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Background and Purpose: Infections caused by Staphylococcus aureus (S. aureus) colonization in medical implants are resistant to
antibiotics due to the formation of bacterial biofilm internal. Baicalein (BA) has been confirmed as an inhibitor of bacterial biofilm
with less pronounced effects owing to its poor solubility and absorption. Studies have found that B-cyclodextrin-grafted chitosan (CD-
CS) can improve drug efficiency as a drug carrier. Therefore, this research aims to prepare BA-loaded CD-CS nanoparticles (CD-CS-
BA-NPs) for S. aureus biofilm elimination enhancement.

Methods: CD-CS-BA-NPs were prepared via the ultrasonic method. The NPs were characterized using the X-ray diffraction (XRD),
Thermo gravimetric analyzer (TGA), Transmission electron microscopy (TEM) and Malvern Instrument. The minimum inhibitory
concentration (MIC) of the NPs were investigated. The biofilm models in vivo and in vitro were constructed to assess the S. aureus
biofilm elimination ability of the NPs. The Confocal laser method (CLSM) and the Live/Dead kit were employed to explore the
mechanism of the NPs in promoting biofilm elimination.

Results: CD-CS-BA-NPs have an average particle size of 424.5 + 5.16 nm, a PDI of 0.2 + 0.02, and a Zeta potential of 46.13 + 1.62
mV. TEM images revealed that the NPs were spherical with uniform distribution. XRD and TGA analysis verified the formation and
the thermal stability of the NPs. The NPs with a MIC of 12.5 ug/mL exhibited a better elimination effect on S. aureus biofilm both
in vivo and in vitro. The mechanism study demonstrated that the NPs may permeate into the biofilm more easily, thereby improving
the biofilm elimination effect of BA.

Conclusion: CD-CS-BA-NPs were successfully prepared with enhanced elimination of S. aureus biofilm, which may serve as
a reference for future development of anti-biofilm agents.
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Introduction

Staphylococcus aureus (S. aureus), a Gram-positive bacterium, is a leading cause of implanted medical device infections.'~
Under the mediation of mucins, S. aureus can colonize and adhere to the surface of medical implant devices, such as heart
valves, deep vein catheters, urinary catheters, drainage tubes, and various diseased tissues.> Once attached to the surface, the
bacteria begin to multiply and start secreting extracellular polysaccharides and multiplying to form biofilm, which provides
S. aureus with a protective growth environment to resist the activity of traditional antibiotics. Bacterial biofilm refers to
a cluster of bacteria with a unique three-dimensional structure” formed by the bacteria themselves with the proteoglycans,
lipoproteins, and fibrin.” The mechanism of antibiotic resistance caused by biofilm lies in the following two aspects: (1) The
physical barrier formed by the bacterial biofilm’s unique three-dimensional structure effectively prevents the infiltration of
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antibacterial drugs; (2) Various bacteria secrete and produce enzymes that inhibit the action of antibiotics, causing the
bacteria in the biofilm to be in a hibernating state, reducing the bacteria’s response ability.*” These two mechanisms act
synergistically and eventually lead to bacterial resistance.® Implantable medical devices have played an important role in
clinical treatment, but they are facing the challenge of biofilm-relevant infections caused by surface-adhering bacteria,
especially S. aureus. Tt is estimated that over 60% of treated bacterial infections arise from biofilm in developed countries.”
Thus, infections of medical devices caused by S. aureus colonization with the formation of biofilm are becoming a common
and serious problem in hospital-infected patients.'®'" There is an urgent need to develop novel anti-biofilm formulation to
overcome the drug resistance problem caused by the bacterial biofilm.

Baicalein (BA), a natural flavonoid constituent derived from the root of Scutellaria baicalensis Georgi, has been
confirmed as a good antibacterial active ingredient that can destroy the bacterial biofilm.'? However, its clinical applications
are limited owing to its poor water solubility and absorption.'® Early studies in our laboratory demonstrated that p-
cyclodextrin-grafted chitosan (CD-CS) has good biocompatibility, stability, and antibacterial ability.'* In addition, CD-CS
can be used as a drug carrier to prepare nanoparticles for drug delivery, synergistically exerting the carrier advantages of CD
and CS. Hou et al'® have fabricated CD-CS nanoparticles using an ionic gelation method. The results showed that the CD-
CS enhanced the stability, water solubility, and in vivo absorption of ketoprofen. Takechi-Haraya et al'® pointed out that
CD-CS has a markedly enhanced ability to induce cholesterol efflux from cell membranes compared to pure CD. Among
them, CD has been proven to increase aqueous solubility, bioavailability, and bacterial biofilm infiltration of lipophilic
drugs.'”'® CS can extend the retention of the drug on the bacterial biofilm through charge interaction and then increase the
absorption of the drug.'” On the other hand, nanotechnology has been widely applied to improve the antibacterial efficacy
and exhibited great advantages,”® such as nanoemulsion, polymeric nanoparticles, gold nano-clusters,?' gold nanocrystals*
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and so on. Therefore, BA-loaded CD-CS nanoparticles (CD-CS-BA-NPs) were designed to maximize the elimination effect
of BA on the bacterial biofilm.

