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ABSTRACT: Infection is a common complication in the process of wound management.
An ideal wound dressing is supposed to reduce or even prevent the infection while
promoting wound healing. A porcine acellular dermal matrix (pADM) has been already
used as a wound dressing in clinic due to its capacity to accelerate wound healing. However,
not only is pure pADM not antibacterial, its mechanical properties are poor. In this study,
an antibacterial pADM with good performance was prepared by adding two natural
products as modifiers, quercetin (QCT) and tea tree oil (TTO). The result of Fourier-
transform infrared (FTIR) proved that the addition of modifiers did not break the natural
triple-helical structure of collagen. Meanwhile, the results of differential scanning
calorimetry (DSC), thermogravimetric analysis (TG), mechanic experiment, and enzymatic
degradation demonstrated that pADM handled with QCT and TTO (termed QCT−
TTO−pADM) had better thermal stability, mechanical strength, and resistance to
enzymatic degradation than pADM. Meanwhile, QCT−TTO−pADM had excellent
antibacterial activity and showed an antibacterial rate of over 80%. Furthermore, in the cytocompatibility analysis, QCT−TTO−
pADM had no side effects on the adhesion, growth, and proliferation of fibroblasts. QCT−TTO−pADM could even accelerate
wound healing more efficiently than pADM and glutaraldehyde-modified pADM (GA-pADM). In conclusion, QCT−TTO−pADM
was a potential antibacterial wound dressing with good performance.

1. INTRODUCTION

Wound infection is the most common and most influential
serious problem after trauma, which not only causes sepsis,
amputation, and other adverse complications but also leads to
death in severe cases. There are often fragments of tissue, dirt,
hair, and necrotic tissue in traumatic wounds, which can lead
to an increased and prolonged wound inflammatory response,
even secondary infection, and ultimately delayed wound
repair.1 After wound cleansing, debridement, and evaluation,
it is particularly important to choose suitable anti-infective
wound dressings. So far, the dressings used for local anti-
infection in the world mainly include silver-containing
dressings, chitosan-based dressings, medical honey dressings,
etc., each of which has its limitations. Silver ions have a broad
spectrum of antibacterial properties. Many commercial wound
dressings containing Ag+ and its compounds have been
developed, such as hydrophilic fiber dressing Aquacel AG.
But silver ions may be toxic, causing structural damage to the
mitochondria and inducing DNA mutations.2 Chitosan-based
dressings also have broad-spectrum antibacterial properties and
good biocompatibility, promoting healing and other physio-
logical activities. Many types of chitosan-based antibacterial
dressings have been developed, such as sponges and hydrogels.
However, their antibacterial activity is a little bit low, and their
molding properties and mechanical properties still need to be
improved. Natural antibacterial agents, such as propolis and

plant agents, can effectively avoid drug resistance and toxicity
and are worth further study.3 Herein, the bioactive porcine
acellular dermal matrix (pADM) was modified with natural
antibacterial agents to achieve the dual purpose of wound
repair and anti-infection.
pADM, mainly comprised by type I collagen, is widely used

as a biomaterial with favorable bioactivity, low antigenicity, and
good biocompatibility. Pabst et al. analyzed the influence of
pADM on endothelial progenitor cells (EPC) in vitro.4 The
result showed that pADM had good biocompatibility with EPC
without any toxicity, which was available for efficient
revascularization.4 The porcine small-intestinal submucosa
(SIS) scaffolds were found to promote the attachment,
proliferation, and differentiation of mesenchymal stem cells
(MSCs) and human umbilical vein endothelial cells
(HUVECs).5,6 Besides, pADM has been proved to be safe
and convenient for in vivo implantation, such as breast
reconstruction and artificial vascular transplantation.7−9
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However, pure pADM cannot resist infection, which is
common in wound management as a wound dressing.10,11

