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Abstract

The diabetic non-healing wound is one of the most common complications of
diabetics. The long-term stimulus of oxidant-stress, inflammation and infection caused
by the hyperglycemia microenvironment in the wound site always leads to the delayed
healing process of the diabetic wound. To address this issue, in this study, we prepared
an Asiatic acid (AA)-embedded aligned porous poly (. -lactic acid) (PLLA) electrospun
fibrous scaffold (AA-PL) for accelerating diabetic wound healing. The results showed
that the electrospun fibers with nano-pores on the surfaces aligned in a single direction,
while the AA was well embedded in the fibers and can be continuously released from
the fibers. The in vitro results revealed that the AA-PL scaffolds can effectively
alleviate the H,0O,-induced oxidant-stress damage to HaCat cells and down-regulate the
LPS-induced pro-inflammatory cytokines (IL-1B, TNF-a, IL6) gene expression in
RAW 264.7 macrophage cells. Moreover, the growth of E. coli and S. aureus could be
inhibited by the AA-PL scaffolds. The in vivo study further demonstrated that, the AA-
PL scaffolds can accelerate the re-epithelization, angiogenesis and extracellular matrix
(ECM) formation of the wound by relieving the high oxidative stress, inflammation and
infection in the diabetic wound site. This study suggests that the combination of
hierarchical structures (nanopores on the aligned fibers) with the controllable released
AA from the scaffolds is an efficient and innovative strategy for the treatment of
diabetic non-healing wounds.

Keywords: Electrospun nanofibrous scaffold, aligned porous structure, Asiatic acid,

anti-inflammation, diabetic wound healing
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1 1. Introduction !

2 Chronic non-healing wound is one of the most common complications of diabetic

3 patients. As the long-term stimulus of oxidant-stress, inflammation and infection

4 caused by the hyperglycemia microenvironment in the wound site, it leads to the

5 delayed re-epithelialization, insufficient vascular lesions and extracellular matrix

6 (ECM) synthesis of the diabetic wounds. Therefore, it is of great significance to

7  develop an effective strategy to treat diabetic wounds through anti-oxidative stress anti-

8  inflammation or anti-bacteria. [!-?]

9 Centella asiatica 1s a kind of Chinese medicinal herb, and the application of its
10  extraction in wound healing, skin burns, and scar formation had been widely studied.
11 B4 Asiatic acid (AA), has been proven to be the most active substance in the
12 extractions of Centella asiatica and it can effectively promote the gene expression of
13 TGF-B (Transforming growth factor-f), VEGF (Vascular endothelial growth factor)
14 and FGFs (Fibroblast Growth Factors) expression in fibroblasts. [*! Most importantly,
15  AA has been demonstrated to have a significant anti-oxidant and anti-inflammatory

16  efficiency in various inflammatory disease models. [* 71 Beyond that, the anti-bacterial

Published on 03 September 2019. Downloaded on 9/13/2019 11:29:58 PM.

17 activity of AA has also been verified in many strains. [l These advantages make AA be
18  apotential drug for treating diabetic wounds. However, an overdose of AA would may
19 have potential side effects such as cytotoxicity and neurotoxicity. ° Therefore, to
20  develop a controlled-release system with low by-effect is of great importance, which
21 would not only provide sustained and appropriate delivery of AA with an appropriate
22 dose but also increase the utility of AA during the wound healing process. 1% 1]

23 Electrospinning is one of the most advantageous technique for preparing skin
24 tissue engineering scaffolds. ['21 The micro/nano-scaled fibers in electrospun scaffold
25  cannot only provide mechanical support for cells adhesion but also promote cell growth
26  with improved bio-guided activity at the wound site by simulating the ECM

27  microenvironment. [13] Normally, the electrospun nanofibers are collected randomly
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and the scaffold exhibits a nonwoven structure. In recent years, some researchéfd i
successfully fabricated aligned electrospun scaffolds with the nanofibers arranged in a
single direction. Compared with the random nanofibers, the scaffold with aligned
nanofibrous structure presents greater potential for skin tissue reconstruction, and the
“contact-guided” effect of aligned nanofibers on cells can relatively shorten the time
for wound healing. [14 151 In addition, previous studies have proved that the aligned
scaffold could improve the type I collagen expression in the Dural fibroblast cells, and
compared with the random scaffolds, the collagen fibers exhibited a higher degree of
organization on the aligned scaffolds. [1%] Hence, the aligned nanofibrous scaffolds can
be a favorable candidate for diabetic wound healing. Moreover, the electrospun fibrous
matrices have been widely explored in the biologic delivery systems due to its high
drug loading efficiency, so it is an advisable strategy to employ the aligned electrospun
scaffolds as a controlled-release system to load AA, and the composite scaffolds will
play as a multi-function platform for the effective treatment of diabetic wound.

Meanwhile, it is worth noting that the diabetic non-healing wounds are mainly
caused by the failed inflammatory regression in the early stage of wound healing, which
ultimately leads to long-term inflammation at the wound sites. Hence, through releasing
AA to achieve anti-oxidative stress and anti-inflammatory in the early stage of wound
healing will largely improve the therapeutic efficiency of AA. Exactly, the nanofibers
with porous surface structure which can not only increase the specific surface area to
benefit the cell adhesion, but also can shorten the drug release cycle and promote the
AA work in the early stage of diabetic wound healing. [17]

In this study, we developed an aligned porous electrospun fibrous scaffold with a
local AA delivery system for accelerating diabetic wound healing. The anti-oxidant
stress, anti-inflammation and anti-bacterial effects of aligned porous AA-embedded
PLLA electrospun scaffold (AA-PL) in vitro were evaluated. Finally, the stimulatory

effect of the AA-PL scaffolds on the wound closure, inflammation responses, re-

0.1039/C9TB01327J
avé
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1 epithelialization ratio, angiogenesis and ECM remodeling in the STZ-induced diaptds” <°7#0132"

2 wound model were verified.

