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A B S T R A C T

Bacteria can encapsulate themselves in a self-generated matrix of hydrated extracellular polymeric substances 
such as polysaccharides, proteins, and nucleic acids, thereby forming bacterial biofilm infections. These biofilms 
are drug resistant and will diminish the efficacy of antimicrobial agents, rendering treatment of such infections 
challenging. Herein, an innovative strategy is proposed to synergistically degrade bacterial biofilms and eradi
cate the entrapped bacteria through integrating α-amylase (α-Amy), shikonin (SK) and epigallocatechin gallate 
(EGCG) within an emulsion. The natural protein α-Amy is deployed to enzymatically hydrolyze the poly
saccharide of biofilms. Due to the amphipilic properties of α-Amy and the cross-linking capability of EGCG, the 
formed α-Amy/SK@EGCG emulsion possess high stability. SK was encapsulated within the emulsion through 
ultrasound-assisted assembly, targeting to treat bacterial infection after biofilm degradation. In vitro and in vivo 
experiments demonstrate that the polyphenol-protein stabilized emulsion loaded with antibacterial SK achieves 
profound penetration into the biofilms due to the extracellular polysaccharide hydrolysis mediated by α-Amy. As 
a result, the α-Amy/SK@EGCG emulsion can significantly alleviate inflammation symptoms and accelerate the 
healing process of biofilm-infected wounds. This study provides a promising therapeutic strategy for the 
development of novel materials aimed for the enhanced treatment of bacterial biofilm infections.

1. Introduction

The antibiotic resistant properties of bacterial biofilms have posed a 
significant threat to public health [1]. These biofilms assembled by 
bacteria communities adhere to the surface of wound tissues, making 
them hardly to be treated. The bacteria are encased in a self-generated 
matrix of hydrated extracellular polymeric substances (EPS), which 
are comprised of polysaccharides, DNA, proteins, and lipids, accounting 
for more than 90 % of the biofilm’s dry weight [2]. These biopolymers in 
EPS would form a three-dimensional network to envelop the bacteria 
and act as a protective barrier [3]. This barrier not only impedes the 
penetration of antimicrobial agents, but also increases biofilm resistance 
to antibiotics by up to 1000-fold compared to the planktonic bacteria. 
Various wounds, such as surgical wounds, burn wounds, diabetic foot 

and mouth ulcers, offer a nutrient-rich environment that is conducive to 
biofilm formation and growth, thereby increasing the risk of biofilm- 
associated infections [4]. The presence of biofilm would significantly 
impede wound healing, leading to chronic infections and even life- 
threatening conditions [5]. Consequently, bacterial biofilms with high 
drug resistance have emerged as a critical public health challenge in the 
21st century [6–9]. In this sense, the development of effective strategies 
for the degradation of bacterial EPS is paramount for optimal drug de
livery [4,10,11].

The primary methodologies for biofilm degradation are physical 
removal and chemical dissolution. Physical removal needs to peel the 
biofilm off from the wound by mechanical force, which requires 
repeated debridement and carries the risk of wound recurrence due to 
residual biofilm [12]. In contrast, chemical dissolution typically 
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employs nanomaterials (e.g. nanoparticles, polymers and liposomes) to 
encapsulate antibiotics and degrade biofilms [12–16]. However, the 
presence of the EPS matrix restrict the penetration of these nano
medicines, leading to unsatisfactory therapeutic effect [17]. The thera
peutic effect can be improved by applying external conditions, such as 
photothermal therapy, electrical stimulation, and ultrasound, but they 
inevitably cause non-specific damage to healthy tissue [18–21]. A 
promising therapeutic strategy to counteract bacterial biofilms is tar
geting the disruption of key EPS components to increase the suscepti
bility of biofilms to antibiotics [9]. In this regard, the α-amylase (α-Amy) 
enzyme has demonstrated potential as a high-performance biofilm 
degradation agent, which can effectively hydrolyze exopolysaccharides 
that contains α-1,4-glucosidic bonds to oligosaccharides [22,23]. 
Research by Tzanko et al. has showed that α-Amy can effectively break 
down polysaccharide component of EPS, disrupting the biofilms of 
S. aureus and P. aeruginosa, and subsequently enhancing the effective
ness of antibiotics [24,25].

