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Summary

Staphylococcus xylosus (S. xylosus)-induced cow
mastitis is an extremely serious clinical problem.
However, antibiotic therapy does not successfully
treat S. xylosus infection because these bacteria
possess a strong biofilm formation ability, which sig-
nificantly reduces the efficacy of antibiotic treat-
ments. In this study, we developed ceftiofur-loaded
chitosan grafted with β-cyclodextrins (CD-g-CS)
nanoparticles (CT-NPs) using host–guest interaction.
These positively charged nanoparticles improved
bacterial internalization, thereby significantly improv-
ing the effectiveness of antibacterial treatments for
planktonic S. xylosus. Moreover, CT-NPs effectively
inhibited biofilm formation and eradicated mature
biofilms. After mammary injection in a murine model
of S. xylosus-induced mastitis, CT-NPs significantly
reduced bacterial burden and alleviated inflamma-
tion, thereby achieving optimized therapeutic effi-
ciency for S. xylosus infection. In conclusion, this
treatment strategy could improve the efficiency of

antibiotic therapeutics and shows great potential in
the treatment of S. xylosus infections.

Introduction

Staphylococcus xylosus (S. xylosus) is an important,
conditionally pathogenic bacterium associated with cow
mastitis (Akhaddar et al., 2010; Rumi et al., 2013; Tan
et al., 2014). In recent years, instances of cow mastitis
caused by S. xylosus have been increasing and have
seriously threatened the dairy industry (Osman et al.,
2016). Antibiotics are currently used as common thera-
peutics for S. xylosus infection. Unfortunately, the thera-
peutic efficacy of conventional antibiotics is
unsatisfactory because S. xylosus possesses a strong
ability to form biofilms (Xu et al., 2017). Biofilms are
complex, three-dimensional structures composed of cell
aggregates encased within a self-produced matrix of
extracellular polymeric substances (EPS) that adhere to
each other and a surface. Compacted EPS can act as a
barrier to protect bacteria from antimicrobial agents
(Kouidhi et al., 2015; Flemming et al., 2016; Makovcova
et al., 2017), making bacteria in biofilms 10–1000 times
more resistant to conventional antibiotics than non-
biofilm forming bacteria (Planchon et al., 2006; Xu et al.,
2017). Accordingly, the therapeutic efficacy of traditional
antibiotic treatments on S. xylosus is reduced by the for-
mation of biofilms. As a result, it is difficult to eradicate
S. xylosus infection using antibiotics, despite prolonged
treatment duration (Parsek and Singh, 2003; Planchon
et al., 2006).
Ceftiofur (CT), a third-generation cephalosporin, is

widely used for treating cow mastitis due to its excellent
antibacterial activity and lack of significant toxic side
effects (Wang et al., 2018; Locatelli et al., 2019; Flores-
Orozco et al., 2020). However, the formation of S. xylo-
sus biofilms compromises its effectiveness. The antibac-
terial mechanism of CT is based on the inhibition of
peptidoglycan synthesis by binding to intracellular,
penicillin-binding proteins (Helbling et al., 2020). This
indicates that its antibacterial efficacy is closely corre-
lated to its concentration in the targeted bacteria. In clini-
cal practice, the typical commercial formulation used is
ceftiofur sodium (CTS) injection. Sadly, the short reten-
tion time of CTS results in a lower CTS concentration in
the targeted bacteria between administration intervals,
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further limiting its antibacterial efficacy (Zhang et al.,
2002).
The limitations of current antibiotic therapeutic strate-

gies highlight the need to develop novel drug delivery
systems to overcome the aforementioned problems.
Among the drug delivery systems available today,
polymer-based nanoparticles with chemical flexibility are
the most suitable for enabling the development of unique
treatments for bacterial infection. Chitosan (CS), a natural
polycationic polysaccharide, has been widely used in the
pharmaceutical and medical industries as a drug delivery
carrier and antibacterial agent (Agnihotri et al., 2004; Raa-
fat and Sahl, 2010; Badawy et al., 2014). Importantly, CS
is positively charged at the infection site, which facilitates
bacterial internalization (Carlson et al., 2008; Ferreira
et al., 2010). In our previous work, a novel excipient, chi-
tosan grafted with β-cyclodextrins (CD-g-CS), was synthe-
sized. Ultimately, it proved to possess antibacterial activity
and the ability to form inclusion complexes with drugs
(Ding et al., 2019). Thus, the use of CD-g-CS could be
an alternative strategy for overcoming the drawbacks of
CT, increasing antibacterial therapeutic efficacy.
As such, we demonstrated a novel drug delivery sys-

