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Abstract: In recent years, the morbidity of infections in traumatic wounds has been on the increase. There are not 
many kinds of drugs for clinical treatment of infections, and their efficacy and safety are limited. Plant antimicrobial 
drugs are increasingly popular in mainstream medicine due to the challenges of traditional antibiotics abuse. Ber-
berine has a scavenging effect on infections, however, berberine was restricted from using as a drug preparation 
with poor stability and bioavailability. Due to the low toxicity of nanoparticles, the green-synthetic, size-controlled 
approach of nanoparticles has been paid more attention. Therefore, based on the intermolecular disulfide bond 
network platform built earlier, we designed and developed a strategy to assemble molecular bovine serum albumin 
into large-sized nanostructures through the reconstructed intermolecular disulfide bond and hydrophobic interac-
tion, and berberine with poor water solubility was encapsulated in it. Nanoassembly with bovine serum albumin in-
creased biostability of berberine and significantly improved its activity against Staphylococcus Aureus (S.aureus) ac-
tivity, which gives some new insights into the preparation and development of anti-infectives for Chinese medicine.
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Introduction

Tissue fragments, dirt, hair and necrotic tissue 
are common in traumatic wounds. The aggrava-
tion of inflammatory reaction and even second-
ary infection, and then delay the wound repair 
can be involved [1]. When individual immunity 
is impaired under such conditions, patients 
may become vulnerable to microorganisms, 
resulting in an increase in the incidence of 
infections every year [2-4]. Therefore, wound 
infection is the most common and influential 
serious problem after traumatic injury. It will 
cause sepsis, amputation and other adverse 
complications, and even lead to death [5, 6]. In 
2017, a systematic evaluation and meta-analy-
sis reported that the global chronic wound 
infection rate was 78.2%, and most of the 
pathogens of chronic wound infection were 
Staphylococcus Aureus and Pseudomonas 
Aeruginosa [7].

Due to the longer cycle and higher risk of new 
drug development, it has become a major prob-
lem that how to make full use of existing 
resources to improve the efficacy of anti-infec-
tion drugs. Medicinal plants are one of the 
potential sources of antibiotics [8-10]. Plant 
antimicrobial drugs are more and more popular 
in mainstream medicine due to the challenges 
of traditional antibiotics abuse.

Berberine (BBR), as a natural isoquinoline alka-
loid, is derived from Chinese medicinal herbs, 
especially Berberis vulgaris. It exhibits many 
biological effects, including anti-viral, anti-
microbial, anti-diarrhea, anti-inflammatory and 
anti-cancer effects [11, 12]. But its poor aque-
ous solubility, slight absorption, low bioavail-
ability and selectivity limit berberine therapeu-
tic use [11, 13-15]. To overcome these limita- 
tions, nanotechnology has been considered as 
main strategy [16, 17].
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In recent years, nano-antibiotics not only 
improve the therapeutic efficiency, but also 
reduce the toxicity of some drugs [18]. It has 
become a research focus that using natural 
biomass as reactants or constructions to build 
functional nanostructures. Albumin has attract-
ed increasing attention since the FDA appro- 
ved the marketing of albumin-bound paclitaxel 
nanoparticles in 2005. As a biological carrier, 
albumin has the characteristics of biocompati-
ble and non-toxic, and as an endogenous sub-
stance, albumin can prolong the circulation 
time of drugs in vivo [19, 20]. We have designed 
and used a safe nanocarrier based on Bovine 
serum albumin (BSA), which is a natural and 
biodegradable material. The study uses self-
assembly nanotechnology to meliorate the  
biological activity of BBR. The self-assembled 
nanomedicines are easy to synthesize and pos-
sess high drug-loading capacity, in other words, 
they could achieve high and stable delivery of 
drugs without any other carrier [21, 22].

For this purpose, based on the previously built 
intermolecular disulfide bond network plat-
form, we assemble molecular BSA into large-
sized nanostructures, which uses the recon-
structed intermolecular disulfide bond and 
hydrophobic interaction. Then berberine, a kind 
of low water-solubility drug, is stable in BSA 
structure through hydrophobic interaction and 
hydrogen bonding to increase solubility. They 
could be used to combat microbe resistance 
and enhance the efficacy of antibiotics.

