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The surgical suture has long been used to reconnect the injured tissues to restore their
structure and function. However, its utility remains challenging in many areas, such as
surgical site infections and minimally invasive surgeries. Herein, we report a novel surgical
suture that possesses both antibacterial activity and shape memory effect to address these
issues. In detail, natural antibacterial berberine was incorporated directly into the spinning
solution of shape memory polyurethane with a near body transition temperature, and then
berberine-containing polyurethane (BP) fibers were prepared by a facile one-step wet-
spinning method for surgical suture. The prepared BP fibers were micro-sized and
characterized by their transition temperature, morphology, water contact angles,
mechanical properties, in vitro shape memory effect, drug release, and antibacterial
activity. The results showed that with the increasing amount of the incorporated berberine,
the transition temperatures of the fibers were not significantly affected, remains at near body
temperature, while the contact angles of the fibers were significantly decreased and the
mechanical properties of the fibers were significantly weakened. The optimized fiber was
selected to evaluate the cytotoxicity and in vivo biocompatibility before in vivo shape memory
effectand wound healing capacity ina mouse skin suture—~wound model was tested. Besides
the shape memory effect, it was demonstrated that the fiber is capable of antibacterial activity
and anti-inflammatory effect, and promoting wound healing. The mechanism of the
antibacterial activity and anti-inflammatory effect of the fiber was discussed. Overall, it is
expected that by the berberine added to the fiber for surgical suture, it will be more popular
and extend the utility of the sutures in a wide range of clinical applications.

Keywords: berberine, antibacterial activity, shape memory, surgical suture, wet spinning

INTRODUCTION

As one of the most important medical devices, like wound dressing materials (Huang et al., 2019a),
the surgical suture has long been used to reconnect the injured tissues to restore their structure and
function (Shao et al., 2016). However, its utility remains challenging in many areas due to the
increasing demands in the clinic. For example, surgical site infections (SSIs) are the second most
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common healthcare-associated infections that occur during the
first 3 weeks postoperatively, resulting in prolonged hospital
stays, readmissions, increased morbidity and mortality, and high
costs (Joseph et al,, 2017). Although the underlying causes have
been suggested, such as bacteria bio-adherence and formation of
colonization and subsequent biofilm in the surgical site, there is
no effective treatment to improve the outcomes of the patients
according to clinical feedback.

Antibacterial treatment of surgical suture is a promising
strategy to address SSIs as it has shown the feasibility of
inhibiting bacterial growth in wounds and reducing the
infection rate, such as FDA-approved triclosan-impregnated
Polyglactin 910 (Byrne and Aly, 2019). Nevertheless, the wide
use of triclosan has been suggested to a potential selection of
bacteria and triclosan-adapted cross-resistance with antibiotics.
Therefore, new alternative substances need to be employed so as
to achieve good antibacterial activity. In this regard, berberine
hydrochloride (BCH), which is derived from Coptis chinensis,
was applied in this study. As a natural active pharmaceutical
ingredient, it has gained considerable attention for its manifold
pharmacological properties, including antibacterial activity and
anti-inflammatory effect, both of which have been suggested to
be beneficial to the infected wound, indicating that berberine
might be a promising candidate for the treatment of surgical
suture (Avila-Carrasco et al., 2019).

For the fabrication of antibacterial surgical suture, there are
mainly two approaches that have been involved. The drug-
coating approach has its intrinsic advantages of easy
production at low cost without compromising the mechanical
property of the suture matrix, whereas the major drawback lies in
low drug loading and poor control over the drug release. On the
contrary, the drug incorporation method such as electro-
spinning is beneficial to attaining high efficient drug loading,
while the production process generally needs harsh post-
treatment that would inactivate the loaded drugs (Feng et al,
2019; Ding et al.,, 2019). For instance, commercial sutures have
been commonly fabricated by melt spinning; however, the use of
high temperature during the processing steps would be harmful
to the activities of the loaded drugs.

Besides SSIs, the surgical suture was also challenged in
difficulty in handling in minimally invasive surgery, in which
knotting a suture was limited in a confined space. In this case, if
the knot was fixed with a force that is too weak, scar tissue would
form, leading to the formation of hernias and bacteria invasion.
Instead, when the force was too strong, necrosis of the
surrounding tissue may occur, resulting in patients suffering
from severe pain after the surgery. One solution to overcome this
obstacle would be to use a smart suture with shape memory effect
triggered by the body temperature, e.g., the suture was elongated
to be applied loosely in its temporary shape first, and then would
shrink and tighten the knot in an adapted force at body
temperature, and thus suture with shape memory effect seems
to be an effective approach to improving the handling in surgery.

