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Background: Deaths from bacterial infections have risen year by year. This trend is further aggravated as the overuse antibiotics and
the bacterial resistance to all known antibacterial agents. Therefore, new therapeutic alternatives are urgently needed.

Methods: Enlightenment the combination usage of traditional herb medicine, one carrier-free binary nanoparticles (GA-BBR NPs)
was discovered, which was self-assembled from gallic acid and berberine through electrostatic interaction, n-m stacking and hydro-
phobic interaction; and it could be successfully prepared by a green, cost-effective and “one-pot” preparation process.

Results: The nanoparticles exhibited strong antibacterial activity and biofilm removal ability against multidrug-resistant S. aureus
(MRSA) by downregulating mRNA expression of rpsE rplC, rpIN, rplX, rpsC, rpmC and rpsH to block bacterial translation
mechanisms in vitro and in vivo, and it had well anti-inflammatory activity and a promising role in promoting angiogenesis to
accelerate the wound healing on MRSA-infected wounds model in vivo. Additionally, the nanoparticles displayed well biocompat-
ibility without cytotoxicity, hemolytic activity, and tissue or organ toxicity.

Conclusion: GA-BBR NPs originated from the drug combination has potential clinical transformation value, and this study provides
a new idea for the design of carrier-free nanomedicine derived from natural herbals.

Keywords: carrier-free binary self-assemblies, natural herbal ingredients, antibacterial, wound healing, anti-inflammatory,
angiogenesis

Introduction

Skin trauma is an inevitable experience in everyone’s life. It occurs when tissue is destroyed or cellular integrity is
compromised due to mechanical, physiological, or metabolic related issues; and if the trauma untreated, chronic wounds
can easily develop.'™ In chronic wounds, bacteria can multiply and cause serious infections. Infections lead to delay
healing, increase wound size, tissue decay, and even severe systemic damages. In the initial stages of chronic wound
formation, gram-positive bacteria, especially Staphylococcus aureus, are predominate.” Once the bacteria have settled in
the wound, they will multiply rapidly to form a mature biofilm. During this stage, bacteria stick together to form a barrier
that resists various drugs and provides a source of systemic chronic infection. In addition, bacteria within biofilms are
resistant to evade the immune system.®® Chronic infections associated with bacterial biofilms are always difficult to cure
because of their inherent resistance to both antimicrobials and host defenses. In a recent report, bacterial infections will
kill 10 million people per year by 2050.” Bacterial infection of skin wounds is a complex treatment process, not only
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killing bacteria and removing biofilm, but also including a series of complex tissue remodeling processes such as anti-
inflammatory, promoting angiogenesis and accelerating wound healing. Therefore, there is urgent to design a novel
antibacterial material that can not only be bacteriostasis and remove biofilms, but also have multi effects to cure skin
trauma.

Over the years, antibiotics have played a huge role in the development of medical treatment, making important
contributions to the improvement of human health, livestock and poultry production.'®!' However, the long-term overuse
and disorderly application of antibiotics have also brought about various problems, such as the emergence of drug-
resistant bacteria, even “super bacteria”, or the antibiotic residues in animal products, which in turn harms the human
body.'>' The inappropriate use of antibiotics causes bacteria to develop new resistance mechanisms, further leading to
their global challenge. The number of multidrug-resistant bacteria is growing at an alarming rate, and bacteria that are
resistant to all known natural and synthetic antibiotics, and new therapeutic alternatives are urgently needed.'®'” Among
them, multidrug-resistant S. aureus (MRSA), as a variant bacterium, has spread worldwide since it was reported and is
one of the most urgent events in epidemiology of infectious diseases.'® Therefore, it is one of the research hotspots to
discover high-efficiency, low-toxicity, and environment-friendly antibacterial strategy.

Nanomedical tools, especially nanomedicine, represent a different approach to the development of new antimicrobial
drugs. Nanomedicines are considered as the promising alternatives to conventional antibiotics as they show bactericidal
activity against a large number of strains and are able to minimize drug side effects without inducing resistance.'® '
However, most of the nanomaterials containing antibacterial activity require various nanocarriers, which have a risk
causing unexpected problems to the ecosystem, such as degradation, circulation, metabolism, and excretion.”? >* These
shortcomings block the clinical transformation of nanomaterials; for example, FDA-approved nanocarrier formulations
were only focus on liposomes and micelles. Therefore, it is extremely important to develop a novel nanomedicine with
good biodegradability, biocompatibility, and green preparation. In recent years, self-assembled carrier-free nano-drugs
have attracted extensive attention in the field of biomedicine due to their high drug loading, low toxicity and no carrier,
especially in anti-tumor and anti-bacterial aspects.zs*27 Moreover, the current research on carrier-free small molecule
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self-assembly is an emerging hot field.?® While to our best knowledge, natural small molecule binary carrier-free self-
assembled nanoparticles with multifunction to promote wound healing have been rarely reported up to now.

Compared with the antibiotic agents, herbal medicine has a wide range of sources, complex components, multiple
targets, and is not easy to develop drug resistance.? It is an important source for the development of new strategy to
address the challenge of bacterial infections. Our laboratory has been dedicating to the research of carrier-free drugs from
herb medicines for a long time.?’*°? Previously, we had found several binary carrier-free supermolecules with ideal
antibacterial activity and good biocompatibility from traditional herb medicines.?’**° However, the studies only
focused on the improvement of antibacterial efficacy and ignoring that wound healing after bacterial infection was not
only a process of antibacterial and avoiding biofilm formation, but also relating to the tissue proliferation and remodeling
such as avoiding excessive inflammation and promoting angiogenesis. Although self-assembly of small molecules is
ubiquitous in traditional herb medicine decoctions, and some of them have been successively discovered, the discovery
of natural binary self-assemblies is still accidental and unpredictable.®® Currently, inspired by the clinical combination
usage of herb medicines, we successfully discovered one natural small molecule carrier-free binary nanoparticles, which
was self-assembled by berberine (BBR) and gallic acid (GA). BBR is a clinical used natural benzylisoquinoline alkaloid
with strong antibacterial properties and the ability to clear bacterial biofilms.**>” GA is a natural phenolic acid with
biological activities such as antioxidant, anti-inflammatory and promoting wound healing of bacterial infections, which
has been broad used in daily life and health care.*®*° In addition, both had been applied in veterinary drugs or animal
feed additives and were combined usage to enhance the antibacterial and anti-inflammatory effects.