tem using CD-g-CS as a nanocarrier for S. xylosus-
induced mastitis treatment. CTS was mixed with CD-g-
CS in a weakly acidic solution, which allowed CTS to be
protonated and changed into hydrophobic CT. Once this
occurred, CT and β-cyclodextrin (β-CD) in CD-g-CS
could form inclusion complexes via host–guest recogni-
tion. The resulting inclusion complex was amphiphilic
and self-assembled into nanoparticles for CT encapsula-
tion. We hypothesized that sustained release of CT
could be achieved, which could allow for the mainte-
nance of a sufficiently high drug concentration for
increased effectiveness between injection intervals, and
prevent biofilm formation. The CS in CD-g-CS also
enhanced the bacterial uptake of nanoparticles and
increased CT accumulation in bacteria. Therefore,
ceftiofur-loaded CD-g-CS nanoparticles (CT-NPs) were
expected to be more effective than CTS in treating S.
xylosus infections, both in vitro and in vivo. Compared to
conventional CTS formulations, CT-NPs were more
effective at killing planktonic S. xylosus, effectively
inhibiting biofilm formation and eliminating mature bio-
films in vitro. They also enhanced the therapeutic effi-
cacy of treatments for S. xylosus infection when

administered at low dosages in vivo, which proved very
useful for treating S. xylosus in cases of cow mastitis.

Results and discussion

Characterization of CT-NPs

After the ultrasonic procedure, a clear light blue opales-
cence was observed in the mixed CTS and CD-g-CS
acetic acid solution, indicating the formation of CT-NPs
(Fig. S1). This finding revealed that CTS can be proto-
nated and converted to CT in an aqueous acidic solu-
tion. We hypothesized that the resulting hydrophobic CT
could be inserted into the cavity of β-CD in CD-g-CS via
host–guest interaction, resulting in the formation of CT-
NPs (Fig. 1A). To verify the above hypothesis, a molecu-
lar modelling method was used to confirm the interaction
between β-CD in CD-g-CS and CT.
Typically, molecules with strong interactions exhibit

more negative binding energy (Cui et al., 2019). The bind-
ing energy of the CT-CD complexes was −12.57 kcal�mol-
1, indicating the existence of strong interactions (Chen
et al., 2017). According to the molecular modelling results,
the possible conformation of CT-CD complexes with the
lowest binding energy was constructed. As shown in Fig 1
B, CT was included in the cavity of β-CD in CD-g-CS at a
molar ratio of 1:1, verifying the above hypothesis. The
average diameter and zeta potential of CT-NPs was
230.3 nm and +24.75 mV, respectively, as determined by

Fig. 1. Characterization of CT-NPs.
A. Schematic illustration of the formation of CT-NPs.
B. The structure of CT/CD-g-CS inclusion complexes, obtained via molecular docking.
C. Diameter distribution of CT-NPs.
D. TEM image of CT-NPs.
E. 1H NMR spectrum of CT-NPs in acetic acid-d4.

Fig. 2. Cumulative release of CT from CD-g-CS nanoparticles
in vitro.
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laser particle size analysis (Fig. 1C). The morphologies
and size of CT-NPs were visually observed using trans-
mission electron microscope (TEM). All CT-NPs showed a
clear spherical morphology, with an average diameter of
approximately 230 nm (Fig. 1D); this is consistent with the
particle size measured by laser particle size analysis.
Proton nuclear magnetic resonance (1H NMR) was

used to qualitatively determine the surface structure of
CT-NPs. As shown in Fig. 1E, the proton signals of the
CS and CT-CD complexes were simultaneously detected
in the 1H NMR spectrum of CT-NPs, which indicated the
existence of CS and CT-CD complexes on the surface
of the nanostructure.