Herein, we report a novel surgical suture possessing both
antibacterial activity and shape memory effect to address these
issues. Specifically, natural antibacterial berberine was

incorporated directly into the spinning solution of a shape
memory polyurethane with a near body transition temperature
that synthesized as our previous study (the synthesis route is
shown in Figure 1A), and then berberine-containing
polyurethane (BP) fibers were prepared by a one-step wet-
spinning method for surgical suture (Figure 1B). The prepared
BP fibers were characterized by their transition temperature,
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FIGURE 1 | Schematic presentation of the whole experiment. (A) Synthesis
of the SMPU; (B) The one-step wet-spinning method for fiber; (C) In vitro and
in vivo assays.
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morphology, water contact angles, mechanical properties, in
vitro shape memory effect, drug release, and antibacterial
activity. The optimized fiber was selected to evaluate the
cytotoxicity and in vivo biocompatibility before in vivo shape
memory effect and wound healing capacity in a mouse skin
suture-wound model was tested (Figure 1C). The mechanism of
antibacterial activity and anti-inflammatory effect of the BP fiber
was proposed and discussed.

MATERIALS AND METHODS

Materials

Polycaprolactone diol (PCL, Mn = 4000 g/mol) was purchased
from Perstop UK Ltd. (United Kingdom). Berberine
hydrochloride (BCH, 98% purity) was supplied by Aladdin
Co., Ltd. (Shanghai, China). N,N-dimethylacetamide (DMAc)
and other solvents were obtained from the Chengdu Kelong
Reagent Company and used directly without further purification.
Escherichia coli (ATCC8739) and Staphylococcus aureus
(ATCC6538) were supplied by the R&D Lab of Functional
Fibers of Sichuan University, China. Hematoxylin and eosin
(H&E) stains were purchased from Baso Diagnostics Inc.
(China). Gram’s crystal violet solution (G1060) was purchased
from Beijing Solarbio Science & Technology Co., Ltd. Two
antibodies, interleukins (interleukin-1beta, IL-1) and tumor
necrosis factor (TNF-a)), were purchased from Santa Cruz
Biotechnology, Inc. (USA). Alamar Blue was purchased from
Beijing Cell Chip Biotechnology Co., Ltd. (Beijing, China).

Synthesis of SMPU

Shape memory polyurethane (SMPU) was synthesized according
to our previous study (Tang et al., 2019). The synthesis route
is shown in Figure 1A. For the obtained SMPU, the thermal
transition temperature (Ti.n) based on the melting temperature
(Ty,) of soft segments PCL was a near body transition
temperature around 41°C.

Preparation of Berberine-Containing
Shape Memory Fiber for Surgical Suture
The synthesized SMPU was first softened at 60°C and then cut
into small chips. A certain amount of SMPU chips were dissolved
in DMAc under 60°C within 6 h to obtain a homogenous
solution. Twenty percent mass concentration of SMPU was
applied as the primary spinning solution, which was named
SS-0. Similarly, two composite solutions were prepared, which
were named SS-1 and SS-2 according to spinning solutions of
20%SMPU + 3%BCH and 20%SMPU + 6%BCH, respectively.
Table S1 summarizes the spinning parameters for preparing
the fibers.

The prepared spinning solution was loaded into a syringe.
The internal diameter of the syringe needle was 0.84 mm. During
the process of spinning, the spinning solution was extruded
from the syringe and solidified in the coagulation bath
containing calculated pure water, and then the fibers passed
through the drawing roller, drying rollers, and finally collected

on a rotating mandrel. Three fibers were successfully obtained
and named as BP-0, BP-1, and BP-2 based on the spinning
solutions of SS-0, SS-1, and SS-2, respectively.

In the process of spinning, the amount of spinning solution
was calculated by weighing, and the absorbance value of the
coagulation bath after spinning was measured by an ultraviolet
spectrophotometer. The content of berberine leaked into the
coagulation bath was calculated according to the standard curve
of berberine so as to calculate the actual drug load of berberine in
the fiber.

