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Collagen sponge prolongs taurine release for improved wound
healing through inflammation inhibition and proliferation
stimulation
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Background: Attenuating oxidative stress response is an effective strategy for the treatment of wounds.
Taurine is a widely abundant amino acid in mammal species, capable of inhibiting oxygen-free radicals
during the inflammation phase.

Methods: A novel taurine carried biocompatible composite collagen-derived sponge, Tau@Col, was
fabricated for the treatment of a full-thickness removal mouse wounds model. In vitro experiments included
taurine release from Tau@Col and cell viability when co-cultured with Tau@Col. With the prolonged
release of taurine upon the wound site, Tau@Col was engineered to perform well in the wound site through
inflammation inhibition and proliferation stimulation as demonstrated by a series of histological staining.
Results: I vitro taurine release profile and good cell biocompatibility of Tau@Col were demonstrated.
In vivo studies showed that Tau@Col indeed sped up the process of wound regeneration through enhanced
granulation formation, collagen deposition as well as re-epithelialization. Further investigations through
immunofluorescence staining revealed that the improved wound healing ability of Tau@Col was mediated by
the enhanced cell proliferation via the upregulation of endogenous vascular endothelial growth factor (VEGF)
and transforming growth factor beta (TGF-B) expression as well as decreased inflammatory response through
stimulated M2 polarization of macrophages.

Conclusions: This engineered Tau@Col delivery system has great potential as a wound dressing in future

applications.
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Introduction proliferation, and tissue remodeling. In the inflammatory

The skin is the largest organ of the human body. The phase particularly, neutrophils and macrophages could

typical wound healing process can be conveniently divided generate reactive oxygen species (ROS) for killing

into 3 overlapping and continuous phases: inflammation, pathogens (1), However, excessive production of ROS
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may impair the physiological wound healing process by
abundant neutrophil infiltration caused by free radicals (2).
The imbalance between ROS and its detoxification process
will occur in the ensuing proliferation stage, resulting in
excessive oxidative stress within the wound site (3). This
often leads to inactivation of free radical scavenger enzymes,
cell apoptosis or necrosis with severe lipid peroxidation, as
well as mitochondrial and DNA damage upon wound site
(1,4,5). Thus, attenuating oxidative stress response has great
potential for both acute and chronic wounds treatment.
Thus far, many antioxidants, such as vitamins, folic acid,
lipoic acid, and glutathione, along with traditional Chinese
medicines (TCM), like Ginkgo biloba, Salvia miltiorrhiza,
and Panax notoginseng have been used to eliminate ROS
on wound healing (6,7). Furthermore, a variety of wound
dressings based on synthetic biomaterials have been
developed with antioxidant properties for improving healing
outcome (8-10). The development of wound dressing with
antioxidative property shows a very promising future in
clinical applications (11,12).

Due to its unique the antioxidative and anti-inflammatory
properties, taurine (Tau), a naturally occurring amino
acid, has been widely valued for its anti-inflammatory
effects. Taurine is a sulfur-containing amino acid, which
exists in abundance in almost all tissues in mammal species
(13,14) and is capable of suppressing ROS and oxygen free
radical levels during the inflammation stage (15,16). As a
direct antioxidant, taurine can significantly reduce lipid
peroxidation, and as an indirect antioxidant, it can stabilize
the plasma membrane. It is widely acknowledged that
taurine plays a role in the innate anti-inflammatory effect, as
a high concentration of taurine can found in inflammatory
lesions (17). In the immune system, taurine plays a major
role due to its enduring anti-oxidative effect (18-20). Taurine
has also been used to prevent oxidant damage in many
tissues, including incisional skin wounds (21), while topical
formulations containing taurine have already been shown to
enhance wound healing of the skin tissue (13), gingiva (2),
maxillary mucosa (22), as well as periodontal tissue (23).
According to these reports, Tau has positive impacts on
the inflammatory skin lesions and can help enhancing
fibroblast proliferation, collagenous fiber bundle synthesis,
and re-angiogenesis in the dermal wounds. Moreover, it is
suggested that taurine also can help improve the rate of re-
epithelialization through a calcium-dependent mechanism
upon wound healing (2,24).

