparticles were
in situ doped with pure PLLA matrix to increase its bioactivity. The
morphology and structure of the airbrushed films were character-
ized by scanning electron microscopy (SEM). As shown in Fig. 2, all
the films assumed a nanofibrous structure. The native PL film had
nanofibers with a diameter of 227.0 & 8.0 nm, while the hybridized
films had larger nanofiber sizes (238.9 £+ 7.7 nm for the PLP film,
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Scheme 1 The schematic diagram of the fabrication of the nanofibrous film and its capacity for the promotion of wound healing. The ECM-mimicking
structure of the biofilm and its improved hydrophilicity may benefit cell adhesion, spreading and proliferation. During the proliferation phase of wound
healing, the hybrid biofilm can maintain a sustained release of leucine (to stimulate the proliferation of fibroblasts) as well as that of the silicon and
magnesium elements from LAPONITE® to induce the formation of blood vessels, which together accelerate wound healing efficacy.
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Fig.1 TEM micrographs of the (A) LP particles and (B) LEU@LP particles.
(C) FTIR spectra of LP and LEU@LP particles.

and 262.1 £ 15.6 nm for the PLL film), suggesting the success-
ful hybridization of the nanoparticles into the biodegradable
films via the airbrushing spinning method.
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Fig. 2 SEM micrographs of the nanofibrous films: (A) PL film, (B) PLP film,
(C) PLL film, and (D) the average nanofiber diameters of the films (PL, PLP
and PLL).

The PLL biofilm was further investigated by an energy-
dispersive spectroscopy analysis technique (EDS) coupled with
a scanning electron microscope. It can be observed from Fig. 3,
that the hybrid biofilm presented EDS mapping images clearly
indicated the presence of silicon (Fig. 3A), magnesium (Fig. 3B),
and nitrogen elements (Fig. 3C). Among them, the silicon and
magnesium compositions should come from the silicon
and magnesium enriching LAPONITE® nanodisks, while the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The energy-dispersive spectroscopy (EDS) images of PLL biofilms:
(A) silicon (Si), (B) magnesium (Mg), and (C) nitrogen (N) elements. (D) The
merged images of the above three elements with the normal SEM image of
the PLL biofilm.

nitrogen component may come from the leucine hybridized in
the biofilm (Fig. 3C). The merged SEM image demonstrated that
the components were well distributed along the nanofibrous
fibers (Fig. 3D), again suggesting a successful homogeneous
hybridization of LEU@LP nanoparticles into the nanofibrous
films via the airbrushing technique.

From the FTIR results in Fig. 4, it could be observed that
before ammonia plasma treatment, the infrared of the PLP and
PLL spinning membrane was basically the same as that of the
pure PL spinning membrane, and 1090 cm™* and 1750 cm™*
corresponding to the C-O vibration peak and C=O vibration
peak of polylactide,® probably due to the doped LP and
LEU®@LP nanoparticles wrapped in biofilms. This is also con-
sistent with the phenomenon that the water contact angles of
membranes were close before the plasma treatment. It is
known that, as well as the surface topographical morphology,
the hydrophobic or hydrophilic features of the substrate also
play an important role on the regulation of the cell behaviors
(e.g., cell attachment, spreading and proliferation®>°). Due to
their good biocompatibility, biodegradability and controllable