Over the decades, antibiotics have played vital role in eliminating 
infectious bacterial biofilms. However, the escalating usage of antibi
otics, together with the employment of inappropriate antibiotics, which 
may lead to the spread of antibiotic-resistant bacteria, have already 
posed a significant threat to the public health [26–28]. In this sense, the 
development of alternative treatments for bacterial biofilm infection 
that do not involve the use of antibiotic is of great interest. Shikonin 
(SK), extracted from the roots of plants in the Boraginaceae family (such 
as lithospermum erythrorhizon), is a purplish-red natural molecule 
derived from naphthoquinone. Its derivatives and nano-formulations 
have significant bioactive properties, such as antioxidant, anti- 
inflammatory and antibacterial activities. Hence, SK has been widely 
applied in the treatment of several health issues, including breast cancer, 
colon cancer, injuries (such as burns and cuts), and others [29,30]. Due 
to the excellent antibacterial activity against Gram-positive bacteria 
(such as S. aureus), SK emerges as a promising alternative therapy for 
bacteria-infected burn wounds [31,32]. In this context, SK works by 
modulating the bacteria adhesion to peptidoglycan and compromising 
the integrity of cell membranes. However, the use of SK in biomedical 
field is constrained by certain critical challenges, such as the limited 
water solubility and low stability [32]. Consequently, it is necessary to 
develop drug delivery systems that can enhance the bioactivity, stabil
ity, and bioavailability of SK. To address these limitations, oil-in-water 
(O/W) emulsions have been applied for hydrophobic drugs delivery 
[33,34]. The emulsion serves as a protective vehicle for drugs encap
sulated within its oil phase, protecting them from the harsh external 
environment and imparting a sustained-release effect, thereby the 
bioavailability of the encapsulated drug was enhanced [35–37]. More
over, natural amphiphilic proteins can be utilized as emulsifiers in place 
of traditional surfactants, providing stabilization to O/W emulsions 
[38,39]. These proteins exhibit several distinct advantages, including 
environment friendly, biodegradable, minimal toxic to human body, and 
biocompatible [40,41].

Herein, the SK-loaded emulsions stabilized by α-Amy and epi
gallocatechin gallate (EGCG) (α-Amy/SK@EGCG) were reported 
through sono-assembly, aiming for the degradation of bacterial biofilms 
and eradication of bacteria in wound infections. Compared to traditional 
methods (mechanical agitation), the emulsions prepared by ultrasound 
have a smaller and more homogeneous particle size distribution due to 
the strong shear force generated during the ultrasonication process in a 
short time. It can also improve the solubility and adsorption efficiency of 
surfactants at the interface [42]. The emulsification process was facili
tated by employing α-Amy solution as the continuous phase, and SK 
dissolved in isopropyl myristate (IPM) serving as the dispersed phase. 
The rationale for selecting the specific oil phase is that, IPM is an ester- 
based oil that is widely utilized in pharmaceutical and cosmetic for
mulations. Characterized by low viscosity and high spreadability, IPM 
facilitates the uniform distribution of active ingredients (e.g. SK) within 
formulations. Furthermore, IPM is known for its remarkable skin 

penetration enhancement properties, which has the potential for 
improving transdermal delivery of emulsions into skin tissues [43,44]. 
The α-Amy/SK@EGCG emulsion was prepared through ultrasonication 
and stabilized by a polyphenol (viz. EGCG) that cross-linked with α-Amy 
at the oil–water interface. The general procedures for emulsification and 
wound treatment are shown in Scheme 1. The enhanced emulsion sta
bility of α-Amy/SK@EGCG was attributed to non-covalent bonding in
teractions (including hydrogen bonding, hydrophobic and electrostatic 
interactions) between polyphenols and proteins. The α-Amy could 
effectively enhance drug penetration permeation within the wound 
environment. EGCG not only stabilized the protein–polyphenol emul
sion through its cross-linking with α-Amy, but also exerts antimicrobial 
activity which can play synergistic effect with SK during the treatment. 
This study demonstrates the effectiveness of polyphenol-protein emul
sion in biofilm degradation and drug penetration, which is crucial for 
improving bacterial inactivation and promoting wound healing.