The ideal delivery system for taurine should be able to
maintain the stability of taurine and slowly release taurine
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to reduce the frequency of administration (25). Thus, in
this study, taurine was loaded into rat tail tendon-derived
collagen sponges (Col) to form a Tau@Col dressing.
Collagen serves as a predominant component of the ECM
of the skin tissue, which better mimics the natural skin
environment. Moreover, a dry sponge dressing could
absorb more exudate from the wound as well as maintain a
moist environment for skin repair. This Tau@Col sponge
contained both antioxidative and anti-inflammatory
properties from the addition of taurine. This Tau@Col
was then applied to a full-thickness wound model of mice
in vivo. Data from experiments indicated that the Tau@
Col group exhibited fastest wound closure, along with the
best granulation formation and collagen deposition. The
improved wound healing property was further demonstrated
by its enhanced re-epithelialization ability associated with
relevant cell proliferation rate, upregulated endogenous
growth factor expressions, and increased polarization of
M2 macrophages. Overall, the Tau@Col scaffold had an
excellent therapeutic effect on dermal wounds and shows
great potential for clinical use in the future of wound care.
We present the following article in accordance with the
ARRIVE reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-2739).

Methods
Materials

Taurine was supplied by Sigma-Aldrich (St. Louis, MO,
USA). Dulbecco’s modified Eagle’s medium (DMEM),
phosphate-buffered saline (PBS), penicillin, streptomycin,
and fetal bovine serum (FBS) were obtained from Thermo
Scientific (Danvers, MA, USA). Bovine serum albumin
(BSA), 4',6-diamidino-2-phenylindole (DAPI), cell counting
kit-8 (CCKS) reagent, and a hematoxylin and eosin (HE)
staining kit were purchased from Beyotime Biotechnology
(Shanghai, China). Masson’s trichrome staining kit was
provided by Solarbio Science & Technology Co., Ltd.
(Beijing, China).

Collagen sponge extraction

The collagen sponge was carefully extracted from the tails
of Sprague-Dawley rats. The rats (6 weeks old) were kindly
supplied by the Laboratory Animal Center of Wenzhou
Medical University. We collected enough rat tails and
stored them in -20 °C before we started the extraction.
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Briefly, rat tails were thoroughly rinsed and sterilized in
75% ethanol, which was followed by careful extraction
of the tendons within the rat tails. The tendons were cut
into small sections, and all the tendons were placed in a
4 °C environment for 48 hours. Then, the tendons were
dissolved in 0.1 M of acetic acid for 5 days until they became
sufficiently dry. Next, the pH of the tendon suspension
was adjusted to 7.0 and the suspension was centrifuged at
13,000 g for 10 minutes. After centrifugation, the pellet was
evenly distributed in a 35-mm petri dish. Finally, the pellet
was frozen in —80 °C and lyophilized to obtain the collagen
sponge. The collagen sponge was punched into round discs
(7 mm in diameter) and disinfected with 24-h ultraviolet
radiation before further application.

Tau@Col preparation and characterization

For the loading of Tau to the collagen sponge, the freeze-
dried collagen sponge was incubated in 10 pL of Tau solution
(0.075 mg/pL in 0.9% saline) for 30 minutes. The total
amount of taurine in the Tau@Col was 0.75 mg. Then, the
sponge was freeze-dried to obtain Tau@Col. The loading
efficiency of Tau in the collagen sponge was indirectly
quantified by measuring the unencapsulated Tau via high-
performance liquid chromatography (HPLC, Agilent 1100,
USA). The unencapsulated Tau sample was collected by
mixing the supernatant of the Tau solution after collagen
sponge incubation and the washing solution of the collagen
sponge after Tau encapsulation. The Tau sample was
pretreated with o-phthalaldehyde for 2 minutes, and then
immediately loaded onto the HPLC system for quantification
[C18 reversed phase column; acetonitrile: sodium acetate
buffer (pH 5.3) =40:60 at 330 nm; flow rate =1.0 mL/min].
In addition, the microstructure of Tau@Col was observed by
a scanning electron microscope (SEM, VEGA3, TESCAN,
Brno, Czech Republic).