A PL PLP PLL

1750 1090

LN DL LA LA L L L |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)
Fig. 4
plasma surface treatment.
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structure, polylactide-based polymers have been clinically used
for tissue engineering and drug delivery, while their poor
hydrophilicity is the major drawback limiting their further
biomedical applications.® In order to solve this problem, we
next used the ammonia plasma surface treatment technique to
increase its hydrophilicity (to introduce amino groups onto the
biofilm surface). The hydrophilicity of the nanofibrous biofilms
was examined via water contact angle analysis. As shown in
Fig. 4B, the biofilms in the absence of plasma surface treatment
presented a high water contact angle (136.7 + 3.9, 131.9 + 3.0°
and 136.8 £ 2.6° for the PL, PLP, and PLL films, respectively),
while the plasma treatment dramatically reduced the water
contact angles (89.0 + 2.7°, 83.25 £ 6.9° and 24.7 £ 0.6° for
the PLt, PLPt, and PLLt films, respectively). These data indicate
that the plasma treatment effectively increased the hydrophili-
city of the nanofibrous films, probably because the ammonia
plasma treatment is helpful to introduce some hydrophilic
nitrogen-containing group (e.g., amines, imines) onto the
nanofibrous films, which can be supported by the significant
nitrogen content increase in the hybrid biofilm after surface
treatment (Fig. 5). Since the PLL film itself contains leucine
with a nitrogen element, the same plasma treatment resulted in
an optimal improvement of its hydrophilicity (water contact
angle: 24.7 + 0.6°) which is beneficial to cell affinity.>> As such,
our results indicate that LEU@LP-incorporated PLL nanofibrous
biofilms with good surface hydrophilicity have been successfully
developed, where the LP components can act as a nano-reservoir
for sustainably providing both silicon and magnesium (to
promote neovascularization®®**) as well as bioactive leucine
amino acid (to enhance fibroblast proliferation). The incorpora-
tion of the bioactive motifs, together with their good hydro-
philicity (to increase cell affinity), is expected to create appropriate
microenvironments to recruit targeted skin-related cells and to
guide and promote cell attachment, spreading, proliferation, as
well as neovascularization, benefiting the healing process of
wounds or degenerative skin tissues.

Biocompatibility is necessary for materials to be used in the
biomedical field.’” Since fibroblasts are skin-repairing cells,
a fibroblast cell line (L929 cells) was used for in vitro

=
:

o o O Q.

Water contact angle (deg)

PL PLP PLL

(A) FTIR spectra of PL, PLP and PLL films. (B) The water contact angles of the nanofibrous films before (PL, PLP, PLL) and after (PLt, PLPt, PLLt)
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Fig. 5 XPS scanning of the PLL film. (A) The narrow scan of nitrogen element of the PLL film. (B) The narrow scan of nitrogen element in the PLLt film.
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Fig. 6 Cell proliferation of L929 cells cultured with LEU@LP nanoparticles
for 2 d. (*p < 0.05, **p < 0.01).

biocompatibility examination via 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazole bromide (MTT) assay. As shown in
Fig. 6, after 2 d incubation, all cells treated with LEU@LP
nanoparticles (with a concentration up to 20.0 ug mL™") pre-
sented over 100% cell viability, suggesting the good biocompati-
bility of LEU@LP nanoparticles. Notably, the increase of the
LEU@LP concentration from 0 to 20.0 pg mL ' led to a
continuous cell proliferation increase, indicating the positive
effects of the LEU@LP nanoparticles on cell growth, probably
due to the nanohybrid-derived bioactive leucine amino acid,
which could promote fibroblast proliferation.

To evaluate the effects of the biofilm on fibroblast prolifera-
tion, we next examined the proliferation of L929 cells cultured
on the nanofibrous biofilms by MTT assay. As shown in Fig. 7,
after 1 d incubation, the PLLt biofilms presented cell viability of
no less than 100%, indicating their good biocompatibility.”®>°
The PLLt film presented a higher cell viability (114.4 £+ 7.3%)
than the DMEM control and PLt films, which may be associated
with the incorporation of LEU@LP nanohybrids into the
PLA film to facilitate the proliferation of fibroblasts (Fig. 6).
With 3 d incubation, all the films obviously accelerated the
proliferation of L929 cells, probably because the films owned
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Fig. 7 Cell proliferation of L929 cells cultured with PLt and PLLt films for
l1dand 3d. (*p < 0.05).

ECM-mimicking nanofibrous porous architecture and large
surface area which are beneficial to cell adhesion, spreading
and growth.®® Compared to other groups after 3 d incubation,
the LEU@LP-doped hybrid film offered higher cell proliferation
capacity, probably because they had better hydrophilicity®
which is beneficial to cell affinity, and contained LEU@LP
nanocarriers, which can sustainably provide a bioactive com-
position favorable to promote the proliferation of fibroblasts.*?