Herein, we found that BBR and GA could self-assemble into nanoparticles through electrostatic interaction, m-w
stacking and hydrophobic interaction according to their unique molecular structure and special physicochemical proper-
ties. Compared with our previous study on binary self-assemblies, due to the unique adjacent O-triphenol hydroxyl
structure of GA, the resulting GA-BBR NPs structure displayed obviously different from the previous parallel-layer
accumulation;?”* and it was exhibited a kind of vertical-layer stacking style in X-ray assay. Especially, modulating the
molecule arrangement to achieve satisfactory function was a hot topic in the field of DNA self-assembly studies.*' While
there had few studies on modulating small molecule self-assembly to enhance nano-biomaterials’ function. In addition,
the current preparation process was simple, green and did not involve any synthesis and nanocarrier materials, which
could avoid a series of problems such as environmental hazards, low loading capacity of nanocarriers, etc. Moreover,
GA-BBR NPs could affect the bacterial translation process to synergistic antibacterial activity and biofilms scavenging
effect. And the nanoparticles also showed well anti-inflammatory activity and angiogenesis efficacy to accelerate the
wound healing on MRSA-infected wounds model in vivo. Due to BBR and GA derive from herb medicines which have
been used in clinic for thousands of years, GA-BBR NPs have good biodegradability and biocompatibility. Besides, there
is a pleasing and important advantage that the high purity materials of both GA (<30 dollar/kg) and BBR (<40 dollar/kg)
are cheap and easy to obtain by commercial process. Overall, NPs conform to the pharmacoeconomic and combine the
activities of two monomeric drugs, showing promising value for clinical translation. This study provides new ideas for
the design of carrier-free nanomedicines derived from herbals.

Experimental Section

Materials

Gallic acid analogues, including 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 3,5-dihydroxybenzoic acid, pyrogallol
and gallic acid were bought by Macklin (Shanghai, China). Berberine (BBR) was bought by Aladdin (Shanghai, China).
Gram-positive bacteria multidrug-resistant S. aureus (MRSA) strains were obtained from Dongzhimen Hospital of
Beijing University of Traditional Chinese Medicine. MDCK and HaCat cells were obtained from the Chinese
Academy of Medical Sciences & Peking Union Medical College.

Preparation of GA-BBR NPs

Taking GA and BBR as examples, the preparation process of nanoparticles was described. First, GA and BBR were
dissolved in deionized water (10 mmol/L), respectively. The two solutions were mixed and stirred at room temperature
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for 4 h; then centrifuged at 12,000 rpm for 30 minutes to obtain a precipitate. The precipitate was collected and washed
three times with deionized water to remove the remaining GA and BBR.** Finally, the precipitate was lyophilized to
obtain a yellow GA-BBR powder. Then the above-mentioned GA-BBR powder was heated at 80°C for 10 minutes to
dissolve it and obtain a pale-yellow GA-BBR colloidal solution. Then, it was dialyzed with deionized water in a dialysis
bag for 12 h and lyophilized. Other gallic acid analogues and BBR reactions were adopted the same preparation method;
while there was no NPs produced.

Crystal Growth
The enriched nanoparticles were dissolved in deionized water. With the slow evaporation of solution, the flower-shaped
crystal was formed, which was suitable for the determination of a single crystal.

Characterization of GA-BBR NPs

The size and topographic images of GA, BBR and GA-BBR were observed by FESEM (ZEISS-SUPRAS5S, Germany)
and TEM (JOEL, Japan). Particle size was determined by dynamic light scattering (Zetasizer Nano ZS 90, Malvern
Instrument, UK) at 25°C. We also measured the in vitro release capacity of GA-BBR NPs in PBS at 37°C. Observation of
spectroscopic changes was tested by using UV-vis (HITACHI UH5300, Japan) and FT-IR (Nicolet iS10, Thermo, USA).
In addition, "H-NMR spectra were recorded on a Bruker AV400 (400 MHz) spectrometer. The single crystal diffraction
experiment was performed on APEX III HD (Bruker, America) with graphitemonochromatic Mo-Ka radiation (A =
0.71073 A) at 296 K. (CCDC 2208520 contains the supplementary crystallographic data for this work. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif).

Formation Mechanism Test by ITC

NANO ITC (TA, USA) was used for thermodynamic mechanism studies. BBR aqueous solutions (4 mM) and GA
aqueous solutions (20 mM) were firstly prepared with deionized water, then the samples were degassed for 30 minutes to
avoid bubble formation during titration. Pipette 300 uL of BBR aqueous solution (4 mM) into the sample cell and pipette
50 uL of GA aqueous solution (20 mM) into the injection syringe. The reference cell contained deionized water. All ITC
experiments were performed at 298 K. The GA aqueous solution was injected into the sample cell, 2.5 pL per needle, 20
times in total. The first data point was ignored because of its inaccuracy. The rotary speed of the injection syringe was
250 rpm. When the titration was completed, added 300 uL of deionized water solution to the sample cell and pipette 50
pL of GA aqueous solution (20 mM) into the injection syringe to continue the titration. Titration conditions remain
unchanged.

Bacteria and Culture Conditions
The bacteria were grown overnight at 37°C and shaken in a constant temperature shaker incubator at 200 rpm. The
bacterial suspension was adjusted to 1.2 x 10’7 CFU/mL with Nutrient Broth (NB) and stored at 4°C.

Antibacterial Test In Vitro

The sample solutions were diluted in a 48-well plate with NB, then the same concentration of bacteria was added to each
well and cultured in a constant temperature incubator at 37°C for 18 hours. Finally, bacterial growth was monitored by
optical density absorbance measurement at 600 nm (ODyg(g) using a microplate reader.