In vitro Tau release bebavior

For the release study, Tau@Col was immersed in 0.9%
saline (I mL, pH 7.4) at 37 °C in a centrifuge tube. At
predetermined time points (0.5, 1, 2, 3,4, 5,6, 7, 8, 9, and
10 days), the released solution was collected, and 1 mL of
fresh 0.9% saline was refilled into the centrifuge tube. The
release samples were stored at —80 °C until all samples had
been collected. Finally, the samples were melted, pretreated,
and loaded onto the HPLC system (Darmstadt, Germany)
for Tau quantification.
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Cell culture and viability

NIH 3T3 fibroblast cells were cultured in a T75 flask with
complete medium (DMEM containing 10% FBS and 1%
streptomycin-penicillin solution). The culture medium was
changed every day. When fibroblasts reached confluence
of 90%, they underwent trypsinization for passaging. Cells
of passage 8-12 were used for subsequent proliferation
experiments. The cytotoxicity of the free taurine on
fibroblasts was assessed using the CCK-8 assay. Briefly, cells
were seeded onto a 96-well cell culture plate for 24 hours.
Afterwards, different concentrations of taurine were added
into the wells and incubated with cells for 24 hours and
48 hours. At last, the cells were mixed with 10 pL. of CCK-
8 kit and incubated at 37 °C for 2 hours. The optical density
(OD) of each well was measured at wavelength of 450 nm

using a microplate reader (Molecular Devices, SoftMax R
Pro 5, San Jose, CA, USA) to calculate the cell viability.

Tau@Col biocompatibility

For the evaluation of biocompatibility, NIH 3713 cell
suspension in culture medium was incubated either with
Col or Tau@Col for up to 4 days. Afterwards, Col and Tau@
Col were fixed with paraformaldehyde and dehydrated, and
the cell adhesion in Col and Tau@Col were observed by
scanning electron microscopy (SEM).

In vivo wound healing

Male 6-week-old C57BL/6 mice weighing 20+2 g were
obtained from the Shanghai Slake Laboratory Animal
Center (Shanghai, China). The mice were housed in
pathogen-free environments with a 12-hour light/dark cycle
at 24+2 °C, and received food and water ad libitum. They
were housed in isolation to prevent fighting and aggravation
to the wounds. All the animals were quarantined for 1 week
before treatment. All manipulations were performed
using aseptic techniques, and all animal procedures
were performed following the protocol approved by the
guidelines of the Animal Ethics Committee of Wenzhou
Medical University. The International Code of Ethics and
the National Institutes of Health guidelines for the care and
use of laboratory animals were also strictly followed. All
mice were treated humanely throughout the experimental
period and were anesthetized with 4% chloral hydrate
(0.4 mg/kg body weight). The dorsal hair was removed,

and the surgical areas were sterilized with sterile cotton
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soaked with 70% ethanol. For each mouse, two silicone
rings (internal diameter: 8 mm; thickness: 0.5 mm) were
symmetrically stitched onto the dorsal skin, where 2 full-
thickness excisional wounds were then established with
a 6-mm biopsy punch. Twenty-four mice were randomly
divided into four groups (n=6): group I was applied with
10 pL 0.9% saline (control); group II was treated with
free Tau (0.75 mg Tau in 10 pL 0.9% saline); group III
received the collagen sponge without encapsulated Tau
(Col); group IV was treated with Tau@Col (equivalent
to 0.75 mg Tau). After the treatments, all wounds were
covered with 3M Tegaderm film sterile bandages to avoid
interference with each other. On day 0 (the day wounds
received first treatments), 7, 10, 14, and 17, each wound
was photographed, based on which the wound size was then
measured using Image-Pro (Media Cybernetics, Rockville,
MD, USA) for analyzing wound closure rate. The wound
closure percentages of different groups were then calculated
based the following equation: wound closure%= (A, -
A)/Ay x100%, where A, and A, indicate the wound area
on day 0 and day n, respectively. At predetermined time
point, the mice were sacrificed, and full-thickness wound
samples with 1-cm diameter (including the wound area and
marginal healthy skin) were harvested and fixed in buffered
formaldehyde for histological evaluation.