3 2. Materials and methods

4 2.1 Materials

5 Poly (L-lactic acid) (PLLA, Mw = 300 kDa) was purchased from Jinan Daigang
6  Biomaterial Co., Ltd. (Shandong, China). Dichloromethane (DCM) was supplied by
7  Aladdin Reagent Co. (Shanghai, China). Asiatic acid (AA) was purchased from Selleck
8  Reagent Co. (Houston, Texas. USA). All materials in this study were used as received
9  without any further purification.
10 Immortalized human keratinocytes HaCaTs were purchased from the Type Culture
11 Collection of the Chinese Academy of Sciences, Shanghai, China. Mouse mononuclear
12 macrophage cell line RAW 264.7 were purchased from the cell bank, American Type

13 Culture Collection (ATCC, Manassas, VA, USA).

14 2.2 Preparation of the aligned porous AA-PL scaffolds

Published on 03 September 2019. Downloaded on 9/13/2019 11:29:58 PM.

15 The aligned porous fibrous PLLA (PL) scaffold containing different contents of
16  AA (0%, 10%, 30%) were prepared by electrospinning. 0.6 g of PLLA was dissolved
17 in 4.9 mL DCM, and then 0.1 mL AA solution (0 uM, 5 uM, 15 uM in ethanol) was
18  added to the PLLA/DCM solution with continuous stirring to obtain homogeneous
19  solutions. The electrospinning process was carried out using a TEADFS-103
20  electrospinning apparatus (Beijing Technova Technology Co., Ltd). In a typical
21  procedure, the applied electric voltage was 8 kV, the solution feed rate was 0.02
22 mL/min, the distance between the spinneret and the grounded drum was 8 cm, the
23 rotating speed of the collecting drum was 800 r/min and the collecting time for all
24 samples was fixed for 3.5 hours.

25 The experiments were conducted at room temperature, and the relative humidity
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was around 50 RH%. All of the as-prepared electrospun scaffolds were vacuunt-dfied” <“™"*"

for 24 hours to completely remove the residual solvent prior to further characterization.
In this study, the composite electrospun scaffolds with different contents of AA were

named as PL, 10 AA-PL and 30 AA-PL, respectively.

2.3 Morphologies, composition and surface wettability characterizations of the

aligned porous AA-PL scaffolds

The morphologies and microstructures of the PLLA, 10 AA-PL and 30 AA-PL
scaffolds were observed by scanning electron microscopy (FE-SEM, HitachiS-4800,
CanScan). The hydrophilicity of electrospun scaffolds were investigated by testing the

water contact angle on the surfaces (Kruss GmbH DSA 100 Mk 2).

2.4 AA release profile of the AA-PL scaffolds in vitro

0.2 g 10 AA-PL and 30 AA-PL scaffolds were immersed into 5 mL PBS (pH =
7.4) at 37 °C in a shaker with the speed of 80 rpm/min, respectively. At each defined
time point, ImL of the release medium was collected for detection and replaced with
an equal volume of fresh PBS. The amount of released AA in the collected solution was

determined using a UV-vis spectrophotometer (Epoch, BioTek Instruments, Gene Co.

Ltd., USA).

2.5 Cell culture

The HaCat and RAW 264.7 were purchased from Sciencell Research Laboratories
(San Diego, CA, USA). The HaCat cells were cultured in complete RPMI-1640 cell
medium (1640, Gibco, USA) supplemented with 5% fetal bovine serum (FBS, Gibco,
USA) and 1% penicillin/streptomycin (P/S, Sciencell, USA). RAW cells were cultured
in Dulbecco's Modified Eagle Medium (DMEM, ThermoFisher, USA) supplemented

with 5% FBS (Gibco, USA) and 1% P/S (Sciencell, USA). All the cell lines were
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1 cultured in a humidified 37 °C / 5% CO, incubator and the medium was replacéd evefy” <2013

2 2days.

3 2.6 IL-1p, TNF-a and IL6 gene expression level in the LPS-induced inflammation

4  model when co-cultured with AA-PL scaffold

5 To verified the anti-inflammation effect of AA-PL scaffolds, we stimulated RAW
6  264.7 macrophage cells with bacterial lipopolysaccharide (LPS) to promote the
7  expression of proinflammatory cytokines, which is the most commonly inflammation
8  model in vitro. "% To detect the expression of proinflammatory cytokine, RAW 264.7
9  macrophage cells were seeded on the sterile PL, 10 AA-PL, 30 AA-PL nanofibrous
10  scaffolds with a density of 1x10%cells /100 pL in 6-well plates. The non-treated (BL)
11 and LPS-treated groups with no scaffold added (Ctrl) were set as the two reference
12 groups. After cultured at 37 °C / 5% CO, incubator for 24 hours, the cells of Ctrl, 10
13 AA-PL and 30 AA-PL treated groups were stimulated with 100 pg/mL of LPS for 6
14 hours. Finally, the cells were washed with PBS for three times carefully, and then the
15 total RNA of cells were collected with Trizol (Invitrogen, Waltham, MA, USA)

16  according the manufacturer’s protocol.

Published on 03 September 2019. Downloaded on 9/13/2019 11:29:58 PM.

17 The gene expression of proinflammatory cytokines IL-1B, TNF-a and IL6 was
18  evaluated by quantitative real-time polymerase chain reaction (Q-RT-PCR) according
19 to the manufacturer’s protocols. The total RNA (1 pg) was collected and reversed into
20  cDNA by using Prime Script™ RT Master Mix (TakaraBio Inc., Shiga, Japan) at 37 °C
21 for 30 min and 85 °C for 10 seconds. Subsequently, Q-RT-PCR was conducted by using
22 SYBR Green detection reagent (TakaraBio Inc. Shiga, Japan). In this study, all primers
23 were found in the Primer Bank and synthesized by Genewiz. Co (Shanghai, China), the
24 specificity of the primers was confirmed before being used. The primer sequences used
25  for all PCR reactions were shown in Table 1. B-Actin was used as the housekeeping

26  gene. The expression of each gene was normalized relative to B-Actin and the results
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were quantified relative to the corresponding gene expression of the PLLA group;

which was standardized to 1.