2. Results and discussion

2.1. Preparation and characterization of α-Amy/SK@EGCG emulsions

Protein-polyphenol stabilized emulsions were prepared by 
ultrasound-assisted emulsification. An α-Amy solution in PBS was used 
as the emulsifier, and a SK solution in IPM was used as the oil phase. The 
mixture was emulsified with an ultrasound probe at 150 W. The inter
action between ultrasonic waves and bubbles in a liquid generates 
acoustic cavitation. When acoustic cavitation bubbles collapse, strong 
shear forces are generated, which are responsible for the emulsification 
process. The ultrasonically generated emulsion was further homoge
nized by using a high-pressure homogenizer to obtain droplets with 
uniform size. Subsequently, the polyphenol EGCG was introduced to 
cross-link with the protein at the droplet surface, thereby enhancing the 
stability of the emulsion. Optical microscopy (Fig. 1a) and TEM (Fig. 1b) 
images showed the good dispersibility of the droplets, which proved the 
successful formation of emulsions.

The hydrodynamic diameter of emulsion droplets was ~310 nm 
(Fig. 1c) with a ζ-potential of − 21.0 ± 1.0 mV (Fig. S1). The zeta- 
potential of the emulsions indicates moderate electrostatic stabiliza
tion of the α-Amy/SK@EGCG emulsion. Even though the zeta potential 
has less effect on the penetration of our emulsion on bacterial biofilms, 
the nanoscale emulsion facilitates its penetration into the biofilm and 
disrupts the bacterial biofilm through an enzyme-catalyzed reaction. 
The size of the α-Amy/SK@EGCG emulsion could be tuned from 331.2 
nm to 2147.7 nm by adjusting the ultrasonication time (Fig. S2). In 
addition, the ultrasonication time can also be used to tune capsule size 
from 947.2 nm to 331.2 nm (Fig. S3). In order to improve the 
bioavailability of the emulsion, we therefore chose a power of 150 W 
and a sonication time of 2 min for the preparation of the emulsion. In 
order to investigate the crosslinking of α-Amy/SK@EGCG, FTIR spectra 
of the EGCG powder, α-Amy powder, and α-Amy/SK@EGCG powder 
were examined (Fig. S4). The broad characteristic peak of α-Amy at 
3406 cm− 1 was assigned to the N–H stretching vibrations. The peak at 
2926 cm− 1 was correspond to the C–H stretching vibration. The peaks at 
1530 cm− 1 were attributed to the carboxy group and carboxymethyl 
group. The vibration modes found at 1650 cm− 1 and the region between 
1530 cm− 1 correspond to amides I and II. For EGCG, the broad band at 
3356 cm− 1 and the intense peak at 1692 cm− 1 were ascribed to the O–H 
stretching vibration and the C––O stretching vibration, respectively. The 
absorption band around 1618 cm− 1, 1534 cm− 1, and 1456 cm− 1 was 
assigned to the aromatics ring. The spectrum of the α-Amy/SK@EGCG 
included all of the characteristic peaks of α-Amy and EGCG, proving the 
presence of both components. However, the broadening peaks of O–H 
shift from 3406 to 3340 cm− 1 and the weakening of the amide I band 
peak at 1650 cm− 1 indicates that the α-Amy/SK@EGCG emulsion was 
formed by the hydrogen bonding interaction between α-Amy and EGCG. 
Meanwhile, the C––O stretching vibration of EGCG shifts from 1692 
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cm− 1 to 1688 cm− 1, which also indicates the crosslinking of α-Amy and 
EGCG. To further study the emulsion structure, large-sized emulsions 
were prepared by lowering the power of ultrasound. For this purpose, 
the aqueous and oil phases were dyed. From the CLSM images (Fig. 1d), 
it can be observed that the α-Amy protein (green) was distributed at the 
interface between the aqueous and oil phases, while IPM (red) was 
distributed inside the droplets, indicating that α-Amy was evenly 
distributed at the surface of the emulsion droplets. Furthermore, the 
stability of the emulsions was study by monitoring the changes in 
droplet size over a 7 day, The average droplet diameter increased 

slightly which is attributed to the Ostwald ripening. After the initial 
adjustment, the droplet size remained stable throughout the 7 day 
period (Fig. S5). This indicates that the emulsion system reached a dy
namic equilibrium, and the interfacial film formed by α-amylase and 
EGCG through hydrogen bonding effectively prevented further coales
cence or phase separation. As for effect of ultrasonic parameters on 
emulsion stability, phase separation and sedimentation were monitored 
visually and quantitatively after 5 day of storge. At low power (30–100 
W)，phase separation occurred after 5 day of storge. (Fig. S3b), attrib
uted to insufficient energy input to fully disrupt oil/water interfaces. 