The study was conducted by preparing CD-CS-BA-NPs, establishing the S. aureus biofilm models, determining the
minimal inhibitory concentration (MIC) of the NPs, and investigating their elimination effect on biofilm in vivo and
in vitro. Further, the CLSM was performed to examine the advantages of biofilm infiltration when CD-CS-BA-NPs were
employed for drug delivery. The colony counting method and Live/Dead kit staining were used to verify the ability of the
NPs to promote drug infiltration into the biofilm compared with BA solution. In addition, the possible mechanism of the
NPs in biofilm elimination was preliminarily explored. The development of this research not only provides an experi-
mental basis for the application of CD-CS-BA-NPs against the biofilm of S. aureus but also provides new ideas for the
design of novel anti-bacteria formulations.

Materials and Methods

Materials

S. aureus (ATCC-43300) was kindly provided by the department of Animal Pharmacy, Northeast Agricultural University.
SPF-grade Sprague Dawley (SD) rats (200 + 20 g) were purchased from Hunan Slack Jing da Experimental Animal Co.,
Ltd. CD-CS was homemade. BA reference substances (purity: 97.9%) were obtained from the China Institute of Food
and Drug Verification (Beijing, China). BA (crude drugs, purity: 95%) were purchased from Maclean Biochemical Co.,
Ltd. (Shanghai, China). Coumarin 6 (Calamar, purity: 98%, batch number: ZY210104). TSB medium (batch number:
1092841) was purchased from Huankai Microbial Technology Co., Ltd. (Guangdong, China) and TSA medium (batch
number: 20200509) was supplied by Qingdao Hi-Tech Industrial Park Haibo Biotechnology Co., Ltd. (Qingdao, China).
All other chemicals and organic solvents were of analytical grade.

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.

Preparation of CD-CS-BA-NPs

The CD-CS-BA-NPs were prepared following a modified procedure derived from our previous publication.® Briefly,
a standard stock solution of BA was prepared by dissolving 20 mg of BA in ethanol and making up the volume to 10 mL
with ethanol to get a final BA concentration of 2 mg/mL. 2% (v/v) glacial acetic acid (5 mL) was added into a beaker with
30 mg of CD-CS. The mixture was stirred on a magnetic stirrer until completely dissolved at room temperature. One milliliter
of BA stock solution was slowly added dropwise and the stirring was continued for 5 h. Thereafter, the solution was dispersed
by probe sonication for 15 min (Ultrasonic cell pulverizer, VCX130; SONICS & MATERIALS Inc., USA) and then
centrifuged at 4000 rpm for 10 min. The supernatant was taken out and the CD-CS-BA-NP solution was obtained eventually.

Characterization of CD-CS-BA-NPs

Particle Size and TEM Determination

One milliliter of the CD-CS-BA-NP solution was taken for the determination of the particle size and polydispersity index
(PDI) using a Malvern Instrument (ZEN3700, Malvern Instruments Co., Ltd., Germany). To confirm the size measure-
ment results and investigate the morphological characteristics of the CD-CS-BA-NPs, transmission electron microscopy
(TEM; HT-7700, Hitachi, Japan) imaging was performed. An appropriate amount of the NP solution was diluted three
times with pure water and then added dropwise to the copper mesh covered with carbon film. After natural drying, the
microscopic appearance of the NPs was observed by the TEM.
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XRD and TGA Analysis

Twenty milligram of powder samples were prepared to investigate the formation of CD-CS-BA-NPs using a X ray

diffractometer (Rigaku Smart Lab SE, Tokyo, Japan) with Cu-Ka radiation. The scanning speed employed was 2°/min
over a 20 range of 5-80°. About 10 mg of samples was placed in an alumina crucible to measure the thermal stability of
CD-CS-BA-NPs (TGA, Discovery TGA 550, TA Instruments, USA), and the thermal profiles were recorded from 30 to
800°C at a heating rate of 10 °C/min and an atmosphere of nitrogen.