2.7 Proliferation of HaCat cells treated with high-oxidation stress when co-

cultured with AA-PL scaffolds

Before the cell experiments, all scaffolds were cut into round shaped pieces which
could exactly fit the size of culture plates, then the scaffolds were sterilized by UV over
3 hours.

HaCat cells were seeded on the PLLA, 10 AA-PL and 30 AA-PL scaffolds with a
density of 1x10* cells / 200 pL per well in 48-well plates and cultured at 37 °C / 5%
CO; incubator for 24 hours. To simulate the high oxidative stress environment at the
diabetic wound site, HaCat cells in all groups (Ctrl, PL, 10 AA-PL and 30 AA-PL) were
treated with 500 uM H,O, for 2 hours, [!8] the HaCat cells cultured with no scaffold
were considered as control groups (Ctrl). In addition, to verify the high oxidative stress
effect of the H,O, on the cell behavior, the non-treated HaCat cells were cultured as the
blank groups (BL).

To evaluate the cell viability in different groups, after being cultured for 24 hours,
the H,O,-treated or non-treated HaCat cells in all four groups were stained with a
LIVE/DEAD® Viability Kit (ThermoFisher, USA) according to the supplier’s
procedure. The cell viability and morphology were observed and photographed using
an inverted fluorescence microscope (Leica TCS SP8, Germany), then quantified the
number of Live/Dead cell in 10X magnification with Image J, and calculated the ratio
of Live/dead cells by the below formation:

Ratio of Live/dead cells = Numbers of live cells/ Total number of cells

To evaluate the cell proliferation in different groups, after incubating the H,O,-

treated HaCat in 37 °C/ 5% CO, for 2 hours, the cell proliferation was detected by MTS

assay. The culture medium was replaced with 160 uL fresh DEME medium and 40 pL

39/C9TB01327J
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1 MTS in each well, then the cells were incubated in a 37 °C / 5% CO, incubator’ Fop'1 05/ coTBO27)
2 hours. The absorbance value of samples was measured at 490 nm with a microplate

3 reader (Epoch, BIO-TEK, USA).

4 2.8 Antibacterial effect of the PLLA, 10 AA-PL, 30 AA-PL scaffolds

5 0.1g sterilized PL, 10 AA-PL, 30 AA-PL scaffolds were soaked in 1 mL LB
6  medium for 48 hours, then 108 CFU E. coli (ATCC 8739) and S. aureus (ATCC 29213)
7  were cultured with the extract solution of PL, 10 AA-PL, 30 AA-PL and 25 ug/mL
8  Penicillin for 24 hours. Then, diluted the bacterial solution to 1x10°¢ times and coated
9 10 pL diluted bacterial solution on the Agar-LB solid medium. After incubated in a 37
10 °C incubator for 24 hours, the colonies in each group were observed and photographed
11 by high resolution camera (Canon, Japan), then calculated the bacterial concentration

12 of each treated group by Image J.

13 2.9 Establishment of the non-contractile diabetic wound model

14 50 males C57BL/6J mice (7-8 weeks age) were purchased from Shanghai Jinlake
15  Experimental Animal Center. The experimental was performed in the specific pathogen

16  free (SPF) environment and all experimental procedures involving mice were given

Published on 03 September 2019. Downloaded on 9/13/2019 11:29:58 PM.

17 approval by the Animal Investigation Committee of the Institute of Biomedical
18  Sciences and School of Life Sciences, East China Normal University.

19 The streptozotocin (STZ) (Sigma, USA) - induced diabetic model was established
20  as previously described, 2% STZ was diluted with a citric acid buffer (pH = 4.2-4.5),
21  and the mice were injected intraperitoneally with a dose of 40 mg/kg body weight per
22 day for 5 consecutive days. After 10 days, the blood glucose of the mice was detected
23 with glucose meters device (Accu-Chek Performa) and the mice were considered as
24 diabetics if the non-fasted glycaemia was higher than 20 mM. Mice (n = 12/group) were
25  randomly allocated to the Ctrl, PL, 10 AA-PL and 30 AA-PL treated groups according

26  to the glucose levels.
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The diabetic mice (17-18 weeks age) were anesthetized with inhaled 5% isGfiutatie” <7012

and shaved the dorsal hair of mice before surgery. A full-thickness circular skin wounds
with the diameter of 8 mm were created on the dorsum of each mice and fixed with a
silicone loop (silicone sheet, 3M, USA) (internal diameter = § mm, external diameter
= 15 mm) to prevent contraction of wounds, thus simulating the wound healing process
of diabetes. [>!1 The wounds were treated with different kinds of to-be-tested scaffolds
(PL, 10 AA-PL, 30 AA-PL) or non-treated (Ctrl). All the wounds in the four groups
were covered with the medical grade bandages (HAINUO, China) and breathable films
(Tegaderm, 3M, USA) after surgery. For wound healing assay, the wound areas were
photographed onday 0, 3, 5,7, 11, 13, 15 and calculated by Image J. The wound healing
rate was calculated according to the following formula:
Anrate (%) = (Ap- AN)/ Ag X 100%
Where Ay is the initial wound area (N = 0) and Ay is the wound area at day N

(N> 1).

2.10 Q-RT-PCR, immunohistochemical and immunofluorescence analysis of the

wound tissues

About five mice each group were sacrificed at day 7 and day 15 post-surgery, the
skin tissue surrounding wound edges with the width of about 2 mm were collected for
the Q-RT-PCR, immunohistochemical and immunofluorescence analysis.

