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Homemade-device-induced negative pressure promotes wound
healing more efficiently than VSD-induced positive pressure
by regulating inflammation, proliferation and remodeling
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Abstract. Vacuum sealing drainage (VSD) is an effective tech-
nique used to promote wound healing. However, recent studies
have shown that it exerts positive pressure (PP) rather than nega-
tive pressure (NP) on skin. In this study, we created a homemade
device that could maintain NP on the wound, and compared the
therapeutic effects of VSD-induced PP to those of our home-
made device which induced NP on wound healing. The NP
induced by our device required less time for wound healing and
decreased the wound area more efficiently than the PP induced
by VSD. NP and PP both promoted the inflammatory response
by upregulating neutrophil infiltration and interleukin (IL)-1p
expression, and downregulating IL-10 expression. Higher
levels of epidermal growth factor (EGF), transforming growth
factor (TGF)-f and platelet-derived growth factor (PDGF),
and lower levels of basic fibroblast growth factor (bFGF) were
observed in the wound tissue treated with NP compared to
the wound tissue exposed to PP. Proliferation in the wound
tissue exposed to NP on day 10 was significantly higher than
that in wound tissue exposed to PP. NP generated more fibro-
blasts, keratinized stratified epithelium, and less epithelia with
stemness than PP. The levels of ccollagen I and III were both
decreased in both the NP and PP groups. NP induced a statisti-
cally significant increase in the expression of fibronectin (FN) on
days 3 and 10 compared to PP. Furthermore, the level of matrix
metalloproteinase (MMP)-13 increased in the NP group, but
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decreased in the PP group on day 3. NP also induced a decrease
in the levels of tissue inhibitor of metalloproteinase (TIMP)-1
and TIMP-2 during the early stages of wound healing, which
was significantly different from the increasing effect of PP on
TIMP-1 and TIMP-2 levels at the corresponding time points. On
the whole, our data indicate that our homemade device which
induced NP, was more efficient than VSD-induced PP on wound
healing by regulating inflammation, secretion, proliferation and
the distribution of different cells in wound tissue.

Introduction

Wound healing is a dynamic and complex process through
which the skin repairs itself following injury. It involves a
series of coordinated phases, including hemostasis, inflam-
mation, proliferation and remodeling (1). The inflammatory
response is essential for removing the bacteria and cell
debris from the wound. Additionally, different types of cells
coordinate to influence wound repair and re-establish barrier
function (2). Epithelial cells migrate across the surface of the
wound bed and form a new epithelial layer (3). Mesenchymal
stem cells (MSCs) play an important role in the inflamma-
tion, proliferation and remodeling phase of normal wound
healing (4). In the proliferation phase, revascularization of
the wound bed is a crucial stage of wound healing, which
can reconstruct the circulation and nutrition supplement in
the wound tissue. Therefore, endothelial cells are also needed
to play an important role to break through the dermis of the
wound and form tubes in the newly developing tissue (5,6). In
the final stage of wound healing, fibroblasts are attracted into
the wound bed and begin to secrete collagenous extracellular
matrix (ECM) that constitutes the newly formed granulation
tissue, thereby providing structural integrity to the wound (5).
Remodeled collagen promotes the maturation of the wound.

It is known that mechanical stress can influence wound
healing by affecting the behavior of cells within the dermis (3).In
wound treatment, vacuum sealing drainage (VSD), also known
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as negative pressure (NP) wound therapy, has been extensively
researched (7) and has been proven to be markedly effective in
wound healing (8,9). VSD has been certified to decrease bacte-
rial colony formation (10,11), edema (12,13), the permeability
of vessels (11,14,15), and to increase angiogenesis and blood
flow to the wound margins (12,13). It was originaly considered
that VSD exerts NP on the wound. However, in recent years,
some researches have demonstrated that VSD exerts positive
pressure (PP) on the wound rather than NP (16). In the present
study, we created a homemade device and found that it could
maintain NP on the wound. We wished to determine whether
VSD-induced PP or the NP induced by our homemade device
was more efficient on wound healing.