Determination of Bacterial Growth Curves
Through antibacterial experiments, we obtained the MIC of GA-BBR NPs against MRSA. In order to further verify the
effect of the drug on the normal growth of bacteria at the MIC, we determined the growth curve. GA-BBR NPs and
bacteria were diluted to the corresponding concentrations using nutrient broth and incubated at 37°C. Finally, the
concentration of MRSA was then determined every 2 hours.
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Antibacterial Mechanism of GA-BBR NPs
To further investigate the antibacterial mechanism of GA-BBR NPs, we used FESEM to explore the detailed micro-
morphological changes of bacteria and obtained the genetic effects of GA-BBR NPs against bacteria by RNA-Seq

Experiment Process and Real-Time Quantitative RT-PCR. The details primers information could be found in Table S1.

Bacteria Biofilm Removal

Biofilms of MRSA were grown in a 96-well plate according to our previous method. The established MRSA biofilms
were then incubated with different concentrations of BBR and GA-BBR NPs for 24 h at 37°C on an incubator,
respectively. The final concentration of the XTT-Menadione solution was 1 uM, and then the biofilm in the 96-well
plate was cleaned three times with PBS. Then, add 200 uL of XTT-menadione solution and incubated in the dark at 37°C
for 2 h. The absorbance was read on a SPECTROstar Nano (BMG LABTECH, Offenburg, Germany) at 490 nm.

Biofilm Removal by LSCM

To study the effect of GA-BBR NPs on biofilm removal, 1 mL of the diluted bacterial solution was transferred to the
wells and kept at 37°C for 24 h. Then all flat bottom wells were washed three times with fresh medium, treated with GA,
BBR, GA-BBR NPs and PBS, respectively, and incubated at 37°C for 24 h. Subsequently, before imaging with Leica
TCS SP8 confocal laser scanning microscopy (Leica Microsystems, Hei-deIBBRg, Germany), we stained the bacteria
according to the instructions of the bacterial viability kit and incubated in the dark for 10 min.

Hemolysis Assay

Hemolysis assay of GA-BBR NPs was done using fresh rat blood. Fresh rat blood was centrifuged, red blood cells were
collected and washed three times with PBS. GA-BBR NPs were diluted to the corresponding concentrations (2, 4, 6, 8
and 10 MIC) with PBS. Then, red blood cells were added to the drug to a final red blood cell concentration of 4%. The
water was the positive control, and PBS was the negative control. After incubated for 4 h at 37°C, we used SPECTROstar
Nano (BMGLABTECH, Offenburg, Germany) to measure the absorbance of the medium at 570 nm. We calculated the
hemolysis rate (RHR%) of GA-BBR NPs using the following formula:

RHR% :(A sample_A PBS)/(A water_A PBS) x 100%

where A ¢ampic Was the absorption at different concentration of the GA-BBR NPs, A pgg was the absorption of negative
control and A ,.r Was the absorption of positive control.

Biocompatible Evaluation In Vitro

Determination of the safety of samples against Madin-Darby canine kidney cells (MDCK) and human immortalized kera-
tinocytes (HaCat) by MTT assay. MDCK and Hacat cells were seeded in 96-well plates at 3 x 10* cell mL™", 100 pL per
well, and treated with GA, BBR and GA-BBR NPs at different concentrations for 24 h or 48 h. Then, MTT (5 mg - mLﬁl)
was added to a 96-well plate, 20 uL per well, and reacted for 4 h. Subsequently, the medium was discarded, and 150 pL of
DMSO was added to each well to dissolve the formazan crystals. The absorbance at 490 nm was measured with a microplate
reader. In addition, we also stained both cells using live/dead cell staining to further evaluate safety.

Evaluation of GA-BBR NPs in Accelerating MRSA-Infected Full-Thickness Wound
Healing In Vivo

Inspired by the well antibacterial activity of GA-BBR NPs in vitro, we established a bacterial wound infection model in
mice to observe their antibacterial effect and ability to promote wound healing. The 6-week-old male BALB/C mice were
purchased from the Beijing Weitong Lihua Experimental Animal Technology. All animal experiments were conducted in
accordance with the National Laboratory Animal Welfare Guidelines approved by Beijing University of Chinese
Medicine. Briefly, after 7 days of acclimatization, we randomly divided mice into control group, MRSA group,
MRSA + BBR group and MRSA + GA-BBR NPs 4 groups. After standard anesthesia, a full-thickness skin wound
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with a diameter of 8 mm was established and treated by the accordance samples. The wounds were measured and
photographed at 0, 3rd, 6th, 9th, and 12th days. The wound contraction (%) was calculated according to the following
equation:

Wound contraction(%)=(A¢—An)/A¢x100%

where A, was the original wound area on day 0, and A, was the wound area on the day after surgery, such as the 3th, 6th,
9th and 12th days.

Histopathological Study

Wound tissue samples were collected on the 6th and 12th days. All collected samples were fixed in 4% paraformaldehyde
solution for 12 h and embedded in paraffin to make 5 um thick tissue sections. Hematoxylin and eosin (H&E) and
Masson's trichrome staining were used for representative specimens, respectively. Furthermore, to evaluate the acute
toxicity of this material to mice, we collected major organs including heart, spleen, liver, kidney and lung and performed
histological analysis with H&E staining.

RNA-Sequencing Analysis of Healed Skin in Mice
To further evaluate the differences in gene expression between the NPs group, the BBR group and the MRSA group, we
collected the healed mouse skin tissue for RNA sequencing analysis.

Scratch Assay

To evaluate the ability of GA-BBR NPs to promote wound healing in vitro, HaCat cells (5.0 x 10% cells/well) were
seeded into 6-well plates and incubated for 24 h. Then, a sterile 1000 pL pipette tip was used to draw horizontal lines in
the middle of each well, rinsed twice with PBS and added new medium without fetal bovine serum (FBS). Scratches
were observed and imaged under a Nikon inverted fluorescence microscope immediately after injury of 12 h and 24 h,
respectively. The wound area was calculated using the Image J public domain software. The percentage of wound area
reduction or wound closure, expression of the cell migration rate, could be expressed as:

Wound closure% =(1—A/Ag)x100%

A was the wound area measured immediately after scratching and A; was the wound area measured 0, 12 and 24 hours
after scratching.