Scheme 1. The schematic diagram of the preparation process of α-Amy/SK@EGCG emulsion and the degradation of biofilms in wounds.

Fig. 1. (a) Optical microscopy of α-Amy/SK@EGCG emulsion and visual aspect of the emulsion (inset). Scale bar is 20 μm. (b) TEM image of α-Amy/SK@EGCG 
emulsion. Scale bar is 500 nm. (c) Hydrated diameter distribution profiles of α-Amy/SK@EGCG emulsion droplets measured in water. (d) CLSM images of Nile red- 
labeled IPM and FITC-labeled α-Amy in the emulsion. Scale bars are 10 μm. (e) Reducing sugar concentration after in vitro treatment of polysaccharides with the 
α-Amy/SK@EGCG emulsion.
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However, no phase separation or sedimentation was observed for the 
emulsions prepared at 150 W. At 150 W, the acoustic cavitation 
generated sufficient shear forces to break droplets into nanoscale sizes 
while maintaining emulsifier (α-Amy) integrity. Furthermore, the 
encapsulation efficiency of SK in the α-Amy/SK@EGCG emulsion was 
found to be 97 ± 0.57 % as determined by HPLC (Fig. S6). In this regard, 
it was observed that the hydrophobic SK was efficiently encapsulated in 
the O/W emulsion.

Considering the α-Amy enzyme is efficient in degrading poly
saccharide into monosaccharide, the degradation ability of α-Amy/ 
SK@EGCG emulsion into EPS in vitro was evaluated by a DNS (3,5- 
dinitrosalicylic acid) method. We investigated in vitro the ability of 
Amy/SK@EGCG emulsion to degrade several model exopolysaccharides 
including dextran, hyaluronic acid (HA), carboxymethyl chitosan 
(CMCS) and sodium alginate (SA) (Fig. 1e). The α-Amy/SK@EGCG 
emulsion effectively hydrolyzed the α-1,4-glucosidic bonds within HA, 
yielding a significant quantity of reducing sugar (7.4 ± 0.21 μg/U, 
equivalent to glucose). In contrast, the content of reducing sugar for 
dextran, CMCS and SA after treatment with the emulsion were 6.1 ±
0.06 μg/U, 5.6 ± 0.21 μg/U and 5.8 ± 0.18 μg/U, respectively, which 
were less pronounced than HA. These findings suggest that the α-Amy 
dispersed at the oil–water interface of α-Amy/SK@EGCG emulsion 
possess an enhanced degradation capability for the EPS mimics. 
Consequently, the bacteria in the biofilm could be easily exposed to 
antimicrobial agents, facilitating deeper penetration and more effective 
eradication of biofilm.

2.2. In vitro anti-biofilm activity

Based on the enhanced degradation ability to EPS mimics, the 
α-Amy/SK@EGCG emulsion was expected to have the potential of 
eradicating biofilms (Fig. 2a). The CLSM images showed that the 
S. aureus bacterial film reached a thickness of approximately 10 μm for 
the control group (PBS treatment) without any significant bacterial 
mortality (Fig. 2b). The group treated with CaS/SK@EGCG(casein 

sodium (CaS) as the control which does not possess enzymatic catalytic 
ability) also showed a relatively thick S. aureus biofilm (8 μm) and 
almost no bacterial death, which indicated that SK could not sufficiently 
penetrate the biofilm to kill the bacteria. Interestingly, the biofilm 
treated with the α-Amy@EGCG emulsion was disrupted and a significant 
amount of the bacteria died. This can be ascribed to the degradation 
ability of α-Amy to EPS matrix barrier, while the presence of EGCG 
contributes to its antibacterial ability, resulting in partial disruption of 
the biofilm. Compared with the above groups, the biofilm thickness was 
significantly reduced and a large number of bacteria died after treatment 
with α-Amy/SK@EGCG emulsion. The results confirmed that α-Amy 
played an indispensable role in degrading biofilms, while EGCG and SK 
could effectively penetrate into the matrix and synergistically achieve a 
remarkable antibacterial effect.