In this study, we examined the effects and mechanisms
of PP and NP using an animal wound healing model. The
infiltration of inflammatory cells and growth factors were first
analyzed. The distribution scale of different cell types in wound
tissue following treatment with the pressure devices was then
detected by histological analysis, including endothelial cells,
MSCs, epithelial cells and fibroblasts. Furthermore, different
types of collagen deposition were measured by western blot
analysis. Our data demonstrate that the NP induced by our
homemade device was more effective in promoting wound
healing than the VSP-induced PP.

Materials and methods

Ethics statement. All methods used in this study were carried
out in accordance with the approved ethical guidelines of
Central South University. The study protocol was approved by
the Central South University Institutional Review Board.

Homemade NP device. The NP device with a cavity was
made with medical silica gel by our laboratory. Briefly, we
firstly used paraffin to carve a model with a square-hat-like
structure. The model was then placed in a glass container, and
surrounded by dental gypsum suspension (special plaster used
in the Department of Stomatology). After the plaster water had
evaporated, the paraffin model was dissolved and removed in
hot water to obtain the plaster mold (Fig. 1A). Subsequently,
the medical silica gel A and B components were mixed at the
proportion of 1:1, and injected into the plaster mold. After being
shaped at room temperature, the plaster mold was removed, and
the silicone NP device (Fig. 1B; length, 4.5 cm; width, 3.5 cm;
height, 2 cm) was ready for use in the following experiments.

The profile of the homemade silicone NP device could
be punctured by an infusion needle which was connected
to a portable suction pump with an accurate pressure
gauge (AZ 8205; AZ Instrument Corp., Taichung, Taiwan)
with a tube, and can aspirate a pressure of -37.5 mmHg
(also known as -5 kPa). The pressure beneath the homemade
device was measured by an intracranial tissue pressure micro-
sensor (Codman; Johnson and Johnson Professional, Inc.,
Raynham, MA, USA) (16), which is pasted on the skin surface
and is small enough to be covered by the homemade device. It
measures both PP and NP in gas and liquids or any compliant
substances, such as soft tissue. The cavity was sealed to main-
tain the corresponding pressure.

The VSD device was used as a control device in this
study (Fig. 1C) (RENASYS; Smith & Nephew, Inc., Andover,
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MA, USA). VSD is a type of device that has been widely used
in the treatment of trauma wounds. The device is comprised
of a transparent film with the permeability of biological seal, a
drainage tube and drainage device.

The main difference between the VSD and our homemade
device was that the material used was different, and that there
was no cavity between the VSD and the skin, as opposed to the
cavity with our homemade device. In other words, the VSD is
placed close onto the wounded skin and has a vacuum suction
effect, while the homemade device is not placed so close to the
skin due to the existence of a cavity beneath the device.

Animal care and surgical procedure. The skin trauma
model was established using 12 female New Zealand rabbits
(purchased from SLACCAS, Shanghai, China) each weighing
2.5-3.0 kg. The dorsum of the animal was cleaned, shaved and
treated with Veet (Reckitt Benckiser, Parsippany, NJ, USA) for
hair removal. After weighing the animals, 1 ml/kg 3% pentobar-
bital (P3761; Sigma, St. Louis, MO, USA) sodium was injected
intravenously for anesthetization. A circular area of 1 cm in
diameter was marked using a pen at both sides of the back of
the rabbits. After disinfecting with chlorhexadine and alcohol
3 times, lidocaine hydrochloride (H37022147; Shandong Hualu
Pharmaceutical Co., Ltd., Liaocheng, China) was injected subcu-
taneously in the circular area mentioned above. Subsequently, a
sterile surgical blade was used to make a surgical incision on
the skin along the marked line, followed by blunt separation
of the subcutaneous superficial layer of the fascia using sterile
scissors. Finally, the 1 cm-diameter-circular skin was fully cut
off to construct the wound model of full-thickness skin defect.