Determination of Drug Content

The encapsulation efficiency (EE) and loading capacity (LC) were determined by slight modifications of a previously
reported indirect method.?* CD-CS-BA-NP solution (0.5 mL) was measured accurately. Absolute ethanol was added to
break the NPs and get a final volume of 5 mL. The NP solution after demulsification was diluted to 5 mL with absolute
ethanol and the BA content was measured by a UV spectrophotometer (UV-1900, Beijing Puxi General Instrument Co.,
Ltd., Beijing, China) at 276 nm. The measured value indicates the amount of BA encapsulated in the NPs and the EE was
calculated according to formula (1). A gravimetric method*® was used to determine the LC of the CD-CS-BA-NPs. Three
milliliters of the NP solution and the NP solution without the addition of BA (CD-CS-NPs) were measured and placed in
dry vials, respectively. The samples were freeze-dried (Christ Epsilon 2—4 vacuum freeze dryer; Martin Christ GmbH,
Osterode, Germany) and weighed. The LC was calculated according to formula (2).

Amount of BA encapsulated in nanoparticle
Amount of initial BA

EE (%) x 100 €))
The weight difference between CD — CS — BA — NPs and CD — CS — NPs

LC
(%) Weight of CD — CS — BA — NPs

x 100 ©)

Solubility Study

Excessive amounts of the CD-CS-BA-NPs lyophilized powder and BA were added into the solution with different pH
(1.0, 3.0, 5.0, 6.8, and 7.4). The mixture was vortexed for 30 seconds and shaken at 37°C for 48 h to reach equilibrium.
These samples were then centrifuged at 13,000 rpm for 15 min, the supernatant was finally collected, and the solubility of
BA was detected by the UV spectrophotometer method described above.

Establishment of Staphylococcus aureus Biofilm Model

S. aureus was resuscitated and cultured in agar medium conventionally until it reached the logarithmic growth phase. The
bacterial solution was diluted with Tryptic soy broth (TSB) medium to get a final concentration of 1x10° CFU/mL. The
bacterial solution was added to a 96-well microplate (100 pL per well) and incubated at 37°C. The bacterial biofilm status
was assessed at 12, 18, 24, and 30 h by the crystal violet staining method.?® Specifically, the bacterial solution was removed
at different time points. Methanol (200 pL) was then added to each well for 15 min to fix the biofilm. Thereafter, 100 puL of
1% crystal violet solution was added to dye for 5 min, and the excess dye solution was washed 3 times with pure water.
A 33% acetic acid (200 pL) solution was added to each well to dissolve the dye that had entered the biofilm. The microplate
reader was used to measure the OD value at 595 nm to identify the optimal incubation time for the biofilm formation.

MIC Determination

The MIC of the CD-CS-BA-NPs against S. aureus was determined using a double dilution method.?” Experimental
groups were as follows: BA solution-treated group, CD-CS-BA-NPs-treated group, negative control group, and blank
control group. The MIC was determined on the basis of the degree of clarification with naked eyes. The clarified medium
in the well was regarded as having no bacteria growth. The minimum bacteria growth inhibitory drug concentration was
considered as the MIC of the drug.*®
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In vitro Biofilm Elimination Studies

Crystal violet staining was performed to investigate the elimination effect of CD-CS-BA-NPs on the S. aureus biofilm.*
In brief, a single colony of S. aureus was inoculated into TSB medium and incubated at 37°C until it reached
a logarithmic phase of growth. The bacterial solution was diluted to a final concentration of 1x10° CFU/mL and then
added into the 96-well microplate (100 puL per well) for 24 h of incubation. The bacterial solution was aspirated and CD-
CS-BA-NP solution in different concentrations (125, 75, 50, and 25 pug/mL) was added. The crystal violet staining
method described above was used after 12 h of incubation at 37°C to investigate the ability of the NPs in S. aureus
biofilm elimination. On the other hand, another diluted bacteria solution (1x10° CFU/mL) was added to a 96-well
microplate (100 puL per well) and then incubated at a constant temperature for 24 h. A CD-CS-BA-NP solution (100 pL)
at a concentration of 75 pg/mL was added to the well after the bacterial solution had been aspirated. The mixture was
incubated at 37°C for 3, 6, and 12 h. The OD value was measured by the crystal violet staining method described above
to examine the biofilm elimination effect of the NPs for different incubation times. In addition, a colony counting method
was employed to verify the inhibitory effect of the NPs on the bacteria inside the biofilm. Following the steps above until
a mature biofilm was formed in the 96-well plate, the NP solution and BA solution were added, respectively. After
incubation for 3 h, the biofilm was carefully scraped off and diluted with sterile saline. The sample was transferred to an
EP tube and sonicated for 1.5 min in a sterile environment. The sonicated bacterial suspension was diluted 10%, 10°, and
10® times with sterile normal saline by the serial dilution method.*® Three milliliters of the diluted bacterial suspension
was poured into the agar medium (45 mL) which had been melted and cooled to 45°C. The mixture was then quickly
poured into a petri dish and incubated at a constant temperature for 24 h. The number of colonies in each group visible to
the naked eye was counted.’'