The inhibitory effect of the emulsions on S. aureus biofilm formation 
can be quantitatively assessed by crystal violet staining. As shown in 
Fig. 3a, the biofilm eradication efficacy of the emulsion was evaluated 
by measuring the biomass of biofilm with crystal violet staining 
methods. In this sense, the PBS group and CaS/SK@EGCG treated group 
were of the least affected, while the α-Amy/SK@EGCG treatment 
resulted in a significantly reduced color intensity, indicating a dimin
ished biofilm formation. As shown in Fig. 3b, α-Amy/SK@EGCG emul
sion treatment could significantly inhibit biofilm formation of S. aureus 
in comparison to the other three treatments, resulting in a 74 % 
reduction of biofilm formation when compared with the control treat
ment. Therefore, the α-Amy/SK@EGCG emulsion was effective in 
eradicating bacterial biofilm.

In order to further analyze the microstructural changes of biofilm 
after the treatment with Amy/SK@EGCG emulsion, a morphological 
analysis of the remaining biofilm was performed by SEM. In the PBS 
(control) group, the S. aureus accumulated to form a dense biofilm, 
which can be clearly seen in Fig. 3c. The morphology of the bacteria 
treated with α-Amy/SK@EGCG is significantly different from the PBS 
group, as the biofilms were almost completely dispersed in the SEM 
images. Besides, some bacteria ruptured and collapsed in the control 

Fig. 2. (a) Schematic diagram for the degradation process of bacterial biofilm. α-Amylase catalyzes the conversion of polysaccharides within the extracellular matrix 
of bacterial biofilms into monosaccharides (glucose) to degrade EPS matrix barrier, thereby EGCG and SK could effectively penetrate into the matrix, inducing 
effectively eradicating bacteria. (b) CLSM images of biofilms treated with PBS, CaS/SK@EGCG, α-Amy@EGCG, or α-Amy/SK@EGCG emulsions, respectively. Scale 
bars are 50 μm.
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group, which also proves that α-Amy/SK@EGCG emulsion could effec
tively degrade the S. aureus biofilm.

While for the bactericidal performance, it can be observed that the 
treatment effectiveness of α-Amy@EGCG and α-Amy/SK@EGCG emul
sions was higher than CaS/SK@EGCG emulsions (when compared with 
PBS group). Since there were almost no colonies observed after treat
ment, α-Amy/SK@EGCG is considered as the most effective for bacterial 
biofilm eradication (Fig. 3d). The bacterial growth rate of CaS/ 
SK@EGCG (5.49 ± 0.012 CFU/mm2) or α-Amy@EGCG (5.02 ± 0.024 

CFU/mm2) emulsions treated group only showed a slight drop in com
parison with the PBS group (5.49 ± 0.018 CFU/mm2, Fig. 3e). However, 
the α-Amy/SK@EGCG group showed significantly better bacteriostatic 
effect to S. aureus (bacterial growth rate of 3.12 ± 0.156 CFU/mm2) due 
to the combined action of SK and EGCG. The α-Amy-catalyzed the 
degradation of EPS to make bacteria exposed, while SK and EGCG 
played a good antibacterial role.

Fig. 3. (a) Images of crystal violet stained biofilms treated with PBS, CaS/SK@EGCG, α-Amy@EGCG or α-Amy/SK@EGCG emulsions, and the corresponding biofilm 
inhibition rate of each treatment group (b). (c) SEM images of S. aureus biofilms after treatment with PBS, CaS/SK@EGCG, α-Amy@EGCG or α-Amy/SK@EGCG 
emulsions, respectively (Scale bars are 2 μm). (d) Pictures of S. aureus colonies on agar plates after treatment with PBS, CaS/SK@EGCG, α-Amy@EGCG, or α-Amy/ 
SK@EGCG emulsions, and the corresponding bacterial survival rate of each treatment group (e). Data are represented as mean ± SD (*p < 0.05, **p < 0.01, ***p <
0.001, p****<0.0001).
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2.3. In vivo anti-biofilm activity