Histopathologic examination

For histopathologic analysis, the fixed skin tissue samples
were embedded in paraffin, sectioned (5 pm in thickness),
and stained with hematoxylin and eosin (for granulation
tissue analysis) or Masson’s trichrome staining kit (for
collagen deposition analysis). Stained samples were
examined by a Nikon light microscope (801, Tokyo, Japan).

Immunobistochemical staining

For immunohistochemical analysis, paraffin sections were
deparaffinized at 56 °C by xylene, and then incubated in
absolute and 96% ethanol. The streptavidin-biotin method
was used for immunohistochemical detection of cytokeratin
expressions. All sections were immersed in 0.01 M sodium
citrate buffer (pH 6.0) and microwave-treated for a first
10 minutes at 360 W and a final 5 minutes at 600 W.
After rinsed with Tris-buffered saline (TBS, pH 8.0), the
endogenous peroxidase activity of the sections was blocked
by a 15-minute immersion in 1.5% hydrogen peroxide
in distilled water. After incubation overnight at 4 °C with
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rabbit polyclonal antibody to cytokeratin antibody (ab9377,
for analyzing epidermis regeneration; Abcam, Cambridge,
UK) at a 1:300 dilution in TBS, a goat anti-rabbit (H + L)
HRP secondary antibody (Bioworld, Minnesotan, USA)
was applied for 20 minutes. Then, diaminobenzidine
tetrahydrochloride (DAB) was used as chromogen for
visualization of antibody. After staining cell nucleus with
hematoxylin, tissue sections were dehydrated and mounted
with neutral resin. The stained samples were observed by a
Nikon light microscope (801).

Immunofluorescence staining

Immunofluorescence staining was performed to detect
the expression of various specific markers in the skin after
different treatments. The primary antibodies diluted in
1% BSA used to detecting target proteins were as follows:
anti-Ki67 (1:100; ab16667, for analyzing cell proliferation
level; Abcam), anti-CD31 (1:20; ab28364, for analyzing
vascularization; Abcam), anti-vascular endothelial growth
factor (VEGF) (1:200, ab1316; Abcam,, anti-transforming
growth factor beta (TGF-B) (1:500; ab215715; Abcam),
anti-CD68 (1:100; ab955, for analyzing macrophages;
Abcam), and anti-CD163 (1:500; ab182422, for analyzing
M2 macrophages, Abcam). The secondary antibodies
used included donkey anti-mouse IgG Alexa Flour 488
(1:200; ab150073; Abcam) and donkey anti-rabbit Alexa
Fluor 647 (1:200; ab150111; Abcam). The paraffin sections
were deparaffinized with xylene, rehydrated with gradient
ethanol, operated on with antigen retrieval, blocked with
5% BSA (37 °C, 30 min), and incubated with the specific
primary antibody overnight at 4 °C. After proper rinsing
with PBS, the sections were incubated with corresponding
secondary fluorescent antibodies and counterstained with
DAPI in dark. All fluorescent images were captured using
a Nikon confocal microscope (Al PLUS) and further
analyzed by using the Nis-element advanced research
software (Nikon) followed by subsequent statistical analysis.

Statistical analysis

The data were collected and analyzed, and are reported
as mean = standard deviation (SD). For each analysis,
all statistical differences were performed using one-way
analysis of variance (ANOVA) followed by Tukey’s test with
GraphPad Prism 6 software (GraphPad Software Inc., San
Diego, CA, USA). For all analysis, a significant difference
was indicated as follows: *P<0.05, **P<0.01, ***P<0.001. In
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Figure 1 Preparation and characterization of a collagen sponge (Col) and a taurine-loaded collagen sponge (Tau@Col). (A) Origin and
chemical structure of taurine (Tau). (B) Schematic illustration of the preparation of Col and Tau@Col. (C) Representative SEM images of
Col (a and b) and Tau@Col (c and d). Scale bars are 50 pm (a and c¢) and 20 pm (b and d). (D) Taurine release profile of Tau@Col at 37 °C.

each analysis, the unit (n) indicates the sample amount in
each group.