Characterization of the Fibers

The surface and cross-section morphologies of the fibers were
observed under scanning electron microscopy (SEM) (SU3500,
Hitachi, Japan) after gold spraying. The static water contact
angles of the fibers were tested with a surface contact angle tester
(Harke-SPCAXI1, China). Each sample was tested three times in
parallel, and the average value was used as the final water contact
angle to reflect the hydrophilicity and hydrophobicity of the
fiber. The mechanical properties of the fibers were tested with an
electronic single-yarn strength machine (YMO061, China), in
which the clamping distance was 50 mm, the tensile rate was
100 mm/min, and the fracture threshold was 85%. Differential
scanning calorimetry (DSC) was performed on a DSC-Q200
instrument (Hitachi, Japan).

In Vitro Shape Memory Test

Shape memory performance was observed by stretching the
original length of 6 cm fiber to 12 cm above its Ty, and
fixing with deionized water at room temperature, and then
heating the fibers again. The fixed ratio (Rg) and recovery rate
(R,) of the fibers were calculated using the following equations:

Rf = (LZ - LO)/(LI —Lo) X 100%

R, = (L, - Ly)/(L; - Ly) x 100%

where Lo, Ly, Ly, and L; stand for the lengths of the initial
shape, deformed shape, fixed shape, and recovery
shape, respectively.

In Vitro Drug Release

Prior to the antibacterial and animal experiments, we
investigated the release behaviors of berberine from the normal
fibers and stretched ones to confirm that berberine can release
from the fibers and then exhibit the antibacterial performance. In
virtue of the shape memory function, the fibers can be deformed
under higher temperatures and maintain the deformed shapes
under lower temperatures. BP-1 and BP-2 fibers were stretched
by 100% before the berberine release, and the deformed shapes
were fixed at room temperature, which were named BP-1S and
BP-2S, respectively. BP-1, BP-2, BP-1S, and BP-2S fibers in
triplicate were put into 5-ml phosphate-buffered saline (PBS)
buffer solution with different pH values, including 4.0, 7.0, and
9.0, respectively, and placed in a shaker with a constant
temperature of 37°C. Three milliliters buffer solution was
withdrawn at several regular intervals and an equal amount of
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PBS was supplemented until the release was completed. The
released amount of berberine was determined by a UV-visible
spectrophotometer at 344 nm, and the accumulated release
curves were plotted according to the standard curve.

Antibacterial Test

Two representative strains of E. coli and S. aureus were selected
to demonstrate the antibacterial performance of the prepared
fibers embedded with berberine. The test procedure was
conducted as follows: 1) The bacterial strain was incubated
in Luria-Bertani (LB) broth at 37°C for 12 h, and the original
bacterial suspension concentration was diluted to 1 x 10°-5 x 10°
CFU/ml with PBS buffer with pH 7.0; 2) 20 mg BP-0, BP-1,
and BP-2 fibers were individually placed inside testing vials
containing 1.5 ml PBS, and then adding 1.0 ml of diluted
bacterial suspension into the vials for another 12 h incubation;
3) the co-cultured bacterial suspension was diluted into
several concentrations to determine the quantity of bacteria,
and 100 pl of the bacterial suspension was withdrawn to spread
on the LB agar plates and subsequently incubated at 37°C
overnight; (4) observing and counting the colonies on LB agar
plates. The bacterial suspensions without fiber were used as
blank controls.

In Vitro Cytotoxicity

In vitro cytotoxicity of the fibers was assayed according to ISO
10993 part 5 guidelines 3 (Bernard et al., 2017). Extract was
prepared by the incubation of 0.2 g of each fiber with 1 ml of
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 pig/ml penicillin, and 100
ug/ml streptomycin for 48 h at 37°C. L929 fibroblasts were
cultured until they reached approximately 80% confluency
before preparing the plates for the cytotoxicity assay. The
density of seeding was 5,000 cells per well in the 96-well plates.
After 24 h, the culture media were discarded and replaced with
the extracts. Alamar Blue assay was performed for the
cytotoxicity test in accordance with the manufacturer’s
instruments (Mullick Chowdhury et al., 2013). Briefly, the cells
were washed with PBS before adding 100 pl phenol red-free
DMEM and 10 pl of Alamar Blue reagent (Bernard et al., 2017).
After 4 h incubation, fluorescence measurements were recorded
using a Multifunctional Fluorescent Enzyme Marker (BioTek
Synergy Mx, USA) at the respective excitation and emission
wavelengths of 530 and 580 nm. Six parallels were carried out in
each group. All viability values were calculated relative to the
blank control.

