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A B S T R A C T   

Current treatments for full-thickness skin injuries are still unsatisfactory due to the lack of hierarchically stim
ulated dressings that can integrate the rapid hemostasis, inflammation regulation, and skin tissue remodeling 
into the one system instead of single-stage boosting. In this work, a multilayer-structured bioactive glass 
nanopowder (BGN@PTE) is developed by coating the poly-tannic acid and ε-polylysine onto the BGN via facile 
layer-by-layer assembly as an integrative and multilevel dressing for the sequential management of wounds. In 
comparison to BGN and poly-tannic acid coated BGN, BGN@PTE exhibited the better hemostatic performance 
because of its multiple dependent approaches to induce the platelet adhesion/activation, red blood cells (RBCs) 
aggregation and fibrin network formation. Simultaneously, the bioactive ions from BGN facilitate the regulation 
of the inflammatory response while the poly-tannic acid and antibacterial ε-polylysine prevent the wound 
infection, promoting the wound healing during the inflammatory stage. In addition, BGN@PTE can serve as a 
reactive oxygen species scavenger, alleviate the oxidation stress in wound injury, induce the cell migration and 
angiogenesis, and promote the proliferation stage of wound repair. Therefore, BGN@PTE demonstrated the 
significantly higher wound repair capacity than the commercial bioglass dressing Dermlin™. This multifunc
tional BGN@PTE is a potentially valuable dressing for full-thickness wound management and may be expected to 
extend to the other wounds therapy.   

1. Introduction 

Skin wound healing is a highly coordinated and spatiotemporally 
regulated process that involves a multistep progression of the four 
distinct yet overlapping stages including hemostasis, inflammation, 
proliferation, and remodeling [1]. The hemostatic response is the first 
step in dealing with skin tissue injury and can encourage the develop
ment of subsequent biological events, such as supporting immune re
sponses and wound healing [2,3]. Moreover, the blood clots provide a 
viable dynamic matrix for incoming inflammatory cells, fibroblasts, 
which were involved in the later stages of tissue repair [4,5]. In addition, 
the overproduction of reactive oxygen species (ROS) during wound 
infection stimulated the secretion of a large number of inflammatory 
mediators in the wound site microenvironment that allowed the wound 

to enter into a persistent inflammatory phase, thereby hindering wound 
healing [6,7]. The optimal state of wound healing mainly relies on an 
appropriate inflammatory level. The previous study demonstrated that 
ceria nanocrystals decorated mesoporous silica nanoparticles can 
restrict ROS exacerbation-mediated damage and suppress the inflam
matory response to facilitate the wound healing process [8]. Currently, 
various nanomaterials, including silver nanoparticles [9], zinc oxide 
nanoparticles [10], and graphene oxide [11] have accelerated the 
wound healing to a certain degree, but most of them can only contribute 
to the individual healing stage, lacking comprehensive strategies for 
hierarchical stimulation and regulation of the wound healing process 
[12]. Therefore, it is imperative to construct a multifunctional nano
platform capable of meeting the demands of different stages during 
wound healing. 
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Bioactive glass nanoparticles (BGN) are a unique class of bio
materials that have demonstrated the great potential in the field of skin 
tissue regeneration as they are able to accelerate the re-epithelization 
[13], enhance the angiogenesis [14] and modulate the inflammatory 
responses [15]. Additionally, BGN has also been reported to be biode
gradable during the tissue repair. The biodegradation of BGN is a 
multi-factorial and long-term process involving hydration, hydrolysis 
and ion exchange events, which ultimately lead to the Si–O–Si network 
disintegration, where the released bioactive ions may function 
constantly through the stimulation of cell behavior [16,17]. More and 
more studies have demonstrated that bioactive ions (e.g., Ca2+and SiO4 
4-) released from BG have the capability to regulate the fate of cells and 
their interaction by activating paracrine effects during the wound 
healing process, such as stimulating the interactions between human 
dermal fibroblasts and human umbilical vein endothelial cells, and 
subsequently promoting the vascularization and extracellular matrix 
protein deposition [18,19]. More interestingly, bioactive glass is a type 
of silicate-based biodegradable material that plays a dual role in he
mostasis. The Ca ions released from bioactive glass act as the cofactors 
contributing to the orientate protein assemblies and enzymes partici
pating in fibrin production and coagulation cascades and the 
high-surface area of bioactive glass is important for effectively sup
porting thrombosis [20]. However, as BGN has mechanical rigidity and 
brittleness that is closer to those of hard tissue, the primary requirement 
for BGN in contact with skin tissue is the ability to form the stable 
long-term interfacial bonding [21,22]. BGN surface modification has 
been employed as a means of improving the interactions between the 

BGN surface and tissue, in addition to enhancing their stability in a 
physiological environment. Our previous studies have demonstrated 
that the decorating with β-glycerol phosphate disodium or fetal bovine 
serum is beneficial in BGN applications in vivo [23,24]. On the other 
hand, the multi-module assembly based on the nanotechnology is ex
pected to provide opportunities for designing and creating BGN 
combining different functional structures to satisfy the multiple needs 
during wound healing. However, there have been relatively few reports 
on BGN that is designed through bioactive molecular assembly strategies 
and directly provides sequential therapy (hemostasis, inflammation 
regulation and cell proliferation) in wounds. 

In this study, we propose to construct a multifunctional bioactive 
nanoglass platform (BGN@PTE) that continuously adheres to the topo
graphically irregular tissue surface, activates the coagulation cascades, 
efficiently controls the hemorrhaging, sequentially regulates the 
inflammation, and promotes the cellular proliferation and skin recon
struction. The key to this strategy is the adoption of poly-tannic acid 
(PTA) and cationic antibacterial polypeptide ε-polylysine (EPL) to 
functionalize the BGN through the layer-by-layer assembly to effectively 
control bleeding via multiple dependent approaches and simultaneously 
accelerate wound repair (Scheme 1). To afford the tissue adhesive ca
pacity, mussel-inspired tannic acid (TA), which is a typical plant poly
phenol, is introduced in BGN. TA can bind strongly with different 
surfaces through the formation of various chemical bonds (e.g., Michael 
addition/Schiff-base reaction and polyphenol-metal coordination) and 
non-covalent interactions (e.g., hydrogen bonding and electrostatic in
teractions) [25]. More specifically, the catechol structure in TA is easy to 

Scheme 1. Illustration of the synthetic route of the multilayer-structured BGN@PTA nanosystem. Based on the synergistic effect of a variety of components, 
BGN@PTE has excellent hemostasis functions and promotes multiple wound healing stages. 
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be oxidized into a quinone state under alkaline conditions, which sub
sequently could link with the amine groups through the Michael addi
tion or Schiff base reaction, thus offering the opportunity to react with 
amine or thiol groups and forming stable covalent connections [26,27]. 
Notably, TA has also attracted significant attention in regenerative 
medicine due to its unique bioactivities such as anti-inflammatory and 
antioxidant activities as well as the hemostatic features [28,29]. Previ
ous studies have also verified that TA-coated mesoporous silica can act 
as the molecule glue to adhere and astringe the wound, thus reducing 
blood loss [30,31]. As the nature of blood clot formation is gradual, the 
hemostatic agent must have a strong wet adhesion capability while also 
rapidly activating platelets and triggering the coagulation system. EPL is 
known as a natural antibacterial polypeptide with broad-spectrum 
antibacterial activity, while its cationic nature can trigger a series of 
hemostatic responses, augment the generation of thrombin, stabilize 
fibrin, and induce the aggregation of blood platelets [32]. In addition to 
examining the physicochemical properties of BGN@PTE, in vitro studies 
were conducted to explore the coagulation mechanism and biological 
activity. Furthermore, we investigated the hemostatic efficacy of this 
powder in a liver and tail vein hemorrhage model and the role in 
full-thickness skin defect repair. 