Results and discussion
Preparation and characterization of Tau@ Col

As one of the most abundant free amino acids in mammals,
taurine is also found freely in many foods (Figure 14). Here
in this study, in order to provide dermal wounds with a
supportive scaffold for tissue regeneration, Tau was loaded
into a rat tail-derived collagen sponge to form a novel collagen
dressing for Tau delivery (Tau@Col; Figure 1B). SEM results
showed that both Col and Tau@Col exhibited microporous
and interconnected interior structures with ordered internal
arrangement (Figure 1C). Then, the taurine-releasing profile
from the Tau@Col scaffold was investigated by incubating
Tau@Col in 0.9% saline for 10 days. As presented in Figure 1D,
it was found that taurine could be released from the sponge

© Annals of Translational Medicine. All rights reserved.

composite for more than 10 days, with a cumulative release
amount of taurine around 14.40%x8.04% as indicated by the
data curve, demonstrating the successful loading and sustained
release of taurine in the collagen sponge. Overall, these
data prove that the Tau-encapsulated collagen dressing was
successfully fabricated, and the dressing exhibited effectiveness
in controlling the release of Tau, which would be beneficial for
the long-term application of Tau in the wound bed.

Cyto-biocompatibility of Tau@ Col

To determine the cyto-compatibility of the taurine,
we evaluated the in vitro viability of NIH 3T3 mouse
embryonic fibroblast cells upon interaction with taurine and
Tau@Col. Fibroblasts are one of the predominent cell types
of the skin, playing an essential role throughout the wound
repair process (26). As indicated in Figure 2A4,B, negligible
cytotoxicity was detected when the cells were treated with
"Tau at concentrations ranging from 10 to 100 mM, proving
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Figure 2 Biocompatibility of Tau@Col on fibroblasts. (A) Cell viability of coincubation of cells with different concentrations of Tau for

24 hours (n=6). (B) Cell viability of coincubation of cells with different concentrations of Tau for 48 hours (n=6). (C) Representative SEM

images after 4 days of incubation cells with the Col and Tau@Col. The red arrow (b and d) indicates the cells. Scale bar =100 pm (a and ¢)

and 10 pm (b and d).

the high biocompatibility of Tau. After the loading of Tau
into the collagen scaffold (Tau@Col), the biocompatibility
of Tau@Col was further tested. Briefly, fibroblasts (NIH
3'T3) were co-incubated with Tau@Col for 4 days, and SEM
was used to investigate the cell morphology at the surface
and central areas of vertical cross-sections of this scaffold
to assess the cell situation. The collagen sponge was used
as control. As shown in Figure 2C, SEM images showed
that the cells could successfully infiltrate into both Col
and Tau@Col, and both exhibited round and normal cell
morphology, revealing the excellent biocompatibility of Col
and the Tau@Col sponge. This in vitro study of collagen
and Tau@Col suggested the safety of application of Tau@

© Annals of Translational Medicine. All rights reserved.

Col in vivo.

Tau@Col accelerated wound closure in vivo

As the cyto-compatibility of Tau and Tau@Col were
confirmed, the biological activity of Tau@Col in the in vivo
acute full-thickness excision rat model was further evaluated
by comparing it with the free taurine and collagen sponge
without taurine encapsulation (Col). Consequently, 6 mice
were involved in the experiments from day 0 to 7, and 3
mice were involved from day 8 to 17. Figure 34 shows
the representative sequential photographs of wounds in 4
groups on day 0, 7, 10, 14, and 17, respectively. The wounds
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Figure 3 Tau@Col administration in mouse dermal wound models. (A) Representative photographs of the wounds upon different treatments

(ruler unit =1 mm). (B) Schematic diagram of the in vivo wound resurface traces of 4 groups over the 17-day course. Orange color represents

the initial wound areas, while the red color represents the wound areas on a specific day. (C) The wound closure rate in mice receiving

different treatments. Each point represents the mean + SD of 4 wounds.

treated with taurine and Tau@Col indeed accelerated the
wound closure at day 7 and day 14, but the Tau@Col-
treated group exhibited faster wound closure with better
skin appearance than other groups. Particularly, after 17
days, the Tau@Col-treated wounds were almost healed
with scarless skin, while the collagen sponge and taurine
groups still retained large residual wounds. This pattern was
much more obvious in the wound tracing results that are
displayed in Figure 3B. Quantitatively, Figure 3C statistically
summarizes the wound closure rate for each group, which
was consistent with the above visual inspection of wound
areas. The healing rate of the Tau@Col-treated group
showed the fastest wound closure rate with the highest
wound closure rate of about 99.6% at day 17, followed
by the taurine (~89.9%) and collagen sponge (80.2%)
treatments. The control 0.9% saline group showed the
lowest healing rate of 79.3% with the wound still covered
with eschar on day 17. The Tau@Col group showed a
comparable and much higher healing rate than did the free
taurine and collagen group, indicating the sustained release
of taurine from the collagen sponge has a positive effect on
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the wound repair process.