Corresponding therapies were randomized on the left or right
side of the animal wound (12 for the control group and 12 for the
experimental group). For the control group, each site was disin-
fected with iodine and alcohol complex 3 times each day. For the
experimental group, as shown in Fig. 1D, each site was covered
by the homemade NP device mentioned above or the VSD device,
and pumped using a vacuum device to maintain a pressure of
-37.5 mmHg. The pressure that the skin received was detected
using the intracranial tissue pressure microsensor and monitored
using an ICP express monitoring system (Codman; Johnson and
Johnson Professional, Inc.). The animals of experimental groups
receive a 2-h treatment each day for 7 days. The rabbits were
euthanized at tbhe indicated time points (days 3, 7, 10 and 14),
and the complete area of the wounds was harvested and fixed in
4% paraformaldehyde for use in histological analysis.

Immunohistochemical analysis. Ki67 was used to determine
cell proliferation; CD31 for endothelial cells; CK10 for epithe-
lial subset; and Masson's staining for collagen fibers. The rabbits
were euthanized at the indicated time points. The wounds were
excised and fixed in 4% paraformaldehyde overnight at 4°C,
embedded in paraffin, divided into sections and stained with
antibodies to CK10 (bs-11186R; Bioss, China), CD31 (ab199012;
Abcam, Cambridge, USA) and Ki67 (ab15580; Abcam), or
Masson's trichrome stain (ab150686; Abcam), and imaged
using an Olympus BX50 microscope with a DP71 camera
and Software cellSens Standard 1.6 (Olympus Corp., Center
Valley, PA, USA). The integrated option density (IOD) of
the digital images was evaluated using Image-Pro Plus soft-
ware 5.1 (Media Cybernetics, Inc, Rockville, MD, USA).
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Figure 1. Construction of homemade NP device. (A) Representative images of plaster-made mold of homemade NP device, including the bottom and upper part.
(B) Representative images of medical silicon homemade device. (C) Representative images of the VSD device. (D) Treatment of animals with wounds with our
homemade device. The wound was covered with our homemade device, and an infusion needle was punctured into the device cavity and connected to a portable

suction pump. NP, negative pressure; VSD, vacuum sealing drainage.

Immunofluorescence staining. CD29 and CD90 were used to
label MSCs; CK14 and CK19 for different epithelial subsets;
and S-100A4 for fibroblasts. The rabbits were euthanized at the
indicated time points. The wounds were soaked in 30% sucrose
in PBS overnight at 4°C and then embedded in Tissue-Tek
O.C.T (Sakura Finetek USA, Inc., Torrance, CA, USA).
Serial 8 mm thick sections were cut at -20°C and placed on
poly-L-lysine-coated microscopic slide. Non-specific labeling
was blocked with 10% normal goat serum for 30 min at
room temperature. The sections were incubated with primary
antibodies against CD29 (bs-3973R; Bioss), CD90 (ab225;
Abcam), CK14 (ab77684; Abcam), CK19 (ab84632; Abcam),
and S-100A4 (bs-3759R; Bioss) at 4°C overnight. Omitting
primary antibodies was performed as control staining. After
several washes, the secondary antibodies (ab150077; Abcam)
were applied followed by incubation for 60 min at room
temperature. An Olympus BX51 microscope equipped with
fluorescence and a CCD camera was used to capture the
fluorescence images. The IOD was evaluated using Image-Pro
Plus 5.1 software (Media Cybernetics, Inc.).