2. Materials and methods 

2.1. Preparation of BGN@PTE 

The binary BGN with the composition of SiO2–CaO (mol.%) = 80: 20, 
60:40, 40: 60 was obtained by a sol-gel method, modified based on a 
previous study [33]. Dodecylamine (DDA) was used as a catalyst and 
template agent. Tetraethyl orthosilicate (TEOS) was used as the pre
cursor for the hydrolysis and condensation in the presence of DDA to 
form Si–O–Si network. Different concentrations of the Ca2+ precursors 
could be added during the hydrolysis and condensation of TEOS. The 
details of the synthetic procedures are displayed in the supporting in
formation. To prepare BGN@PT, 20 mg of BGN (Si60–Ca40) was dis
solved in 40 mL of 10 mM Tris (hydroxymethyl) aminoethane (Tris)-HCl 
buffer (pH 8.5), followed by the addition of 80, 40, 20, 10 and 5 mg of 
tannic acid. The prepared BGN@PT was named as BGN@PT1, 
BGN@PT2, BGN@PT3, BGN@PT4 and BGN@PT5, respectively. The 
reaction mixture was strongly stirred at the room temperature for 24 h. 
After that, BGN@PT was separated by centrifugation and washing and 
then freeze-dried for subsequent use. Next, the obtained BGN@PT4 was 
covalently functionalized with EPL. In a pH 9.0 buffer solution, 
BGN@PT was mixed with EPL at a mass ratio of 1:2 and then stirred for 
24 h. The prepared BGN@PTE was centrifuged and washed three times 
with deionized water to remove excess EPL. 

2.2. Characterization 

The surface morphology and composition of BGN were examined by 
a field emission scanning electron microscope (FESEM, Gemini SEM 
500, Zeiss) equipped with an energy-dispersive spectrometer (EDS). The 
surface area and pore size of the prepared BGN was characterized by a 
volumetric adsorption analyzer (ASAP 2460, Micromeritics) based on 
the Brunauer-Emmett-Teller (BET) method. The morphologies of BGN, 
BGN@PT, and BGN@PTE were observed using a transmission electron 
microscopy (TEM, H-8000, Hitachi) at an accelerating voltage of 100 
kV. The chemical structure of samples was tested using Fourier trans
form infrared spectroscopy (FTIR, TENSOR 27, Bruker) and X-ray 
photoelectron spectroscopy (XPS, ESCALAB Xi+, Thermo Fisher). The 
zeta potential was detected using a Malvern Mastersizer (Nano ZS, 
Malvern Instruments) at room temperature. Thermogravimetric analysis 
(TGA, STA 449C, Netsch) was performed to estimate the PTA and EPL 
content in BGN@PTE. 

2.3. In vitro hemolysis assay and hemostatic evaluation 

Kunming (KM) mice were purchased from the Laboratory Animal 
Center, Xi ‘an Jiaotong University Health Science Center. The in vivo 
experiments were conducted according to the Animal Care and Use 
Committee (IACUC) of Xi’an Jiaotong University (2019-1167). Briefly, 
the fresh whole blood was drawn from Kunming mice, immediately 
collected in a tube with heparin sodium, and used for a series of in vitro 
hemolysis and hemostatic studies. The granular chitosan hemostatic 
agent (CELOX®) was used as a commercial control. The PBS-diluted 
blood was co-incubated with different materials, and the hemo
compatibility was assessed using a spectrophotometer. The blood clot
ting index (BCI) assay was carried out according to the modified 
procedures as previously reported [34]. The quantitative platelet 
adhesion abilities of BGN, BGN@PT and BGN@PTE were evaluated by a 
photospectrometric measurement based on the determination of lactate 
dehydrogenase (LDH) activity [35]. The number of adherent platelets on 
the different sample surfaces was determined by measuring the LDH 
activity from the lysed solution of adherent platelets and comparing it 
with the corresponding calibration curve. The quantitative red blood 
cells (RBCs) adhesion performances of BGN, BGN@PT, and BGN@PTE 
were evaluated in the diluted whole blood using modified procedures. 
The experimental details were described in the supporting information. 
For the morphology characterization of platelets and RBCs on the he
mostatic materials, 10 mg of samples (Celox, BGN, BGN@PT and 
BGN@PTE) were compressed into slices before the test and then were 
placed in a 24-well plate, respectively. Platelet-rich plasma (PRP) was 
obtained by centrifuging the whole blood at 2000 rpm for 10 min. Whole 
blood or PRP (100 μL) was dropped onto the samples surface and then 
placed at 37 ◦C for 30 min, respectively. Subsequently, all samples were 
washed with plenty of PBS to thoroughly wash the nonadherent platelets 
and erythrocytes away. To characterize the morphology of RBCs and 
platelets, a solution of glutaraldehyde (2.5%) was used to fix the samples 
for 4 h at 4 ◦C and gradually dehydrated by immersing them in 60%, 
70%, 80%, 90%, and 100% ethanol solution step-by-step. After being 
dried, different samples were pre-coated with a gold layer and observed 
by SEM. 

2.4. Cytocompatibility and cell migration analysis 

To evaluate the cytocompatibility of BGN@PTE, mouse fibroblast 
(L929) cells, human umbilical vein endothelial cells (HUVECs) and 
mouse mononuclear macrophage leukemia (RAW 264.7) cells were 
seeded in 96-well plates at a density of 1 × 105 cells mL− 1. The cells were 
treated with as-prepared leaching solutions of BGN@PTE at different 
concentrations for 24 h. Subsequently, the cell viability was measured 
by Alamar Blue assay. The migration of HUVECs in the leaching solution 
of BGN@PTE was carried out according to a typical scratch assay [36]. 
The detailed process was available in the supporting information. 

2.5. In vitro evaluation of cytokine expression 

For the evaluation of cytokine expression, 100 ng mL− 1 of lipo
polysaccharide (LPS) was incubated with RAW264.7 cells for 16 h to 
obtain the inflammation-activated cells. The total RNA from RAW264.7 
cells after BGN, BGN@PT and BGN@PT treatments was extracted using 
the TRIzol reagent. Similarly, the total RNA was isolated from all the 
groups of HUVECs. The expression levels of tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL-1β), vascular endothelial growth factor 
(VEGF), and hypoxia-inducible factor-1α (HIF-1α) were measured by the 
real-time quantitative polymerase chain reaction (RT-qPCR). The 
detailed experimental procedure used in this assay was specifically 
described in the supporting information. 
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2.6. Extracellular and intracellular antioxidant properties 

1,1-Diphenyl-2-picryl-hydrazyl (DPPH) was employed to evaluate 
the general free radical scavenging activity of BGN@PTE. The detailed 
process was described in the supporting information. 2,7-Dichloro-dihy
drofluorescein diacetate (DCFH-DA) was chosen to assess the intracel
lular antioxidant capacity of BGN@PTE. RAW 264.7 cells (1 × 105) were 
seeded in slides and cultured overnight, and the cells were treated with 
LPS for 24 h to induce the cell polarization. After washing twice with 
PBS, the cells were incubated with a dispersion of BGN, BNG@PT and 
BGN@PTE for 8 h respectively. Subsequently, the cells were washed 
with PBS, cultured with DCFH-DA (10 μM) at 37 ◦C for 30 min and 
washed again before observation under a confocal laser scanning mi
croscope. The fluorescence intensity was analyzed for three acquired 
images for the average intensity based on the mean gray value calcu
lation of ImageJ software. 