Angiogenesis Assay

Referring to the Labastie method,*® the quail chicken chorioallantoic membrane (qCAM) in vivo model was used to
evaluate the ability of GA-BBR NPs on promotion of angiogenesis. Briefly, quail eggs were incubated at 37°C, 65%
relative humidity. On day 7 of incubation, dosing and sealing of eggshells. On day 2 after dosing, the qCAM was
removed and photographed. Finally, Image J public domain e software was used for data processing.

Statistical Analysis

All tests in this study were done in triplicate at least. Data were mean =+ standard deviation (SD). The SPSS software
(version 20.0) was used for variance analysis. The statistical significance was ascertained following Student’s #-test with
a significance level of p < 0.05.

Results and Discussion

Formation and Characterization of NPs

Among gallic acid (GA) and a series of GA analogs, we found that only GA could self-assemble with BBR to form
nanoparticles in a “one-pot” preparation. The preparation process was simple, green and did not involve any synthesis
and drug loading process of nanocarrier materials, which could effectively avoid a series of problems such as environ-
mental hazards, low loading capacity of nanocarriers, etc. However, other GA analogues could not self-assemble with
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BBR under the same reacted condition (Table S2). We used field-emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) to observe GA-BBR NPs’ microtopography and dynamic light scattering (DLS)
to measure the size, respectively. As shown in Figures la and b, Sla and Slb, the self-assemblies were faint yellow
powder and a uniform spherical nanoparticle with a particle size between 360 and 370 nm, which was completely
different from the appearance of GA and BBR (Figure Slc-S1f). The particle sizes of GA-BBR NPs were further
confirmed as an average about 362 + 0.43 nm and the polydispersity index was 0.297 (Figure 1c). Besides, the GA-BBR
NPs aqueous solution had obvious Tyndall effect. NPs’ surface charge in water was —28.1 mV, indicating that the
particles could be stable in solution (Figure 1d). In addition, we also investigated the released characters of GA-BBR NPs
and BBR monomer under the same conditions in vitro. As shown in the Figure le, GA-BBR NPs were able to
continuously release BBR to about 48% in 24 hours, while BBR monomer reached equilibrium within 8 hours.

Structural Characteristics of GA-BBR NPs

The structural characteristics of GA-BBR NPs were studied by ultraviolet-visible (UV-vis) absorption spectrum, Fourier
transform infrared spectroscopy (FT-IR) and "H-NMR, respectively. From the UV-vis absorption spectrum (Figure 1f),
both the characteristic peaks of GA and BBR appeared at 264 nm; while the maximum absorption of GA-BBR NPs was
located at 260 nm. In addition, BBR also showed a characteristic absorption peak at 228 nm, but we did not find this
absorption peak in the GA-BBR NPs. This suggested that both GA and BBR were present in GA-BBR NPs, and n-n
stacking might exist during assembly. The FT-IR was often used to identify the structural composition of the self-
assemblies or to determine their chemical groups.** As shown in Figure 1g, compared with GA, the spectra of GA-BBR
NPs changed significantly. For example, compared with the carbonyl stretching vibration band of GA at 1695 cm ™', GA-
BBR NPs’ signal was significantly shifted (1597 cm™"). In addition, GA’s hydroxyl absorption peak in NPs shifted from
3465 cm” ' to 3245 cm ', indicated that the hydroxyl groups involved in the assembly might form hydrogen bonds. This
suggested that carboxyl was the binding sites between GA and BBR, and both electrostatic attraction and hydrogen
bonding might be involved in the assembly process. Moreover, the 'H-NMR results were shown in Figure 1h and
Supporting Information. We could clearly see that in GA-BBR NPs, the absorption peaks of carboxyl groups disap-

peared, which might be caused by the formation of hydrogen bonds between the phenolic hydroxyl and carboxyl groups
in GA. The results of "H-NMR were consistent with previous FT-IR results and further single crystal X-ray diffraction
analysis. The above evidence indicated that GA and BBR successfully self-assembled to form GA-BBR NPs, and the
assembly process was driven by n-x stacking, electrostatic interaction and hydrogen bonding.

Formation Mechanism of GA-BBR NPs

To further study the formation mechanism of GA-BBR NPs, the thermodynamic parameters between BBR and GA were
investigated by ITC. ITC technology is a common method used to characterize the strength of intermolecular interactions
and molecular thermodynamic mechanisms.** The titration curves and thermodynamic parameters of GA and BBR were
shown in Figure 2a and b. The negative Gibbs energy change (AG) values indicated that the interaction of GA with BBR
was spontaneous. The negative enthalpy (AH) and negative TAS indicated that GA and BBR were a spontaneous
chemical reaction driven by both enthalpy and entropy, related to non-covalent bonding forces such as hydrogen bonding
and electrostatic attraction. In addition, the binding ratio (n) of the GA and BBR reactions was 0.987, indicating that the
two were combined with 1:1, which was consistent with the previous 'H-NMR and the following single crystal
diffraction results.

X-ray single crystal diffraction technique is the most direct and important technique to determine the self-assembled
process and reveal its arrangement of molecules.*® To clearly observe the structural units of NPs and directly reveal the
detailed formation mechanism, we successfully obtained the flower-shaped crystal of GA-BBR NPs (Figure S2). Single
crystal structure was shown in Figure 2cl. Firstly, GA and GA were connected by hydrogen bonding to form a layered
host structure. Then, BBR and BBR were connected by n-n stacking, and the connected BBR was vertically interspersed
in the layered structure formed by GA. This kind of vertical-layer stacking self-assembly was monoclinic crystal system,
which was definite by the characters of crystal unit cell dimensions (Table S3). The current self-assemble style was