Quantitative polymerase chain reaction (qPCR) for the anal-
ysis of mRNA expression. Total RNA was extracted from the
wound tissues at different time points with the use of TRIzol
reagent (Life Technologies, Shanghai, China) according to
the manufacturer's instructions. cDNA was synthesized using
the TagMan MicroRNA Reverse Transcription kit (Applied
Biosystems Life Technologies, Foster City, CA, USA). qPCR
was performed with the use of a fluorescence quantitative PCR
instrument (ABI 7500 thermocycler; Life Technologies) and
SYBR-Green Universal PCR Master Mix (Bio-Rad, Hercules,
CA, USA). The oligonucleotide sequences of the primer sets
used were as follows: interleukin (IL)-13 (sense, ACC AAC

AAG TGG TGT TCT CC; antisense, TCT TTG GGT AAC
GGT TGG GQG), IL-10 (sense, TCA CCG ATT TCT CCC
CTG TG; antisense, GAA GAT GTC AAA CTC ACT CAT
GCO), basic fibroblast growth factor (bFGF) (sense, AGC GGC
TGT ACT GCA AAA AC; antisense, AAC GGT TTG CAC
ACA CAC CT), epidermal growth factor (EGF) (sense, AGT
GCT CGT ATG TGC TCT TGT G; antisense, ATT CTA
ACC ATT TCC TTC CCA GT), vascular endothelial growth
factor (VEGF) (sense, GCC AGC ACA TAG GGG AGA TG;
antisense, GCT TTC GTT TTT GCC CCT T), insulin-like
growth factor-1 (IGF-1) (sense, CAT GCC CAA GAC TCA
GAA GT; antisense, CAA ATG TACTTC CTT TCC TTC TC),
platelet-derived growth factor (PDGF) (sense, AAG TGT GAG
ACG GTG GCA G; antisense, TGT GCT TGA ACT TGT GGT
GCO), transforming growth factor (TGF)-p (sense, ACA GCA
TGA ACC GAC CCT TC; antisense, GGT CCT TGC GGA
AGT CAA TG), GAPDH (sense, TTT GTG ATG GGC GTG
AAC C; antisense, CCC TCC ACA ATG CCG AAG T). PCR
was performed in a total volume of 20 ul, including 10 ul of
2X SYBR-Green gPCR Mix, 1 ul of each forward and reverse
primer (10 gmol/l), 1 ul each cDNA sample, and 7 ul H,O.
Amplifications were carried out in triplicate in 96-well microtiter
plates. The thermal cycling conditions were as follows: 95°C for
5 min, followed by 65 cycles of 95°C for 10 sec, and 60°C for
10 sec, and finally followed by 72°C for 10 sec.

Western blot analysis. Western blot analysis was performed
to detect the protein expression levels. In brief, tissues and
cells were solubilized in cold RIPA lysis buffer. Proteins
were separated by 10% SDS-PAGE, and transferred onto
PVDF membranes, which were then incubated with PBS
containing 5% milk overnight at 4°C. The PVDF membranes
were then incubated with primary antibodies [collagen I,
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Figure 2. NP promotes wound healing and reduces the wound proportion area more efficiently than PP. (A) Detection of pressure on skin that was induced
by the homemade device on wound healing. (B) Detection of pressure on skin that was induced by the VSD. (C) Statistical analysis of the required time for
wound healing in the different treatment groups. Data are presented as the means + SEM, n=3. "P<0.05, compared with the control; *P<0.05, compared with NP.
(D) Representative images of wound healing on days 0, 3,7, and 10 in the different treatment groups. (E) Statistical analysis of the wound proportion area in the
different treatment groups. Data are presented as the means + SEM, n=3. “P<0.01, "“P<0.001, compared with the control; ***P<0.001, compared with NP. NP,

negative pressure; PP, positive pressure; VSD, vacuum sealing drainage.

(2 pg/ml, ab6308); collagen III (1:8,000, ab7778); FN, (3 mg/
ml, ab6328); MMP13 (1 pg/ml, ab84594); TIMP-1 (0.2 ug/
ml, ab126847); TIMP-2 (1:1,000, ab1828); all from Abcam]
at room temperature for 3 h, respectively, and then secondary
antibodies [goat anti-mouse (ab6785, 1:10,000); goat anti-rabbit
(ab6721, 1:20,000); donkey anti-goat (ab6881, 1:10,000); all
from Abcam] at room temperature for 1 h. An ECL kit was
then used to perform chemiluminent detection. Relative protein
expression was analyzed using Image-Pro Plus software 6.0,
represented as the density ratio vs. GAPDH.