2.7. In vivo hemostasis study 

A mouse-liver trauma model was employed to assess the in vivo he
mostatic potential of the styptic powders (Celox, BGN, BGN@PT, 
BGN@PTE), where Celox was used as a commercial control. Briefly, 
female mice (6–7 weeks) were first anesthetized and fixed, and then the 
abdomen of the mice was operated on exposing the middle lobe of the 
liver. To calculate the bleeding volume, the pre-weighed filter paper was 
placed underneath the liver. The cut wound (length: 6 mm) was induced 
using a scalpel on the liver. 5 mg of powders was immediately applied to 
the bleeding position, respectively. The group without any treatment 
after liver bleeding served as a blank control group. The blood loss and 
hemostasis time were recorded during the whole hemostatic process. For 
H&E staining analysis, the liver tissues with the incision were first fixed 
in a 4% formaldehyde solution for 24 h. Following fixation, the samples 
were dehydrated using alcohol (70%, 80%, 95%, and 100%) and then 
immersed in xylene, and embedded in paraffin. Paraffin-embedded 
samples were cut into 5 μm sections, which were dewaxed using 
xylene and hydrated using the gradient alcohol. Then, the slides were 
stained with hematoxylin and eosin in turn. The sections were visualized 
on an optical microscope (Olympus BX53). 

To evaluate the hemostatic potentials of BGN@PTE in the mouse tail- 
amputation model, female KM mice with a body weight of approxi
mately 30 g were randomly divided into five groups. The mouse was 
fixed and the proximal tail vein was cut off 30% length of the tail, fol
lowed by leaving the tail in air for 5 s, and then treatment with Celox, 
BGN, BGN@PT, BGN@PTE and a group without any treatment as a 
negative control (n = 4). Hemostatic performance was assessed by 
investigating the blood loss for all groups within 90 s. 

2.8. In vivo wound healing effect 

Forty KM female mice (8-week-old, 30 g) were randomly and 
equivalently divided into five groups. The operation was performed 
under anesthesia. After shaving the hair off their backs, two full- 
thickness defect areas with a diameter of 8 mm were symmetrically 
created on the mouse back. 10 mg of powder (Dermlin™, BGN, 
BGN@PT, BG@PTE) was distributed evenly over the wound, whereas 
the control mice were treated with Tegaderm film (3 M). Dermlin™ is a 
commercial bioactive glass powder dressing and was used as a control in 
this study. In order to prevent the skin from shrinking, a 3 M film was 
pasted around the wound. For visualization, the wound healing process 
was monitored and recorded by photographing wounds from day 0 to 
day 14. The tissues in the wound bed were removed at corresponding 
time points and immersed in formaldehyde, and then subjected to his
tological analysis by using H&E staining. For the analysis of wound 
healing, the wound areas were measured by ImageJ software and the 
wound closure rate was calculated as the percentage of the initial wound 
area with a diameter of 8 mm. Hair follicles were counted on three 

different H&E samples per group at a magnification of 4 X. The width of 
immature tissue was measured on H&E samples by ImageJ software and 
averaged from three different samples per group. The epidermal thick
ness was measured using ImageJ on three different H&E samples per 
group at three positions along the epidermis. The blood vessels and the 
inflammatory response in each group were systematically evaluated by 
the immunofluorescence. The quantitative fluorescence intensity anal
ysis was performed using ImageJ software on an average of three im
ages. The average intensity inside a region of interest (ROI) around the 
wound was computed for each image at 20 X. The fluorescence intensity 
was normalized by the wound area of the selected area. 

2.9. Statistical analysis 

All data in this article were denoted as the mean ± standard devia
tion. All data were analyzed by an ordinary one-way analysis of variance 
(ANOVA). A value of P < 0.05 (*) was considered statistically different. 

3. Results and discussion 

3.1. Synthesis and characterization of the BGN@PTE nanoplatform 

The release of Ca2+ from the amorphous network of BGN could 
participate in the clotting process by promoting the activation of the 
coagulation pathway [37]. Therefore, in this work, we synthesized the 
BGN with high CaO content. During the formation of the SiO2 network, 
the active Si–OH and Si-containing oligomers can react with the Ca 
precursor to gradually form Ca-doped silica nanoparticles with a 
Si–O–Ca hybrid framework. TEM images exhibited that BGN with 
different CaO contents were all monodispersed nanospheres and had a 
rough surface (Figs. S1a, b, c). In addition, BGN showed a gradually 
increasing particle size and decreased specific surface area with 
increased Ca feeding content (Figs. S1g, h, i, j, k, l). The actual content of 
Ca in the prepared BGN could be tuned by adjusting the feeding ratios of 
TEOS and Ca(NO3)2 (Si: Ca = 80:20, 60:40, 40:60). The maximum cal
cium content can be reached for BGN by adjusting the feeding Si: Ca 
ratio was 60:40. The corresponding EDS results showed that atomic 
ratios of Si, Ca, and O in the obtained BGN (60Si40Ca) were 24.42%, 
10.45%, and 65.12%, respectively (Fig. S1e). However, there was a 
reduced content of calcium incorporation into the glass network when 
the Si: Ca ratio further was decreased (Si: Ca = 40:60). Therefore, the 
ratio of Si: Ca = 60:40 was found to be optimal from the calcium content 
perspective, and the BGN (60Si40Ca) was used for the subsequent 
modification. 

The as-prepared BGN showed a spherical morphology with a uniform 
particle size of approximately 202.9 nm (Fig. 1a). Subsequently, 
BGN@PT was fabricated based on the coordination interactions between 
Ca ions and TA and further self-polymerization of TA in a weak base 
environment. The TEM images in Fig. 1a clearly reveal the core-shell 
structure of BGN@PT, indicating that the PTA wrapping process on 
BGN was successful. EPL was grafted onto the surface of BGN@PT 
through a Michael addition/Schiff-base reaction between the amine 
group of EPL and PTA, where the morphology differences between 
BGN@PT and BGN@PTE were less pronounced. The observation of 
BGN@PTE at a higher magnification revealed that approximately a 
5–10 nm thick layer consisting of PTA and EPL was wrapped on the 
surface of BGN (Fig. S2). 