Cell morphology is closely related to cell functions (e.g,
cell proliferation, differentiation, and apoptosis). The lack of
cell-material interactions may result in poor cell attachment,
eventually causing cell apoptosis.” In order to observe cell
morphology in the spinning film, L929 cells on the film were
firstly stained with FITC, and then observed by laser scanning
confocal microscopy and scanning electron microscopy. As
shown in Fig. 8A and B, compared to the pure PLt film, L929
cells cultured on the PLLt film presented better cell attachment
and higher cell density with spindle-shaped expanded shapes.
The above cell proliferation data and the morphological images
clearly indicated that the PLLt biofilm could promote cell

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (A) Fluorescent images of L929 cells on PLt and PLLt films for 24 h
incubation. (B) SEM images of L929 cells on PLt and PLLt films after 24 h
incubation.

adhesion, spreading and growth. These significantly-improved
cell activities from the PLLt film may be due to its ECM-
mimicking nanofibrous architecture (beneficial to protein adsorp-
tion), good hydrophilicity (to increase cell affinity), and enriching
bioactive ingredients (Mg, Si, and leucine components favorable
for cell proliferation and protein synthesis (Fig. 7 and 8)).

For wound healing treatment, it is important to attract skin-
related cells to the injury site in a timely manner, and cell

A CON PLt

B 100

Migration Ratio (%)

CON PLt PLLt

Fig. 9 Cell migration behaviors of the L929 cells. (A) Images of cell
migration after 24 h treatment with the extract solution of the biofilms
(PLt and PLLt), and (B) their corresponding migration ratio. (**p < 0.01).
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migration is a key factor representing the cell recruitment
efficiency of the material. Therefore, we next constructed a cell
scratch model for the investigation of the cell migration beha-
viors of fibroblasts. As shown in Fig. 9, after 24 h incubation,
the scratch space of the PLLt film was almost covered with L929
cells with higher cell density as compared to the DMEM control
and pure PLt film. The induced cell migration of the PLLt
biofilm may be ascribed to the released effective bioactive
ingredients. In addition, the nanofibrous structure and good
hydrophilicity of the films may further promote cell adhesion,
migration and proliferation, thereby potentially accelerating
the wound healing process.®***

To evaluate the wound healing effects of the nanofibrous
films, two circular skin wounds (5 mm diameter) were created
on the back of each mouse and covered with the biodegradable
films (PLPt film and PLLt film) of the same size on the skin
defect (no material wound served as the blank control). Fig. 10
shows the wounds treated for different periods of time.
Although all the wound areas gradually decreased from 0 to
14 d, the PLLt biofilm obviously accelerated the wound healing

A CON PLPt PLLt

B CON PLPt PLLt C
100 [EZ1CON [ PLPt [ PLLt
0d E
80 — *
3 =
X kK
E
F 60—
o @ @[ 4 [:
2 w0
= = = 2
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udl @ ° a . |'I'|-I-i
Som 0
— — — 0 7 1
Time (days)

Fig. 10 Wound healing evaluation of the mice after in vivo treatment with
the nanofibrous films (PLPt and PLLt films) for 7 d and 14 d: (A) the digital
photos of the wound areas of the mice after 7 d and 14 d treatment, (B) the
simulated unhealed skin areas of the mice after 7 d and 14 d treatment, and
(C) the unhealed ratios of the mice after 7 d and 14 d treatment. (*p < 0.05,
**p < 0.01).

J. Mater. Chem. B, 2020, 8, 7966-7976 | 7971


https://doi.org/10.1039/d0tb00958j

Published on 16 July 2020. Downloaded on 6/21/2026 2:09:49 AM.

Journal of Materials Chemistry B

process as compared to the PLPt film group and the blank
control group up to a period of 14 d treatment (Fig. 10A-C).
For the observation of general morphology, the regenerated
skin tissues were harvested from the mice after 14 d treatment,
and were sliced and stained with hematoxylin and eosin (H&E),
followed by imaging with a light microscope. As shown in
Fig. 11A, after 14 d treatment, a new epidermis layer was
formed on all the newly formed skin. Furthermore, different
from the control and PLPt group, dermal and epidermal
structures were more complete in the PLLt film group, allowing
for the deposition of denser orientated collagen, formation of
blood vessels and skin appendages (e.g., hair follicles). During
wound healing, fibroblasts convert into myofibroblasts and
synthesize type I and type III collagen. With the progression
of wound maturity, type III collagen is converted to type I
collagen to increase the interaction between the newly formed
fibers.®® From the immuno-histochemistry image (Fig. 11B), it
can be observed that compared with the control group, the
expression of type I collagen is induced in the PLPt and PLLt
groups. In addition, the PLLt group showed a more orderly
fiber sorting, indicating that these biofilms played a role in the
collagen enhancement process. Angiogenesis is a vital part of
wound healing. In this study, immuno-histochemistry staining
against CD31 (a marker for endothelial cells®®) was performed
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to evaluate angiogenesis in vivo. From the results of Fig. 11C,
CD31" tube-like structures could be observed, which in combi-
nation with the H&E staining results (Fig. 11A), suggests there
are more newly formed blood vessels in the PLLt and PLPt
treatment groups. Compared with the control group, the new
blood vessels in the PLLt group showed a uniform tube. These
results indicate that PLLt and PLPt biofilms can stimulate
angiogenesis during wound healing.