Beyond that, pADM is easy to be broken by mechanical stress
or be degraded by collagenase in vivo, which might cause some
problems. Therefore, it is crucial to develop a high-perform-
ance pADM that even prevents the infection while promoting
wound healing.
Tea tree oil (TTO), extracted fromMelaleuca alternifolia, is a

natural essential oil with broad-spectrum antimicrobial
activity.12−15 TTO consists of a complex mixture of
monoterpenoids, in which terpinen-4-ol contributes largely to
sterilizing.13,16 As a natural antibacterial agent, TTO has been
gradually applied in wound healing and skin care, and it shows
quite high antimicrobial ability.17 Sańchez-Gonzaĺez et al.
developed antimicrobial films by adding bergamot oil, lemon
oil, and tea tree oil into hydroxypropyl methylcellulose films
separately.18 The results showed that TTO exhibited the
highest antimicrobial activity in all film matrices.18 The
addition of TTO might provide pADM with antibacterial
ability, but it does not provide mechanical property.
Cross-linking modification is frequently used to improve the

physicochemical properties of pADM.19−21 However, it causes
several side effects sometimes. For example, common chemical
cross-linking may introduce impurities, which might lead to
decreased biocompatibility and even cytotoxicity.22 To
enhance the mechanical property of wound dressing, some
natural agents, extracted from plants, are considered as cross-
linking agents to avoid cytotoxicity. It was reported that pADM
cross-linked by proanthocyanins had good mechanical proper-
ties, improved thermostability, and no obvious cytotoxicity.23

Quercetin (QCT) is a kind of flavonoid, which exists in
vegetables and other plants in the form of glycosides. QCT has
a unique molecular structure, which is similar to that of
proanthocyanin, with only one additional O atom at four
sites.24 The special structure of quercetin is in relation to the
biological activity, antibacterial effect, oxidation resistance, and
so on.25,26 Research has shown that the heart valve obtained
improved the mechanical property, resistance to enzymatic
degradation after handling QCT.27 Meanwhile, the heart valve
handled with QCT enhanced cell compatibility and strong
anticalcification ability.28

There are few reports about quercetin being used as a
natural cross-linker to modify pADM. In our study, TTO and
QCT were selected to give pADM excellent mechanical and
antibacterial properties at the same time. The thermal stability,
mechanical property, and antibacterial property of materials
were assessed. Besides, the biocompatibility of QCT−TTO−
pADM both in vitro and in vivo was compared with pADM
and glutaraldehyde-modified pADM (GA-pADM).

2. RESULTS AND DISCUSSION

2.1. Fourier-Transform Infrared (FTIR) Analysis. FTIR
was applied to study the chemical functional groups and the
microstructure of QCT−TTO−pADM with different QCT
contents (Figure 1). For pADM, the absorption peak around
1650 cm−1, which was called amide I, was attributed to the
CO stretching vibration, and it can directly reflect the
collagen triple-helix structure.29 Amide I and amide II (1545
cm−1) bands of collagen could directly reflect the secondary
structure of collagen. Amide A band (3410 cm−1) reflected the
stretching vibration of the N−H group30 and hydrogen bonds,
which could stabilize the triple-helical structure of colla-

gen.31,32 Amide B band of 2930 cm−1 was attributed to CH2
asymmetrical stretch.
As shown in Figure 1, the broad region and the enhanced

intensity of about 3410 cm−1 in the presence of QCT and
TTO suggested that the hydrogen bonds might have formed
among pADM, QCT, and TTO. Besides, the main character-
istic peaks of QCT and TTO in the FTIR spectrum
disappeared in QCT−TTO−pADM, suggesting the binding
of QCT and TTO to pADM, which could limit their stretching
and bending vibrations.33,34 Amide I band, amide II band, and
amide III (1235 cm−1) band, especially the amide I band,
could directly reflect the internal arrangement of collagen.32,35

If the triple-helix structure of collagen was destroyed, all of the
characteristic peaks of FTIR would be weakened,36 and the
amide I bands would move to a lower region.30,35,36 Note that
compared with pADM, the amide band, especially the amide I
band, barely changed with the change of QCT content,37

which might suggest that the characteristic triple-helix
structure of collagen remains intact after cross-linking
modification with QCT and TTO. In addition, the character-
istic triple-helix structure is the structural basis of collagen’s
excellent biological properties.38 In a way, the addition of QCT
and TTO almost had no impact on the biological activity of
pADM,39 coinciding with the consequences of in vitro and in
vivo study.