FTIR spectra further recorded the layer-by-layer assembled structure 
of BGN@PTE (Fig. 1b), where the BNG@PTE spectra exhibited an 
intense and broad absorption peak at 1080 cm − 1 that can be assigned to 
the Si–O–Si asymmetric stretching vibrations, revealing the existence of 
a silica network from BGN. After being coated with PTA, the charac
teristic absorption peaks were observed at 1700, 1590 and 1500 cm− 1, 
corresponding to the C––O stretching vibration and the aromatic ring 
stretching vibration in PTA [38,39]. Several absorption peaks of 
BGN@PTE occurred at 2930 and 2860 cm− 1, which could be ascribed to 

Y. Wang et al.                                                                                                                                                                                                                                   



Bioactive Materials 25 (2023) 319–332

323

the C–H asymmetric stretching in EPL. Moreover, the presence of the 
new peaks at 1335 cm− 1 and 1045 cm− 1 were assigned to the aromatic 
C–N stretching vibration, which demonstrated the Michael addition 
reaction between the quinone groups of PTA and the amine groups of 
EPL [40]. Furthermore, X-ray photoelectron spectroscopy (XPS) was 
also conducted to investigate the reaction between PTA and EPL 
(Fig. S3a). When focusing on the N 1s spectra of the BGN@PTE, the 
spectrum can be resolved into three peaks at 399.4, 400.2, and 401.8 eV, 
which were attributed to C–N, C––N, and C–NH3

+, respectively [41,42]. 
The presence of the C––N bond verified the formation of a Schiff base 
bond between PTA and EPL. Collectively, it can be conjectured that the 
quinone groups in PTA coating could function as the active sites to 
cross-link with the amine groups of EPL through a Schiff base/Michael 
addition reaction. Additionally, changes in the zeta potential during the 
preparation of BGN@PTE verified the successful layer-by-layer modifi
cation on BGN. Initially, the bare BGN cores exhibited a negative zeta 
potential (− 12.37 mV) in PBS buffer solution (pH = 7.4), which may be 
due to the presence of Si–OH bonds on their surface (Fig. 1c). After 
coating with the PTA layer, the zeta potential of BGN@PT increased to 
− 1.15 mV, whereas BGN@PTE had a positive value of 25.97 mV, which 
may be attributed to the amine groups from EPL. Overall, all results 

confirmed that PTA and EPL had been anchored on the surface of the 
BGN. 

Thermogravimetric analysis (TGA) was performed to confirm the 
coating formation and to estimate the PTA and EPL content in 
BGN@PTE (Fig. S3b). The TGA curve of BGN, BGN@PT and BGN@PTE 
showed the major weight loss over the temperature range from 25 to 
800 ◦C. Compared with BGN, BGN@PT showed an additional weight 
loss of 14.71%, which was due to the thermal degradation of PTA 
coating. Compared with BGN@PT, BGN@PTE showed an additional 
weight loss of 10.72%. From the TGA curve, the content of the PTA and 
EPL in BGN@PTE was calculated to be about 12.98 wt% and 13.19 wt%, 
respectively. 

The as-prepared BGN@PTE could degrade slowly as revealed by TEM 
images at different time points (Fig. S4), where the polymer degradation 
involved the layer morphology collapse and detachment from the BGN 
surface. Notably, the polymer surrounding the BGN was not completely 
degraded by day 14. Inductive coupled plasma mass spectrometry (ICP- 
MS) was used to determine the concentrations of Si and Ca in the ob
tained extracts, as shown in Table S1. After incubation for 48 h, it could 
be seen that the cumulative release of Si and Ca ions of BGN@PTE 
reached 79.5 mg/L and 115.5 mg/L, respectively. Notably, the Si 

Fig. 1. Synthesis and characterization of BGN@PTE hemostatic agent. (a) TEM images of BGN (I), BGN@PT (II), and BGN@PTE (III). (b) FTIR spectra of PTA, 
BGN, EPL, BGN@PT, and BGN@PTE. (c) Zeta potentials of different nanoparticles in the formation of BGN@PTE. (d) UV–vis spectra of DPPH inhibition triggered by 
different concentrations of BGN@PTE for 30 min (VC: vitamin C). (e) UV–vis spectra and photographs (inset) of DPPH after culture with different materials for 30 
min. (f) Comparisons of the relative free radical scavenging activity of different materials. 
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concentration in BGN extracts was slightly higher than that of group 
BGN@PT and BGN@PTE, which was probably attributed to the barrier 
effect of PTA and EPL layers that slowed down the ions release. To verify 
the PTA and EPL release from BGN@PTE after its exposure to the 
physiological environment, the PTA and EPL release was analyzed by 
high performance liquid chromatography (HPLC) and micro amino acid 
(AA) content assay kit, respectively. Based on the absorbance mea
surement, the concentration of EPL in the BGN@PTE extract can be 
calculated by using the calibration curve (Fig. S5a). The results showed 
that the concentration of EPL in the extracts for 2 days and 7 days was 
670.06 and 2403.39 μg/mL, respectively. The release amount of EPL 
reached 18.22% on day 7, demonstrating that BGN@PTE was able to 
sustain the release of EPL over time. Besides, the PTA concentration 
from the BGN@PTE extract was determined by HPLC and monitored by 
UV absorbance detection at 254 nm (Fig. S5b). Semi-quantitative anal
ysis of the peak area integration for the PTA at 3.9 min showed the 
appearance of PTA, where the PTA peak area corresponding to 7 days 
was approximately 4.4-fold that of 2 days. Overall, the bioactive ions 
and polymer layers had no burst release effect, allowing the sustained 
dose release in space and time and playing the role in the whole wound 
healing process. 

3.2. In vitro antioxidant analysis 

The 2,2-diphenyl-1-picrylhydrazyl (DPPH⋅) is a purple stable free 
radical compound with a characteristic UV–vis absorption peak at 517 
nm, which can be reduced by antioxidant substances and thus has an 
indicative function in radical scavenging potential. Firstly, the influence 
of the concentration of BGN@PTE on their antioxidant activity was 
explored. The results displayed a concentration-dependent free radical 

scavenging behavior and DPPH⋅ was rapidly scavenged within 30 min at 
100 μg/mL of BGN@PTE (Fig. 1d). In addition, the DPPH⋅ scavenging 
activities of different samples were determined by comparing the 
absorbance value at 517 nm, respectively (Fig. 1e). The results of the 
assay showed that the characteristic absorption of DPPH⋅ was decreased 
significantly in the presence of BGN@PT and BGN@PTE, demonstrating 
their excellent free radical scavenging performances. Additionally, the 
digital photo was consistent with the absorbance change of the DPPH⋅ 
solution, which exhibited nearly complete fading in the presence of 
BGN@PT and BGN@PTE, while the DPPH⋅ solution treated with BGN 
showed no significant change. Thus, the results verified that the as
sembly of the PTA layer endowed BGN with remarkable free radical 
scavenging activity, which relied on the classical antioxidant mecha
nism of the transfer of a hydrogen atom from a phenolic group [43]. 
Moreover, the radical scavenging rate reached more than 80% for 
BGN@PT and BGN@PTE (Fig. 1f), whereas the slightly decreased 
radical scavenging rate of BGN@PTE may be due to the lower relative 
content of PTA in BGN@PTE than that of BGN@PT. Overall the prepared 
hemostatic agent showed excellent antioxidant activity and was prom
ising for alleviating excessive oxidative stress in acute wounds. 