As such, all biological experimental results indicated that
the LEU@LP-doped nanofibrous biofilm (PLLt) exerted an
optimal wound healing efficacy, probably due to the bioactive
components (Mg, Si and leucine) and good hydrophilicity of the
PLLt film, which can promote the cell affinity (adhesion
and adhesion) of the skin related cells (endothelial cells,
fibroblasts, keratinocyte), and adjust cell rhythm (migration
and spreading), leading to acceleration of cell proliferation
as well as neovascularization for ideal skin wound healing,
including important skin appendages (e.g., hair follicles).®” The
combinative merits of the PLLt biofilms can be outlined as
follows: firstly, we used the ammonia plasma surface treatment
to greatly improve the hydrophilicity of the hybrid nanofibrous
film, which should be beneficial for cell affinity, attachment,
spreading, migration and proliferation of the skin regeneration
related cells (endothelial cells, fibroblasts, keratinocyte).

Fig. 11 General morphology, type | collagen and CD 31 expression of the repaired skin tissues from the mice treated with PLPt and PLLt nanofibrous
films for 14 d (blue arrows: epidermis; black arrows: hair follicles; red arrows: type | collagen; white arrows: blood vessels): (A) the representative HGE
staining sections images, (B) the representative immuno-histochemistry (IHC) staining images of collagen I, and (C) the representative IHC staining

images of CD 31.
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Secondly, the hybrid biofilm contained LEU@LP nanohybrids,
which can sustainably release the bioactive leucine amino acid
with the ability to promote the proliferation of fibroblasts
and their protein synthesis. Thirdly, the hybrid film can
offer a continuous delivery of Mg and Si components to induce
the formation of new blood vessels, thereby maintaining blood
and oxygen balance for skin regeneration in a timely manner.
The synergistic materiobiological effects® together with the
good Dbiocompatibility and controllable biodegradability,
endowed the biofilm with nearly perfect skin wound healing
efficacy via accelerating cell proliferation, neovascularization
and regeneration of the important skin appendages (e.g., hair
follicles).®”

Conclusions

In summary, we developed a facile approach to fabricate a kind
of bioactive hybrid nanofibrous biofilm (PLLt) for skin regene-
ration. Bioactive nanohybrids (LEU@LP) were prepared via
self-assembly of leucine (favorable for the proliferation of
fibroblasts) into LAPONITE® (LP) nanodisks. The LEU@LP
nanocarriers were then in situ doped into the polylactide matrix
to offer a kind of bioactive and biodegradable film using an
airbrushing technique, followed by ammonia plasma surface
treatment. The hybridized nanofibrous films presented a
nanofibrous network and enhanced hydrophilicity. Biological
evaluation indicated that the developed hybrid biofilm
exhibited good cell affinity (cell adhesion and spreading) to
enhance the proliferation of skin-related cells and promoted
neovasculation to achieve ideal skin wound healing (including
hair follicle regeneration), which are probably associated with
the good ECM-mimicking nanofibrous structure (favorable
protein adsorption), sustainable release of bioactive leucine
(beneficial to the proliferation of fibroblasts) and element
constituents (Mg and Si which are beneficial to new blood
vessel formation) of this hybrid film. Our study therefore
potentially provides an advanced therapeutic tool for skin
regeneration, which sheds light on the field of regenerative
medicine.