Tau@Col enbanced granulation formation, along with
collagen deposition and re-epithelialization

The wound healing efficacy of Tau@Col was further
evaluated at the tissue level by histological staining of the
wound tissue section. Granulation tissue appears as the
newly-formed construction filling in the skin defect, which
mainly consists of connective tissues as well as capillaries.
Granulation tissue formation usually begins to appear
at the wound site after 2 days and is considered as an
especially important step for wound regeneration. Thus,
the granulation tissue formation of the regenerated wound
skin on day 7 and day 17 were detected by hematoxylin and
eosin (HE) staining (Figure 44) and Masson’s trichrome
staining (Figure 4B). For each histological analysis on each
time point, 3 mice were involved. In Figure 44, the control
wound remained at an unhealed dermal gap of 4.4+0.03 mm
on day 7, while the Tau@Col treatment effectively
accelerated granulation tissue formation from both wound
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Figure 4 Tau@Col promoted granulation formation and collagen deposition in wound sites. (A) HE staining of control-, Col-, Tau-, and

Tau@Col-administered wound sections on day 7 (left) and 17 (right). Double-headed arrows indicate the epidermal gap. (B) Masson’s

trichrome staining indicating collagen deposition in the wound center upon different treatments at day 7 (left) and 17 (right). Scale bar

=1 mm.

edges, leaving a narrow dermal gap of only 3.5+0.02 mm
(P<0.001), suggesting a significant positive effect of Tau@
Col upon the wound site in promoting wound closure.
The other 2 groups also showed significant reductions of
4.5£0.02 mm for the Col treatment and 4.6+0.01 mm for

© Annals of Translational Medicine. All rights reserved.

the free Tau treatment. After another 10 days, all groups
exhibited larger areas of the healed gap. Specifically,
compared to control group (2.2+0.07 mm), the Tau@Col
group showed significantly enhanced granulation formation,
with 1.7+0.02 mm of unhealed tissue.
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bar: 1 mm. (B) Quantification of the epidermal gap upon the wound site after treatment of the 4 groups. All data are expressed as mean +

SD and were analyzed using one-way analysis of variance (ANOVA). Significant differences are indicated as follows: *P<0.05, **P<0.01, and

***P<0.001; n>3.

Collagen deposition is another pivotal factor in
evaluating the wound repair stage. We performed Masson’s
trichrome staining, in which collagen fibers and cell nuclei
were stained with blue while muscle tissue was stained
with red to analyze collagen deposition on day 7 and 17
(Figure 4B). On day 7, when the wounds were treated with
Tau@Col, there were considerably denser collagen fibers
produced in the wound bed compared with the other three
groups. Similarly, on day 17, Tau@Col group had the
highest collagen deposition percentage, followed by the
Col and free Tau groups, with the control group showing
the lowest collagen deposition. Compared with the other

© Annals of Translational Medicine. All rights reserved.

groups, the underlying collagen fibers of the Tau@Col
group were well organized and much more like normal skin
with newly formed blood vessels and skin appendage on day
17. The enhanced granulation tissue formation along with
the improved extensive collagen deposition confirmed the
accelerated wound healing property of Tau@Col.