27,29

obviously different from our previous parallel-layer studies (a kind of triclinic crystal system), which might be due to
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the unique adjacent O-triphenol hydroxyl structure of GA. Thereafter, the electrostatic attraction between GA and BBR
was connected to each other. Figure 2c¢2 and c¢3 were the specifics of the connection between monomers. GA and GA
were connected by hydrogen bonds with water or between the hydroxyl and carboxyl groups, and their distance was
between 1.7 A and 2.4 A. BBR and BBR were connected to each other by n-m stacking, and their distance was between
3.9 A and 4.2 A. In addition, other GA analogues did not self-assemble with BBR under the same conditions, further
indicating that the presence, number, and position of hydroxyl and carboxyl groups play an important role in the
formation of self-assembly. Furthermore, Figure 2c4 proved the character of GA and BBR forming unit crystal cells in
a 1:1 ratio, which was consistent with the previous '"H-NMR and ITC results. Finally, the unit of crystal cell was driven to
form NPs under the action of hydrogen bonding, n-n stacking and electrostatic attraction (Figure 2d). Besides, the
previously obtained inferences from UV-Vis, FT-IR and "H-NMR results were further verified by the interaction force
between crystal cells’ unit.

In Vitro Antibacterial Experiments and Bacteria Biofilm Removal Test

Based on the antibacterial properties of BBR, we investigated the bacteriostatic effect of GA-BBR NPs against MRSA
in vitro. GA-BBR NPs’ inhibition effect was much better than BBR monomer and GA-BBR mixture on the growth of
MRSA. For example, we used the nutrient broth dilution method to obtain the minimum inhibitory concentration (MIC)
of the GA-BBR NPs. As shown in Figures 3a and S3, NPs” MIC was 75 uM, which was lower than that of BBR
monomer, GA/BBR mixture (MIC = 150 pM) and some first-line antibiotics (both MICrioxacin a0d MICietracycline > 200
pM). Under the concentration of 75 uM, GA-BBR NPs’ antibacterial rate was about 94.40 + 0.34%, in contrast to BBR
was only 48.19 + 1.49%, while that of norfloxacin and tetracycline was less than 30%. As shown in Figure 3e, the
antibacterial result was confirmed by the dilution coated plate method accordingly. In addition, we further used bacterial
growth kinetics to gain the relative rate and the extent of bactericidal activity of the NPs. The results showed that under
75 uM, the effect of GA-BBR NPs on bacterial growth kinetics within 24 h was significantly higher than that of the
control and BBR groups (Figure 3b), indicating that the carrier-free nanoparticles could significantly improve the
antibacterial activity of GA and BBR.

As bacteria biofilm caused multi-drug resistance and immune escape ability, it had the characteristics of high
pathogenicity and difficult to cure in clinic.?' Bacteria biofilm had become one of the important reasons for the formation
of clinically refractory infections. To evaluate the scavenging ability of GA-BBR NPs against MRSA bacterial biofilms,
we chose XTT quantitative assay, scanning electron microscopy (SEM) and laser scanning confocal microscopy (LSCM)
techniques. The results of XTT quantitative determination assay and the staining results were shown in Figure 3¢ and d,
respectively. We could see that GA-BBR NPs had strong scavenging ability against bacterial biofilms. For example, the
scavenging ability of GA-BBR NPs to bacterial biofilm reached 78.76 + 3.12% under 125 uM, while BBR was only
39.16 £ 2.27%. The scavenging effect of bacterial biofilms was also confirmed by SEM. As shown in Figure 3f, the
bacteria in the control group formed a dense and thick biofilm. In contrast, under the treatment of GA-BBR NPs, the
bacterial biofilm became sparser and thinner. Meanwhile, the effect of BBR and GA was much weaker than that of GA-
BBR NPs. Figure 3g was a fluorescent image of bacteria observed under LSCM with live bacterial stain. We could
clearly see that after the treatment of GA-BBR NPs, the number of viable bacteria was only present in a small amount,
which was consistent with the results of the previous XTT and SEM assay. The results of XTT quantitative assay, SEM
and LSCM tests totally indicated that GA-BBR NPs had promising removal effect on bacterial biofilm, which might be
due to the strong antibacterial effect and sustained slow-release character of GA-BBR NPs. Based on the above evidence,
GA-BBR NPs displayed clinical application value in the treatment of MRSA induced wound infections.

Antibacterial Mechanism of GA-BBR NPs

To investigate the antibacterial mechanism of GA-BBR NPs, the detailed micromorphological changes of bacterial was
observed by the FESEM and the genetic effect influence of GA-BBR NPs on bacteria were obtained by RNA-Seq
analysis and real-time quantitative RT-PCR assay. The result of FESEM was shown in Figure 4a, the untreated bacterial
cell wall was smooth and intact. However, the bacteria showed different states after 8 h treatment with GA, BBR and
GA-BBR NPs, respectively. For example, GA treatment’s bacteria were almost the same as the control group, and the
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cell wall was smooth and intact. Meanwhile, the surface of the bacterial cell wall shrunk slightly in BBR group.
However, after treatment with GA-BBR NPs, the surface of the bacterial cell wall was significantly shrunk and even
ruptured. FESEM results indicate that the antibacterial mechanism of NPs might be related to the structural integrity of
bacterial cell walls. According to the following transcription results, this was related to the influence of NPs on the
bacterial transcription process, which further affected the integrity of the bacterial cell wall.