In vitro drug release

CT-NPs release behaviours were investigated using the
dialysis method, under the physiological condition of
mastitis. The actual CT loading content (DL) and encap-
sulation efficiency (EE) were 2.56% � 0.17% and
71.5 � 2.18%, respectively. As shown in Fig. 2, owing to
its high water solubility, CTS showed burst release beha-
viour and had approximately 100% release in 2 h. The
cumulative release percentage of CT in CT-NPs only
reached 68% in 2 h. This was followed by delayed
release over a period of approximately 8 h. Burst release
of a fraction of the dose (68%) after administration is
favoured for the efficient killing of bacteria, reducing bac-
terial burden in the mastitis microenvironment (Fig. S2).
Meanwhile, sustained release of the remaining dose will
maintain sufficient drug concentration between injection
intervals and prevent biofilm formation. To study the
mechanism of sustained release behaviours, CT release
profiles from CD-g-CS nanoparticles were analysed
using the Korsmeyer–Peppas equation (1):

Q¼ ktn (1)

In this equation, Q is the drug fraction released at time
t, k is a constant reflecting the characteristics of the CD-

g-CS nanoparticles, and n is the release exponent,
which reflects the mechanism of drug release. Based on
the parameter values obtained via non-linear regression
analysis, the regression result was Q = 54.86t0.2869

(R2 = 0.9874), indicating a good fit for the Korsmeyer–
Peppas equation. In addition, the value of n was less
than 0.5, which demonstrated that CT release from CD-
g-CS nanoparticles conformed to Fickian diffusion mech-
anisms. Thus, CT release was mainly attributed to the
diffusion of the drug from the β-CD cavity and the
nanoparticle matrix.

Stability study

The stability of the preparations was critical for their clini-
cal application. Previous physicochemical property stud-
ies reported that CTS aqueous solutions can be stored
for 12 h at 15–30°C, and for 7 days at 2–8°C (Brown
et al., 1996). The poor stability of CTS aqueous solu-
tions seriously limits their application in clinical treat-
ments. As shown in Fig. 3A, CTS concentration changes
(C1/C0), and the relative drug loading content changes of
CT-NPs (M1/M0) were used to demonstrate the stability
of CTS and CT-NPs at room temperature (RT, 25°C)
and 4°C, respectively. C1/C0 remained unchanged during
storage at 4°C for 7 days, and gradually decreased at
RT. The M1/M0 of CT-NPs remained unchanged during
storage at 4°C for 15 days and at RT for 9 days (Fig. 3
B). These results demonstrate that CT-NPs could signifi-
cantly improve the stability of CTS. The enhanced stabil-
ity of CTS was partly attributed to the formation of CT
and β-CD in CD-g-CS inclusion complexes, which could
protect the drug from hydrolysis, oxidation and enzymol-
ysis in the external environment (Aguiar et al., 2014;
Guendouzi et al., 2020). Additionally, the repulsive force
between the positively charged surfaces could prevent
the agglomeration or precipitation of CT-NPs, thereby
increasing the stability of the nanoparticles in aqueous
solutions.

Fig. 3. Stability of CTS and CT-NPs at 4°C and RT (25°C), respectively.
A. Relative concentration changes in CTS aqueous solution after storage for various periods of time.
B. Relative drug loading content changes in CT-NPs after storage for various periods of time.
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Internalization of CT-NPs by S. xylosus

Previous studies have demonstrated that CS can effec-
tively enhance drug absorption by increasing membrane
permeability through amino groups (Huang et al., 2004;
Schipper et al., 1996; Je and Kim, 2006; Chen et al.,
2017). Therefore, internalization of CT-NPs was

qualitatively examined via confocal laser scanning micro-
scopy (CLSM). Coumarin-6 (CM-6) was utilized as a
model fluorescence drug to construct nanoparticles with
CD-g-CS. S. xylosus specimens incubated with CM-6
loaded CD-g-CS nanoparticles (CM-6-NPs) for 2 h
showed distinctly stronger CM-6 fluorescence than those
treated with free CM-6 (Fig. 4A). To learn more about