2.2. Thermal Stability Analysis. Thermal denaturation
temperature is an important parameter of the collagen-based
materials, which can reflect the thermal stability of the
materials.29 pADM is formed by weaving collagen fiber
bundles. During the heating process, the intermolecular force
is successively reduced. Subsequently, the triple-helix structure
of collagen is gradually broken through external heating.
Figure 2A shows the differential scanning calorimetry (DSC)

curve of pADM and QCT−TTO−pADM. The denaturation
temperature of pADM was 66.7 °C, higher than that of the
collagen sponge (54.9 °C).29 The thermal denaturation
temperature of QCT−TTO−pADM gradually increased to
80.2 °C with the increase of the QCT dosage. Collagen
peptide chains were constrained by hydrogen bonds, which
were formed between catechol groups of QCT and amino
groups and hydroxyls group of collagen fibers. In conclusion,
the denaturation temperature of the material increased after
cross-linking with QCT.
Thermogravimetric analysis (TG) can be used to detect the

mass change of QCT−TTO−pADM during heating. As is
shown in Figure 2B, the thermal decomposition process of

Figure 1. FTIR images of QCT−TTO−pADM with different QCT
contents, QCT and TTO.
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QCT−TTO−pADM was mainly divided into two stages: the
water content was decreased at first when the temperature was
between 40 and 120 °C. The water loss was caused by the
breakage of hydrogen bonds between combined water and the
collagen fiber, and hydrogen bonds among the triple-helix
structure of collagen.20 The material loss stage at 120−600 °C
was the second stage, mainly caused by the decomposition of
the collagen fibers in pADM.22,40 The mass loss of QCT−
TTO−pADM was lower than pADM at 250−500 °C. In
addition, the weightlessness rate of QCT−TTO−pADM
decreased with the increase of QCT, owing to the formation
of the covalent connection between QCT and collagen. After
being cross-linked with QCT, the collagen fiber bundle in
pADM would become more compact and orderly, eventually
leading to a more stable and firmer three-dimensional
structure. The results of TG analysis were consistent with
the results of DSC in this study. Above all, the QCT−TTO−
pADM had high thermal stability and became more difficult to
decompose under heat.
2.3. Mechanical Characterization. Tensile strength and

elongation at break are important test indexes for the
mechanical properties of materials, and are commonly used
to characterize the ability of materials to resist external forces.
Collagen-based biomedical materials should have a certain
flexibility, tensile strength, and tear resistance in clinical
application, which affects the wound repair of the body.20,41

Therefore, it is particularly important to regulate the
mechanical properties of collagen-based biomaterials,41

especially the strength of pADM has been unable to meet
clinical needs in some biomedical applications.
Figure 3 shows the test results of tensile strength and

elongation at break of pADM cross-linked with different
amounts of QCT and TTO. The tensile strength of QCT−
TTO−pADM increased initially and then declined gradually
with the increase of QCT. This phenomenon also occurred
after the QCT cross-linking of a porcine heart valve matrix.28

When the concentration of QCT was only 5 mg/mL, the
tensile strength of QCT−TTO−pADM was about 2.5 times
that of the pure pADM. The significant increase of the tensile
strength indicated that stable chemical bonds were formed
between QCT, TTO, and collagen molecules,42 making the
arrangement of collagen fibers closer, so as to improve the
overall tensile strength. Along with the gradual increase of
QCT, the tensile strength of QCT−TTO−pADM could reach
to 9.9 MPa, higher than that of pADM treated with dehydro-
thermal treatment and carbodiimide.20 However, after that, the
tensile strength gradually decreased, which may be caused by

the complete consumption of reactive groups in pADM and
the excessive QCT filling among the fibers, which could
disrupt the arrangement of collagen fibers. Its rigid structure
was locally too strong, resulting in stress concentration. When
subjected to external forces, the collagen fibers in the “tight
swelling” state were more likely to fracture.
The proper elongation at break of a collagen-based

biomaterial played an important role in supporting the normal
morphology and biological function of the tissue in some
traumatic body parts that need to maintain tension, such as
skin, dura mater, tendon, etc.43 Compared with pure pADM,
the elongation at break of QCT−TTO−pADM was also
increased at first and then decreased. pADM is composed of
collagen fibers. When the material is deformed by external
forces, the tension is not evenly distributed on the collagen
fibers. The elongation at break increased at the beginning,
probably because of the increase of hydrogen bonds. Unlike
covalent bonds, hydrogen bonds are flexible. They could
promote the formation of a stable interwoven network between
collagen fibers, which made the collagen fibers more resistant
to deformation when being stretched by external forces. With
the dosage of QCT exceeding 5 mg/mL, the collagen fiber
network of QCT−TTO−pADM was woven more closely,
forming a tighter and stronger “rigid structure”, which mainly
leads to a decline in the elongation of the material. When the
fiber was stretched, it tended to gather in a directional way,
which was more likely to lead to concentrated forces and more
difficult to deform, thus reducing the elongation at break.