In vivo Biofilm Elimination Studies

SPF-grade Sprague Dawley (SD) rats were kept in clean cages and had free access to a standard tray diet and water. All
the animals had been acclimated to laboratory conditions for a week before the experiment began. A silicone sheet was
placed in the 12-well plate with the bacterial solution (120 pL per well) and incubated for 24 h until it was covered with
the complete biofilm. The rats were anesthetized with chloral hydrate, the back skin was shaved, and 10 mL of sterile air
was injected subcutaneously into the back to form an air pouch, the biofilm-covered silicone sheets were transplanted
into the subcutaneous air pouches on the backs of SD rats.>? The rats were randomly divided into four groups: the rats in
the first group were intraperitoneally injected with CD-CS-BA-NP solution at a dosage of 1.5 mg/kg; the rats in
the second group were intraperitoneally injected with BA solution at a dosage of 1.5 mg/kg; the rats in the model
group were injected with the same volume of saline; the rats in the blank control group were transplanted with a blank
silicone sheet and treated with the same volume of saline. After being normally raised for two days, the infection of the
subcutaneous tissue was observed and pathological tissue sections were prepared. Specifically, an appropriate volume
(2x2%0.3 cm) of infected tissue was taken out and fixed with 4% paraformaldehyde for 24 h. The sample was dehydrated
with different concentrations (80%, 90%, 95%, and 100%) of ethanol and embedded in paraffin solution. Finally, the wax
block was sliced (about 4-6 pum in thickness) and stained with hematoxylin-eosin (H.E) for observation.>* In addition, the
biofilm-covered silicone sheet was taken out for colony counting to confirm the elimination effect of CD-CS-BA-NPs on
the S. aureus biofilm. Scanning electron microscope (SEM) images were also taken to assess the microstructural changes
of the biofilm. The biofilm-covered silicone sheet was removed and fixed with 2.5% glutaraldehyde-PBS solution at 4°C
for 3 h. The sample was dehydrated with gradient ethanol (50%, 70%, 85%, 95%, and 100%). The microstructural
changes of the biofilm were observed and photographed after gold spraying.

Mechanism of the S. aureus Biofilm Elimination

The CLSM was employed to investigate the infiltration of the NPs at different concentrations and incubation times.
Coumarin-6, a compound that can produce fluorescence and be detected, was chosen as the model drug. Coumarin-
6-loaded CD-CS nanoparticles (CD-CS-Coumarin-6-NPs) were prepared in the same way as described for CD-CS-
BA-NPs. The bacteria in logarithmic growth phase were diluted to 1x10° CFU/mL. The diluted bacterial solution
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(500 pL) was added to a sterile petri dish and incubated at a constant temperature for 24 h. After the bacterial
solution was aspirated, 500 pL of the CD-CS-Coumarin-6-NPs with concentrations of 200, 140, and 80 pg/mL were
added and the mixture was incubated at 37°C for 1 h. A coumarin-6 solution-treated group was set as a control group.
The infiltration effect of the CD-CS-Coumarin-6-NPs with different concentrations on the S. aureus biofilm was
observed by CLSM (Leica, Milano, Italy). In addition, 500 pL of the CD-CS-Coumarin-6-NPs (200 pg/mL) was
added into another petri dish under the same conditions. The mixture was incubated at 37°C for 0.5, 1, and 3 h. The
infiltration effect of CD-CS-Coumarin-6-NPs on the S. aureus biofilm at different incubation times was investigated
similarly.

The bactericidal effect of the NPs was further verified with a Live/Dead assay kit. The bacteria in the logarithmic
growth phase were diluted to 1x10° CFU/mL and 500 pL of the diluted bacteria solution was added to a sterile petri
dish. After the mixture was incubated at a constant temperature for 24 h, the bacterial solution was aspirated.
Thereafter, 500uL of CD-CS-BA-NP solution (75 pg/mL) was added into the petri dish and the mixture was incubated
for 3 h. The NP solution was removed and the dish was rinsed three times with pure water. The diluted live/dead®*
staining solution (500 pL) was added to the petri dish in a dark environment. The sample was wrapped in tin foil and
incubated in the dark for 15 min. The lethality of the NPs against the bacteria inside the biofilm was observed by
CLSM.

Statistical Analysis

SPSS software (version 25.0) was used for statistical analysis. Data obtained in triplicate at least three times was
expressed as mean + SD. Differences between formulations were compared by a one-way analysis of variance followed
by the least significant difference test; **p<0.05 was considered significant.