Statistical analysis. All experiments were repeated 3 times.
All data are presented as the mean values + SEM. Two-way
ANOVA was used to compare the differences between groups.
A value of P<0.05 was considered to indicate a statistically
significant difference.

Results

Homemade device-induced NP promotes wound healing and
reduces the wound proportion area more efficiently than
VSD-induced PP. We first measured the pressure generated by
the homemade NP device and VSD, and found that the home-

made NP device generated NP on the skin (Fig. 2A), whereas
the VSD device exerted PP on the skin (Fig. 2B). Additionally,
we compared the effects of NP and PP on wound healing. As
shown in Fig. 2C, both types of pressure efficiently promoted
wound healing compared with the controls (NP, P<0.05;
PP, P<0.05). Of note, NP was shown to promote wound healing
within a shorter period of time compared to PP (P<0.05).
Additionally, the wound healing rate was measured at different
time points during wound healing (Fig. 2D). The proportion
of wound area was significantly reduced in both pressure
groups compared to the control group on day 7 (NP, P<0.001;
PP, P<0.01) and day 10 (NP, P<0.001; PP, P<0.001); however,
exposure to NP led to a more significant reduction in the wound
proportion area than PP (P<0.001) (Fig. 2E). On the whole, NP
more efficiently promoted wound healing than PP.

NP and PP promote the inflammatory response and the
expression of growth factors in wound healing. The infiltra-
tion of macrophages and neutrophils was examined by tissue
analysis following exposure to NP or PP (Fig. 3A). We found
that the infiltration of macrophages was significantly reduced
from days 3 to 10 in both the NP and PP treatment goups
compared to the controls (Fig. 3B). The number of neutrophils
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Figure 3. Analysis of inflammatory and growth factor secretion in wound tissue in the NP and PP groups. (A) Representative images of H&E staining of inflam-
matory cells in wound tissues following pressure treatment on days 3, 7, 10, and 14. The upper lane indicates the control group, the middle lane indicates the NP
group, and the lower lane indicates the PP group. (B) Statistical quantification of macrophage infiltration in wound tissue at different time points. (C) Statistical
quantification of neutrophil infiltration in wound tissue at different time points. Statistical analysis of the mRNA expression of (D) IL-1f, (E) IL-10, (F) EGF,
(G) TGF-B1, (H) IGF-1, (I) bFGF, (J) PDGF, (K) VEGF in wound tissue examined by qPCR. Data are presented as the means + SEM, n=3 experiments.
“"P<0.001, “P<0.01, "P<0.05, compared with the control. *44P<0.001, *4P<0.01, compared with NP. NP, negative pressure; PP, positive pressure.
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Figure 4. Histological analysis of different cell markers in wound tissue in the different pressure treatment groups. Representative images of H&E staining and
immunofluorescence staining in wound tissues following pressure treatment on days 3, 7, 10, and 14. Ki67, CD31, CD90, CD29, CK10, CK 14, CK19, S-100A4,

and Masson's staining were all used for histological analysis.