Finally, the re-epithelialization of wounds was evaluated
by immunochemistry staining of cytokeratin (epidermis-
specific protein), as the re-epithelialization directly reflected
the wound closure level. For cytokeratin analysis at each
point-in-time, 3 mice were involved. As shown in Figure 5A,
the Tau@Col-treated group exhibited the fastest re-
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epithelialization of all groups on both day 7 and 17, as
evidenced by the greater expression of cytokeratin in the
epidermal layer. Of note, on day 17, the taurine- and Tau@
Col-treated groups showed a complete epidermal cover
above the healed wound. The epithelialization of the wound
incisions increased in the order of Tau@Col > Tau > Col >
control, demonstrating the positive effect of Tau@Col on
epidermal regeneration as a result of the retained taurine
activity via its incorporation into the collagen hydrogel.
Figure 5B shows the quantitative comparison of the
treatment groups: the control had a 5.0+0.13 mm unhealed
epidermal gap, the Tau@Col group exhibited a significantly
accelerated epidermal gap (2.0+0.19 mm) on day 7, while the
free taurine group had an epidermal gap of 2.9+0.16 mm.
On day 17, both the taurine and Tau@Col showed no
epidermal gap, which was consistent with the fact that a
complete integrated cytokeratin had covered the newly
regenerated granulation. The observations of epidermal
covering were basically in line with the visual wound closure
rate shown in Figure 3, which might have resulted from
the therapeutic effects of taurine from the Tau@Col. Thus,
the overall performance of Tau@Col sponge has validated
our hypothesis that the controlled release of taurine with
an extracellular matrix (ECM)-mimetic biomaterial is an
effective approach to promoting wound regeneration.

Tau@ Col promoted cell proliferation

In proliferation stage of wound healing, dermal fibroblasts
are activated to proliferate, migrate and produce collagen
for filling in the defect. When angiogenesis occurs,
endothelial cells would proliferate for transportation of
nutrient and oxygen. Keratinocytes would proliferate
and migrate for re-epithelialization (27). Our findings
demonstrate that taurine plays an essential role in
stimulating cell proliferative activity (28-32). Therefore, in
order to better understand the wound healing mechanism
of Tau@Col, immunofluorescence staining of Ki67 (a
proliferation indicator) in the wound tissue sections was
extensively studied to assess the proliferative activity of
cells. For Ki67 analysis, 3 mice were involved. As revealed
in Figure 64, the Tau@Col group exhibited the highest level
of Ki67-expressing cells in the wound center, followed by
the Tau, Col, and control groups. Figure 6B shows that,
compared to the control group, the Tau and Col groups
positive-cell percentage was relatively higher level. The
Tau group and Col group showed a 2.7-fold and 1.6-fold
increase over the control group, respectively. The Tau@
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Col group exerted the highest level of Ki67-positive cells
(5.7-fold), indicating the proliferative effect generated by
the prolonged release of taurine from the Tau@Col sponge.
These results were in line with the data from HE staining,
MTS, and cytokeratin testing of the wound site, indicating
that the enhanced healing ability of Tau@Col may be
stimulated by larger amount of granulation and collagen
matrix secreted due to a greater degree of proliferation.

Tau@ Col upregulated the expressions of endogenous
TGF-p and VEGF

We further investigated the expression of 2 important
cytokines, TGF-B and VEGF, in the wound beds by
immunofluorescence staining. TGF-B is a multipotent
growth factor that controls cell proliferation, differentiation,
apoptosis, and matrix production (33,34), while VEGF
is one of the key factors for regeneration of new blood
vessels which supply the necessary oxygen and nutrients
in the wound beds (35,36). For each analysis, 3 mice were
involved. As indicated in Figure 74,B, the control presented
the lowest expression of TGF-B. Both Col- and Tau-treated
groups significantly enhanced the TGF-B expression by
3.2-fold and 3.5-fold that of the control group, respectively.
Furthermore, the Tau@Col-treated group had the highest
TGF-B-positive expression at almost 7.3-fold that of the
control. Consistent with the TGF-B findings, the control,
Col, Tau, and Tau@Col groups showed the lowest to highest
expressions of VEGE, respectively (Figure 7C,D). The
enhanced expressions of VEGF and TGF- in the wound
beds further confirmed the positive effect of Tau@Col in
promoting wound healing, which indeed stimulated cell
proliferation, collagen deposition, and neovascularization.