Materials and methods

Reagents

BBR and Vancomycin (VA) were purchased  
from Meilunbio. Sodium dodecyl sulfate (SDS), 
dithiothreitol (DTT), Urea, and 2-morpholinoeth-
anesulfonic acid (MES) were purchased from 
Aladdin. BSA was purchased from Sigma-
Aldrich. RPMI 1640 medium and phosphate 
buffered solution (PBS) were purchased from 
Hyclone. Luria-Bertani (LB) medium was pur-
chased from Sangon Biotech.

Strains

All strains were maintained on LB agar plates 
and cultured in LB liquid medium. For all experi-
ments, the colonies were washed in PBS three 
times before use.

Preparation of BBR-NP

The intramolecular disulfide bonds and hydro-
phobic forces of BSA (40 mg/mL) were elimi-
nated by treatment of SDS (2% [wt/vol]) and 
DTT (0.15% [wt/vol]) regents, resulting in libera-
tion of free thiol. As we have previously report-
ed, the protein was denatured by heating to 
release free thiol, the reduced BSA (rBSA) was 
obtained by heating the processed BSA to 
90°C for 2 h [23, 24]. rBSA was dissolved in 
PBS (0.0067M PO4) and nanoparticles (BBR-
NP) were prepared by adding BBR in magnetic 
stirrer (the proportion between BBR and BSA  
is w/w 1:1, 1:2, 1:5, 1:10). BSA nanoparticles 
(BSA-NP) assembly occurred with the same 
method. The free drugs and additives were 
removed by dialysis. Finally, the BBR-NP was 
characterized after ultrafiltration (MW10 KD), 
and the best mass ratio was selected by the 
results.

Characterization of BBR-NP

The particle size and zeta potential of BSA-NP, 
BBR-NP were determined by dynamic light  
scattering (DLS) (Zetasizer Nano ZS, ZEN3690, 
Malvern). The preparation scheme was select-
ed by the particle size and distribution of BBR-
NP with different feeding ratios. All measure-
ments were carried out in triplicates. The mor- 
phology of nanoparticle was observed by trans-
mission electron microscope (TEM) (Tecnai-
12Bio-Twin, FEI, Netherlands). BBR-NP was pre-
pared and dialyzed for 48 h (MW14000), then 
free drugs, SDS and DTT were removed. The 
effective encapsulation (EE) and loading capac-
ity (LC) of BBR was determined by UV-Vis analy-
sis (Varian Ltd., Hong Kong). Calibration curve 
of BBR was made by measuring the absor- 
bance of a series of standard BBR solutions. 
Concentration of BBR in nanoparticles was 
directly calculated by measuring the absor-
bance of the encapsulated drugs. The EE and 
LC were calculated as follows: 

EE% = Wloaded/Wtotal × 100%, 

LC% = Wloaded/WNP × 100%. 

Wtotal was the weight of total drug added when 
preparing BBR-NP, WNP was the weight of BBR-
NP, and Wloaded was the weight of drug wrapped 
in BBR-NP. The release behavior of BBR-NP was 
determined with dialysis method. The sample 
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containing of BBR-NP were dialyzed in a phos-
phate buffer saline (pH 5.5 and pH 7.4), BBR 
after dialysis was measured at different time 
points by UV-Vis at 345 nm. 

BBR Release% = MBBR release/MBBR total × 100%

(MBBR release is the amount of BBR released from 
the BBR-NP at different time and MBBR total is the 
amount of loaded BBR).

Evaluation of the stabilizing forces of BBR-NP

To elucidate the stabilizing forces involved in 
the nanostructure, BSA-NP were treated with 
SDS (1% [wt/vol]), DTT (30 mM), Urea (2 M), 
which destroy hydrophobic interaction, disul-
fide bonds, hydrogen bond respectively. The 
forces for stabilizing BSA-NP were determined 
by DLS. To explore BBR-NP stability, the long-
term stability and serum stability of nanoparti-
cles were analyzed. BBR-NP was placed at 4°C 
for 60 days or 10% fetal bovine serum (FBS), 
the stability of nanoparticles was determined 
by DLS.

Against S.aureus activity of BBR-NP

The activity of BBR-NP against S.aureus was 
evaluated through the minimum inhibitory con-
centration (MIC) assay test. Briefly, the initial 
concentration of bacteria suspension in LB 
Broth Powder (pH 5, 6, 7) was adjusted to 1 × 

103 CFU/mL, and the BBR and BBR-NP were 
diluted gradient in 96-well microplates, and 
microplates incubated at 37°C for 24 h. In the 
MIC assay, the result of Vancomycin (VA) 
against the strain was 0.5 μg/mL, which was in 
line with the standard.