The total RNA of re-epithelized skin tissue was extracted by Trizol (Invitrogen,
Waltham, MA, USA), the gene expression of proinflammatory cytokine (IL-18, TNF-
a, IL-6) were detected by the method as described above.

For immunohistochemical analysis, the wound tissues were fixed by 4%
paraformaldehyde for 48 h. Then, they were dehydrated with a graded series of ethanol
(50%, 70%, 80%, 95% and 100%) and embedded in paraffin. The paraffin-embedded

tissues were cut into slices with the thickness of 5 pm and tiled on the glass slide.
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1 To evaluate the re-epithelization, collagen deposition, inflammati6it “atid”<*™*%***"

2 angiogenesis in the wound sites of different groups at day 7 and 15 post-operation, the
3 sections were deparaffinized with dimethylbenzene and rehydrated with 100%, 95%,
4 80% and 70% ethanol. IL6 immunohistochemical staining was performed for the
5  evaluation of inflammation. The Masson trichrome staining was conducted to observe
6  the re-epithelization and collagen deposition. The CD31 (Platelet endothelial cell
7  adhesion molecule-1) immunofluorescence staining was performed to observe the
8  angiogenesis. The Masson trichrome staining were conducted to evaluate the collagen
9  distribution and density, collagen can be stained blue and epithelial or fibroblasts can
10  be dyed red. We evaluated the collagen deposition in the wound tissues by calculated
11 the percentage of collagen fibers area at 20 X magnification with Image J. The
12 formation as below :
13 Collagen density (%) = Area of collagen fibers / the total area x100%
14 All the experimental procedures were conducted according to the supplier’s
15  procedure.
16 Immunohistochemical and immunofluorescence staining was performed just as the

17  follow steps: The samples were boiled in sodium citrate buffer (pH = 6.5) and then

Published on 03 September 2019. Downloaded on 9/13/2019 11:29:58 PM.

18  incubated with IL6 antibody (Abcam, USA) or CD31 antibody (Abcam, USA) at 4 °C
19 for overnight. The sections were incubated with secondary antibodies for 2 hours at
20  room temperature. Adding 5 mg/mL 4°, 6-diamidino-2-phenylindole (DAPI) solution
21  to the tissue sections for counterstaining cell nuclei. The images were obtained using
22 an optical microscope (Leica Confocal microscope, Germerny). The collagen area and

23 CD31-positive vessel number were measured manually by Image J software.

24 2.11 Statistical analysis

25 Three independent experiments were carried out and at least three samples per each

26  test were taken for statistical analysis. Data were presented means + standard error.
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Statistical differences among more than two groups were calculated using ofie-\W
ANOVA firstly and then a Student’s t-test program was further conducted to evaluate
the significant difference between each two groups. Differences were considered

significant when P< 0.05(*), P <0.01(**) or P < 0.001(***).

3. Results
3.1 Characterization of the aligned porous AA-PL scaffolds

The macroscopic appearance of the AA-PL electrospun scaffolds were shown in
Figure S1, the aligned porous AA-PL scaffolds were fabricated with poly (L-lactic acid),
so it exhibited as white and smooth membrane, and consisted of the aligned electrospun
fibers evenly. The microscopic morphologies of PLLA electrospun scaffolds with
different contents of AA were shown in Figure 1, the nanofibers in all the three scaffolds
were aligned in a single direction and exhibited well-organized topological structures
(Figure 1 A;-C,). The magnified SEM images in Figure 1 A,-C, further revealed that
there were uniform nanopores on the surface of each fiber in all the three scaffolds.

The hydrophilicity of the PLLA, 10 AA-PL and 30 AA-PL scaffolds were
investigated by water contact angle (WAC) measurement. As shown in Figure 1 A;-C;,
the three scaffolds exhibited a similar surface hydrophilic behavior and the WCA values
of the PLLA, 10 AA-PL, 30 AA-PL scaffolds were all about 90°. The hydrophilicity of
the scaffolds is improved comparing with pure PLLA polymer, which is more

conducive to cell adhesion and growth on the surface of the AA-PL scaffolds. [??]

3.2 The cumulative release of AA from aligned porous AA-PL scaffolds

AA has a remarkable absorbance at 197 nm ultraviolet rays (Figure 2A). As
observed in Figure 2B, the UV absorbance curve of the extract solution of PL, 10 AA-
PL and 30 AA-PL scaffolds also exhibited a remarkable absorbance at 197 nm, it
coincided with the absorbance curve of AA. This result identified that the AA had been

successfully incorporated into the aligned porous electrospun scaffolds. As Figure 2B

O}S]9/C9TBOJ.327J
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1 shown, the cumulative release AA reach to 48 pg from 10 AA-PL and 149 pg fron? 3677701527
2 AA-PL, there were approximately 70% of loaded AA released from 10 AA-PL and 30
3 AA-PL scaffolds (Figure 2C). AA was released rapidly from 10AA-PL and 30 AA-PL

4 scaffolds during the first 48 hours and can be continuously released for 7 days.

5 3.3 The anti-inflammation and anti-oxidant stress effects of the aligned porous

6  AA-PL scaffolds in vitro

7 Diabetes non-healing wounds are characterized by the long-term inflammation.
8  Here, the common inflammatory model used in vitro was constructed by the stimulation
9  of the RAW 264.7 macrophage cells with bacterial lipopolysaccharide (LPS). [23] The
10  expression of pro-inflammatory cytokines in RAW 264.7 macrophage cells were
11 detected by Q-RT-PCR. As shown in Figure 3A-C, the gene expression levels of IL-
12 1B, TNF-aand IL6 in RAW 264.7 macrophage cells were significantly increased after
13 the stimulation by LPS. However, the gene expression levels of above genes in RAW
14 264.7 macrophage cells were effectively down-regulated in both the 10 AA-PL and 30
15  AA-PL treated groups, especially for that in the 30 AA-PL group, which showed the
16  lowest gene expression of pro-inflammatory cytokines.