3.3. Hemolysis and in vitro hemostasis evaluation 

Furthermore, the hemocompatibility of BGN, BGN@PT and 
BGN@PTE was evaluated with fresh anticoagulant blood, where Triton 
X-100 served as the positive control. Notably, different from the bright 
red in Triton X-100 and BGN, the PBS, Celox, BGN@PT and BGN@PTE 
treatment groups had no obvious blood color shown in the photograph 
(Fig. 2a). The results of the calculation revealed that the hemolysis ratios 
of the BGN@PTE with different concentrations were all lower than 3%, 

Fig. 2. Hemocompatibility and in vitro blood clotting performance of BGN@PTE. (a) Whole blood treated with PBS, Celox, BGN, BGN@PT, BGN@PTE and 
Triton. (b) Hemolysis ratios of samples (n = 3). (c) BCI of different materials (n = 3, *p < 0.05, **p < 0.01). (d) SEM images of RBCs (red arrow) adhesion and 
aggregation on the surface of Celox, BGN, BGN@PT and BGN@PTE. (e) HGB content of adherent RBCs in different hemostatic materials after incubation with diluted 
whole blood (n = 3, *p < 0.05). (f) SEM images of platelets (blue arrow) adhesion and activation on the surface of Celox, BGN, BGN@PT and BGN@PTE. (g) The 
number of adhered platelets after being treated with different hemostatic materials (n = 3, *p < 0.05). 
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whereas the BGN exhibited a certain extent of hemolysis, which was far 
higher than the safety scope (5%) (Fig. 2b). Hence, it was considered 
that the good blood compatibility of BGN@PTE could be ascribed to the 
PTA and EPL modification. The morphology observation revealed that 
the RBCs treated with BGN@PTE had a complete shape and a smooth 
surface (Fig. S6). In short, BGN@PTE exhibited excellent hemo
compatibility and could be a safe hemostatic dressing for further in vivo 
applications. 

The effect of the different PTA coating amounts in BGN on blood 
clotting in vitro was assessed via the measurement of BCI. As a quanti
tative index for the evaluation of the blood coagulation performance of 
various materials, the higher the BCI value, the slower the coagulation 
rate. In this experiment (Fig. 2c), compared with BGN (BCI = 85.1%), 
BGN@PT had the lower BCI value (40.2%), indicating that PTA surface 
modification showed superior hemostatic performance. More interest
ingly, with the decrease in the mass ratio between TA and BGN, 
BGN@PT4 reached a threshold of optimal hemostasis (Fig. S7). There
fore, the subsequent surface modification was made on the basis of 
BGN@PT4. We believe that under such a mass ratio, the nanoscale 
morphology of BGN, PTA coating thickness, and Ca2+ ions released from 
BGN would contribute to achieving a satisfactory multipath synergistic 
hemostatic effect. On this basis, EPL was then grafted onto the 
BGN@PT4 surface as expected to lead to the additional blood coagula
tion performance improvements via triggering the clotting cascade. 
Furthermore, the clotting ability of different materials was quantified by 
calculating BCI. The BCI of the BGN@PTE groups was about 22%, which 
was lower than that of the BGN@PT group by approximately 18%, 
suggesting that the introduction of EPL significantly increased the blood 
clotting rate. Meanwhile, it is worth noting that BGN@PTE was superior 
to the current commercial Celox (46%) from the perspective of BCI. 

In view of the importance of the adhesion of RBCs and platelets to 
hemostatic performance, the influence of BGN@PTE on the cell adhe
sion behavior was observed by SEM to explore their underlying hemo
static mechanism. As shown in Fig. 2d, there were numerous RBCs were 
adhered and aggregated on the BGN@PTE surface, which showed 
powerful blood cell binding ability. Additionally, SEM images revealed 
the morphology of RBCs, a complete surface and aggregated distribution 
of RBCs with round cake shapes in the BGN@PT and BGN@PTE groups, 
while the RBCs in BGN did not exhibit good morphology. Simulta
neously, the absorbance of free hemoglobin (HGB) after incubation was 
measured to quantitatively analyze the number of free RBCs, where the 
lower absorbance values indicated that more RBCs adhered to the sur
face of the materials (Fig. 2e). BGN@PTE exhibited a similar ability to 
adhere to erythrocytes as Celox, while its relative hemoglobin absor
bance was significantly lower than that of the BGN and BGN@PT 
groups, which was consistent with the observation from SEM, demon
strating the superior hemostatic potential of BGN@PTE. 

When in contact with blood, the effective hemostatic materials 
generally stimulate the platelet adhesion and aggregation, which further 
leads to the activation of clotting events. To reveal this point, the 
interaction of platelet-rich plasma with different materials was observed 
by SEM. As shown in Fig. 2f, only a few platelets adhered to BGN, which 
was less than that in the BGN@PT and BGN@PTE groups. Not only that, 
it was found the adherent platelets in BGN@PT deformed and extended 
many pseudopods, and fibrin aggregates were closely connected to the 
materials, which suggested that BGN@PT significantly induced platelet 
activation and fibrin production. Moreover, the cationic groups of EPL 
might further exert hemostatic capability by electrostatic force- 
mediated platelets bridging. As confirmed by SEM images (Fig. S8), 
there was a denser fibrin mesh formed with platelets trapped in it via the 
interaction between the BGN@PTE and platelets, which indicated that 
the presence of EPL allowed internal aggregation and activation of 
platelets, in favor of the process of hemostasis. By comparison, although 
Celox was also able to induce platelet activation, the overlapping fibrous 
network structures were not observed. Then, the quantitative platelet 
adhesion was determined by the lactate dehydrogenase (LDH) method 

(Fig. S9), where the platelet numbers were converted from the absor
bance of LDH as displayed in Fig. 2g. After the 60 min incubation, the 
number of platelets adhered to the BGN@PTE was remarkably higher 
compared with gauze and BGN, whereas there was no significant dif
ference compared with Celox and BGN@PT. Therefore, the excellent 
hemostasis capability of BGN@PTE was contributed to the multiple 
proposed mechanisms. On the one hand, the high specific surface area 
and large porous structure of BGN ensure the rapid absorption of blood 
and contribute to concentrating of blood clotting factors activated by 
Ca2+ [44]. On the other hand, the PTA layer of BGN@PT renders it 
superior in trapping erythrocytes, promoting platelet aggregation and 
triggering platelet activation simultaneously. More interestingly, we 
found that the introduction of EPL contributed to the formation of a 
denser fibrin network, which may be attributed to the EPL enhancing 
thrombin and fibrin production as well as retarding fibrinolysis, which is 
critical for the formation of blood clots [32]. 