2.4. Degradation Property Test. Biomedical materials
are expected to resist enzyme in vivo so that tissue can recover
well before it is completely degraded. For further investigation
of the cross-linking effect of QCT on pure pADM, QCT−

Figure 2. Thermal stability analysis: (A) DSC of QCT−TTO−pADM; (B) TG of QCT−TTO−pADM.

Figure 3. Mechanical characterization of QCT−TTO−pADM.
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TTO−pADM was degraded by type I collagenase, which was
specific for collagen degradation and acted directly on the
triple-helix structure of collagen. As is shown in Figure 4,

pADM was degraded by about 75% in 1 day, and decomposed
completely 2 days later. On the contrary, the degradation rate
of QCT−TTO−pADM was much lower. After 4 weeks, the
QCT−TTO−pADM just degraded by 40%. The result proved
that QCT−TTO−pADM could significantly resist the
degradation of type I collagenase. This may be attributed to
the increase of hydrogen bonds between the hydroxyl groups
of QCT and the amino groups of collagen,28 which made the
structure of the collagen microfibers more stable and more
difficult for collagenase to degrade.
2.5. Micromorphology Analysis. pADM is a multilevel

aggregate composed of collagen molecules, fibrils, fibers, and
fiber bundles, with many irregular gaps between the fibers.29

The new chemical bonds between collagen molecules and
fibers could pull the collagen fibers tight, and make the
structure of the material contract slightly and become more
compact. Figure 5 shows the scanning electron microscope
(SEM) images of pADM and QCT−TTO−pADM. It can be
seen from Figure 5a that the collagen fiber bundles in pADM
were stacked layer by layer and then interwoven together.
There were still many gaps interiorly. With the increase of
QCT dosage, pADM collagen fiber gaps gradually became
smaller, and the material looked more compact. It was obvious

that QCT had a significant cross-linking effect on pADM,
which was coincident with the results of FTIR, thermal
stability analysis, and mechanical characterization.

2.6. Contact Angle (CA) Detection. The surface of
biomaterials with good hydrophilicity or moderate hydro-
phobicity is beneficial to cell adhesion and proliferation.44,45

The content of adsorbed water in the biofilm mainly depends
on the three-dimensional pore structure. Besides, the content
of bound water depends on the hydrophilic group of the
material.46 The hydrophilicity of the material was characterized
through the surface contact angle test effectively. The lower the
CA was, the better the hydrophilicity of the material was. The
contact angle of pADM was (113 ± 2)° (Figure 6). The CA

reduced in turn after cross-linking, indicating that the
hydrophilicity of pADM was significantly improved after
cross-linking. The hydroxyl and other hydrophilic groups
may be increased with the addition of QCT. Compared with
the QCT-pADM, the hydrophilicity of the QCT−TTO−
pADM was slightly decreased, owing to that TTO probably
brought hydrophobic groups such as hydrocarbon groups. In
general, the hydrophilic performance of pADM could still be
improved through combined modification of QCT and TTO.

2.7. Antibacterial Properties. Biomedical materials
should have antimicrobial properties to prevent wound
infection. In this research, TTO, a natural antibacterial agent,
was used to provide defenses against bacteria. Figure 7 exhibits

Figure 4. Resistance to the degradation of QCT−TTO−pADM.

Figure 5. SEM micrographs of QCT−TTO−pADM (×500) (a) pADM, (b) QCT−TTO−pADM-1, (c) QCT−TTO−pADM-2.5, (d) QCT−
TTO−pADM-5, (e) QCT−TTO−pADM-10, and (f) QCT−TTO−pADM-20.