17 To simulate the high oxidant-stress environment of diabetic wound site, the HaCat

Published on 03 September 2019. Downloaded on 9/13/2019 11:29:58 PM.

18  cells were treated with 500 um H,0, after co-cultured with PL, 10 AA-PL, 30 AA-PL
19 scaffolds for 24 hours, then the cells viability were observed by Live/Dead staining and
20  cells proliferation were detected by MTS assay to evaluate the anti-oxidant effect of
21  scaffolds under high oxidative stress. Compared with the non-treated HaCat (BL)
22 shown in Figure 3D(a), after being treated with H,O,, there was an obvious shrinkage
23 in cell morphology and quite a lot of dead cells appeared in the view (Figure 3D(b)).
24 Similarly, the H,O,-treated HaCat cells co-cultured with the PLLA scaffolds also
25  showed obvious shrinkage morphologies (Figure 3D(c)). However, the H,O,-induced
26  oxidant-stress damage of the HaCat cells were effectively alleviated, and the number
27  of viable cells was increased in the AA-PL scaffolds treated groups. Especially for the

28 30 AA-PL treated group (Figure 3D(e)), the scaffolds significantly improved the
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growth and viability of cells. The result (Figure 3E) of proliferation assay showzed that;e/cotso1327

the number of HaCat cells on the 10 AA-PL and 30 AA-PL scaffolds were significantly
higher than that of the Ctrl group and PL treated group, indicating the positive effect
on the anti-oxidation stress of the 10 AA-PL and 30 AA-PL scaffolds.

3.4 The aligned porous AA-PL scaffolds inhibits S. aureus and E. coil growth.

The antibacterial property is a crucial factor for an ideal skin tissue engineering
scaffold and the high antibacterial activity of scaffold can significantly accelerate the
tissue repair process. [?41 The minimum inhibitory concentration (MIC) of AA were in
the range of 20-40 pg/ml, and its minimum bactericidal concentration (MBC) were in
the range of 32-52 pg/ml. The antibacterial effective concentration of AA is comparable
to t penicillin, which is the most commonly used antibiotic in clinical. 81 Therefore, the
inhibitory effect of Penicillin and AA-PL scaffolds on E. coli (ATCC 8739) and S.
aureus (ATCC 29213) were evaluated. As Figure 4 shown, compared with the PLLA
treated group, Penicillin (25 pg/mL), 10 AA-PL and 30 AA-PL can significantly inhibit
the growth of bacteria, especially 30AA-PL exhibits optimal antibacterial effect. The
antibacterial effect of 30 AA-PL is significantly better than that of Penicillin (25
pug/mL), it implied that AA-PL scaffolds may be an alternative strategy for resistant

infections of wound in clinically.

3.5 The aligned porous AA-PL scaffolds accelerate diabetic wound healing in vivo

The wound healing assay on diabetic mice was performed to further verify the
effect of AA-PL scaffolds on the wound healing efficiency in vivo. To simulate the low
contractility feature of the diabetic wounds in human being, a non-contractile full-
thickness diabetic wound model had been constructed in this work and the experimental
procedure was shown in Figure 5A. As shown in Figure 5B, the wound area in Ctrl
(non-treated), PL, 10 AA-PL and 30 AA-PL groups became smaller with increasing

time, while the wound healing rate of the 30 AA-PL scaffolds treated group was
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1 significantly higher than that of the other three groups (Ctrl, PL and 10 AA-PL frof™ < ™9**"
2 day 3. At day 7 after operation, the healing rates of 30 AA-PL groups was 63.01%,
3 while that of the Ctrl, PL and 10 AA-PL groups were 20.01%, 24.96%, 50.21%,
4  respectively. At the day 14, the wound healing rate of 30 AA-PL group was 97.37%,
5  whereas that of the Ctrl, PL, 10 AA-PL were 50.25%, 66.08%, 94.49% respectively.
6  All above results indicated that the 30 AA-PL scaffolds exhibited the highest wound

7  healing rate among all the treated groups.

8 3.6 The anti-inflammation effect of the aligned porous AA-PL scaffolds during

9  the diabetic wound healing

10 Long-term inflammation is an important cause of non-healing diabetic wound. IL6
11 is a pro-inflammatory cytokine which can be used as a biomarker of inflammation. In
12 this work, the IL6 immunohistochemical staining was performed to evaluate the
13 inflammation level in the wound sites. As observed in Figure 6A, the distribution of
14 IL6-positive cells (brown) were much more densely in the wound tissue of Ctrl, PL and
15 10 AA-PL treated groups. In contrast, IL-6 positive cells were significantly reduced in

16  the 30 AA-PL treated groups both at day 7 and 15 after surgery. Especially at day 15,

Published on 03 September 2019. Downloaded on 9/13/2019 11:29:58 PM.

17 the IL 6 positive cells were significantly decreased in the wound tissues of 30 AA-PL
18  treated group and the architecture of normal skin tissue could be obviously observed,
19 suggesting the great anti-inflammatory effect of 30 AA-PL scaffolds during diabetic
20  wound healing. While there were abundant IL 6 positive cells gathered at the wound
21  edges of the Ctrl, PL and 10 AA-PL treated groups. To further verify the anti-
22 inflammation effect of 30 AA-PL scaffolds, the gene expression level of IL-1p, TNF-a
23 and IL6 in wound tissue at day 7 (Figure 6 B-D) and day 15 (Figure 6 E-G) were
24 evaluated by Q-RT-PCR. As shown in Figure 6 B-G, the gene expression levels of
25  proinflammatory cytokines: IL1B, TNF-a, and IL6 in the wound tissue of the 30 AA-