Results and Discussion

Characterization of CD-CS-BA-NPs

Figure 1A schematically shows the synthesis mechanism of CD-CS-BA-NPs. As shown in Figure 1B and C, the particle
size distribution of CD-CS-BA-NPs prepared by the ultrasonic method was generally uniform, and the mean particle size
had already reached a nano-level of 424.5 + 5.16 nm, which is critical to the efficacy of the nano-drug delivery system.*
Zeta potential and PDI were 46.13 £1.62 mV and 0.2 + 0.02, indicating that the NPs were monodisperse and did not form
aggregates.’® The TEM images (Figure 1D) of the NPs evidenced the nanostructures with a spherical shape and showed
good dispersion and uniformity, which was in good agreement with the data obtained from Malvern Instrument. The LC
(%) and EE (%) of the NPs were 5.88 = 0.69 and 73.34 + 1.23, respectively. Cheow et al’” noted that the higher LC and
EE can improve the efficiency of treatment and reduce the dosage of drugs. From XRD images (Figure 1E), BA
displayed sharp peaks, which is the characteristic of a crystalline compound. Some drug crystallinity peaks were still
detectable in the physical mixture of BA and CD-CS. The diffractogram of the CD-CS-BA-NPs lyophilized product had
no crystallization peak, which was in line with the curve of amorphous CD-CS. It can be speculated that BA in CD-CS-
BA-NPs existed in an amorphous state, this may be helpful for solubility enhancement.*® The TGA curves are shown in
Figure 1F, an apparent thermal degradation processes about 200—301°C was observed in BA group, which was attributed
to the melting of BA*® and the weight loss below 100°C are due to water evaporation. For CD-CS, the weight reduction
after 271°C might related to the decomposition of CD-CS,*” and the weight loss in physical mixture of BA and CD-CS at
240°C might be arose from the degradation of BA and CD-CS at 240°C. In the CD-CS-BA-NPs thermogram, the thermal
degradation begins at 319°C, which is higher than that of pure BA, demonstrating that the NPs had a better thermal
stability. Further, it can be seen from Table 1 that the solubility of BA was significantly improved owing to the good
solubilization of CD-CS. The solubility of BA gradually increased with the decrease of the buffer pH in the NPs group.
The solubility of pure BA showed less change with the increasing buffer pH, and the solubility was still at a low level.
Specifically, the solubility reached 262.19 & 3.86 ug/mL at 3.0 buffer pH, this phenomenon may correspond to a previous
report suggesting that chitosan would precipitate from aqueous solutions when pH increased,*! the structure of the CD-
CS may be affected to some extent and thus decreased the solubilization effect of BA.
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Figure | Synthesis mechanism of CD-CS-BA-NPs (A), particle size distribution (B), Zeta potential distribution (C), TEM image (D), XRD profiles (E) and TGA curves (F)
of CD-CS-BA-NPs.

Abbreviations: TEM, transmission electron microscope; XRD, X-ray diffraction; TGA, thermo gravimetric analyzer; CD-CS-BA-NPs, baicalein-loaded B-cyclodextrin-
grafted chitosan nanoparticles.

Establishment of Biofilm Model

An S. aureus biofilm model in vitro was established and the amount of the formed biofilm was judged by the crystal
violet method.** The biofilm formation at different time points is presented in Figure 2. It can be seen that the OD value
was visibly increased with prolonged incubation time, and the growth rate in the first 12 h was slower than that of 12—18
h. Further, the fastest growing period of the biofilm was 18-24 h, which may be related to the number of bacteria and its
own reproductive characteristics. In addition, we found that the biofilm formed on the bottom of the culture plate was
a membrane-like substance®® with a slightly rough surface visible to the naked eye. The OD values has not significantly
changed during 24-30 h and gradually tended to be stable after 24 h of incubation, indicating that this S. aureus typically
forms a more mature biofilm after 24 h. This result was similar with Bauer et al that they found 24 h of incubation time
were sufficient to generate a stable S. aureus biofilm.** Therefore, we chose 24 h as the modeling time for the subsequent
experiments of biofilm elimination in vitro.
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Table | Solubility of CD-CS-BA-NPs and BA at
Different pH Values. (Mean * SD, n=3)

Medium Solubility (ug/mL)

CD-CS-BA-NPs BA

pH 1.0 HCI 238.24 + 3.86 ** 251 +0.08
pH 3.0 HCI 262.19 + 476 ** 1.66 + 0.61
pH 5.0 ABS 231.40 + 825 ** 1.87 £0.73
pH 6.8 PBS 22526 + 2.59 ** 441 £0.13
pH 7.4 PBS 95.10 £ 5.29 ** 10.86 + 0.87

Note: *p<0.05 compared with BA.

Abbreviations: BA, baicalein; CD-CS-BA-NPs, baicalein-
loaded B-cyclodextrin-grafted chitosan nanoparticles; HCI,
hydrochloric acid; ABS, acetate buffer solution; PBS, phosphate
buffer solution.

