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Methicillin-resistant  Staphylococcus  aureus
(MRSA) is a common pathogen causing acquired
infections. Antibiotics are routinely employed for
bacterial infection treatment. Excessive antibiotic
use for bacterial infections heightens resistance, and
MRSA resistance is being prevalentm. MRSA exhibits
substantial resistance to conventional antibiotics,
which is associated with its biofilm-forming
capability. The bacterial biofilm serves as a barrier,
restricting nutrient access and slowing internal
metabolism, increasing antibiotic resistance. The
bacterial biofilm forms a defensive layer, resisting
antibiotic penetration while preventing nutrient
entry, inducing a slow bacterial metabolism, and
increasing bacterial resistance'”. Consequently,
biofilm formation and the emergence of resistance
to conventional antibiotics have become substantial
challenges in the field of infectious diseases. The
development of agents to remove biofilm barriers is
urgently required because biofilms are extremely
hazardous.

Scutellaria  baicalensis’s  active  constituent,
baicalein (BA), exhibits inhibitory activity against
MRSA, yet its clinical utility is restricted due to its
poor water solubility. Advances in nanotechnology
can overcome the shortcomings of traditional drugs.
Specifically, CS possesses remarkable antibacterial
properties, whereas the dual hydrophilic and
lipophilic internal architecture of CD is adept at drug
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nano—delivery[3]. Furthermore, our previous study
demonstrated that CD-CS enhance drug solubility and
antibacterial activity. Hyaluronic acid (HA) is a suitable
carrier for nanoparticles because it can improve drug
aggregation at the site of bacterial infection.
Accordingly, we integrated HA into our existing CD-CS
nanodelivery platform with the intention to amplify
the antibacterial and biofilm-eliminating effects of the
medication. Building on the aforementioned
groundwork, HA/CD-CS-BA-NPs were characterized
and assessed for their in vivo and in vitro biofilm
elimination abilities. Finally, the mechanism of action
of the nano preparations to enhance drug elimination
from the bacterial biofilm was explored by confocal
laser scanning microscope (CLSM), flow cytometry
(FCM), and Live/Dead staining. This study not only
provides a theoretical foundation and experimental
basis for the clinical application of HA/CD-CS-BA
nanoformulation against MRSA infections but also
provides a new idea for the development of anti-
bacterial drug-resistant formulations.
HA/CD-CS-BA-NPs were prepared by probe
ultrasonication techniques (Supplementary Figure
S1, available in www.besjournal.com), subsequently
characterized for particle dimension, potential and
stability, and payload. The minimum inhibitory
concentration (MIC) of HA/CD-CS-BA-NPs against
MRSA was determined using the double dilution
method. The effectiveness of HA/CD-CS-BA-NPs in
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eliminating MRSA biofilm was evaluated using the
Crystalline Violet staining method. A silicone
membrane implantation was employed for in vivo
biofilm eradication studies in rats. Finally, the
mechanisms were explored by confocal laser
scanning microscope (CLSM), flow cytometry (FCM),
and Live/Dead staining. Please refer to the
attachment for precise experimental procedures.
Characterization of CD-CS-HA-BA-NPs In the
present study, the HA/CD-CS-BA-NPs were
successfully prepared. As shown in Supplementary
Figure S2A and S2B (available in www.besjournal.
com), the particle size of the HA/CD-CS-BA-NPs was
(263.8 = 7.65) nm, and the Polydispersity Index (PDI)
was 0.178 + 0.03, which indicates that nanoparticles
are evenly dispersed and uniformly distributed. As
shown in Supplementary Figure S3 (available in www.
besjournal.com), none of the HA/CD-CS-BA-NPs
exhibited notable alterations within one week. This
also reflects ability of the formulation to remain
relatively stable in the short term. The zeta potential
has a significant relationship with the stability of the
nanoformulation. A formulation with an absolute
zeta potential > 30 mV is unlikely to aggregate and
demonstrates good stability[sl. The zeta potential of
the HA/CD-CS-BA-NPs stands at (32.4 + 3.04) mV,
which favors excellent formulation stability. In this
study, the TEM image (Figure 1) of the nanoparticles
showed a spherical structure, which coincided with
the Malvern instrumental measurements. The drug
loading percentage of BA in the HA/CD-CS-NPs was
5.44% + 0.64%.

MIC Determination When assessing the in vitro
antibacterial effect (as shown in Supplementary
Table S1, available in www.besjournal.com), it was
found that the MIC of HA/CD-CS-BA-NPs was 12.5
pug/mL, compared with 25 pg/mL for BA solution
alone. These findings indicated that the addition of
HA/CD-CS-BA-NPs enhanced the antibacterial
efficacy. Similar study has shown that chitosan (CS)
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Figure 1. TEM image of HA/CD-CS-BA-NPs.

disrupts the structure of bacterial cell membranes,
leading to antimicrobial effects®.