Experimental section

Materials

LAPONITE™ (LP) was offered from Rocwood Additives Limited,
UK. r-Leucine was obtained from Aladdin Biochemical Tech-
nology Co., Ltd (Shanghai, China). 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide (MTT) was received from
Life Technology (Carlsbad, USA). Dichloromethane and ethanol
were purchased from Titan Technology Co., Ltd (Shanghai,
China). Hydrochloric acid was bought from Lingfeng Chemical
Reagent Co., Ltd (Shanghai, China). Poly(r-lactic acid) (PLLA)
was synthesized by our laboratory.*® Mouse fibroblast cell lines
(L929 cell) were purchased from the cell bank of Chinese
Academy of Sciences (Shanghai, China). All other reagents were
of analytical grade and used without further purification.
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Fabrication of leucine/LAPONITE® nanohybrids (LEU@LP)

0.1 g of LAPONITE® was dispersed in 5.0 mL of distilled water
under 10 min sonication, followed by the addition of 0.1 M HCl
to adjust the pH value to 3.0. After that, 5.0 mL of an aqueous
solution of r-leucine (0.4 M) was dropwise added to the above
solution. After 24 h of magnetic stirring, the mixture underwent
lyophilization to offer Leucine/LAPONITE® nanohybrids (LEU@LP).

Preparation of the nanohybridized biofilms and their surface
plasma treatment

1 g of PLLA, PLLA/LP, or PLLA/LEU@LP (the amount of LP
was maintained at 2.0 wt%) was dissolved in a mixture of
dichloromethane and ethanol (volume ratio: 95:5) under
magnetic stirring for 4 h (PLLA concentration: 30 mg mL ™).
The solutions were airbrushed into nanofibrous biofilms on a
commercial airbrush (HD-130, Syou Tools, China) equipped
with a 0.5 mm-diameter nozzle under 0.2 MPa gas flow pressure
at a 20 cm nozzle-receiver distance. The nanofibrous biofilms
were dried in a vacuum oven at 37 °C for 24 h to offer PLLA,
PLLA/LP, and PLLA/LEU@LP biofilms (abbreviated as PL, PLP
and PLL, respectively). For surface treatment, the biofilms were
placed in the chamber of a plasma cleaner at a power of 50 W
for 30 s under an atmosphere of ammonia gas, to obtain the
treated biofilms, which were abbreviated as PLt, PLPt and PLLt,
respectively.

Morphological characterization of the nanoparticles and
biofilms

The morphology of the nanohybrids was examined using a
transmission electron microscope (TEM, JEM-1400, Japan).
Before measurement, an aqueous solution of nanoparticles
was dropped onto a copper grid and air-dried. A field emission
scanning electron microscope coupled with an energy disper-
sive spectrometer (FESEM, Hitachi S-4800, Japan) was used for
morphological observation and elemental analysis of the bio-
films under an acceleration voltage of 15 kV. The biofilms were
sprayed with gold for 50 s before measurement.

Flourier transformed infrared (FTIR) and surface X-ray
photoelectron spectroscopy (XPS) characterization of
nanoparticles and biofilms

The nanohybrids were prepared via a KBr tableting method and
measured by FTIR spectroscopy (Nicolet 5700, Thermo, USA),
while the biofilms were investigated through attenuated total
reflection FTIR in the wavelength range of 4000-400 cm ™', The
biofilms also underwent surface element analysis using an
X-ray photoelectron spectroscopy instrument (ESCALAB 250Xi,
Thermo, USA) with Al Ko radiation.

Water contact angle measurement of nanofibrous biofilms

The water contact angle of the nanofibrous biofilms was
characterized using a contact angle meter (JC2000D2, Zhongchen
Instruments, China) and imaged using a digital camera.
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In vitro biological evaluation

For the study of the bioactivity of LEU@LP nanohybrids, 100 pL
of 1929 cell solution with a density of 5.0 x 10> cells per well
was seeded into a 96-well plate and incubated in a 37 °C
incubator for 24 h. Then, the medium was replaced with
LEU@LP solution at different concentrations (0, 5.0, 10.0,
15.0 and 20.0 pg mL™") diluted by Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% Gibco serum. After 48 h,
30 uL of MTT solution (5.0 mg mL ") was added to each well, and
the culture was continued for 4 h. After that, the medium was
exchanged with 200 pL of DMSO solution to completely dissolve
the crystals by shaking for 15 min. The solution was placed on a
microplate reader (SPECTRAmax 384, Molecular Devices, USA) to
measure the absorbance at a wavelength of 492 nm. The cell
proliferation was calculated by the following equation:

Cell viability (%) = ODsampie/ODcontrol X 100%

To investigate their biocompatibility, the round nanofibrous
films with a diameter of 15 mm were placed in a 24-well plate,
and then sterilized by ultraviolet irradiation for 24 h. 1 mL of
1929 cell solution at the density of 2.0 x 10 cells per well were
seeded into the above PLt and PLLt film and placed in an
incubator at 37 °C for 24 h and 72 h, respectively, followed by
MTT assay using a method similar to the above.

For the cell morphology study, L929 cells were seeded on the
sterilized films at a cell density of 2.0 x 10" cells per well in a
37 °C incubator. After 24 h culture, the cells were washed with
PBS 3 times and fixed with glutaraldehyde (2.5%) for 15 min at
room temperature, followed by cell cytoskeleton staining using
FITC (20.0 pug mL ") for 45 min. The samples were imaged
using a laser confocal microscope (CLSM, Nikon A1R, Japan).
The cells were washed with serum-free DMEM medium after
24 h incubation, fixed with 2.5% glutaraldehyde and dehydrated
with ethanol solution of concentration gradient from 25% to 100%.
After 24 h of air-dry treatment, the cell adhesion morphology was
finally observed using a field emission scanning electron micro-
scope (FESEM, Hitachi S-3400, Japan).

For the cell migration study, the sterilized nanofibrous films
were placed into a 24-well plate, followed by the addition of
DMEM solution according to the ISO-10993 standard. After the
films were soaked for 24 h, the impregnating solution was
taken out for further study. L929 cells were incubated with
0.5 mL of DMEM solution at a density of 2.0 x 10" cells per well
in a 48-well plate and placed in a 37 °C incubator for cell
confluence. Then, the cell-filled wells were scratched across
their surface, followed by re-filling of the above sample impreg-
nating solution containing 1.0% Gibco serum. After incubation
for 24 h, cell migration behaviors were investigated using an
optical microscope (Leica DMi8, Germany).

Wound healing assay

All animal models, laboratory procedures, and care were
carried out in full approval of the Animal Care Committee of
Shanghai Jiao Tong University Affiliated Sixth People’s Hospital
(Shanghai, China). 6-8 week old C57 mice were used to assess
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the effects of the samples on wound healing. After the mice
were injected with anesthetic treatment, the hair on the backs
of the mice was shaved. Two holes were made in the back of the
mouse with a 5 mm diameter punch, followed by coverage with
the biofilm samples or underwent no treatment (as control).
After that, the wound was wrapped with a dressing mesh (3 M
Healthy Care, 3590). After different treatment periods, the
wound was unwrapped and imaged using a digital camera.

After 14 d treatment, the mice were sacrificed, and the
wound tissues were removed, fixed, dehydrated, waxed, and
sectioned by a tissue sectioner (Leica RM2265, Germany). The
sectioned tissue slices then underwent hematoxylin-eosin
(H&E) staining for histological examination using a fluorescent
optical microscope (Leica DMi8, Germany).

The skin tissue sections were processed with immunohisto-
chemical staining in order using Rabbit Anti-Collagen I anti-
body (Bioss, China) and goat anti-rabbit IgG (HRP) (Abacm,
UK), and all procedures were performed according to the
manufacturer’s standards. Subsequently, they were developed
with DAB reagent and counterstained with hematoxylin.
Finally, the tissue section was placed under a fluorescent
optical microscope (Leica DMi8, Germany).

The skin tissue sections were also immunohistochemically
stained in order using Anti-CD31 Goat pAb (Servicebio, China)
and rabbit anti-goat IgG (HRP) (Servicebio, UK), and all proce-
dures were performed according to the manufacturer’s
standards. Subsequently, they were developed with DAB
reagent and counterstained with hematoxylin. Finally, the
tissue section was placed under the fluorescent optical micro-
scope (Leica DMi8, Germany).

Statistical analysis

The statistical analysis was performed by SPSS Statistics 21.0
software. P values less than 0.05 were considered significant
and all the results are presented as mean + standard deviation.
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