In order to verify the biosafety of the α-Amy/SK@EGCG emulsion, 
cell viability was determined by co-incubation of NIH-3T3 cells with 
different concentrations of α-Amy (Fig. S7). Even when the cells were 
treated with emulsions containing 250 μg/mL of α-Amy, the survival 
rate of NIH-3T3 cells was still higher than 90 %. In this sense, the 
α-Amy/SK@EGCG emulsion did not cause significant cytotoxicity. To 
further investigate the in vivo anti-biofilm effect of the α-Amy/ 
SK@EGCG emulsion, a biofilm-infected wound model was established 
using mice. As shown in Fig. 4a, the mice were randomly divided into 
four groups and treated with different emulsions every 2 days (PBS, CaS/ 
SK@EGCG, α-Amy@EGCG or α-Amy/SK@EGCG). The wound healing 
process after each drug administration procedure was recorded by 
photography.

As shown in Fig. 4b, the mice treated with PBS showed severe pus 
formed on the wound until day 6. Similar occurrence of infection con
dition was observed for the group treated with the CaS/SK@EGCG 
emulsion, with abscess and scab being present until day 4. For both 
groups, the wounds were not completely healed on day 8. In the case of 

the CaS/SK@EGCG emulsion, because of the unbroken biofilm the 
healing time was prolonged, which prevents the in-depth contact of the 
antibacterial agents with the bacteria on the wound. Regarding the 
treatment with α-Amy@EGCG emulsions containing α-Amy, it can be 
seen that the wound healing process of the mice was greatly improved. 
The wound abscess after treatment with α-Amy@EGCG started to 
improve on day 2, and the wound area was significantly reduced on day 
6 (Fig. 4c). In contrast, for the group treated with α-Amy/SK@EGCG 
emulsion, the addition of α-Amy significantly accelerated the healing 
rate of biofilm-infected wounds, and the wound was almost completely 
healed on day 8. The accelerated healing rate was due to the degradation 
of polysaccharide in the extracellular matrix of bacteria, which made the 
encapsulated bacteria exposed.

On day 8 of treatment, the skin surrounding the wound site of all the 
groups was taken for further histological analysis. From Fig. 4d obvious 
inflammation was observed in the wound site of the PBS group. The 
depressed skin around the wound site and the loosely arranged tissue of 
these controlled group, indicates that the wound would not heal 
completely without the combined utilization of α-Amy and SK. While for 
the α-Amy/SK@EGCG emulsion treated group, a mastoid layer on the 

Fig. 4. (a) Schematic diagram for the biofilm infection and treatment of wound in mice. (b) Photographs of biofilm-infected wounds treated with PBS, CaS/ 
SK@EGCG, α-Amy@EGCG or α-Amy/SK@EGCG emulsions at − 2, 0, 2, 4, 6 and 8 days, respectively. Scale bars represent 1 mm. (c) Statistical histogram corre
sponding to wound area over 8 days of treatment with PBS, CaS/SK@EGCG, α-Amy@EGCG or α-Amy/SK@EGCG emulsions. Data are represented as mean ±
standard deviation (*p < 0.05, **p < 0.01, ***p < 0.001, p****<0.0001). (d) Histological analysis using H&E staining on the wound tissue. Scale bars represent 200 
μm (top) and 100 μm (bottom).
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granulation tissue was appeared, demonstrating the complete healing of 
the wound. Both the results of wound test and histological analysis 
demonstrate the excellent bactericidal effects of α-Amy/SK@EGCG 
emulsion.

A S. aureus infected wound model was established to evaluate the 
antibacterial effect of the emulsion in vivo and the length of the wound 
was measured on day 8 (Fig. 5a). Among all the tested groups (Fig. 5b), 
the wound length of the group treated with α-Amy/SK@EGCG emulsion 
was the smallest (2.35 ± 0.42 mm). From the statistical analysis, it can 
be observed that treatments using the α-Amy@EGCG emulsions resulted 
in significantly shorter wound length (3.86 ± 0.21 mm) after 8 days. 
Especially, the α-Amy/SK@EGCG emulsion can effectively accelerated 
the healing of biofilm-infected wounds, which is evidenced by the 
significantly shorter wound length after 8 days when compared to the 
control group (5.86 ± 0.19 mm).