Statistical analysis

All experiments were repeated at least three 
times unless otherwise specified. All values  
in the present study are presented as mean ± 
SD. The results were analyzed by two-tailed 
Student’s t-test. The level of significance was 
set as follow: *P<0.05; **P<0.01; ***P<0.001. 
Statistical significance of the results was 
judged at P<0.05. The result was judged a  
higher or extremely significant difference at 
P<0.01, P<0.001. Asterisks are used in Figures 
to indicate P-value.

Results

Preparation and characterization of BBR-NP

The stable nanoparticles were prepared based 
on the adjustment of proportion between BBR 
and BSA (w/w from 1:1 to 1:10). Results show 
that when the w/w is 1:1 and 1:2, the precipita-
tion occurred. While the w/w is 1:5 or 1:10, the 
nanoparticles formed. The Figure 1A and 1B 
showed the particle size distribution of BBR-NP 
formed by mixing BBR and BSA, indicating the 

Figure 1. Preparation and characterization of BBR-NP. A. Particle size of BBR-NP (the proportion between BBR and 
BSA is w/w=1:5); B. Particle size of BBR-NP (w/w=1:10); C. The TEM image of BBR-NP; D. The zeta potential of 
BBR-NP (w/w=1:10).
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particle size distribution of BBR-NP was nar-
rower when the w/w is 1:10. Besides, we used 
transmission electron microscopy (TEM) imag-
ing to explore the morphological characteristic 
of BBR-NP, and the images show that the shape 
of the BBR-NP is well-dispersed spherical with 
average size less than 150 nm (Figure 1C). The 
zeta potential of BBR-NP (w/w=1:10) decreased 
from -16.8 mV to -19.6 mV after adding BBR 
(Figure 1D).

Studies on UV-vis spectroscopy and release

The content of BBR within the nanoparticles 
could be proved by using UV-vis spectrosco- 
py technique after removing free drugs. The 
results of the effective encapsulation and load-
ing capacity of BBR encapsulated into nano- 
particles were 67.0% and 3.91%, respectively 
(Figures 2A, 2B and 3A). The in vitro release 
profiles of BBR from BBR-NP were carried out in 

PBS at pH 5.5 and 7.4 for different time. The 
Figure 3B showed the BBR release profile  
was higher at pH 5.5 and reached 69% at 12  
h, while pH is 7.4, the maximum releasing of 
BBR was about 51% at 12 h, indicating the  
BBR release is more conducive in acidic 
environment.

The stability and stabilizing forces of BBR-NP

The stability of BBR-NP was determined by 
binding force and size change in medium. In 
order to avoid coagulation or gelation caused 
by nanoparticles in vivo, it is essential to ana-
lyze the stability of BBR-NP in a simulated phy- 
siological environment. BBR-NP was treated 
with FBS (10%) at room temperature for 24 h. 
Also, BBR-NP was kept at 4°C for 60 days for 
determining long term stability. The results of 
Figure 4A and 4B showed that BBR-NP has no 
significant size change, indicating they had 

Figure 2. Studies on UV-vis spectroscopy. A. The absorption peak of BBR; B. The standard curve of BBR at 345 nm.

Figure 3. Studies on UV-vis of BBR-NP and release. A. The absorption peak of BBR, BBR-NP, BSA; B. The percentage 
of in vitro BBR released from BBR-NP in pH 5.5 and 7.4 PBS buffer.
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excellent biological stability. The spatial bind- 
ing effect has been explained with change of 
size. As shown in Figure 5, separate treatment 
group showed a very weak change size of BSA-
NP, particularly treated with urea alone. In con-
trast, BSA-NP is dissociated into monomer mol-
ecules only after SDS and DTT treatment. 
Therefore, the dissociation behavior with the 
treatment of SDS and DTT is similar to SDS, 
DTT and Urea, which gave further evidence of 
the internal stability of nanoparticles through 
disulfide bond and hydrophobic action.