26  PL treated groups were obviously the lowest among all treated groups.
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3.7 The aligned porous AA-PL scaffolds accelerate re-epithelialization of diabetieo/cors01327
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Re-epithelialization is a crucial stage in the process of diabetic wound healing, in
which stage epithelial keratinocytes will proliferate and migrate from the wound edge
to the center of wound tissues, forming a complete epithelial layer. [>]As shown in
Figure 7A, the newly formed epithelium layers in 30 AA-PL treated groups were
significantly increased than that of the Ctrl, PL, 10 AA-PL treated groups at day 7, and
the wound tissue in 30 AA-PL treated group formed much more continuously intact
epithelial layer at day 15, indicating a better promoting efficiency on re-
epithelialization of 30 AA-PL scaffolds than that of the Ctrl, PL and 10 AA-PL
scaffolds. The quantitative analysis results of re-epithelialization were shown in Figure
7B-C revealed that, the re-epithelialization ratio of 30 AA-PL treated groups (64.22%)
was significantly higher than that of the Ctrl (8.54%), PL (34.17%), and 10 AA-PL
(58.25%) treated groups at day 7. At day 15 after surgery, the re-epithelialization ratio
of 30 AA-PL treated group was 94.71%, while that of the Ctrl, PL, 10 AA-PL treated

groups were 51.13%, 64.41%, 77.65%, respectively.

3.8 The effect of the aligned porous AA-PL scaffolds on the angiogenesis in the

diabetic wound in vivo.

The early 3-7 day of wound healing is an important stage for formatting granulation
tissue which consisted of fibroblasts and neovascular. In order to verify the
angiogenesis during the diabetic wound healing process, the CD31
immunofluorescence staining was performed to observe the neovascularization in the
wound tissue at 7 days after surgery. As shown in Figure 8A and B, the number of
CD31 positive vessels in the wound tissues of the 10 AA-PL and 30 AA-PL treated
groups were obviously higher than that of the Ctrl and PL treated group at day 7. The
above results showed that the 10 AA-PL and 30 AA-PL scaffolds promoted

angiogenesis during diabetes wound healing.
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1 3.9 The effect of the aligned porous AA-PL scaffolds on ECM formation ir?@ivp'03°/oT8015279

2 As shown in Figure 9A, compared with the Ctrl group, more collagen fibers (ECM
3 remodeling marker, stained with blue) were observed in the PLLA, 10 AA-PL and 30
4  AA-PL treated groups. Especially, the collagen fibers in the wound tissues of 30 AA-
5  PL treated group were more interweaved and tended to form more intensive and orderly
6  structures at day 15 after surgery. The quantitative analysis of the deposited collagen in
7  the wound sites shown in Figure 9B demonstrated that the collagen deposition in 30
8  AA-PL treated group (95.97%) was significantly higher than that in the Ctrl (62.15%),
9 PL (75.94%) and 10 AA-PL (88.59%) treated groups. It implied a more advanced

10  collagen deposition process in the 30 AA-PL treated groups.

11 4. Discussion

12 Previous studies have mainly focused on improving angiogenesis or antibacterial,
13 as a single strategy for the treatment of diabetic non-healing wounds. 1?4271 However,
14 due to the complex pathological environment at the diabetic wound site, those
15  efficiencies are limited. Since the most essential causes of the diabetic non-healing

16  wounds are hyper oxidative stress, inflammation and infection, which were caused by

Published on 03 September 2019. Downloaded on 9/13/2019 11:29:58 PM.

17 the hyperglycemia microenvironment in wound sites, 2% 2] alleviating the oxidant-
18  stress, inflammation and infection at the wound site will be an effective strategy for
19  diabetic wound healing. 3% AA was proved to be a potential drug for diabetes by the
20  antioxidant, anti-inflammatory and antibacterial efficiencies. In this study, AA was
21  chosen as an active ingredient incorporated into an aligned porous composite P LA
22 scaffolds via electrospinning for highly efficient diabetic wound healing.

23 Since the aligned nanofibers have been proven to have significant impacts on
24 directing the cellular alignment and migration by “contact guidance”, which could
25  accelerate cells migrate from the edge to the center of wound, so the aligned nanofibers
26  have advantage on preparing wound dressing. [*!1 What’s more, the porous surface of
27  aligned nanofibers not only could enhance the surface roughness, which benefit for cell

28  adhesion and proliferation; but also increase the effective surface area of membranes,
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which conducive to drug loading and release continuously. Herein, we successfalbyo/cotsois27

fabricated an aligned PLLA electrospun scaffold as the drug-dlivery system, Figure 1
showed that the PLLA fibers in electrospun scaffolds were orderly aligned in a single
direction, as a result of the combined effects of the electrostatic force in the electric
field and the stretching force of the collecting drum during the electrospinning process.

Diabetic wound is characterized of the oxidant stress, prolonged inflammatory and

infection caused by the hyperglycemia microenvironment, which will prevent the

diabetic wound at prolonged inflammation phase transfer to the next proliferation phase.

Hyperglycemia and extra-oxidative stress environment of wound sites impaired
macrophage and neutrophils function result in the prolonged inflammation; the
impaired keratinocyte cause delay re-epithelialization; impaired fibroblast and vascular
endothelial cells lead the insufficient granulation tissue and ischemia. The
hyperglycemia environment also makes the wound tissues more susceptible to be
infected, further cause the chronic non-healing wound. Overall, the hyperglycemia and
oxidative stress are the root causes of diabetic non-healing wounds. 32 33]

In this study, to relieve those symptoms the early stage of wound healing and
promote the transition of wound from inflammation to the proliferation phase, we have
chosen Asiatic acid (AA), a Chinese herbal compound, which have the anti-oxidant,
anti-inflammation and anti-bacteria effect, as a potential drug for diabetic wounds. The
uniform nanopores with ellipse-like morphologies were generated on the surface of
each fiber by using low boiling solvent during the electrospinning process, and these
nanopores on the surfaces of fibers could facilitate the release of AA at the early stage
of diabetes wound healing. As illustrated in Figure 2, AA was well embedded in the
fibers and can be continuously released from 10 AA-PL and 30 AA-PL for 7 days,
which could exactly meet the requirement of the early inflammation stage (3-7 days
after trauma) during the diabetic wound healing. B34