MIC Determination

The MIC of CD-CS-BA-NPs and BA against S. aureus were determined via the double dilution method. The medium in the
wells where bacteria normally grow was turbid because the bacteria were suspended in the medium, and the medium tended to be
clear because the growth and reproduction of the bacteria were inhibited. As shown in Table 2, the medium of CD-CS-BA-NPs-

I Biofilm model

4- * %
| m— |

o 31
=)
g
a 21
(@]

14

0-

12 18 24 30

Incubation time (h)

Figure 2 The maturation of S. aureus biofilm at different incubation times. **p<0.05 compared with the incubation time of 24 h.

treated group and BA solution-treated group was clear at the first four concentrations while it became turbid at the fifth
concentration, demonstrating that the MIC of CD-CS-BA-NPs was 12.5 pg/mL and the MIC of BA solution was 25 pg/mL.
145

Similar results were also reported in the study of Ma et al™ that the MIC was decreased when curcumin was loaded in CS

nanoparticles for drug delivery. The CD-CS-BA-NPs exerted antibacterial effect at a lower concentration, suggesting that the

Table 2 The MIC of CD-CS-BA-NPs and BA Against S. Aureus

NO.(ug/mL) | 2 3 4 5 6 7 8 Negative Control | Blank Control
CD-CS-NPs 75 50 25 12.5 6.25 3.13 1.56 0.78 0 0
Result - - - - + + -
BA solution 200 100 50 25 13 0 0
Result - - - - + + + + + .
Note: “-” means bacterial inhibition, the medium was clarified; “+” means normal bacterial growth, the medium was turbid.

Abbreviations: MIC, minimum inhibitory concentration; BA, baicalein; CD-CS-BA-NPs, BA-loaded B-cyclodextrin-grafted chitosan nanoparticles; S. aureus,
Staphylococcus aureus.
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antibacterial ability of BA was increased when CD-CS-BA-NPs were employed for drug delivery. This may be related to the
antibacterial effect of CD-CS, as it has been reported to be capable of changing permeability of the bacterial cell membrane,
exerting the antibacterial effects through membrane disruption and cell lysis.>

In vitro Biofilm Elimination Studies

In this experiment, we determined the elimination effect of CD-CS-BA-NPs on a mature S. aureus biofilm model in vitro
at different concentrations (125, 75, 50, and 25 pg/mL) and incubation times (3, 6, and 12 h). The biofilm elimination
results of the NPs at different concentrations are depicted in Figure 3A. The OD value of the NPs-treated group was
smaller than controls at each concentration, showing the good ability to eliminate the S. aureus biofilm. And the
inhibitory effect was significantly different (p< 0.05) from that of the BA group when the concentration was 25 pg/
mL only. The elimination effect was enhanced with the increasing concentration of the NPs. However, the OD values of
the BA solution-treated group were close to the controls at each concentration, indicating a little impact of pure BA on
the bacterial biofilm. These results were in agreement with a prior study conducted by Shrestha et al*® It can be inferred
that the excellent elimination ability of the NPs may be related to the CD-CS drug carrier. From the above results, Zeta
potential of the NPs was 46.13 +1.62 mV, suggesting the NPs might have positive surface charges, which can bind to the
negative charge on the surface of biofilm.*’ The charge-charge interaction between the surface of CS and S. aureus
biofilm increased the adsorption capacity of BA. Further, the BA was enveloped in the lipophilic inner cavity of CD,
which helps the BA to be better dissolved and plays the effect of biofilm elimination more effectively.
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Figure 3 The elimination effect of CD-CS-BA-NPs and BA on S. aureus biofilm at different concentrations (A), and different incubation times (B). Untreated bacterial fluid
was considered as negative control. *¥p<0.05 compared with the other group.
Abbreviations: BA, baicalein; CD-CS-BA-NPs, baicalein-loaded B-cyclodextrin-grafted chitosan nanoparticles.
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On the other hand, it can be clearly seen from Figure 3B that the optimal time for biofilm elimination was 3 h in the
NPs-treated group. The elimination effect was obvious compared with the BA solution-treated group, demonstrating that
the BA could eliminate the biofilm more quickly when CD-CS-BA-NPs were employed for drug delivery. There was no
apparent trend in the changes with the increasing co-incubation time. A possible explanation was that the NPs rapidly
adhered to the bacterial biofilm, and then infiltrated into the biofilm to sterilize owing to the effect of the CD-CS, causing
the amount of biofilm to no longer increase over time.'”'**® In this case, colony counting was used to verify the
bactericidal effect of CD-CS-BA-NPs on S. aureus. The number of colonies was calculated and the results are shown in
Figure 4. The bacterial colonies in the NPs-treated group and BA solution-treated group were significantly lower than
those of the control group. And there were approximately 55 times more colonies in the BA solution-treated group
compared with the NPs-treated group, indicating that CD-CS-BA-NPs had a better ability to kill the bacteria inside the
biofilm, which was in agreement with the results of MIC determination that the NPs had a better antibacterial ability.