Figure 6. WCA of QCT-pADM films with different dosages of QCT.
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that the bacteriostatic rate of QCT−TTO−pADM both on
Staphylococcus aureus and Escherichia coli was excellent, which
could be up to 80%. Obviously, the introduction of TTO
resulted in the high antibacterial rate, and the addition of QCT
hardly affected the antibacterial rate. The main bactericidal
ingredient, such as terpinen-4-ol, entered into the gaps of
pADM, might cross-link with collagen fibers by hydrogen
bonds, eventually made pADM antibacterial. Some studies
have shown that the TTO components can destroy the bilayer
structure of the microbial cell membrane, which resulted in a
large release of cell fluid.47 In addition, some components of
TTO could induce bioenzyme to degrade the cell wall, leading
to cell autolysis and finally to death.48 The specific
antimicrobial pathways of TTO on pADM deserve further
study in future work.
2.8. Cytocompatibility Analysis. The 3-(4,5-Dimethylth-

iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method is
often used to evaluate cell survival and proliferation in vitro.
The succinate dehydrogenase of the mitochondria in living
cells can reduce MTT to form formazan, a blue-purple crystal
insoluble in water. No succinate dehydrogenase can form
formazan in dead cells. Thus, the mass of formazan is
proportional to the number of living cells.49 The absorbance of
the dimethyl sulfoxide solution with formazan is determined by
microplate microscopy. The cytotoxicity of QCT−TTO−
pADM is determined by an MTT assay. In this study, mouse
L929 cells were cultured in the QCT−TTO−pADM extract
with different dosages for 1, 3, and 5 days by the MTT
method. The optical density (OD) values of all of the cells on
the materials increased (Figure 8A), indicating that cells were
proliferating normally. At the same time, the relative growth
rate (RGR) of cells showed a declining trend with the addition
of QCT, but the RGR still remained higher than 75%. Type I
collagen was the main component of pADM, which
contributed greatly to cell adhesion, growth, and proliferation.
It could be seen from Figure 8B that the fibroblast was in a
good growth state with a long spindle shape. It turned out that
QCT−TTO−pADM had weak cytotoxicity, meeting the
requirements of biomaterials for cellular compatibility.
2.9. Cell Affinity and Wound Healing. When the

concentration of QCT was 5 mg/mL, the QCT−TTO−
pADM was flexible enough while maintaining high strength
and a high antibacterial rate. This antibacterial dressing with
high strength and flexibility had the potential for some specific
clinical applications. To verify its ability to promote wound
repair and prevent infection, the biocompatibility of pADM,
QCT−TTO−pADM, and pADM treated with 5% glutaralde-

hyde (GA-pADM) was investigated. The animal model of skin
trauma in Sprague Dawley rats (SD rats) was selected to
investigate the effect between QCT−TTO−pADM (cross-
linked pADM when the concentration of QCT was 5 mg/mL)
and wound through wound healing observation, histology
observation, and immunohistochemical analysis.50

Figure 9 shows the wound healing observation and wound
residual area of the three groups. After 1 week, the wound
contraction of the three groups decreased. The wound residual
area of QCT−TTO−pADM group even reduced by 65%,
much faster than other groups. There was no obvious
exudation and pus around the wound, which was only covered
with some blood scab. After 2 weeks, the wound area of each
group was further reduced. The wound in group c was already
very small, and the unhealed area was accounted for 23.41 ±
4.57% of that at the beginning.51 However, the residual wound
areas in groups a, b, and the blank control group were still
more than 50%. Three weeks later, the wounds in each group
healed well. The wound handled with QCT−TTO−pADM
approached complete healing. The skin color was close to the
surrounding healthy skin, but there was almost no hair
growth.52 It could be observed visually that QCT−TTO−
pADM had good biocompatibility and had positive influence
on wound healing of full-thickness skin defect on SD rats.
Figures 10 and 11 show the haematoxylin−eosin staining

(HE) and Masson staining of the blank control group and
three groups of materials for repairing full-thickness skin
defects in SD rats. It can be seen from the figures, typical
granulation tissue appeared in each group, with fibroblasts and
capillaries emerging in the first week. There were fewer
inflammatory cells in trauma. In group a, the wound structure
was loose, disordered, and had fewer regenerated collagen
fibers. However, dense collagen could be seen in the other
three groups. After 2 weeks, the wound area had fewer
inflammatory cells and more capillaries and collagen fibers.