Animal Studies

Animals

The animal studies were approved by the Animal Ethical
Committee of the West China Hospital of Sichuan University
in compliance with Chinese national guidelines for the care and
use of laboratory animals. Adult male BALB/C mice (25-30 g)
were purchased from Dashuo Laboratory Animal Co., Ltd.
(Chengdu, China). The mice were kept under controlled
temperature and humidity with food and water ad libitum.

In Vivo Biocompatibility

The mice were anesthetized with intraperitoneal administration
of pentobarbital sodium (3% in saline solution) at a dose of 1 ml/
kg. The gluteal side of the mice was shaved and disinfected with
iodine solution before surgery. The BP-1 suture, 3 cm long, was
implanted into the left side of the gluteal muscle. To avoid
secession of the suture construction, both ends of the suture were
tied into a knot with a little space. Treatment with BP-0 suture in
the right gluteal muscle was employed as control (Shao et al.,
2016). After 3 and 7 days of operation, three mice in each group
were sacrificed, respectively. H&E staining was performed to
investigate the biocompatibility.

In Vivo Shape Memory

The in vivo shape memory test was performed as in the previous
study, with minor modifications (Lendlein and Langer, 2002).
Briefly, the sutures were first stretched twofold of their initial
length and maintained for 10 min at 50°C, then cooled at room
temperature and kept in ambient temperature before the
following experiments. Three mice were anesthetized as before
and 2-cm-long incisions were made on the back. Then the
wound was sutured loosely. The shape memory effect was
actuated while the temperature of antecedent trauma was
increased from 20°C to 37°C, and to 41°C by a hair blower to
simulate a posttraumatic hyperpyrexia process. The photos of the
same wound at different temperatures were shot from vertical
and lateral directions.

Mouse Skin Suture-Wound Model

The sutures were first stretched twofold of their initial length and
maintained for 10 min at 50°C, then cooled at room temperature
and kept in ambient temperature before use. The mouse skin
suture-wound model was established as described previously,
with minor modifications (Mebert et al., 2018). Briefly, the mice
were anesthetized with intraperitoneal administration of
pentobarbital sodium (3% in saline solution) at a dose of 1 ml/
kg. The fur of the test animals was shaved carefully using an
electric razor and further removed completely using a depilatory
cream. Then the skin was decontaminated with alcohol and
iodophor solution. A 1.5-cm-length incision was made along the
mid-back of the trunk. The depth of the wound did not break
into the panniculus carnosus. One wound was created per
animal. The sutures were threaded onto surgical needles and
the continuous suture was chosen for the closure of the wounds
(Wang et al.,, 2018). The mice were randomly divided into four
groups as follows: G I (the wound was sutured with BP-0); G II
(the wound was sutured with BP-1); G III (the wound was
sutured with BP-0 before bacterial inoculation); and G IV (the
wound was sutured with BP-1 before bacterial inoculation). For
G II and 1V, S. aureus was inoculated by applying 10 ul of
bacterial suspension (1 x 10®) onto the incision site for infection
(Nakagawa et al., 2017). For G I and II, the same volume (10 pl)
of saline was applied as the control (Hahn et al., 2009). The
wounds were photographed with a camera (Canon-IXUS230HS,
Japan) and infrared thermal imaging (FLIR-T62101, Sweden)
was taken every day.
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For histology and immunohistochemistry, mice were
euthanized after 3 and 7 days post-surgery and the skin tissues
were harvested from the suture sites. The tissues were then fixed
in 4% paraformaldehyde, dehydrated in graded alcohol, and
embedded in paraffin. The embedded tissue blocks were
sectioned at 5 um thickness and stained with H&E, TNF-q,
and IL-1PB immunohistochemical staining. To identify bacteria,
biopsy specimens were stained with Gram’s crystal violet
solution. Images of the histological section were acquired using
an Olympus compound microscope (BX43, Japan) connected
with an Olympus microscope camera (Sence, Japan). In order to
evaluate the severity of inflammation, Image] software was used
for image analysis and quantitative counting (Fan et al., 2018).
Four random high-power fields (HPFs) were chosen from each
section. Neutrophils in 10 regions of interest (ROIs) per HPF
were counted. There are four sections in total randomly chosen
from a mouse.

Statistical Analysis

The statistical methods were chosen according to the type of
data. Two groups of unrelated data, if the variance is
homogeneous, then unpaired t test was used. Comparisons
between the multiple groups were determined by one-way
ANOVA. Kruskal-Wallis was used for analyzing thermal
recordings. All statistical calculations were carried out with the
help of GraphPad Prism 7.0. Significance was defined as: *** for
P <0.001, ** for P < 0.01, and * for P < 0.05.