was significantly increased by NP from day 3 compared with
the controls (day 3, P<0.01; day 7, P<0.001; day 10, P<0.05);
however, in the PP group, the number of neutrophils was
increased from day 7 compared to the controls (Fig. 3C).
Subsequently, inflammation-related factors were analyzed
in the wound tissue exposed to NP and PP. During the early
stages of wound healing (from day O to day 10), NP treatment
promoted the expression of pro-inflammatory IL-1{ on day 3,
which was earlier than PP (Fig. 3D). The expression of anti-
inflammatory factor IL-10 was only increased on day 3 in
both the NP and PP groups (Fig. 3E). TGF-f3 was significantly
upregulated in the NP and PP groups, although the effect of
NP was more long lasting (Fig. 3F). As regards growth factors
in the promotion of wound healing, the expression levels
of EGF and IGF-1 were both upregulated in the NP and PP
groups on days 7 and 10; however, the changes in bFGF expres-
sion were more complex (Fig. 3G-I). NP and PP both led to
an earlier expression peak in PDGF and VEGEF, although in
the later stages of wound healing (day 14) a lower expression
of VEGF was observed in the NP and PP groups than in the
control (Fig. 3] and K). On the whole, NP and PP promoted the
inflammatory response and the secretion of growth factors in
the earlier stages of wound healing.

Changes in the proliferation and distribution of different cell
types in wound tissue exposed to NP and PP. Tissue staining
was carried out to examine the effects of NP and PP on the
proliferation and distribution of different cell types in the

wound tissue. As shown in Fig. 4, Ki67 was used to detect cell
proliferation, endothelial cells were labeled with CD31, while
MSCs were labeled with CD90 and CD29; CK10, CK14 and
CK19 were used to stain the different epithelial cell subsets;
S-100A4 and Masson's trichrome staining were used to mark
the fibroblasts and collagen fibers. The quantified results of
the histological analysis in Fig. 4 are all shown in Fig. 5. The
expression of Ki67 was used for the detection of proliferation.
As shown in Fig. SA, NP and PP both significantly increased
cell proliferation in the wound tissue on day 10 compared to the
controls (NP, P<0.001; PP, P<0.01); however, the effect of NP on
proliferation was more potent than that of PP (P<0.001). There
was no significance among the groups at the other time points
examined. These data indicated that the wound tissue was in a
proliferative state, and that exposure to NP led to significantly
greater proliferation on day 10, as evidenced by the increase in
Ki67 expression.

We then measured the number of endothelial cells in wound
tissue by CD31-positive staining. As shown in Fig. 5B, the IOD
value of CD31 was significantly increased in the NP and PP
groups compared with the controls from day 3 (P<0.001);
however, PP increased the number of CD31-positive cells
more significantly than NP in the wound tissue from days 3
to 10 (P<0.001).

The number of MSCs in the wound tissue was then detected
by CD29- and CD90-double-positive staining. Our data indi-
cated that the CD29- and CD90-positive area in the NP group
was significantly reduced at the later stage of healing, while
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the CD90-positive area in the PP group showed no reduction
when compared with the control group from days O and 14,
although the CD29-positive area in the PP group was reduced
from days 3 to day 14 (Fig. 5C and D). In general, a lower
amount of MSCs was detected following exposure to NP in
wound healing.

In order to examine the distribution of different epithelial
cell subsets in wound healing, CK10, CK14 and CK19 were used
to stain the slides. CK10 was mainly secreted by the keratinized
stratified epithelium, and CK14 and CK19 were used to identify
the basal layer epithelia and the epithelia with stemness, respec-
tively. Our data demonstrated that NP induced a more significant
increase in the number of CK10-positive cells in wound tissue
from days 3 to 10; PP increased the number of CK10-positive
cells more significantly on day 14 (Fig. 5E). Additionally, cells
positive for CK14 were significantly decreased following expo-
sure to NP and PP (Fig. 5F). PP induced a significant increase
in the number of CK19-positive cells on days 7 and 10; however,
NP induced a decreased in the number of CK19-positive cells
on day 3 and 7 (Fig. 5G). This indicated that NP treatment
generated more keratinized stratified epithelium, and less basal
layer epithelia and epithelia with stemness in the early stages
of wound healing, al no difference was observed on day 14. PP
treatment led to an increase of epithelia with stemness in the

early stages of wound healing, which differed from the effects
of NP.