In vivo Biofilm Elimination Studies
To shed more light on the biofilm elimination effect of the CD-CS-BA-NPs, the biofilm elimination experiment in vivo was
further performed. Considering that most of the medical implants such as urinary catheters® are made of silicone material,
silicone sheet was selected as the modeling material to build the biofilm model in vivo to simulate the realistic infection
conditions. Inflammation and infection were induced by transplanting the bacterial biofilm-covered silicone sheet into the
subcutaneous pockets on the backs of SD rats. The difference in pathological tissue sections stained with H.E. was shown in
Figure 5. The skin tissue structure of the rats in the blank group (Figure 5A) was normal with a clear layer, there was no
thickening in the epidermis and the collagen fibers of the dermis were arranged neatly and tightly (red arrow); a large number of
hair follicle structures were visible (yellow arrow) and there was no obvious inflammatory cell exudation. For the model group
(Figure 5B), the epidermis was peeled off and the dermis was explored (black arrow); the structure of dermis was loose and
edematous, and a large number of collagen fibers were missing. The inflammatory cell exudation can be observed (red arrow).
The histological findings in the BA solution-treated group (Figure 5C) were consistent with the model group, the skin tissue
structure was abnormal, the collagen fibers in some areas of the dermis were arranged disorderly. A small amount of
inflammatory cell exudation can be seen (black arrow). In contrast, the NPs showed excellent antibacterial efficacy
(Figure 5D). It can be seen that the skin tissue structure was normal and each layer structure was clear. There was no thickening
in the epidermis. The collagen fibers of the dermis were arranged neatly and tightly (red arrow); a large number of hair follicle
structures were visible (yellow arrow); the sebaceous gland can be observed (green arrow), and there was no obvious
inflammatory cell exudation in the tissue. Thus, the NPs played an important role in the treatment of bacterial infections
in vivo, especially for reducing the inflammatory exudation.

In addition, the biofilm-covered silicone sheet was removed for SEM imaging and colony counting. As shown in
Figure 6, the bacterial biofilm in the model group was intact and there was a large number of bacteria. The bacteria were
tightly adhered together with good morphology (Figure 6A). After being treated with BA solution, the bacterial
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Figure 4 In vitro bactericidal effect of CD-CS-BA-NPs and BA solution on the S. aureus inside the biofilm was quantified by colony counting. Untreated bacterial fluid was
considered as negative control. *p<0.05 compared with the BA solution and negative control.
Abbreviations: BA, baicalein; CD-CS-BA-NPs, baicalein-loaded B-cyclodextrin-grafted chitosan nanoparticles.
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Figure 5 Pathological section analysis of inflammatory tissue around the implantation site from Blank group (A), Model group (B), BA solution-treated group (C), and CD-
CS-BA-NPs-treated group (D). The red arrow refers to the collagen fibers of the dermis; The yellow arrow refers to the hair follicle structures; The black arrow refers to
the inflammatory cell exudation; The green arrow refers to the sebaceous gland; Rats in blank group were implanted with blank silicone sheet and administered an equal
volume of saline; Rats in model group were implanted with S. aureus biofilm-covered silicone sheet and administered an equal volume of saline.

Abbreviations: BA, baicalein; CD-CS-BA-NPs, baicalein-loaded B-cyclodextrin-grafted chitosan nanoparticles.

adhesions were still visible, and no significant change in the morphology of bacteria was observed (Figure 6B). It can be
clearly seen that the biofilm on the silicone sheet in the NPs-treated group was more severely damaged, the adhesions and
number of the bacteria were significantly decreased, the area of the biofilm was reduced, and the three-dimensional
structure was obviously destroyed and cleared, demonstrating the excellent biofilm elimination ability of the CD-CS-BA-
NPs. According to the in vitro biofilm elimination experiments, the elimination was quantified by crystal violet staining
due to it is able to bind to the exopolysaccharide matrix in the biofilm,”° the decrease of OD value indicated that the
integrity of the biofilm was destroyed, which were matching with the observations made from SEM. On the other hand,
the number of colonies on the silicone sheet in the NPs-treated group was significantly decreased compared with the BA
solution-treated group and the model group (Figure 7), indicating that BA may exhibit a better bactericidal ability in vivo
when CD-CS-BA-NPs were employed for drug delivery, which is generally consistent with the results of MIC
determination and the pathological tissue section observations. The NPs-treated group exhibited a less severe inflam-
matory reaction and structural damage due to the enhanced anti-bacterial effect. A noteworthy phenomenon is that the

I°! noted that the biofilm adhesions were

number of colonies in each group was less than the results in vitro. Schultz et a
easily disrupted due to the physical friction of the skin. This phenomenon may be related to the friction of the skin
against the biofilm covered on the silicone sheet and the rats” own immune sterilization of the exposed bacteria, causing

an overall decrease in the number of bacteria on the implanted biofilm-covered silicone sheet.