3.4. Cytocompatibility and cell migration evaluation of BGN@PTE in 
vitro 

RAW 264.7 cells, L929 cells and HUVECs were co-cultured with the 
leach solution of BGN@PTE respectively to verify the cytocompatibility. 
Under different concentrations of the BGN@PTE leach solution, the 
leach solution could not adversely affect the viability of either L929 cells 
or HUVECs even at the highest concentration of 8 mg/mL, and could 
promote the proliferation of RAW 264.7 cells after a 24 h treatment 
(Fig. 3a, b, c). It is acknowledged the migration and recruitment of 
HUVECs is a crucial process in angiogenesis. Afterward, we examined 
the effects of BGN@PTE on HUVECs migration by a scratch assay. After 
treatment for 36 h, the extent of cell migration in the BGN@PTE group 
was significantly different from the control group, as observed by the 
changed closure of the scratch area (Fig. 3d). Meanwhile, the quanti
tative analysis result was consistent with the observation. At all the time 
points (12 h, 24 h, 36 h), BGN@PTE was able to induce HUVECs to 
migrate at a significantly faster rate in scratch, whereas the cells in the 
control group exhibited a slow migration. More specifically, the relative 
scratch width of the BGN@PTE group was almost completely closed at 
36 h, but the relative healing rate of the control group was only 31.5% 
(Fig. 3e), suggesting that the mobility of HUVECs was significantly 
enhanced under BGN@PTE treatment. Accelerated angiogenesis is 
crucial in wound healing and depends on the participation of various 
growth factors, such as VEGF. Thus, the expression of VEGF in HUVECs 
was determined by RT-qPCR assay at the gene level (Fig. S10). It could 
be observed that all the extracts of BGN, BGN@PT and BGN@PTE up- 
regulated the gene expression of VEGF in HUVECs (Fig. S10a), indi
cating that the released bioactive ions may play a positive role in 
angiogenesis in vitro. Interestingly, the expression of VEGF genes in 
BGN@PTE was significantly higher than that in BGN and BGN@PT 
groups. To further explore the mechanism of BGN@PTE extracts 
affecting VEGF expression, the effect of the extracts on the upstream 
factor HIF-1α was evaluated (Fig. S10b). The gene expression level of 
HIF-1α in HUVECs was significantly up-regulated with the stimulation of 
BGN@PTE extracts compared with other groups, which confirmed that 
the released EPL from BGN@PTE promoted the expression of the HIF-1α 
gene, thus achieving the purpose of pro-angiogenesis by the synergetic 
effect of the bioactive ions and EPL. 

3.5. Antiinflammation and intracellular ROS scavenging evaluation 

During the immune response, LPS stimulates immune cells to secrete 
various inflammation-related cytokines [45]. It is a major strategy to 
regulate the complex inflammatory environment for wound repair. 
Herein, LPS-induced RAW264.7 cells were used to explore the 
anti-inflammatory effects of BGN@PTE. The expression of representa
tive genes, such as TNF-α and IL-1β was chosen as indexes to investigate 
the anti-inflammatory efficacy (Fig. 3f and g). The results showed that 
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the mRNA expression of TNF-α and IL-1β in cells was markedly 
up-regulated after LPS treatment. In contrast, the leach solutions of 
BGN, BGN@PT and BGN@PTE were able to significantly suppress the 
production of pro-inflammatory cytokine TNF-α in LPS-induced 
RAW264.7 cells. Besides, BGN, BGN@PT and BGN@PT also presented 
a potent anti-inflammatory activity via regulating the expression of 
IL-1β. The results confirmed that a persistent inflammatory state was 
relieved by BGN@PTE, which was promising for promoting the wound 
transit to the regeneration stage smoothly. 

The excessive ROS mediated by the disordered immune response 
around wound tissues could cause oxidative damage and extracellular 
matrix (ECM) destruction, resulting in delayed wound healing. There
fore, we further assessed the potential effect of BGN@PTE on scavenging 
intracellular ROS (Fig. 3 h, i). It could be found LPS treatment stimulated 
the ROS production in RAW264.7 cells, whereas BGN@PT and 
BGN@PTE seemed to relieve the intracellular oxidation after incubation 
for 8 h, as displayed by the significantly decreased green fluorescence. 
Collectively, these results indicated that BGN@PTE could effectively 
reduce the intracellular ROS level, which was contributed to the excel
lent antioxidant capacity of PTA, thus facilitating wound healing. 

3.6. Antibacterial activity evaluation 

Conventional powder wound dressings cannot form a protective 
barrier, making it difficult to prevent wound beds from bacterial 

infection, which often seriously retard wound healing. The outstanding 
antibacterial capacity of PTA and EPL inspired us to explore the anti
bacterial activity of BGN@PTE. Consequently, the antibacterial capacity 
of BGN@PTE was quantitatively investigated against gram-positive 
bacteria (Staphyloccocus aureus, S. aureus; and methicillin-resistant 
Staphylococcus aureus, MRSA) and gram-negative bacteria (Escherichia 
coli, E. coli). As shown in Figs. S11a, b, a great number of colonies 
appeared on the agar plates of the control group, while both BGN@PT 
and BGN@PTE inhibited the growth of E. coli, S. aureus, and MRSA. It is 
worth noting that BGN failed to produce any antibacterial effect on 
them, thus proving that the excellent antibacterial activities of 
BGN@PTE are derived from PTA and EPL. The quantitative statistical 
results (Fig. S11b) showed that the antibacterial effect of BGN@PT 
against S. aureus and MRSA was superior to that against E. coli, which 
may be attributed to the mechanism by which tannic acid could directly 
bind to the peptidoglycan layer in the membrane of gram-positive 
bacteria [46]. Additionally, BGN@PTE showed a higher antibacterial 
rate than BGN@PT because EPL has broad-spectrum antibacterial ac
tivity and destroys the bacterial membrane via electrostatic force. The 
synergetic effect of both PTA and EPL provides BGN@PTE with an 
excellent antibacterial effect, which is important for promoting wound 
healing. 

Fig. 3. Cytocompatibility, cell migration and anti-inflammatory effect of BGN@PTE. Relative cell viability for HUVECs (a), RAW 264.7 cells (b), L929 cells (c) 
after incubation with the leaching solution of BGN@PTE (n = 5). (d) Representative optical images of scratches and the migration ratio of HUVECs (e) when co- 
cultured with leaching solutions of BGN@PTE (n = 3, *p < 0.05, **p < 0.01, Scale bar: 200 μm). The cells without the leaching solutions were set as a control. 
The mRNA expression of the pro-inflammatory cytokines IL-1β (f) and TNF-α (g) in RAW264.7 cells (n = 3, *p < 0.05, **p < 0.01). (h) Quantitative statistics of the 
CDF fluorescence signal. (i) CLSM images of LPS-induced RAW 264.7 cells stained with DCFH-DA after various treatments for intracellular ROS detection (scale bar: 
100 μm). 
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3.7. Evaluation of hemostasis and tissue adhesion in vivo 

The hemorrhages model of the liver in mice was used to evaluate the 
wound closure and hemostatic potential in vivo of BGN@PTE. The 
commercial hemostatic Celox was chosen as a control (Fig. 4a). 
Compared to the blank control without any treatment, the BGN group 
presented a slight reduction in blood loss (Fig. 4b). As we have observed, 
BGN could rapidly absorb blood in the initial hemorrhage but could not 
form a stable physical barrier. Although BGN@PT could initially seal the 
wound by inducing the aggregation of blood cells and platelets, a small 
amount of blood was still flowing out as the bleeding increased. The 
blood loss of the BGN@PT group was 29.9 mg, which was only 
approximately 15% of that in the blank control group (197.9 mg) and 
36.9% of that in the BGN group (80.9 mg) (Fig. 4c). Remarkably, when 
applied to the wound, the BGN@PTE powder could firmly adhere to the 
wound sites with blood exudation, reducing the blood loss to 11.1 mg 
and exhibiting a hemostatic effect similar to Celox. The hemostasis time 
was also recorded (Fig. S12). The control group completely arrested 

bleeding for 106 ± 12.7 s, while the bleeding of the BGN group 
continued until 71 ± 14.3 s. In contrast, the time required to halt 
bleeding was much shorter with BGN@PT (27 ± 7.9 s) and BGN@PTE 
(18 ± 4.8 s). The significant reduction in both blood loss and hemostasis 
time suggested that BGN@PTE could efficiently achieve hemorrhage 
control in the liver incision model. These results showed that the 
introduction of PTA and EPL into the BGN surface can significantly 
enhance the in vivo hemostasis capability. From further analysis of the 
liver histological sections (Fig. 4d), it was observed that a large number 
of free RBCs were dispersed around the incision site in the control group, 
indicating that the wound was in a state of continued bleeding. In 
contrast, BGN@PTE may rapidly exert synergistic effects to control 
bleeding by aggregating RBCs and platelets forming blood clots at the 
incision surface. In addition, the formation of blood clots could seal the 
wound and prevent further bleeding from the internal tissue. 