Collagen deposition during wound repair process serves as a key 
indicator for wound healing and skin repair. After Masson staining of 
mouse skin tissue, the deposition of collagen could be observed (Fig. 5c). 
For the group treated with α-Amy/SK@EGCG emulsion, an enhanced 
collagen accumulation was observed as largest blue area was observed 
which represents the collagen fiber content and distribution in the tis
sue. On the other hand, rare collagen deposition was observed for PBS, 
CaS/SK@EGCG and α-Amy@EGCG groups, which indicates an incom
plete and postponed healing process of the wound. As shown in Fig. 5d, 
statistical analysis showed that the collagen volume fraction in the PBS, 
CaS/SK@EGCG, α-Amy@EGCG, and α-Amy/SK@EGCG groups were 
24.9 ± 3.5 %, 34.7 ± 1.9 %, 53.7 ± 6.4 %, and 69.8 ± 3.9 %, respec
tively (Fig. 5d). The significant disparity of collagen deposition between 
the α-Amy/SK@EGCG emulsion and the other three groups suggests that 
the α-Amy/SK@EGCG emulsion could effectively reduce the inflam
mation response of wounds, which was consistent with the results of 
H&E staining. The pronounced effect of α-Amy/SK@EGCG emulsion is 
primarily ascribed to the anti-inflammatory effects of SK and EGCG, 

implying a potent anti-biofilm effect and accelerated wound healing.
Angiogenesis is another indicator of wound healing. The CD31 im

munostaining of wound tissues were carried out and shown in Fig. 5e. 
New blood vessel formation was observed in the mice skin tissue after 
treatment with the α-Amy/SK@EGCG emulsion, correlating with com
plete wound closure. Subsequent H&E stained sections from the major 
organs of these treated mice further confirmed the biocompatibility of 
the α-Amy/SK@EGCG emulsion, which would not cause any systemic 
inflammatory response (Fig. S8). These findings made the α-Amy/ 
SK@EGCG emulsion an excellent candidate for the management of 
wounds compromised by biofilm infections.

3. Conclusion

In conclusion, an innovative approach was introduced for the 
degradation of bacterial biofilm and acceleration of wound healing. The 
stable α-Amy/SK@EGCG emulsion was facilitated by using the amphi
philic α-Amy as stabilizer, coupled with the application of ultrasound 
assistance to encapsulate SK. The incorporation of EGCG served to 
enhance the emulsion stability through the crosslinking of proteins on 
the surfaces. The α-Amy at the O/W interface of this emulsion could 
efficiently degrade the EPS of S. aureus biofilm, thereby exposing the 
bacteria to enhance the permeability and efficient delivery of the natural 
hydrophobic antibacterial reagent (i.e., SK) to wound sites. Moreover, 
the utilization of EGCG and SK circumvented the requirement of syn
thetic antibiotics. The emulsions promoted the synergistic degradation 
of biofilms and the localized accumulation and transportation of specific 
drugs, thereby eradicating bacteria. The findings indicate that the 
α-Amy/SK@EGCG emulsion significantly advance the healing process of 
wounds infected with biofilms. This strategy offers a novel perspective 
for the development of materials capable of degrading the EPS of bio
films within the wound and promoting wound healing process.

Fig. 5. Histological staining to analyze the healing of mice wound tissue after 8 days treatment with PBS, CaS/SK@EGCG, α-Amy@EGCG or α-Amy/SK@EGCG 
emulsions. (a) Panoramic photos using H&E staining. (b) Photographs of Masson staining analysis. Scale bars are 200 μm (top) and 100 μm (bottom). (c) CD31 
immunostaining. Scale bars are 100 μm. (d) Histogram for statistical analysis of wound length. Data are represented as mean ± SD (*p < 0.05, **p < 0.01, ***p <
0.001, p****<0.0001). (e) Histogram for collagen deposition analysis of wound tissue. Data are represented as mean ± SD (*p < 0.05, **p < 0.01, ***p <
0.001, p****<0.0001).
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