Against S.aureus activity of BBR-NP

BBR-NP at 5 μg/mL had stronger antibacterial 
effect in acidic environment (pH=5), while the 
antibacterial effect of BBR can be achieved 

when the BBR concentration is 200 μg/mL. It  
is possible that the good solubility and dispers-
ibility makes its MIC value lower than BBR 
(Table 1). The results suggest that BBR nano- 
particles may play an important role in wound 
infection in the future.

Discussion

When individual immunity is impaired, patients 
may become vulnerable to microorganisms, 
resulting in an increase in the incidence of 
infections every year. Wound infection is the 
most common and serious problem after trau-
matic injury, and most of the pathogens of 
chronic wound infection were Staphylococcus 
Aureus and Pseudomonas Aeruginosa. The 
existing antibiotics are limited in effectiveness 
and safety, and widespread use of antibiotics 
leads to increasing bacterial resistance, there-
fore, searching for new broad-spectrum of anti-
microbial agents to combat bacterial infections 
is urgent.

Medicinal plants are one of the potential sourc-
es of antibiotics. Berberine has been found  
to have synergistic anti-infective effect, but it 
cannot be used alone as an anti-infective drug 

Figure 4. The stability and stabilizing forces of BBR-NP. A. Long-term stability analysis of BBR-NP by size change 
determination for 60 days; B. Stability analysis of BBR-NP in 10% FBS (***P<0.001).

Figure 5. Effect of SDS, DTT and Urea on the size 
of BBR-NP. 1 to 7 are Control, SDS, DTT, Urea, 
SDS+DTT, SDS+Urea, SDS+DTT+Urea, respectively 
(***P<0.001).

Table 1. The MIC of BBR and BBR-NP against 
S.aureus
pH BBR (μg/mL) BBR-NP (μg/mL) VA (μg/mL)
5 200 5 0.5
6 200 20 0.25
7 100 40 0.5
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because of its low bioavailability in vivo. We 
have designed and used a safe nanocarrier 
based on BSA, which is a natural and biode-
gradable material. Our design concept is based 
on the hydrophobic drugs could be stabilized in 
the albumin disulfide bond network. For BSA, 
one free thiol in each BSA molecule not enough 
to ensure sufficient intermolecular cross-link-
ing to form a network at the nanoscale [25, 26]. 
Therefore, protein is denaturated to liberate  
the free thiols, we assemble molecular BSA  
into large-sized nanostructures through the 
reconstructed intermolecular disulfide bond 
and hydrophobic interaction, and berberine 
with poor water solubility was encapsulated in 
it to afford biocompatibility and biodispersibili-
ty. BSA gradually formed nanoclusters during 
the assembly process, the stable nanoparticles 
were prepared based on the adjustment of pro-
portion between BBR and BSA. The stability 
analysis demonstrated that nanoclusters were 
mainly stabilized with hydrophobic interactions 
and disulfide bonds since SDS (destroyer of 
hydrophobic interactions) and DTT (destroyer of 
disulfide bond) could lead to fast disassembly. 
It is reported that polymeric nanoparticles may 
bring about coagulation or gelation in vivo [26]. 
While the size distribution of BBR-NP showed 
slight variation after 24 h in 10% FBS, implying 
the more stable property of nanoparticles load-
ed with BBR.

The infected micro-environment is acidic due  
to metabolic activities of bacteria [1, 27]. Such 
as S.aureus secretes lactic acid during its 
growth, BBR-NP is pH-sensitive nanogels with 
controlled release in acidic environment. Nano- 
assembly with BSA markedly improved the dis-
persibility of BBR, making a possible to enhance 
its anti-infective activity. Berberine has a weak 
anti-bacterial effect, while the nanoparticles 
modified with BSA have significant antibacterial 
activity in acidic environment. It is more benefi-
cial to the drug release of BBR-NP in acidic 
environment. We conclude that BBR-NP is the 
good solubility and dispersibility allows it has 
lower MIC value compared to BBR.

Conclusion

BBR self-assembles into nanoparticle (BBR-
NP) with rBSA in vitro, which were mainly con-
trolled by the reconstructed intermolecular 
disulfide bond and hydrophobic interaction. We 
studied the biological stability, release and 
antibacterial effect. The better biostability and 

slow-releasing suggested that the BBR-NP 
could serve as a promising anti-infection lead 
compound for further research. The MICs 
results show that antibacterial effect of BBR-
NP is 40 times than BBR, and make it possible 
that BBR nanoparticles may offer new options 
as anti-bacterial in traumatic wounds.
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