Figure 7. Antibacterial effect of QCT−TTO−pADM against E. coli
and S. aureus.

Figure 8. (A) Proliferation of L929 fibroblasts cultured in the
extraction liquid of pADM and QCT−TTO−pADM; (B) morphol-
ogy images of L929 fibroblasts for 3 days.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c01940
ACS Omega 2020, 5, 20238−20249

20242

https://pubs.acs.org/doi/10.1021/acsomega.0c01940?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01940?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01940?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01940?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01940?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01940?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01940?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01940?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01940?ref=pdf


The fiber bundles in the area became thicker and intertwined
into a network. At the same time, the proliferation of epidermis
cells and keratinocytes around the wound promoted the
formation of the epidermis. The collagen fibers in QCT−
TTO−pADM group were more compact by contrast. After 3
weeks, the formation of the epithelium in QCT−TTO−pADM
group was more robust than that of the blank, while the
collagen fibrils of the GA-pADM group were looser.53 In
QCT−TTO−pADM group, the surface layer of new-born skin
was thicker and the weaving of dermis fibers was closer than
others. Overall, QCT−TTO−pADM demonstrated high-
efficiency in wound healing.
The wound healing process of the body is complex. The

ability of healing, neovascularization, and regeneration of each
material can be reflected by the specific expression of a vascular

endothelial growth factor (VEGF), a platelet-derived growth
factor (PDGF), and a basic fibroblast growth factor (bFGF) in
the process of skin wound healing.54,55

Figures 12 and 13 show VEGF, PDGF, and bFGF
immunohistology results of three groups of materials for
repairing full-thickness skin defects in SD rats. After 1 week,
the positive expression of VEGF in each group was weak,
indicating that VEGF could provide nutrition for granulation
tissue and promote capillary formation in the early stage of
wound repair.56 Two weeks later, the positive expression of the
growth factor in QCT−TTO−pADM group was significantly
higher than that in the blank group57 and a little higher than
that of GA-pADM group and pADM group. QCT−TTO−
pADM had good antibacterial property, biocompatibility, and
the ability to feedback and regulated the growth of cells and

Figure 9. (A) Image of the wound treated with materials (a) GA-pADM group, (b) pADM group, (c) QCT−TTO−pADM group; (a0, b0, c0) 0
week; (a1, b1, c1) 1 week; (a2, b2, c2) 2 weeks; (a3, b3, c3) 3 weeks and (B) quantification of the wound residual area.

Figure 10. HE staining of wound areas treated with four kinds collagen-based scaffolds (a) blank group, (b) GA-pADM group, (c) pADM group,
(d) QCT−TTO−pADM group; (a1, b1, c1, d1) 1 week; (a2, b2, c2, d2) 2 weeks; (a3, b3, c3, d3) 3 weeks.
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Figure 11. Masson staining of wound areas treated with three kinds collagen-based scaffolds (a) blank group, (b) GA-pADM group, (c) pADM
group, (d) QCT−TTO−pADM group; (a1, b1, c1, d1) 1 week; (a2, b2, c2, d2) 2 weeks; (a3, b3, c3, d3) 3 weeks.

Figure 12. VEGF immunohistochemical analysis of wound areas treated with three kinds collagen-based scaffolds (a) blank group, (b) GA-pADM
group, (c) pADM group, (d) QCT−TTO−pADM group; (a1, b1, c1, d1) 1 week; (a2, b2, c2, d2) 2 weeks; (a3, b3, c3, d3) 3 weeks.
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Figure 13. PDGF immunohistochemical analysis of wound areas treated with three kinds collagen-based scaffolds (a) blank group, (b) GA-pADM
group, (c) pADM group, (d) QCT−TTO−pADM group; (a1, b1, c1, d1) 1 week; (a2, b2, c2, d2) 2 weeks; (a3, b3, c3, d3) 3 weeks.