For the measurement of fibroblasts and collagen fibers in
the wound tissue, S-100A4 and Masson's trichrome were used
to stain the tissues, respectively. We found that NP significantly
increased the proportion of fibroblasts (P<0.001) and collagen
fibers (P<0.01) in wound tissue, while PP induced lowr amounts
of these markers compared to NP (P<0.001) (Fig. SH and I).

NP and PP modulate the generation of ECM components. In
order to examine the structural recovery effect of NP and PP on
wound healing, we analyzed the dermal papilla structure. As
shown in Fig. 6A, the dermal papilla structure was flat and the
arrangement of collagen fibers was disrupted in the 3 groups.
Additionally, wound healing-related protein expression levels
were measured following exposure to NP and PP (Fig. 6B).
As shown in Fig. 6B-D, the levels of collagen I and III were
significantly decreased in the NP and PP groups compared
with the controls (P<0.001 and P<0.001). NP induced a more
significant increase in the expression of FN on day 3 (P<0.001)
and day 10 (P<0.001) compared to PP (Fig. 6B and E). In addi-
tion, MMP-13 expression increased in the NP group (P<0.001),
but decreased in the PP group (P<0.001) on day 3 (Fig. 6B
and F). NP also induced a decrease in TIMP-1 (P<0.001) and
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Figure 6. NP and PP affect the generation of extracellular matrix components. (A) Representative images of dermal papilla structure in the different pressure
treatment groups. (B) Protein expression of different matrix components in wound tissues treated with different pressure types. Different time points (day 3, 7,
10 and 14) were recorded. Statistical quantification of IOD value of (C) collagen I, (D) collagen III, (E) Ugl-Y3 (FN), (F) MMP-13, (G) TIMP-1, (H) TIMP-2.
Data are presented as the means + SEM, n=3 experiments. “"P<0.001, “P<0.01, "P<0.05, compared with the control. ***P<0.001, **P<0.01, compared with NP.

NP, negative pressure; PP, positive pressure; IOD, integrated option density.

TIMP-2 (P<0.001) expression on days 7 and 3, respectively;
this effect was significantly different from the upregulatory
effect of PP on TIMP-1 (P<0.001) and TIMP-2 (P<0.001) at
the corresponding time points (Fig. 6B, G and H). Collectively,
NP and PP did not alter the dermal papilla structure and the
arrangement of collagen fibers. NP induced a greater increase
in MMP-13 expression and decreased TIMP-1/2 expression
during the early stages of wound healing.

Discussion

The VSD technique is a therapeutic strategy which is widely
used to promote rapid wound healing in traumatic soft wounds
and chronic infections. In this study, we compared the VSD to
a homemade device we created. The material used to create our
homemade device differed from that used for the VSD. In addi-
tion, the main difference between the VSD and our homemade
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device in this study, was that in the VSD, there was no cavity
between the device and the skin. As a result, the VSD is placed
very close to the skin wound for vacuum suction, and the pres-
sure on the skin is thus not negative, but positive (16). In other
words, the pressure is perpendicular to the skin and is directed
downwards. Additionally, as shown in our study, the existence
of the cavity between the homemade device and the skin meant
that NP was exerted on the skin after vacuum suction, the
pressure being perpendicular to the skin and directed upwards.
Furthermore, we examined the effects and differences between
PP and NP on wound healing. Both types of pressure promoted
the wound healing process and reduced the proportion of the
wound. However, NP exerted more prominent wound healing
effects. NP induced greater neutrophil infiltration and more
pro-inflammatory factor secretion during the early stages of
healing. Both NP and PP upregulated the expression of growth
factors, such as EGF, VEGF, PDGF and TGF-f1. Furthermore,
we found that cell proliferation in the wound tissue was signifi-
cantly increased by NP on day 10. The distribution scale of
different cell types and the generation of collagen in wound
tissue were also altered following pressure treatment.