RESULTS AND DISCUSSION

Characterization of the Fiber for Surgical
Suture

The berberine-containing shape memory fiber was fabricated by
a facile scalable one-step wet-spinning approach, and the fibers
were micro-sized in the range of 237-339 um. The fibers were
characterized in terms of Tj,, drug loading, surface wettability,
and mechanical properties, and the testing results are
summarized in Table 1 and Figure 2. According to the DSC
curves (Figure 2A), the influence on the T, after incorporating
berberine is not obvious, and the prepared three types of fibers,
BP-0, BP-1, and BP-2, have similar T,,, which are near body
temperature. Except that the Ty, of pristine PCL exhibited the
highest around 53°C, while that of other fibers was around 40°C,
which was derived from the partial crystallization of PCL
segments. In addition, with the increase of the incorporated
berberine, the T, of the fiber was decreased, indicating that the
incorporated berberine also decreased the T, of the fiber.
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FIGURE 2 | Typical DSC curves (A), stress-strain curves (B), water contact
angles (C), and SEM images (D) of the fibers.

Figure 2B shows the typical tensile curves of BP-0, BP-1, and
BP-2 fibers. Clearly, the content of berberine in the fiber has a
significant effect on the mechanical property of the fiber, i.e., with
the increase in the amount of berberine in the fibers, both
breaking strength and elongation decreased, which could be
ascribed to the disruption effect of berberine; in other words,
the integrity of the fibers were damaged by BCH particles, and
more defects were yielded when increasing the amount of BCH.

The water contact angles (WCA) of the prepared fibers were
measured using a sessile drop method. As shown in Figure 2C
and Table 1, the WCA of the fibers was decreased with the
increase of the incorporated berberine, which was resulted from
the hydrophilic nature of berberine with quaternary ammonium
structure. The more berberine incorporated into the fiber, the
higher the hydrophilicity of the fibers, and thus the WCA value is
in the order of BP-2 < BP-1 < BP-0.

The microstructure of the fibers was observed by SEM
measurements. As shown in Figure 2D, the surface of the
obtained fibers is almost smooth, and some shallow grooves
can be found. More obviously, with the increase of the
incorporated berberine, the core part of the fiber became

TABLE 1 | Properties of the fibers (mean + SD, n = 6).

Fiber Diameter (um) Tm (°C) Drug loading (%) Contact angle (deg) Breaking force (cN) Elongation at break (%)
BP-0 237.35 + 4.71 40.45 0 106.5 + 0.3 4210 + 2.02 375.97 + 13.68
BP-1 291.25 + 5.09 40.36 12.70 93.3+0.6 31.20 +2.35 287.47 + 23.29
BP-2 339.38 + 2.96 39.55 22.40 87.2+0.8 24.40 +1.17 175.29 + 7.57
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looser and larger micropores were yielded, indicating that the
distribution of berberine might also influence the fiber
solidification and formation during the spinning process.
Additionally, it could be inferred that a loose microstructure
might lead to the reduction of mechanical property.

In Vitro Shape Memory

Prior to the in vivo application as the surgical suture, the shape
memory performance was tested in vitro, and the testing process
and the corresponding fixation and recovery ratios are shown in
Figure 3. The whole shape memory process mainly includes four
states in original shape (a), in maximum strain (b), in fixation (c),
and after recovery (d), in which the fixed shape with longer
length can be applied as the surgical suture, and then recover to
the shorter length upon the trigger under body temperature

(Lendlein and Langer, 2002). According to testing results, all the
samples showed desirable R; and R,, which were around 90%
without significant difference, and such shape memory capacity
can meet the requirement for tightening wounds in practical
application. More specifically, the shape memory suture
with elongated length can be easily applied on the wound in a
pleasant way, and then shrink and recover to the original length
gradually triggered by body temperature in virtue of the
thermal sensitivity.