To further study the mechanism of GA-BBR NPs inhibiting MRSA, we carried out RNA-seq to determine the changes
of gene transcription levels of MRSA. Moreover, RNA-seq results were verified by RT-PCR assay. According to the gene
expression profiles of the four groups, totally 2892 genes were identified. Then we determined the number of differentially
expressed genes (DEGs) in each group. Compared with the control group, a total of 265 DEGs were detected in the GA-
BBR NPs-treated group, of which 162 were down-regulated and 103 were up-regulated (Figure 4b). Meanwhile, compared
with the control group, a total of 183 DEGs were detected in the BBR-treated group, of which 130 were down-regulated and
53 were up-regulated (Figure 4c). In addition, a total of 158 DEGs were detected in the GA-treated group compared with the
control group, of which 127 were down-regulated and 31 were up-regulated (Figure S4a). It could be seen that the
regulatory effect of GA-BBR NPs on bacterial genes was significantly different from that of BBR and GA, and the
hierarchical clustering analysis of the four groups of DEGs could also obtain the similar results (Figure 4d). Furthermore,
we also found that GA-BBR NPs group and BBR group had 99 co-expressed DEGs under the same criteria (Figure 4e),
while GA-BBR NPs group and GA group had 64 co-expressed DEGs (Figure S4b). Currently, the antimicrobial targets of
antibiotics could be summarized as: cell wall synthesis, translation machinery, and DNA replication machinery.*’” To further
clarify the difference of BBR and GA-BBR NPs, we quantified the mRNA expression of some representative shared DEGs
(rpsF, rplC, rpIN, rplX, rpsC, rpmC and rpsH) using RT-PCR (Figure 4f). These DEGs were all related to the synthesis of
ribosomal proteins, which in turn affected the translation machinery and led to bacterial death.**>! Both of them mRNA
expression of DEGs were down regulated, and the gene regulation effect of NPs was more prominent than that of BBR,
resulting in the antibacterial effect of NPs was far superior to BBR. Besides, most of these DEGs could also be found in GA
group. This suggested that the strong genes regulation of GA-BBR NPs was attributed to the synergistic effect of BBR
and GA.

To further identify the pathways involved in genes affected by NPs, BBR and GA, we performed gene function
annotation analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database and Gene Ontology (GO)
database. By analyzing the KEGG database (Figures 4g and S4c¢), we found that BBR and NPs mainly affect genes related
to bacterial metabolism (nucleotides, amino acids, lipids, energy and carbohydrates), replication and repair, translation,
membrane transport and signal transduction pathways. GA mainly affect genes related to bacterial metabolism (carbohy-
drates, amino acids, energy, cofactors and vitamins), translation, membrane transport and signal transduction pathways.
Meanwhile, by analyzing the GO database (Figure S4d—S4f), NPs, BBR and GA could all affected biological processes,
cellular components and molecular functions, the specific impact details could be found in Tables S4-S6. Both in KEGG
database and GO database, NPs had stronger effect on genes translation than BBR and GA. This analysis explained the
SEM phenomenon that NPs destroyed the integrity of the bacterial cell wall by the influence on the bacterial.

Biocompatible Evaluation of GA-BBR NPs

The efficacy and safety of agents have always been the core content of drug in clinic. Since GA-BBR NPs have good
antibacterial properties in vitro, their biocompatibility needs to be verified to ensure their biosafety before in vivo
application. To evaluate the biosafety of GA-BBR NPs, in vitro hemolysis assay and cytotoxicity assay were carried out
in current study. The results of the hemolysis test were shown in the Figure 5a. At 10 times of the MIC concentration, the
hemolysis rate of GA-BBR NPs was lower than the internationally recognized standard (5%). In addition, we also
investigated the cytotoxicity of GA-BBR NPs using kidney MDCK cells and skin HaCat cells, respectively. The results
were shown in the Figure 5b—f, GA-BBR NPs had little effect on the normal growth of the two kinds of cells. Besides, no
obvious lesions were found in the major organs of mice treated with BBR and NPs (Figure 5g). The results of hemolysis
test and cytotoxicity test showed that the self-assembled carrier-free nanoparticles did not produce toxicity and still had
good biosafety. Moreover, BBR and GA have been used in the clinic for a long time without safety risks, which further
guarantees the biosafety of NPs.
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Evaluation of GA-BBR NPs in Accelerating MRSA-Infected Full-Thickness Wound

Healing In Vivo

A key issue to be addressed in wound healing was to reduce bacterial infection of the healing process by various means.
The above results indicated that GA-BBR NPs had good antibacterial effect and biocompatibility, which was beneficial to
repair the bacterial-infected skin wounds. In this study, we established a bacterial wound infection model in mice to
observe GA-BBR NPs’ antibacterial effect and the ability to promote wound healing. Figure 6a was a macroscopic view
of wounds grouping as control, MRSA, MRSA + BBR and MRSA + GA-BBR NPs for 3, 6, 9, and 12 days, respectively.
With the prolongation of healing time, the wound area gradually decreased. On the 3rd day, MRSA group and the MRSA
+ BBR group were able to clearly observe fester in the wounds indicating the formation of biofilms, while the wounds of
the MRSA + GA-BBR NPs group had almost no residual bacteria, indicating that the MRSA infection was controlled.
This indicated that GA-BBR NPs could significantly inhibit the bacteria on skin wounds and had the ability to prevent
biofilm formation. On the 9th day, the wound healing rate of mice in the MRSA + GA-BBR NPs group reached 57.46 +
5.49% (Figure 6b and c). However, the wound healing rates in the control and MRSA groups were only 36.53 + 3.60%
and 28.32 £ 5.53%, respectively. The above results suggested that GA-BBR NPs had antibacterial and biofilm prevention
capabilities in MRSA wound infections and exhibited the advantage in promoting wound healing. Therefore, GA-BBR
NPs with well biocompatibility displayed clinical translation value as a potential antibacterial and wound healing
nanomedicine, and the advantage of designing the carrier free binary phytochemicals’ self-assembly was revealed.

To further confirm its ability to promote wound healing in vivo, histomorphological examination of wound was
performed by hemoglobin and eosin (H&E) staining and Masson’s trichrome staining, respectively. On the 6th day
(Figure 6d), the wound area in the NPs group was significantly reduced compared with the other groups, and lots of
granulation tissue and hair follicles appeared. In addition, only a small amount of granulation tissue and hair follicles
appeared in the control group and MRSA+BBR group, while almost no such wound healing characteristics were
observed in the MRSA group. After 12 days of treatment (Figure 6¢), the defective skin in the NPs group was almost
completely healed, which was similar as the normal skin. However, other groups’ wounds were still clearly observed.
Histological analysis showed that, compared with other groups, the thickness of granulation tissue in the NPs-treated
group was significantly increased, and the hair follicle structure was obviously formed on both day 6th and day 12th.
Moreover, extensive collagen deposition was observed in NPs treated wounds, indicating the recovery and maturation of
damaged tissue. The results showed that NPs could not only had the antibacterial effect, but also accelerated MRSA-
infected full-thickness wound healing without damaging surrounding healthy tissue.