Inflammation is an essential stage of wound healing. Within
hours of wounding, neutrophils are recruited to the wound site,
and phagocytose debris and kill bacteria (17,18). In this study,
we detected the infiltration of neutrophils in wound tissues,
and found that NP increased neutrophil infiltration to a greater
extent than PP on day 3, which may enhance clearance at the
early stages of wound healing and may be helpful in accelerating
the healing process. In the NP group, the level of neutrophils
from day 10 was similar to that of the controls, suggesting that
this may help diminish the continuous or extended inflamma-
tion that often impedes the following stage of healing; this
effect was confirmed by the results of the expression of IL-1p
on day 10 and 14, which was similar between the control and
NP group on these days. This was one of the key differences
between NP and PP.

During the wound healing process, endothelial cells, fibro-
blasts and collagen significantly infiltrated the wound tissue
following pressure treatment, while MSCs in the wound tissue
in the NP group were lower in number compared to the control.
In addition, NP promoted more keratinized stratified epithe-
lium, and less basal layer of stratified epithelia and epithelia
with stemness. These data are in accordance with those of
other studies, that have proven that wound tissue treated with
negative pressure wound therapy (NPWT) increases epithelial
cell migration (19), endothelial migration (20,21) and dermal
fibroblast migration (22). Resident MSCs and circulating
progenitor cells have also been observed to migrate into
granulation tissue following the application of NPWT (23). Of
note, the differentiation of epithelial cells during NPWT has
been found to decrease (19). Cytokeratin (CK) is a member of
intermediate filaments found in the intra-cytoplasmic cyto-
skeleton of epithelial tissue. It is well known that CK plays a
critical role in cell structure integrity, and the expression of CK
is remarkably tissue- and differentiation-specific. Each type
of epithelium has its specific pattern of CK expression. CK10
is a specific keratinization marker; CK14 is a marker of basal
cells layer; CK19 is a biochemical marker of skin stem cells
in vivo (24). Our data indicated that NP treatment caused more
keratinized epithelium, but less basal cell layer and skin stem
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cells. Epithelial cells play a critical role in wound healing, and
their migration across the wound tissue to form a keratinized
epithelium between the wound and the environment is one of
the most important processes in wound healing. This may lead
to the efficient healing effect of NPWT. However, our data
demonstrated that the infiltration of MSCs was decreased in the
NP group, which may indicate some disadvantages of NPWT.
Firstly, the major mechanisms of the effects of MSCs on the
wound repair process are thought to be structural repair via
cellular differentiation, immune modulation and the secretion
of cytokines, which may promote angiogenesis and the recruit-
ment of fibroblasts and other cells (25). The low level of MSC
infiltration in wound tissue will lead to chronic wounds and
will delay the repair process. In addition, another consideration
in the repair of wounds is the formation of scars, caused by
deposition of excess ECM by fibroblasts in the wound bed.
The cytokines and growth factors secreted by MSCs have been
proved to reduce scar formation at the site of injury (26). The
low level of MSCs infiltration in wound tissue will lead to an
increased scar formation. Accordingly, although NPWT in
promoting wound healing has been largely accepted by clini-
cians, the number of high-level clinical studies demonstrating
its effectiveness is still limited (27). Thus, our data may indicate
some disadvantages of NPWT that may need to be improved.

Collagen deposition was also influenced by NP and PP
treatment. The significantly increased levels of collagen I
in the NP group indicated that NP promoted the maturation
of wounds on day 14. In addition, the significant increase in
MMP-13 levels and the decrease in TIMP-1/2 levels on days 3
or 7 in the NP vs. the PP group may be helpful for completing
the matrix remodeling in the early stages of healing, which may
promote the wound healing effect.

In conclusion, our study demonstrates that NP is more effec-
tive than PP for wound healing by promoting the inflammation
during the early stages of healing, increasing proliferation in
the wound tissue, increasing the number of endothelial cells,
epithelial cells and fibroblasts, and strengthening the remod-
eling process and matrix maturation.
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