Macrophages is the foremost producer of pro-inflammatory cytokines IL-1p, TNF-
a, IL-6 and VEGF, IGF-1 and TGF-p, they are pivotal contributor both in diabetic and
non-healing wound healing. 33371 Usually, those cytokines and growth factors are

increased in the early 3 days and decreased gradually after inflammation phase. While
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1 in diabetes wound, pro-inflammatory cytokines sustain production contim@ouglyzo/coTB01327)
2 caused the prolonged inflammation phase, it leads the extra-oxidant stress environment
3 onthe wound site, further impaired the angiogenic response, migration and proliferation
4 of keratinocytes and fibroblast. [3% 3% Therefore, eliminating inflammation, it can
5  effectively regulate the levels of cytokines and growth factors during wound healing. It
6  has been reported that the expression of pro-inflammatory factors of macrophages is
7  elevated when exposing in LPS stimuli, it usually triggered by activation of NF-KB.
8  While AA may down-regulate NF-kB (nuclear factor-xB) activation in RAW 264.7
9  MACROPHAGE cells,1*! and further reduce proinflammation cytokines IL-1p, TNF-
10 o and IL6 production to attenuated the prolonged inflammation. In this work, the 10
11 AA-PL and 30 AA-PL scaffolds have significantly down-regulated the high expression
12 of pro-inflammatory cytokinesIL-13, TNF-o, IL6 (Figure 3A-C) in LPS-induced
13 macrophage inflammation model in vitro. In STZ-induced diabetes non-contraction
14 wound model, with the increasing content of AA, the IL-6 expression in the diabetes
15  wound sites had been reduced in the 10 AA-PL and 30 AA-PL treated groups.

16 The prolonged inflammation could cause high oxidative stress microenvironment
17 at wound sites, it especially induces the injury, dysfunction, and apoptosis of

18 keratinocyte, further result in the delayed re-epithelialization. 2% 401 H,0O, could

Published on 03 September 2019. Downloaded on 9/13/2019 11:29:58 PM.

19 inducing excessive ROS (Reactive oxygen species) in cells, damage cell membranes
20  and mitochondria, further leading cell apoptosis, so we treated the HaCat cells with
21 H,0;to simulate the supra-physiological oxidative stress microenvironment in diabetic
22 wound sites in vitro. Previous study has proven that AA could prevent oxidative stress
23 and apoptosis by maintaining membrane integrity and ATP production. [4!] Therefore,
24 we evaluated the protect effect of AA-PL scaffolds on HaCat under oxidative stress, As
25  Figure 3D-E showed, the AA-PL exhibited significant protect effect on morphology
26  and proliferation of HaCat cells which damaged by H,O, induced supra-oxidant stress
27  in vitro and accelerated re-epithelialization during diabetes wound healing (Figure 7)
28  invivo.

29 Infection caused by hyperglycemia microenvironment in the wound sites was

30  another main barrier for diabetes wound healing. Previous studies have proved that AA
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could destroy the biofilm of the bacterial community and the cell membrane f/coTB01327)

individual cells, which cause bacterial nuclear leakage to achieve antibacterial purposes
dose-dependently. [4>441 Consistent with previous researches, 30 AA-PL scaffolds also
exhibited the best anti-bacterial effect among all treated groups (Figure 4).

Sum up the above results, we can ensure that the AA-PL scaffolds could release
effective concentration of AA in the safe range, and exhibited great effect on anti-
oxidative stress, anti-inflammation and anti-bacteria in vitro. To further verify the effect
of AA-PL scaffolds on accelerating diabetes wound in vivo, and exploring that whether
the aligned porous structure and released AA could improve non-healing wounds
synergistically, the wound healing assay was performed in the STZ-induced diabetes
non-contraction wound model. In accordance with the significant effect of AA-PL
scaffolds in vitro, the diabetic wounds treated with AA-PL scaffolds showed higher
wound healing rate as compared with that of the PLLA and Ctrl groups starting from
the day 3 after surgery, especially for that of the 30 AA-PL scaffolds, which exhibited
the highest wound healing rate (Figure 5) by down-regulating IL-1p, TNF-a, IL6 gene
expression (Figure S2 and 6) and accelerating re-epithelialization (Figure 7),
angiogenesis (Figure 8) and collagen deposition (Figure 9) in diabetes wound site. The
underlying mechanism may relate to the anti-oxidative stress, anti-inflammation and
antibacterial effect of AA-PL, which are conducive to alleviate those symptoms of
diabetes non-healing wound, further promoting the non-healing wound at long-term
inflammation phase transferred into the proliferation phase during diabetes wound
healing. [*3 46 The overall microenvironmental change at the wound sites induced by
AA-PL scaffold promoted faster healing process for diabetic wounds. What’s more,
consistent with the previous study, the aligned PL scaffolds can shorten the time of
wound healing by facilitating the migration of keratinocytes and fibroblasts from the
periphery of the wound to the center, and significantly promote re-epithelization and
collagen formation during the process of wound healing. [47-48] Hence, in this work, the
aligned porous structure of AA-PL indeed provided bio-guidance and mechanical
support to facilitate diabetes wound healing. In conclusion, AA-PL scaffolds provided

a suitable environment for wound healing through the dual advantages of AA release


https://doi.org/10.1039/c9tb01327j

Page 21 of 36 Journal of Materials Chemistry B

View Article Online

1 and aligned porous structure, which can be used as an excellent scaffold for premictitgs/coTs01327)

2 diabetic wound healing.