In Vitro Drug Release

The in situ environment of the wound is commonly acidic due to
inflammation or infection, and thus the effect of pH on the
release of berberine was studied. As shown in Figure 4, the
release profile of all fibers exhibited two stages. The first stage

Heating Heating| &

Initial length  Elongated length Fixed length  Recovery length

FIGURE 3 | Macroscopic pictures for demonstrating the shape memory process (A) and the fixation and recovery ratios of different fibers (B) (mean + SD, n = 6).
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would be one of the rapid burst releases and the second would be
one of slow and extension releases. The release of berberine for
all fibers was significantly affected by pH values, i.e., the release of
berberine was in the order of medium at pH 4 < pH 7 < pH 9.
Considering the acidic environment of the wound, the slower
release of berberine probably has the advantage of release in a
sustained manner.

When shape memory fiber was used as suture, the fiber was
stretched, which might accelerate the release due to the increased
surface area and the reduced release pathway after stretching
deformation. As expected, our results showed that berberine
released faster from the fiber under stretched state compared to
that from original fiber, which might be beneficial to early
antibacterial actions that need a high dose of berberine to kill
the bacteria.

Antibacterial Activity

The antibacterial performance of berberine was tested and the
results are shown in Figure 5 and Table S2. Obviously, bacteria
spread fully on the agar plates of BP-0 and blank control groups,
and the number of bacteria colonies derived from both groups
were around 10® CFU/ml. In contrast, few colonies can be found
on the agar plates of BP-1 and BP-2 groups, indicating BP-1 and
BP-2 have completely inactivated both E. coli and S. aureus.

Cytotoxicity and In Vivo Biocompatibility

Considering the mechanical property of the prepared fibers, BP-
1 was selected as the optimized fiber for the following evaluation
studies, and BP-0 was used as the control. The cytotoxicity of the
BP-0 and BP-1 fibers was tested by Alamar blue assay using L929
cells. It is evident that after incubation for 1 and 3 days, the cell
viability of the two fibers was around 90% (Figure 6A),
indicating that there is almost no cytotoxicity for two sutures.
The in vivo biocompatibility of the fibers was assayed by
intramuscular implantation. As shown in Figure 6B, on day 3,
both two fibers are surrounded by a large number of
inflammatory cells, which evident a severe inflammation
reaction at an early time. However, when the time prolonged
to day 7, the inflammation reaction for BP-1 almost disappeared,
which might be due to the pharmacological effects of berberine

E. coli

Blank BP-0 BP-1 BP-2

S. aureus

FIGURE 5 | Colony growth of the fibers against Escherichia coli and
Staphylococcus aureus.

on anti-inflammation. In contrast, for BP-0, there was still a
massive quantity of inflammatory cells around the fiber.

In Vivo Shape Memory

As shown in Figure 6C, the elongated fiber is sutured loosely in
the wound and it is, as expected, gradually shrinking when the
temperature rises, indicating that the in vivo shape memory effect
of the fiber was evident. It is uneasy for a doctor to handle the
tying force by using traditional surgical suture. If the force of
tying is too high, it may cause necroses of the surrounding tissue.
On the contrary, if the tying force is too weak, it may result in
scars and even non-union. Therefore, the shape memory effect of
this novel suture provides a potential therapeutic strategy that
doctors could suture wounds in its slack elongated state, and then
the suture would be triggered by body temperature to return to
its original shape and the contraction of suture makes the knot
tight in an adapted force (Zhao et al., 2019).

Mouse Skin Suture-Wound Model
Wound Healing Evaluation
The wound healing capacity of the suture was evaluated using a
mouse suture-wound model. Figure 7 shows the wound healing
process of the four groups on days 1, 3, 5, 7, and 9 after the
operation. On day 1, there was no distinct difference in wound
condition among the four groups and no abnormality was
observed in each group. In contrast, the skin around the
wounds was red and swelling on day 3, indicating that the
wounds were inflamed. In particular, the wounds with
purulent exudate in G III and G IV were symptomatic of
pyogenic infection that was a specific inflammatory caused by
a bacterial infection. On day 5, it was shown that the wounds in
G III and G IV have severe edema with pus scab, and the
involution of these two groups was not good. However, the
wounds in G IV were going to heal on day 7, and the ones in G I1I
were still covered with pus scabs and some necrosis tissue. On
day 9, the wounds in G III with scab and necrotic tissue
remaining had no tendency to heal, while the other three
groups have reached clinical healing. Taken together, the above
results indicated that the berberine-containing suture promoted
wound healing in the presence of S. aureus treatment condition.
The antibacterial activity of the suture was assessed by Gram
staining. As shown in Figure 8, for G I and G I, it is normal to
have no bacteria because they are not treated with S. aureus. On
the contrary, the presence of bacteria was observed in G III (black
arrow). Distinctively, G IV had no bacteria in spite of treatment
with S. aureus, suggesting that the berberine-containing suture
had antimicrobial activity.