Biofilm Elimination Study in Vitro The biofilm
elimination  results for NPs at different
concentrations are depicted in Supplementary
Figure S4 (available in www.besjournal.com). All
except  HA/CD-CS-BA-NPs  demonstrated no
significant disparity from the negative control,
indicating that these groups were not successful in
eliminating the biofilm below 50 pg/mL (P > 0.05).
However, the OD value of the HA/CD-CS-BA-NPs
treatment displayed superior biofilm elimination
compared with that of the negative control, and this
was enhanced with augmented concentration.
Positively charged drug-loaded nanoparticles have
been reported to enhance drug elimination of MRSA
biofilms by positive surface charge. We postulated
that the surface positive charge of the HA/CD-CS-BA-
NPs facilitated their adhesion to bacterial negative
charge, thereby enhancing their biofilm eradication.
In addition, shown in Supplementary Figure S5
(available in www.besjournal.com) that the CD-CS-
BA-NPs showed markedly lower OD values than that
of others, suggesting its quick effectiveness in
eliminating biofilm within 3 h.

Biofilm Elimination Study in Vivo The skin of the
blank group was transparent (Figure 2A), featuring a
non-thickened epidermis and organized collagen
fibers in the dermis. Numerous hair follicles were
noticeable, with no inflammation. The model group
(Figure 2B) exhibited an irregular skin structure, with
epidermal detachment and dermal exposure, and
diminished, thin, and fluid collagen fibers.
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Figure 2. Pathological section analysis of
inflammatory tissue around the implantation
site from Blank group (A), Model group (B), BA
solution-treated group (C), and HA/CD-CS-BA-
NPs treated group (D). Figure 2A-D show
images at 100x.
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Inflammatory cell infiltration was apparent.
Infiltration of inflammatory cells was also observed.
In the BA-treated group (Figure 2C), skin tissue
integrity was retained, although collagen fibers
within the dermis displayed some irregularity, and
minimal inflammatory infiltrate was noted.
Compared with the other groups, the skin of the
HA/CD-CS-BA  NPs-treated group (Figure 2D)
exhibited a lucid structure devoid of epidermal
thickening, well-aligned, dense collagen fibers within
the dermis, and negligible inflammation. The HA/CD-
CS-BA NPs treatment group exhibited better
antibacterial and anti-inflammatory effects. This may
stem from the anti-inflammatory effects of BA and
HA. BA counteracts MRSA-induced inflammation,
and HA has anti-inflammatory and antibacterial
effects.

The silicon film was removed for SEM imaging.
The model group displayed an intact, dense bacterial
biofiilm and abundant bacterial adhering
(Supplementary Figure S6A, available in www.
besjournal.com), with a clear bacterial morphology.
Bacterial counts in the BA solution-treated group
decreased but remained stuck together
(Supplementary Figure S6B). Biofilm disruption on
the silica film surface biofilm disruption was
observed in the HA/CD-CS-BA-NPs treated group
(Supplementary Figure S6C), with substantial
bacterial reduction and limited adherence.
Determination of Drug Uptake by MRSA In this
study, given that the BA solution itself was not
luminescent, fluorescent coumarin-6 was chosen to
prepare HA/CD-CS-BA-NPs to probe the drug uptake
capacity of MRSA. A higher fluorescence intensity
signifies greater drug uptake. A higher fluorescence
intensity signifies greater drug uptake.
Supplementary Figure S7A and S7B (available in www.
besjournal.com) illustrate that the formulation
treated group exhibited markedly enhanced
fluorescence, compared with that of the other
groups. Additionally, bacteria in the HA/CD-CS-BA-
NPs treated group ingested substantial amounts of
the drug, with an esclating uptake intensity that was
positively correlated withto time and concentration.
The enhanced in bacterial drug uptake by HA/CD-CS-
BA-NPs may have contributed to the reduced MIC
and biofilm eradication effects of this nanosystem.
This aligns with prior investigations asserting CD-CS
potency to enhance bacterial drug uptake, which is
potentially linked to the enhanced cell membrane
permeation of CD-CS. Moreover, the hydrophobic
internal  structure and hydrophilic external
properties of CD-CS enhance its drug solubility,

potentially boosting the bacterial intake of the drug,
thereby amplifying its antimicrobial efficacy. HA
possesses targeted antibacterial capabilities and
HA/CD-CS-Coumarin-6-NPs  fabricated with HA
exhibited superior penetration power, which is
attributed to its potential for adherence to bacterial
biofilm, thereby disrupting its structure and resulting
in enhanced penetration for enhanced biofilm
elimination.