Mechanism of the S. aureus Biofilm Elimination

To clarify the advantages of CD-CS-BA-NPs for drug delivery, the CLSM was performed to determine the drug uptake by
the bacteria at different formulation concentrations and incubation times. Coumarin-6 was used as a fluorescent tracker,’ 2
and CD-CS-Coumarin-6-NPs were prepared using the same process as the preparation of CD-CS-BA-NPs. As reported,
bacteria are surrounded by a self-produced matrix of extracellular polymeric substances (EPS), which often acts as a biofilm
protective barrier that prevents antimicrobial drugs from penetration, thereby protecting the bacteria cells.>® It can be seen
from Figure 8 that the NPs-treated group had a stronger green fluorescence than that of coumarin-6 solution-treated group,
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treated group (C). Rats in model group were implanted with S. aureus biofilm-covered silicone sheet and administered an equal volume of saline; SEM, scanning electron
microscopy.

Abbreviations: BA, baicalein; CD-CS-BA-NPs, baicalein-loaded B-cyclodextrin-grafted chitosan nanoparticles.
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Figure 7 In vivo colony counting results of the S. aureus inside the biofilm on the implanted silicone after intraperitoneal injection of CD-CS-BA-NPs and BA solution for
two days. Saline-treated group was used as a negative control.

Abbreviations: BA, baicalein; CD-CS-BA-NPs, baicalein-loaded B-cyclodextrin-grafted chitosan nanoparticles; **p<0.05 compared with the BA solution and negative
control.
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Figure 8 Infiltration effect of CD-CS-Coumarin-6-NPs and Coumarin-6 solution on S. aureus biofilm at different concentration (A) and different incubation times (B) were
detected by CLSM.
Abbreviations: CD-CS-Coumarin-6-NPs, Coumarin-6-loaded B-cyclodextrin-grafted chitosan nanoparticles; CLSM, confocal laser microscopy.

demonstrating that more coumarin-6 permeated into the EPS when loaded in CD-CS-Coumarin-6-NPs. This result may also
explain the greater effect of the CD-CS-BA-NPs on the biofilm elimination due to the better permeability. Further, the
fluorescent tissue tends to be more brightly colored with increasing incubation time and formulation concentration,
indicating that more coumarin-6 permeate was infiltrated into the biofilm, this concentration- and incubation time-
dependent manner was in agreement with the in vitro biofilm elimination studies. On the other hand, to verify the better
biofilm infiltration effect of the NPs, a Live/Dead kit was used to evaluate the bactericidal effect of the NPs after infiltration,
in which green fluorescence indicated live bacteria and red fluorescence indicated dead bacteria (Figure 9). The decrease of
live bacteria in the CD-CS-BA-NPs-treated group can be visualized in the contrast between Figure 9A and B, the ratio of
living bacteria and dead bacteria was decreased apparently after treatment of CD-CS-BA-NPs (Figure 9C), which is
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Figure 9 Bactericidal effect of BA solution (A) and CD-CS-BA-NPs (B) against S. aureus inside the biofilm was verified by Live/Dead assay kit. The ratio of fluorescence
intensity of living and dead bacteria (C).

Abbreviations: BA, baicalein; CD-CS-BA-NPs, baicalein-loaded B-cyclodextrin-grafted chitosan nanoparticles; Green fluorescence represents living bacteria, and red
fluorescence indicates dead bacteria.
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Figure 10 Schematic diagram of the biofilm elimination mechanism.

consistent with the results of the colony counting results. CS has been reported to be a cationic polymer with bio-adhesive
properties, which can increase the retention of drugs in biofilm, and its positively charged groups can also interact with
negative charges on the biofilm surface to enhance the permeability of the biofilm.’* In addition, the rim of CD is
hydrophilic and the cavity is hydrophobic, so it can provide a hydrophobic binding site like an enzyme or as an
encapsulation of various hydrophobic drugs such as BA.>> And it has been reported that the particle size of nanoparticles
range 5 to 500 nm can pass through EPS. Thus, CD-CS-BA-NPs with a particle size of 424.5 + 5.16 nm prepared in this
study may permeate into the biofilm more effectively.’® The permeation effect presented here (Figure 10) may be one of the
possible manifestations of the previous speculation that more BA could be adsorbed on the surface of the S. aureus biofilm
when CD-CS-BA-NPs were employed for drug delivery. After infiltrated into the biofilm, BA could better exert its
bactericidal effects as shown in the results of the Live/Dead kit experiment.

Conclusion

CD-CS-BA-NPs with good physicochemical properties were successfully prepared and proved to be effective for enhancing
the effect of BA on S. aureus biofilm elimination. The CD-CS-BA-NPs fabricated here is a promising drug delivery system for
eliminating bacterial biofilm, which provides new ideas for the development of novel antibacterial formulations.
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