Postoperative Thermoregulation

The wound temperature was detected by infrared thermal
imaging in order to identify if the berberine-containing suture
could decrease the temperature of the wound since the signs of
inflammation and infection are an increase of temperature.
Infrared thermal images and the time courses of the wound
temperatures are shown in Figure 9. In all groups, the wound
temperatures climbed sharply on the second day after the
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operation (Figures 9A, B, D) and then fluctuated around 38°C,
indicating that the inflammation and infection induced the
increase of the wound temperature. The recordings of the
temperature were analyzed by Kruskal-Wallis test, and
the results showed that there was no statistical difference in the
wound temperature between G I and G II (Figure 9C), while the
one in G IV was significantly lower than that in G III (Figure
9E), suggesting that the berberine-containing suture was capable
of anti-inflammation and anti-infection, and thus decrease of the
wound temperature. Our results are consistent with the studies of
Chu et al. (Chu et al, 2014; Neag et al, 2018), who had
demonstrated that berberine possesses the potential to relieve
fever as an antipyretic agent.

H&E Staining

H&E staining was examined to assess the inflammatory cell
response in the wound of the mice (Huang et al., 2019b). On the
third day postoperatively, inflammatory cells are concentrated in
the skin wound in all groups (Figure 10A). The severity of the
inflammation was estimated by the number of neutrophils (Fan
et al., 2018). As shown in Figure 10B, the numbers of
neutrophils in G III and IV are significantly more than those
in G I and G II, indicating that infection with S. aureus can lead

to severe inflammation in the wound of the mice. When
comparing G III and G IV, it was shown that the neutrophils
in G IV were much more than those in G III, which suggested
that berberine-containing suture could enhance the recruitment
of neutrophils around the suture in the incipient process
of inflammation.

When the time prolonged to day 7, both the numbers of the
neutrophils in G II and G IV were significantly decreased
compared to those on day 3, respectively, indicating that the
inflammation is significantly suppressed on day 7. Moreover, the
numbers of neutrophils in G II and G IV were also significantly
less than those in G I and G III on day 7, respectively (Figure
10C). These tendencies proved the anti-inflammatory effect of
the berberine-containing suture.

Although traditional Chinese medicine has been using
berberine-containing herbs to treat inflammatory bowel disease
for thousands of years, and many previous studies have revealed
the anti-inflammatory properties of berberine, barely any tests
have been performed for the purpose of verifying the same effect
in skin tissue (Hasday et al., 2000; Kiipeli et al., 2002; Doyle and
Schortgen, 2016). Our study has not only demonstrated the same
pharmaceutical properties in skin tissue but also showed
time specificity.
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FIGURE 7 | Mouse skin suture-wound model. Representative photos from four experimental subgroups at different times postoperatively show the wound healing process.

FIGURE 8 | The wound skin tissue was stained with Gram’s crystal violet
solution at the end of the experiment on day 9. The black arrow points to
Staphylococcus aureus (the scale is 20 um).

Immunohistochemistry Staining

To further investigate the anti-inflammation effects of the
berberine-containing suture, pro-inflammatory cytokines, such
as TNF-o and IL-1B, were determined to assess the
inflammation by immunohistochemical staining. As shown in
Figures 11A-F, both TNF-a and IL-1B in G III and G IV
exhibited higher levels than those in G I and G II on both days 3
and 7, confirming that the infection with S. aureus resulted in
severe inflammation, as evidenced by H&E staining. More
importantly, both cytokines in G IV were always lower than
those in G III on both days 3 and 7, indicating that the berberine-
containing suture is capable of reducing pro-inflammatory
cytokines in the course of inflammation, which is consistent
with its anti-inflammation effects.

Mechanism Discussion

Based on the results from the animal study using mouse skin
suture-wound model, the berberine-containing suture exhibited
promotion of wound healing, antibacterial activity, decrease of
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wound temperature, as well as anti-inflammatory effect, all of
which seem to be related to the bioactivities of berberine that was
incorporated in the suture since berberine is hydrophilic and
released from the suture in a sustained manner. To explain these
beneficial effects of the berberine-containing suture in the mouse
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FIGURE 10 | Hematoxylin—eosin staining of the wound skin tissue. (A) HE staining on day 3 and day 7; Cumulative percentage of neutrophils in random regions of interest
by ImageJ software on day 3 (B) and day 7 (C). The scale bar is shown in the figure (one-way ANOVA, mean + SD, n = 6) (*P < 0.05, **P < 0.001, **P < 0.001).

model, a mechanism was proposed as follows based on literature
and our results.