Tau@Col promoted macrophage polarization to inbibit
inflammation

Macrophage infiltration plays a vital role in wound
regeneration, which usually includes M1 macrophage
(the proinflammatory phenotype) or M2 macrophage
(the anti-inflammatory phenotype). In the initial, the
inflammation occurs for protecting skin tissue from
invasion of pathogens. However, the inflammation phase
needs to transit to the proliferation phase for subsequent
tissue regeneration. It has been reported that tuning the
macrophage polarization from M1 to M2 would effectively
enhance wound repair (37). As inflammation is closely
related to oxidative stress, the 2 subtypes of macrophage
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Figure 6 Tau@Col up-regulated cellular proliferation level within wound tissue. (A) Immunofluorescence staining of cell proliferation
indicator Ki67 in wound beds on day 7. Scale bar =50 pm. (B) Quantification of the Ki67 in the 4 groups. All data are expressed as mean

+ SD and were analyzed using one-way analysis of variance (ANOVA). Significant differences are indicated as follows: *P<0.05, and
**P<0.001; n>3.
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Figure 7 Tau@Col induced elevated expression level of TGF-p and VEGF proteins. (A) Immunofluorescence staining of cytokine TGF-p.

Scale bar =50 pm. (B) Quantification of TGF-B-positive cells on day 7 in the 4 groups. (C) Immunofluorescence staining of VEGE. Scale

bar =50 pm. (D) Quantification of the VEGF-positive cells on day 7 in the 4 groups. All data are expressed as mean + SD and were analyzed

using one-way analysis of variance (ANOVA). Significant differences are indicated as follows: **P<0.01, and ***P<0.001; n>3.

would reflect the inflammatory response in the wounds.
Thus, we evaluated the inflammatory levels through the
behavior of macrophage polarization upon the wound
site. We chose CD68 as a marker of all the subtypes of
macrophages accompanied by CD163 as a label of M2
macrophages, with 3 mice being used for these experiments.
As displayed in Figure 84, the control group exhibited the
lowest level of CD163-positive cells. Statistical quantification

© Annals of Translational Medicine. All rights reserved.

of CD163 summarized in Figure §B demonstrates that
collagen sponge, free taurine, and Tau@Col groups
all showed significantly upregulated M2 macrophage
polarization (CD163-positive cells). The percentage of
M2 subtype macrophage versus total macrophages was
further calculated. As summarize in Figure 8C, the control
group had the lowest M2 percentage while the collagen
sponge, free taurine, and Tau@Col exhibited higher levels.
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Figure 8 Tau@Col drove significant polarization of wound macrophages towards M2 anti-inflammatory phenotype. (A) Immunofluorescence
micrographs of M2 macrophages within the control, free Col-, Tau-, and Tau@Col-treated wounds. Scale bar =50 pm. (B) Quantification
of the immunofluorescence staining of CD163-positive cells. (C) Quantification of the percentage of M2 macrophages (CD163/CD68). All
data are expressed as mean = SD and were analyzed using one-way analysis of variance (ANOVA). Significant differences are indicated as
follows: *P<0.05, **P<0.01, and ***P<0.001 as compared to the control group; n>5.
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Most notably, there was a significant increase of M2
polarization levels: compared to the normalized control
group (13.6%+4.2%): the free Tau group had a 4.1-fold
(56.2%+5.9%, P<0.001) increase, while the Tau@Col
group had a 4.5-fold (61.1%+8.1%, P<0.001) increase.
Therefore, the study of macrophage polarization status
confirmed the anti-inflammatory function of the Tau@
Col dressing in accelerating wound healing via driving
macrophage polarization towards the anti-inflammatory

phenotype.

Conclusions

Our study evaluated whether loading taurine into a collagen
sponge could sustainably release taurine during the wound
regeneration process. Our iz vitro results showed that
taurine had been successfully loaded into the collagen
sponge (Col) to form the Tau@Col sponge. The Tau@
Col sponge was further applied in the acute wound model
and compared with free taurine (Tau) and collagen (Col)
groups. In vivo results revealed that Tau@Col indeed
raised wound repair efficiency as evidenced by accelerated
wound closure rate, as well as higher levels of granulation
formation and collagen deposition. The positive healing
effect was further demonstrated through an enhanced cell
proliferation rate, upregulated endogenous growth factor
expressions, and increased polarization of M2 macrophages.
This kind of bioactive taurine-based wound dressing could
represent a new strategy in the future clinical application of
regenerative materials.
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