Regulatory Mechanism of GA-BBR NPs on Promoting Wound Healing

To further explore the specific mechanism of GA-BBR NPs in promoting wound healing in mice, RNA-sequencing
analysis was performed. A total of 27,211 expressed genes were detected in the analysis. As shown in Figure S5a,
compared with the MRSA group, a total of 3396 DEGs were detected in the MRSA + GA-BBR NPs group, of which
1685 genes were down-regulated and 1711 genes were up-regulated. Meanwhile, compared with the MRSA group,
a total of 2552 DEGs were detected in the MRSA + BBR group, of which 1401 were down-regulated and 1151 were up-
regulated. From the volcano plot (Figures 7a and S5b) and cluster analysis plot (Figure 7b), we could see that GA-BBR
NPs had more significant gene regulation effects than BBR. And compared with the MRSA group, most of the DEGs in
the NPs group showed a reverse regulation trend. In BBR and NPs group, DEGs (TNF-q, IL-1, IL-6, Timp! and Timp2)
mRNA expression was down-regulated. These genes were associated with inflammation and anti-angiogenic expression.
The effect of NPs on gene downregulation was more significant than that of BBR. TNF-a, IL-1B and IL-6 had strong pro-
inflammatory activities and could induce a variety of pro-inflammatory mediators, ultimately led to a wide range of
inflammatory responses.’> The GA-BBR NPs and BBR could reduce the expression of these pro-inflammatory factors
(TNF-0, IL-1p and IL-6), which were beneficial to wound healing. In addition, persistent inflammatory responses created
a detrimental microenvironment rich in proteases (neutrophil elastase, matrix metalloproteinases, and gelatinases) that
lead to degradation of the extracellular matrix and growth factors, thereby significantly delayed wound healing. Inhibiting
the expression of matrix metalloproteinases (MMP-2 and MMP-9) could enhance extracellular matrix remodeling and

International Journal of Nanomedicine 2023:18 https: 4899
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=422944.docx
https://www.dovepress.com/get_supplementary_file.php?f=422944.docx
https://www.dovepress.com
https://www.dovepress.com

Lu et al Dovepress

3 day 6 day 9day 12 day b 3 day 6 day 9day 12 day c 120

¢ — ~ B Il Control [ MRSA [l MRSA+BBR
. 1004
J — . ) f [ MRSA+NPs

? okok
“ “ “ ” N
£
g 60
o
=
2 40
o
z
204

- Non-healed wounds % - Healed wounds %

Control MRSA MRSA+BBR MRSA+NPs Normal

6 9
Time (days)

H&E

Masson

H&E
Day 12

Masson

Figure 6 In vivo infected wound healing studies.

Notes: (a) Representative pictures of wound tissues of different groups on days 0, 3, 6, 9, and 12. (b and c) Wound size over time in mice treated with different methods.
All dates were presented as the mean + SD, *P < 0.05, **P < 0.01, **P < 0.001 (n = 6). (d) Tissue slices stained with H&E and Masson’s trichrome stained from different
groups on days 6. (e) Tissue slices stained with H&E and Masson’s trichrome stained from different groups on days 12.

4900 https://doi.org/10.2147/1JN.S422944 International Journal of Nanomedicine 2023:18
DovePress


https://www.dovepress.com
https://www.dovepress.com

Dove

Lu et al

a b

350 MRSA+NPs VS MRSA ® down
® nosing
300
® w
250
0
.2, 200
9
<
3
2 1504
o0
=]
= 100+
50
0 4
-15 15
MRSA  MRSA+BBR MRSA+NPs
d cell part

organelle

membrane

membrane part

organelle part
protein-containing complex
extracellular region part
extracellular region

binding

catalytic activity

molecular function regulator
cellular process

biological regulation
developmental process
response to stimulus
metabolic process
multicellular organismal process
localization

immune system process

1
, [Cytokine-cytokine receptor i

Y o ] g
ECM-receptor interaction tomlopvalue)

Osteoclast differentiation °
Protein digestion and absorption .

Complement and coagulation cascades

TNF signaling pathway). . Yoo
Melanogenesis

Chemokine signaling pathway

@

.

°

Neuroactive ligand-receptor interaction [ ]
‘Whnt signaling pathway °

L]

Axon guidance
JAK-STAT signaling pathway] o
MAPK signaling pathwayj| Y

PI3K-Akt signaling pathway] B

Rich Factor

Il cellular component
B molecular function

Hl biological process

Ll ! I I I I
0 400 800 1200 1600 2000 2400 2800
Number of genes
€
| | @
@ ' a o vy ”
- B Nps ~
RTK FGR TNFR
_ @ | 1
Q Timp1 FGF-2 A =22
Timp2 ), FGFR3A L
IxBa
1
TNF-o W
®ws ¥
Angiogenesis [ B IET IR

Figure 7 Transcriptional analysis.

Notes: (a) Volcano plot showing differentially expressed genes (DEGs). (b) Hierarchical clustering analysis of the three groups. (¢) KEGG enrichment analysis (d) GO

annotation analysis. (e) Analysis of the mechanism of GA-BBR NPs promoting wound healing.

International Journal of Nanomedicine 2023:18

https:
Dove:

4901


https://www.dovepress.com
https://www.dovepress.com

Lu et al Dove

promote wound healing.”*-** Herein, GA-BBR NPs could also lead to the decrease of MMP-2 and MMP-9 expression,
which might enhance extracellular matrix remodeling, and further promote wound healing. In contrast, this phenomenon
was not found in the BBR treatment group. In addition, promoting angiogenesis was beneficial to the wound healing. We
found that GA-BBR NPs could reduce the expression of anti-angiogenic genes (Timp1 and Timp2).’> Meanwhile, some
angiogenic factors and factors related to promoting cell migration (TGFA, FGF-2, FGFR3) were expressed in the GA-
BBR NPs group, which was confirmed by the following quail chick chorioallantoic membrane (qCAM) and cell
migration experiments.’> >’ GA was reported to had anti-bacterial, anti-inflammatory and angiogenesis-promoting
properties, and NPs inherited the monomeric activity and exhibit synergistic effects. These might be the reasons that
NPs exhibited better effect than that of the BBR group to promote wound healing.