3 5. Conclusion

4 In this study, an Asiatic acid (AA)-embedded aligned porous poly (.-lactic acid)
5 (PLLA) electrospun fibrous scaffold had been successfully fabricated for accelerating
6  diabetic wound healing. AA was embedded in aligned porous electrospun fibrous
7 scaffolds, and could sustain release from the AA-PL scaffolds. Especially, the 30 AA-
8  PL scaffolds could effectively alleviate the oxidant-stress damage to HaCat cells and
9  down-regulate gene expression of pro-inflammatory cytokines, as well as anti-bacteria
10 invitro. The in vivo study further evidenced that 30 AA-PL exhibited an excellent effect
11 on accelerating re-epithelization, angiogenesis and ECM formation during diabetes
12 wound healing in diabetic mice. Above results suggest that the combination of
13 hierarchical aligned structures with the controllable released AA from the scaffolds is
14 an efficient and innovative strategy for the treatment of diabetic non-healing wounds

15  and other types of skin injure.
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Figure 1. SEM images of the aligned porous PLLA (A;, A,), 10 AA-PL (B4, B;), 30
AA-PL (C,, C,) scaffolds; The insert of each panel in Figure A;-C; showed the water

droplet sat on the surface of each scaffold.
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Figure 2. (A) The ultraviolet (UV) ray’s absorbance curve of AA; (B) The extract
solution of PLLA, 10 AA-PL and 30 AA-PL scaffolds. (C)The cumulative release
amount and (D) cumulative release percentage of AA released from 10 AA-PL and 30
AA-PL scaffolds within 7 days.
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Figure 3. The gene expression levels of proinflammatory cytokines: IL-1B(A), TNF-

a(B) and IL6(C) in LPS-induced inflammatory RAW 264.7 macrophage cells while the

RAW 264.7 cells were co-cultured with PL, 10 AA-PL and 30 AA-PL (D) Live/Dead

staining was performed to detect the cell viability of HaCat cells cultured with different

treatments: (a) non-treated (BL); (b) only treated with 500 uM H,O, (Ctrl); (c-e) HaCat

cells cultured on the PLLA (c), 10 AA-PL(d), 30 AA-PL (e) scaffolds and stimulated

by 500 uM H,0, for 2 hours (scale bar = 400 um), respectively. (E) Quantified the ratio

of Live/dead cells (F)The corresponding cell proliferation of HaCat cells cultured with
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different treatments as described in Figure 3D. (* P <0.05; **P < 0.01; *** P ©@.00)°/coT801327)
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Figure 4. E. coli (A) and S. aureus (C) were co-cultured with the PLLA, Penicillin (25
ug/mL), 10 AA-PL, 30 AA-PL scaffolds, then diluted to 10° and coated the bacterial
solution on agar-containing LB solid medium (scale bar = 2 mm); The corresponding
statistics of the total number of the E. coli (B) and S. aureus (D) colonies in the different

treated groups. (* P <0.05 ; **P <0.01 ; *** P <0.001)
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Figure 5. (A) Schematic diagram of the establishment of the non-contractile diabetic
wound model ; (B) Overview of the size change of the wounds in different groups (Ctrl,
PLLA, 10 AA-PL, 30 AA-PL) on day 0, 3, 7 and 15 after surgery (scale bar = 2 mm);
(C) Wound trace for each treatment group on day N ( red area represented the wound
area at day N, N =3, 7 and 15) after surgery relative to day O (blue area represented the
wound area at day 0) in vivo. (D) Statistics analysis of the wound healing rate of PL, 10
AA-PL, 30 AA-PL treated groups on day 0, 3, 5,7, 11, 13, 15 after surgery. (* P <0.05;
**P <0.01; *** P <0.001)
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Figure 6. (A) The gene expression levels of IL-1B (B), IL6 and TNF-a in the wound

tissues of different groups at day 7 after operation, respectively. (B) The gene

expression levels of IL-1p, TNF-a and IL6 in the wound tissues of different groups at

day 15 after operation, respectively. (* P < 0.05; **P < 0.01; *** P<0.001)
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Figure 7. (A) Masson trichrome staining of the wounds tissues in the four groups (Ctrl,
PLLA, 10 AA-PL and 30 AA-PL) at day 7 and day 15 after surgery (the edge of
epithelium was pointed by the red arrows; scale bar = 2 mm). (B-C) Statistical analysis
of re-epithelialization efficiency in different treated groups at day 7 (B) and day 15 (C)
after operation. (* P<0.05; **P <0.01; *** P <(.001)
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Figure 8. (A) CD31 immunofluorescence staining of the wounds tissue in different
groups at 7 days after surgery, CD31 positive cells (Green, marked with red arrow)
represents angiogenesis, cell nucleus (Blue) (scale bar = 50 um); (B) Quantification
analysis of CD31-positive vessels per high-power field (HPF) at day 7. (* P <0.05; **P
<0.01; *** P<0.001)
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Figure 9. (A) Masson’s trichrome staining of collagen fibers (blue) in the wound sites
in the different groups (Ctrl, PLLA, 10 AA-PL and 30 AA-PL) at 15 days post-surgery
(scale bar = 100 um). (B) Quantification of the collagen-positive pixels per high-power
field at day 15. (* P <0.05; **P < 0.01; *** P< 0.001)
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Table

Table 1. Primer Sequence List
Gene Primer sequences
Actin-F 5-GTACGCCAACACAGTGCTG-3’
Actin-R 5’-CGTCATACTCCTGCTTGCTG-3’
IL-1B-F 5’-GCAACTGTTCCTGAACTCAACT-3’
IL-1B-R 5’-ATCTTTTGGGGTCCGTCAACT-3’
IL-6-F 5’-TAGTCCTTCCTACCCCAATTTCC-3’
IL-6-R 5’-TTGGTCCTTAGCCACTCCTTC-3’
TNF-o-F 5’-TTCCGAATTCAGTGGAGCCTCGAA-3’
TNF-a-R 5’-TGCACCTCAGGGAAGAATCTGGAA-3’
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