Determination of Drug Penetration into the Biofilm
of MRSA To explore the delivery mechanism of
HA/CD-CS-BA-NPs, we investigated the drug
penetration into MRSA biofilms at varying
concentrations and incubation durations using
CLSM. As shown in Figure 3A and 3B, the
fluorescence intensity of both HA/CD-CS-Coumarin-
6-NPs  and  CD-CS-Coumarin-6-NPs  markedly
increased with an increase in drug dosage
concentration and extended incubation duration.
Notably, HA/CD-CS-Coumarin-6-NPs exhibited the
most pronounced fluorescence intensity, suggesting
greater penetration of the drug into MRSA. These
findings can be attributed to the superior
permeability of HA/CD-CS for drug delivery. The
biofilm, composed primarily of the extracellular
polymer EPS, hinders the permeation of different
antimicrobial agents and drugs into the bacteria.
moreover, it forms a well-segregated protective
barrier inside the biofilm, providing an effective
defense for the bacteria”®. Biopolymer-coated
nanoparticles composed of CS and HA can facilitate
drug penetration, retention, and disruption of
bacterial  biofilms”. A previous laboratory
investigation determined that co-incubation of CD-
CS with Staphylococcus xylosus and E. coli led to an
increase in bacterial cell membrane permeability.
Several reports have claimed that CD-CS can
facilitate drug penetration into the bacterial interior
by increasing cell membrane permeability™”. Based
on the aforementioned studies, we concluded that
the improved efficiency of HA/CD-CS-BA-NPs in
eliminating MRSA biofilms could be attributed to the
ability of HA/CD-CS to enhance drug penetration into
bacterial biofilms. Consequently, a greater amount
of the drug can infiltrate and damage the biofilm,
leading to improved biofilm elimination.
Determination of Lethality and Killing of MRSA
Biofilm Bacteria Finally, a Live/Dead kit was used
to examine the killing of MRSA biofilms by the NPs.
The kit employed Green fluorescence indicated live
bacteria and red fluorescence indicated dead
bacteria. As shown in Supplementary Figure S8
(available in www.besjournal.com), compared to the



1230

Biomed Environ Sci, 2024; 37(10): 1227-1231

baicalein-treated and CD-CS-BA-NPs-treated groups,
the HA/CD-CS-BA-NPs showed a significant increase
in red fluorescence and a significant decrease in
green fluorescence, indicating that the nanoparticles
were more capable of killing MRSA which aligns with
the results observed in the in vitro biofilm
eradication assay. Moreover, colony count analysis
(Supplementary Figure S9, available in
www.besjournal.com) revealed that the bacteria
population in the HA/CD-CS-BA-NPs treated group
decreased by approximately 1096-fold, signifying
significant reductions compared with that in drug
and carrier treated groups, and the mixture group.
This is consistent with the MIC evaluation results,
suggesting the superior anti-biofilm efficacy of
HA/CD-CS-BA-NPs. This may be attributed to the
antimicrobial properties of CD-CS, HA-targeted
antimicrobial effects, and the encapsulated drugs
that enhance drug penetration and absorption.
Colony counts were corroborated by bacterial death
and survival assessments. The analysis suggested
two underlying mechanisms for the effectiveness of
HA/CD-CS-BA-NPs against biofilm bacteria: enhanced
drug uptake via the nano-delivery system and
overcoming the physical barrier of the biofilm to
promote drug penetration.

In summary, HA/CD-CS-BA NPs were developed

and in vitro experiments demonstrated that the
HA/CD-CS nano-delivery system was potent in
eliminating the MRSA biofilms. Notably, they can act
as biofilm eliminators by aiding bacteria in absorbing
drugs and enhancing drug penetration. Given the
effect of HA/CD-CS-BA-NPs on the elimination of
MRSA, they may be used for drug delivery
applications against MRSA, and the HA/CD-CS
nanocarrier system may be a valuable delivery
system for the development of antimicrobial drugs.
Animal Studies The animal study was approved by
the Ethics Committee of the Experimental Animal
Centre of Guangxi University of Chinese Medicine
(Nanning, China, No. SYXK-GUI-2019-0001) and
carried out in a manner consistent with the Guide for
the Care and Use of Laboratory Animals. All
guidelines have been strictly followed during the
whole study.
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Figure 3. Infiltration effect of the NPs on MRSA biofilm at different concentrations (A) and different
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