First, the potential benefit of the berberine-containing suture
in wound healing could come from the widely known
antibacterial activity of the incorporated berberine. Berberine is
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FIGURE 11 | Immunohistochemistry of the wound skin tissue. The immunohistochemical staining of pro-inflammatory cytokines TNF-o. (A) and IL-1f (D) of the
wound skin tissue. Average optical density of TNF-a. on day 3 (B) and day 7 (C); Average optical density of IL-1f3 on day 3 (E) and day 7 (F). The scale bar is shown
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a positively charged compound, endowing itself a property to
interact directly with bacterial cell wall components,
lipopolysaccharide, and cell surface proteins. In particular, Oh
et al. revealed an important antibacterial mechanism that
berberine possessed strong inhibition activity on sortase
enzymes, leading to a remarkable reduction in the virulence
and infection ability of S. aureus (Oh et al., 2006). The sortase
enzyme is a surface protein transpeptidase relevant to anchoring
the surface proteins in the cell wall of peptidoglycan in Gram-
positive bacteria. For S. aureus, the sortase enzyme plays a pivotal
role in the adhesion to the host, making them accomplices to
bacterial infection. Berberine acts on S. aureus by inhibiting the
adhesion process through deletion of two sortase enzyme
isoforms, sortase A (SrtA) and sortase B (SrtB), to restrain the
activities of the sortases, and thus exhibiting antibacterial activity
(Figure 12I).

Second, our results showed that the berberine-containing
suture enhanced the recruitment of neutrophils in the early
stage of inflammation (Figure 10). The schematic diagram is
shown in Figure 12II In order to find out the reasons for this

phenomenon, we need to see the essence of what happened. As
an adaptive response to noxious conditions including infection
and injury, inflammation is crucial to restoring homeostasis,
even though it can affect normal physiology, resulting in a
transient decline in tissue function. Inflammation is a double-
edged sword for health. It is helpful for the body in reasonable
amounts (Chang et al., 2018). Meanwhile, it is easy to become
detrimental when of excessive duration or high intensity on
account of its tissue-damaging potential (Habtemariam, 2016).
Thus, it is essential for inflammation to be orchestrated in the
right way. The berberine-containing suture in our study just has
the ability to regulate inflammation, e.g., it can enhance the
inflammation in the early stage and then suppress inflammation
subsequently as well.

Besides, the expression of cytokines is significantly inhibited
throughout the later stages of the inflammatory response by the
berberine-containing suture (Figure 12III). Pro-inflammatory
cytokines, such as TNF-o and IL-1f, play an important role in
activating inflammation. They are fundamental in the incipient
stages of inflammation. Nevertheless, it is harmful if the
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cytokines keep working throughout the course of inflammation.
Blocking the cascade amplification of cytokines in time can
reduce the damage to the tissues caused by inflammation. Lee
et al. also observed that berberine was capable of suppressing
inflammatory agent-induced TNF-o. and IL-1B production in
lung cells (Lee et al.,, 2007). Furthermore, their results showed
that the suppression effect of berberine resulted from the
inhibition of inhibitory ¥B-o phosphorylation and degradation.

Overall, it is interesting that berberine-containing suture is
antibacterial and anti-inflammatory, plus its shape memory
effect, all of which will make it attractive to extend the use of
the suture in a wide range of clinical applications.

CONCLUSIONS

In summary, we report a novel berberine-containing surgical
suture that possesses both antibacterial activity and shape
memory effect to address clinical issues such as SSIs and
difficulty in handling in minimally invasive surgery. The
sutures were fabricated by a facile scalable one-step wet-
spinning strategy, in which natural berberine was incorporated
directly into the spinning solution of shape memory
polyurethane with a T, slightly higher than body temperature,
and then were comprehensively characterized in terms of their
transition temperature, morphology, water contact angles,
mechanical properties, in vitro shape memory effect, drug
release, antibacterial activity, and compatibility. The optimized
fiber was further evaluated by animal studies, and the results
showed that the fiber was capable of shape memory, antibacterial
activity, and anti-inflammation, and thus promote wound

healing. In addition, the mechanism of antibacterial activity
and anti-inflammatory effect was discussed.
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