To further identify the pathways involved in genes affected by NPs and BBR, we performed gene function annotation
analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database and Gene Ontology (GO) database.
KEGG enrichment analysis were shown in Figures 7c and S5c, DEGs in the NPs group were mainly enriched in
cytokine—cytokine receptor interaction, MAPK signaling pathway, TNF signaling pathway, JAK-STAT signaling pathway
and other inflammation-related pathways, as well as PI3K-Akt angiogenesis-related pathways. DEGs in the BBR group
were mainly enriched in inflammation-related pathways. The results of GO functional annotation analysis were shown in
Figures 7d and S5d; and its biological process, cellular components and molecular functions were consistent with the
results of KEGG. Briefly, the principle of GA-BBR NPs promoting wound healing was shown in Figure 7e. GA-BBR
NPs not only inhibited inflammation, but also promoted angiogenesis and cell migration, which in turn played promising

role in promoting wound healing.

Validation of the Mechanism of GA-BBR NPs Promoting Wound Healing

Transcriptome analysis results showed that NPs had multiple mechanisms to promote wound healing, such as inhibiting
inflammation, promoting migration and angiogenesis. Therefore, we designed a series of experiments were designed to
verify.

The overexpression of pro-inflammatory factors can lead to a long-term inflammatory response and delay wound
healing.”® To further verify that NPs reduced the expression of pro-inflammatory factors (TNF-a, IL-1p, IL-6) and
revealed its wound healing promotion mechanism, these pro-inflammatory factors were stained brown by immunohis-
tochemistry to detect the level of wound inflammation. As shown in the Figure 8a, the expression levels of the three pro-
inflammatory factors in the NPs group were lower than those in the other groups, indicating that the inflammatory
response was effectively controlled. This result further confirmed that NPs could reduce the expression of inflammation
to promote wound healing.

To further demonstrate the ability of GA-BBR NPs on promotion wound healing, cell scratch assays were performed.
The results were shown in the Figure 8b, GA-BBR NPs had the ability to promote cell migration. After 24 hours of
treatment with GA-BBR NPs, the scratch area was reduced to 38.63 + 1.40%, but the area of the control group was still
61.11 + 0.38%. Compared with controls, GA-BBR NPs enhance cell migration ability and were expected to play a role in
wound healing therapy.

As a medium for the transport of biological substances, angiogenesis is an indispensable and important part in the
process of wound repair. However, ischemia, hypoxia, lack of nutrition and accumulation of various metabolites in
wound tissue often led to continuous aggravation of injury. Therefore, promoting angiogenesis is a necessary condition
for wound repair. We verified the vascular growth-promoting effect of NPs by detecting the expression of VEGF in mice
skin and in vivo vascular growth assay on quail chick chorioallantoic membrane (QCAM) model. From Figure 8a, we
could clearly see that the expression of VEGF in the NPs group was significantly higher than that in the other groups.
Besides, as shown in Figure 8c, we could clearly see that GA-BBR NPs had the ability to promote angiogenesis with
a dose-dependent manner. The above evidence indicated that GA-BBR NPs had multi functions to promote wound
healing by inhibiting inflammation, accelerating migration and wound angiogenesis.

4902 e International Journal of Nanomedicine 2023:18
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=422944.docx
https://www.dovepress.com/get_supplementary_file.php?f=422944.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Lu et al

b

Relative scratch area (%)

24h |
;
B .
ﬁé}kv N 0 12 24
Control GA-BBR NPS Time (h)
c 25
Aokok
20
*
9
Control 50uM < 154 *
ES
&
E 10 4
3
>
5
04
100pM 200pM 50 pM 100 pM 200 pM

Figure 8 Mechanism verification.

Notes: (a) Immunohistochemical staining of TNF-a, IL-6, IL-13 and VEGF expressed. Scale bar, 50 um. (b) GA-BBR NPs treatment enhanced HaCat cell migration compared
with untreated cells. (c) GA-BBR NPs promote angiogenesis. All dates were presented as the mean % SD, *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3).
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Conclusion

In this study, among a series of gallic acid analogues, we found that under the same preparation conditions, only gallic
acid could self-assemble with BBR to form nanoparticles. However, none of the other analogues could be self-assembled
with BBR. The nature small molecule carrier-free binary self-assembled GA-BBR NPs had been prepared by a simple,
and rapid process under the interaction of electrostatic attraction, n-m stacking and hydrogen bond. The preparation was
green and did not involve any synthesis and drug loading process of nanocarrier materials, which could avoid a series of
problems such as environmental hazards, potential health risks and low loading capacity of nanocarriers, etc. Compared
with our previous research, GA-BBR NPs was a novel vertical-layer stacking self-assembly with multi-functions to
accelerate MRSA-infected wound healing.

Briefly, GA-BBR NPs could block the bacterial translation process, thereby inhibiting bacteria and avoiding bacterial
biofilm formation. In addition, NPs combined the activities of two monomeric agents and displayed multi pathways to
promote the wound healing. For example, it had promising anti-inflammatory activity by reducing the expression of pro-
inflammatory factors, such as TNF-a, IL-1f and IL-6. It also could promote angiogenesis by enhancement the expression
of pro-angiogenic factors (FGF-2 and FGFR3) and inhibition the expression of anti-angiogenic factors (Timpl and
Timp2), finally accelerated the wound healing on MRSA-infected wounds model in vivo. Meanwhile, due to GA-BBR
NPs was originated from the traditional herb medicine for thousands of years usage and the monomers (GA and BBR)
had also been combined used in clinic for decades of years, NPs displayed well biocompatibilities both in vitro and
in vivo. In conclusion, GA-BBR NPs had potential clinical transformation value, and current study provided a new idea
for the design of carrier-free nanomedicine to address the challenges of multidrug-resistant bacterial infections.
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