Figure 14. bFGF immunohistochemical analysis of wound areas treated with four kinds collagen-based scaffolds (a) blank group, (b) GA-pADM
group, (c) pADM group, (d) QCT−TTO−pADM group; (a1, b1, c1, d1) 1 week; (a2, b2, c2, d2) 2 weeks; (a3, b3, c3, d3) 3 weeks.
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tissues. However, glutaraldehyde may introduce some toxicity
to materials, which may cause poor biocompatibility. After 3
weeks, the positive expression of PDGF was found in hair
follicles and epidermis cells in the dermis, indicating that
PDGF had the potential to promote the proliferation and
growth of epithelium.58 As shown in Figure 14, the expression
of bFGF was positive in the whole process of wound healing.
In the first week of wound healing, bFGF may be related to the
formation of wound capillaries and the growth of fibroblasts.59

In the second week of wound healing, bFGF appeared in the
new epidermis, which revealed that bFGF might have the
ability to promote the proliferation and regeneration of
epidermis cells. At the third week of wound healing, the
expression of bFGF was much higher, which may be related to
the proliferation of scar tissue and the formation of small
vessels in the dermis.
In conclusion, QCT−TTO−pADM was able to promote the

expression of bFGF, VEGF, and PDGF in the process of skin
wound healing, and it was superior to GA-pADM and pADM
in wound healing.

3. CONCLUSIONS

By adding natural plant antimicrobial TTO, pADM was given
excellent antibacterial property. The thermal stability, mechan-
ical properties, resistance to enzyme, and hydrophilicity of
pADM were totally improved by adding the natural cross-
linking agent QCT. It was proved that QCT−TTO−pADM
had good biocompatibility in vitro and in vivo and could
effectively promote wound repair and even prevent the
infection. In conclusion, it was confirmed that QCT and
TTO could be used extensively in the modification of medical
collagen materials, which provided a method for producing an
antibacterial medical material with good performance.

4. MATERIALS AND METHODS

4.1. Materials. pADM was prepared strictly according to
our previous work and patent ZL200410022506.9.53 QCT and
TTO were obtained from Sinopharm Group Co., Ltd
(Shanghai, China). Bacterial collagenase type I was obtained
from Sigma-Aldrich (St. Louis, MO). Calf serum was
purchased from Shanghai Fumeng Gene Biotechnology co.,
Ltd (Shanghai, China). Mouse fibroblast L929 was supplied by
Shanghai Bioleaf Biotech Co., Ltd (Shanghai, China). RPMI
1640 medium, antibiotic solution, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, and trypsin were purchased
from Thermo Fisher Scientific Inc (Beijing, China). Other
chemicals and reagents were purchased from Kelong Chemical
Reagent Co., Ltd. (Chengdu, China), if not specifically
mentioned.
4.2. Treatment of pADM. At first, 400 mg of QCT was

dissolved in 20 mL of ethanol. A homogeneous solution was
obtained after ultrasonic treatment for 15 min. Subsequently,
different amounts of the QCT solution were respectively
added to achieve concentrations of 1, 2.5, 5, 10, and 20. Then,
2 g of pADM and TTO (25% w/w, the dosage has been
optimized in our previous work) were added into the solution.
After that, under the condition of continuous shaking at 37 °C,
cross-linking was performed for 24 h. Finally, each sample was
washed using ultrapure water for five times, and then
lyophilized before testing.53 GA-pADM was used as the
control during in vivo evaluation.

4.3. FTIR Spectroscopy. Samples (2 mg) were ground
with 100 mg of potassium bromide (KBr) and then
compressed into a flake. FTIR spectra of the materials were
collected by an FTIR spectrometer (MAGNA IR560, Nicolet,
America) in the range of 4000−400 cm−1 at 25 °C. The
scanning rate was set at 32 scans per spectrum.

4.4. DSC Analysis. The thermal denaturation temperature
of pADM and QCT−TTO−pADM was determined by a
differential scanning calorimeter (DSC-200PC PHOX,
Netzsch, Germany) equipped with the Netzsch Proteus
analysis software.60 Using an empty pan as a reference, 5 mg
of samples were sealed in the aluminum pans and further
scanned under a nitrogen flow of 60 mL/min. The temperature
went from 10 to 120 °C. The heating rate was set at 10 °C/
min

4.5. TG Analysis. pADM and QCT−TTO−pADM
(approximately 5 mg) were, respectively, tested on a
thermogravimetric analyzer (Netzsch TG 209, Germany) to
record the mass change of materials, heated from 50 to 800 °C
at a heating rate of 20 °C/min. The test was taken under a
nitrogen atmosphere.