Next, the hemostatic performance of BGN@PTE was examined by 
using the mouse tail amputation model. It could be observed from 
Fig. 4e and f for the cutting tail in mice, there was continuous bleeding in 

Fig. 4. Hemostatic capacity evaluation of BGN@PTE in vivo. (a) Schematic illustrations for inducing bleeding on mouse liver and stopping bleeding. (b) Pho
tographs of livers and amount of bleeding after applying different hemostatic materials. (c) Quantitative statistics of lost blood from the bleeding liver. (H&E staining 
of the injured liver (control and BGN@PTE treatment, scale bar: 100 μm). (e) Schematic illustration of the tail vein bleeding model (n = 5, *p < 0.05, **p < 0.01). (f) 
Photographs of the amount of bleeding after tail amputation in different hemostatic material groups. (g) Quantitative statistics of lost blood from the injured tail vein 
(n = 4, *p < 0.05, **p < 0.01). 
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the blank control group, which showed that the highest amount of blood 
loss was 94.6 mg (Fig. 4g). However, after applying different hemostatic 
agents, the amount of blood loss in all four groups decreased to a certain 
extent. More importantly, only 10.7 mg of blood loss was measured 
when BGN@PTE was applied to the wound of the mouse tail vein, which 
was significantly lower than BGN with a blood loss of 66.5 mg. In 
summary, the significant reduction of blood loss in both the liver 
bleeding model and the tail amputation model suggested that the 
BGN@PTE possessed excellent hemostatic performance in vivo and 
applicability in complex bleeding sites. 

Moreover, a linear full-thickness skin incision model (incision 2 cm) 
in rats was applied to further explore the adhesive performance of the 
BGN@PTE in vivo. Notably, the incisions failed to close in the control 
and BGN treatment groups, while the incisions treated with BGN@PT 
and BGN@PTE were well-closed and didn’t tear as the rat moved 
(Fig. S13). The results indicated that the abundant quinone or catechol 
groups of the PTA layer provided the feasibility to construct adhesive 
interfaces so that the BGN@PT and BGN@PTE have firm adhesion to 
skin incision. The advantage in adhesion performance further proved 
that BGN@PT and BGN@PTE are promising for wound closure and 
healing as wound sealants. 

3.8. Evaluation of wound healing in vivo 

To validate the efficacy in vivo, BGN@PTE was further used as a 
wound dressing to repair full-thickness skin wounds. The wound sites (8 
mm diameter) were covered with Dermlin powder (commercial inor
ganic dressing), BGN, BGN@PT and BGN@PTE, respectively. Repre
sentative pictures of the wounds in each group at scheduled time 
intervals are displayed in Fig. 5a. Macroscopically, it was observed that 
BGN@PT and BGN@PTE significantly accelerated the wound closure 
compared to 3 M as early as day 3. It was worth noting that the yellow 
pus scab was formed in the wound bed in the Dermlin and BGN groups 
on day 3, indicating that wound infection was almost inevitable in the 
external environment because powder dressings have the difficulty in 
blocking the environmental microorganisms from invading wounds. In 
contrast, the pus scab was hardly observed in the BGN@PT and 
BGN@PTE groups due to the effective bacteriostatic action of PTA and 
EPL. Until day 7, the BGN and Dermlin groups still displayed large de
fects in the wounds, and the wound healing rates of the BGN (74.6%) 
and Dermlin (76.4%) groups were far behind those of the BGN@PT 
(88.9%) and BGN@PTE (88.6%) groups (Fig. 5b). These results 
demonstrated that the uncontrollable infection would seriously hamper 
the healing process, whereas BGN@PT and BGN@PTE seemed to 
accelerate the wound healing through a multi-factorial coordinated 
action of inflammatory regulation, antibacterial activity, and scav
enging of ROS. Additionally, BGN-treated wounds were healed similarly 
to the Dermlin-treated wounds (Fig. 5b and c), which was slightly better 
than that of the 3 M group and might be attributed to the release of 
bioactive ions. The BGN@PT and BGN@PTE treated groups showed the 
higher wound healing rates of 96.3% and 97.1% on day 14, respectively. 
The results indicated that the advantages of the layer-by-layer assembly 
of BGN@PTE could improve the wound healing from different phases. 

Next, the tissues around the wound sites were further stained with 
hematoxylin-eosin (H&E) to investigate the impact of different treat
ments on the wound healing processes (Fig. 5d). On day 7, the histo
logical analysis revealed that the wounds treated with BGN@PT and 
BGN@PTE achieved re-epithelialization in the center of the wounds. The 
control groups (BGN and Dermlin) showed a smaller amount of newly 
formed tissue, more local hemorrhagic focus, and looser connective 
tissue than the BGN@PT and BGN@PTE groups, thus demonstrating the 
benefit of the assembly layer of PTA for wound healing. With the pro
longation of healing time, most wounds had complete epidermal 
covering with the exception of 3 M on day 14, in which the width of 
immature tissue in the BGN@PT and BGN@PTE groups was obviously 
narrower than that in the other groups (Fig. 5f). Subsequently, by 

counting the number of hair follicles (Fig. 5e), it was found that wounds 
treated with BGN@PTE developed abundant hair follicles with 
adjoining sebaceous glands within the wound bed on day 14. Addi
tionally, BGN@PT and BGN@PTE treated wound tissues exhibited 
highly organized fibers as well as thinner and more uniform epidermis 
thickness, indicating accelerated recovery and satisfactory healing sta
tus (Fig. 5g). Taken together, these results demonstrated that BGN@PTE 
had an outstanding performance in promoting wound healing in full- 
thickness skin wounds. 

To further reveal the role of BGN@PTE in wound inflammation, we 
assessed the proinflammatory cytokine expression of interleukin-6 (IL-6) 
in tissues harvested on day 3. As shown in Fig. 6a, c, the 3 M, Dermlin 
and BGN-treated wounds exhibited strongly positive IL-6 signals, indi
cating that the serious inflammation was still not controlled. In com
parison, a distinct reduction of IL-6 expression in BNG@PT and 
BGN@PTE treated wounds could be found, which suggested that they 
could help to relieve inflammation. The anti-inflammatory properties of 
BNG@PT and BGN@PTE could be mediated by ROS scavenging and 
suppressing inflammatory cytokine expression. Neovascularization is a 
reliable indicator to reflect the efficacy of wound healing, in which the 
platelet endothelial cell adhesion molecule-1 (CD31), as a marker of 
vascular endothelial cells plays a vital role. Thus, the immunofluores
cence staining of CD31 was conducted at the middle stage (day 7) of 
wound healing to evaluate the angiogenesis (Fig. 6b). The CD31 positive 
signals in wound areas treated with BGN@PT and BGN@PTE were 
significantly higher than in the control group. Quantitative analysis 
showed that the area of microvessels of the BGN@PT and BGN@PTE 
groups on day 7 was 1.78 times and 1.68 times of the control group 
(Fig. 6d), which evidently indicated that BGN@PT and BGN@PTE could 
promote vascularization. Altogether, these results suggested that 
BGN@PTE could greatly improve wound healing by regulating inflam
mation and reestablishing the blood vessel network in vivo. 

Considering that the skin tissue response to injury occurs in an 
overlapping cascade but at a distinct stage, we constructed a versatile 
and programmable bioactive glass nanosystem for multi-stage control of 
wound healing and further explored the influence of BGN@PTE on the 
wound healing process. More excellent performance could be imparted 
to BGN by coating multilayer TA and antibacterial peptides on BGN 
through a layer-by-layer assembly. At the hemostatic stage, the 
BGN@PTE allowed rapid triggering of clotting as well as superior ad
hesive properties after the optimization of Ca2+ content and PTA coating 
thickness, while the grafting of EPL could further synergistically pro
mote the blood coagulation by activating coagulation factor and 
increasing fibrin generation. In addition, previous studies have verified 
that platelet drives blood clot contraction by generating stress during 
clot maturation, which is thought to promote wound closure [47,48]. 
The BGN@PTE could also augment the conversion of fibrinogen to fibrin 
mesh, followed by driving blood clot formation, thus exhibiting the 
potential to promote wound healing, while the specific effect of hemo
stasis on wound repair is worthy of further investigation in the future. At 
the inflammatory stage, treatment with BGN@PTE substantially 
down-regulated a series of inflammatory cytokines, including TNF-α and 
IL-1β, and simultaneously ameliorated the oxidative stress and inflam
matory microenvironment by scavenging ROS. On the other hand, our 
prepared BGN@PTE exhibited good antibacterial activity because of the 
multimodal synergistic antibacterial mechanisms of TA and EPL. In vivo 
treatment suggested that the application of BGN@PTE to mouse wounds 
had much more potent effects than BGN to prevent wound infection, 
reduce inflammation, and accelerate the healing process. Meanwhile, it 
was demonstrated that BGN@PTE possessed excellent bioactivities in 
promoting the migration of HUVECs in vitro. It has been confirmed that 
the SiO4 

4- within an appropriate concentration is a potent stimulator of 
angiogenesis that could promote the proliferation and migration of 
HUVECs and up-regulate the expression of angiogenesis-related genes, 
such as VEGF and basic fibroblast growth factor (bFGF) [49,50]. 
Notably, when compared with the control group, BGN, BGN@PT and 
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Fig. 5. BGN@PTE promoted wound repair and regeneration in vivo. (a) Representative images of the wounds in response to 3 M, Dermlin, BGN, BGN@PT, and 
BGN@PTE on days 0, 3, 7, and 14. (b) Quantitative analysis of wound healing rate for each group (n = 5, **p < 0.01). (c) Schematic images of wound healing 
boundaries in different groups from day 0 to day 14. (d) H&E staining of wound tissues obtained from various groups on days 7 and 14 (n = 3, *p < 0.05, **p < 0.01, 
the immature tissue and epidermis are marked by black double arrow and blue arrow, respectively). Quantitative statistics of the number of hair follicle (e), width of 
immature tissue (f), and epidermal thickness (g) (n = 3, *p < 0.05, **p < 0.01). 
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BGN@PTE all exhibited the effect of up-regulating VEGF expression (Si 
concentration: 0.3–0.19 mg/L), with BGN@PTE being the most effec
tive. To further explore the mechanism of BGN@PTE that promoted 
VEGF expression, BGN@PTE extracts were found to up-regulate the 
upstream factor HIF-1α level, resulting in enhanced VEGF expression via 
HIF-1α/VEGF cascade signaling in HUVECs. Therefore, the combination 
of BGN@PTE released bioactive ions and EPL showed a strong syner
gistic effect in stimulating angiogenesis. The wound closure rate on day 
7 was used as an evaluation index in a mouse full-thickness wound 
model. We discussed and compared the different functional character
istics of the dressings such as Sr-doped BGN (BSr@PPE), quaternized 
chitosan/graphene oxide fabricated hydrogel (QCS-CD-AD/GO), poly 
(citrate-glycol-siloxane)/F127-ε-poly-L-lysine hybrid hydrogel 
(FEPCGS), Eu2O3 nanorods reinforced hydrogel (FHAE), 
photo-crosslinked CeO2 hydrogel and EGCG-crosslinked chitosan 

hydrogel (EP) [51–56]. These results indicated that BGN@PTE provided 
significantly better wound healing performance than single antioxidant 
or angiogenic dressings (Fig. S14). The functional superiority of 
BGN@PTE endowed it with great potential for wound healing applica
tions. Taken together, our work provides a feasible example for the 
preparation of multifunctional nanoplatforms by functionalizing BGN 
with polypeptides and polyphenols. More importantly, 
multilayer-structured BGN@PTE holds an extraordinary ability to 
manipulate the sequential healing of wounds from hemostasis to the 
inflammation phase and new tissue formation. 

4. Conclusion 

In summary, we successfully developed a multifunctional BGN@PTE 
dressing that not only achieved initial multi-pathway dependent rapid 

Fig. 6. Immunofluorescence staining analysis of wound healing in vivo. (a) Representative IL-6 immunofluorescence staining of wound tissues obtained from 3 
M, Dermlin, BGN, BGN@PT, and BGN@PTE groups on day 3 (scale bar: 100 μm). (b) Representative CD31 immunofluorescence staining of the wound tissues 
obtained from each group on days 7 and 14 (scale bar: 100 μm). (c) The corresponding statistical results of IL-6 (n = 3, *p < 0.05). (d) The corresponding statistical 
results of CD31 (n = 3, *p < 0.05, **p < 0.01). 
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hemostasis but also reconstructed the inflammatory infected wound 
microenvironment and accelerated wound healing processes. The layer- 
by-layer assembly of PTA and EPL endowed BGN with superior 
biocompatibility, unique hemostatic performance, and efficient anti- 
infection capability. Our study demonstrated that BGN, PTA and EPL 
showed a strong synergistic effect in treating intractable bleeding in vitro 
and in vivo by concentrating coagulating factors, improving tissue 
adhesion and activating the coagulation cascade. Meanwhile, the 
BGN@PTE powder could evenly cover irregular wounds for the treat
ment of full-thickness wound defects. Notably, BGN@PTE significantly 
reduced the inflammatory levels and oxidative stress and bacterial 
infection at wound sites, and stimulated cell migration and angiogen
esis, thereby accelerating wound healing, which is superior to the result 
obtained with the commercial bioglass (Dermlin) dressing. It was ex
pected that such BGN@PTE is a promising candidate for repairing 
wounds in multi-stage, and the incorporation of BGN with polyphenols 
and peptides might be an effective strategy for enhanced tissue 
regeneration. 
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