4.6. Mechanical Characterization. After 48 h of air
adjustment, the tensile strength and elongation at break of the
rectangular samples were measured by a universal testing
machine (GT-AI-7000S, Gotech, China) at a rate of 100 mm/
min. Each set of data consisted of three parallel samples.

4.7. In Vitro Enzymatic Degradation. Dry pADM
materials were cut into square pieces and weighed (denoted
as W1). Five milliliters collagenase type I/PBS solution (5 U/
mL, 3 mL/mg sample) was, respectively, added to each group
for 28 days at 37 °C. The solution was changed every other
day. On days 1, 2, 5, 9, 13, 20, and 28, the materials were
removed from the solution, washed five times with distilled
water, then lyophilized, and weighed (W2). The degradation
rate was calculated by the following equation61

= [ − ] ×W W Wdegradation rate (%) ( )/ 100%1 2 1 (1)

4.8. Micromorphology Analysis. A certain amount of
QCT−TTO−pADM was taken, dipped in liquid nitrogen, and
then broken off. The section was treated with gold spraying.
The samples were placed under a scanning electron micro-
scope (SEM, Hitachi model S520, Japan) under the condition
of 20 kV acceleration voltage for magnified observation.

4.9. Contact Angle (CA) Detection. A video contact
angle tester (OCA-H200, Data-physics, Germany) was used to
detect the hydrophilicity of pADM and QCT−TTO−pADM.
At least five different surface areas were measured for each
sample. Finally, the average contact angle was obtained.

4.10. Bactericidal Activity Tests. In this research, the
samples were handled with S. aureus (gram-positive bacteria)
and E. coli (gram-negative bacteria) to evaluate the bactericidal
activity.
All of the samples were irradiated under 60Co irradiation in

advance. A bacterial suspension with the concentration of 105

CFU/mL was prepared to evaluate the bacteria-killing ratio.62

The bacteria-killing ratio was tested by incubating bacteria for
48 h and then counting live bacteria according to a dilution-
plate method.61 The live bacteria number of the control group
was designated as N0 and that of the samples was designated as
Nsample. The antibacterial rates of the materials were calculated
by the following equation63

= − ×N N Nantibacterial rate (%) ( ) 100% /0 sample 0 (2)
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4.11. Cytocompatibility Studies. The cytotoxicity of the
materials was determined by the MTT method.64 Cells were
seeded onto samples at a density of 1 × 104 per milliliter, and
then incubated for 1, 3, and 5 days. The optical density (OD)
was measured with a microplate reader (model 550, Bio Rad
Corp., America) at a wavelength of 492 nm.60 The states of the
mouse fibroblast L929 on different samples were analyzed by
an inverted optical microscope. The relative growth rate
(RGR) of the materials was calculated by the eq 3

=

×

RGR (%) (the OD value of samples

/the OD value of control) 100% (3)

4.12. In Vivo Study. The animal experiments of this
project were completed in the Animal Experiment Center of
Sichuan University. All animals were handled according to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 8023, revised
1978). All operations on animals were approved by the
Sichuan University Animal Care and Use Committee.
Thirty SD rats weighing 300−500 g were taken and divided

into three groups (pADM group, GA-pADM group, and
QCT−TTO−pADM group). After anesthesia, the rats were
shaved and disinfected. Full-thickness skin wounds of 1 cm × 2
cm were made on each side of the rat spine. Then, all samples
were applied on the right side of the injury while nothing was
on left as a control group. After operation, the rats were sent to
animal house for single cage feeding freely. The SD rats were
given penicillin injections for every 3 days. The activity of rats
and wound dressing were observed every day. The rats were
killed in batches at 1, 2, or 3 weeks after operation. The
wounds and peripheral tissues were washed with normal saline
and fixed in paraformaldehyde for 2 days, then handled with
alcohol gradient dehydration. Finally, tissues were embedded
in paraffin for histopathological staining and observation.
4.13. Statistics. Statistical analysis of MTT results was

handled on SPSS 19.0. A value corresponding to *p < 0.05 was
considered as statistically significant.
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