Fig. 4. Internalization ability of CT-NPs by S. xylosus.
A. CLSM images of S. xylosus after incubation with CM-6 and CM-6-NPs for 2 h.
B. Mean fluorescence intensity in S. xylosus after incubation with DB and DB-NPs with equivalent DB dosage (29 μg ml-1) for different intervals.
C. Mean fluorescence intensity in S. xylosus after incubation with different concentrations of DB and DB-NPs for 1.0 h. **P < 0.01.
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the effect of time and drug concentration on bacterial
uptake, bacterial accumulation of doxorubicin (DB) and
DB-loaded CD-g-CS nanoparticles (DB-NPs) was quanti-
tatively assessed using flow cytometry. As shown in
Fig. 4B,. S. xylosus treated with DB-NPs displayed
stronger fluorescence flow cytometry intensity than S.
xylosus treated with DB after incubation at multiple time-
points. Especially, after 0.5 h of incubation, S. xylosus
treated with DB-NPs showed 8.6-fold stronger fluores-
cence intensity than S. xylosus treated with free DB. The
effect of concentration on nanoparticle uptake was also
further investigated. As shown in Fig. 4C, S. xylosus
specimens treated with DB-NPs had distinctly stronger
fluorescence intensities than those treated with free DB
at all tested concentrations. Meanwhile, the counting
level of the DB-NPs in S. xylosus increased as incuba-
tion concentration increased. These results demonstrate
that DB-NPs, with CD-g-CS as a nanocarrier, markedly
enhanced bacterial internalization.

The antibacterial effect of CT-NPs on planktonic S.
xylosus

The minimum inhibitory concentration (MIC) represents
the lowest concentration of antimicrobial agents required
to inhibit bacterial growth (Al-Yousef, et al., 2017). To
quantify their antibacterial effects, the MIC values of both
CT-NPs and CTS were determined. The MIC values of
CTS and CT-NPs against S. xylosus were 0.50 and
0.25 μg ml-1, respectively. Compared with free CTS, the
superior antibacterial activity of CT-NPs was contributed
to proposed mechanisms. On one hand, CT-NPs with
positively charged surfaces can interact with bacterial cell
membranes, increase their permeability, and promote
bacterial uptake of CT. On the other hand, the CS in the
CD-g-CS of CT-NPs possesses intrinsic antibacterial
qualities, which could cause leakage of bacterial compo-
nents and achieve synergetic antibacterial effects with CT
(Gonil et al., 2011; Chen et al., 2017; Ding et al., 2019).

Inhibition biofilm formation of S. xylosus

Under physiological conditions, S. xylosus readily pro-
duces EPS and forms biofilms. Therefore, inhibition of S.
xylosus biofilm formation is very important for treating
mastitis in cows. As shown in Fig. 5A, both CTS and CT-
NPs inhibited biofilm formation in a concentration-
dependent manner when S. xylosus was incubated with
CTS and CT-NPs under biofilm formation conditions for
24 h. CT-NPs displayed more obvious inhibitory effects
than CTS at all tested concentrations, as expected. Such
finding indicated the positive role that nanoparticles can
play in the inhibition of S. xylosus biofilm formation. Even
at the low CT concentration of 0.03125 μg ml-1, CT-NPs

displayed more significant inhibitory effects than CTS
(39.9% vs. 17.6%, respectively). In particular, CT-NPs
resulted in a biofilm reduction of 47.6% at a concentration
of 0.125 μg ml-1, exhibiting remarkable potential for inhibit-
ing S. xylosus biofilm formation at low dosages.
Furthermore, the morphology of S. xylosus, when trea-

ted with CT-NPs, was examined using scanning electron
microscopy (SEM). As shown in Fig. 5B and Fig. S3,
thick and well-formed biofilms were observed at 24 h,
indicating the development of mature biofilms in the con-
trol group. Conversely, biofilm formation was inhibited
upon exposure to CT-NPs of 0.0625 μg ml-1, and exist-
ing biofilms became thin and disintegrated. S. xylosus
treated with 0.125 μg ml-1 CT-NPs showed only slight
bacterial aggregation. However, well-formed biofilms was
still observed in the group treated with 0.125 μg ml-1

CTS. It was clear that CT-NPs had better inhibition effi-
cacy than CTS, which was consistent with the results of
the crystal violet staining assay. The enhanced ability of
CT-NPs to inhibit biofilm formation might be attributed to
their ability to reduce the secretion of exopolysaccha-
rides, which are key substances in bacterial biofilm for-
mation (Xie et al., 2017).

Elimination of S. xylosus biofilm

It is well known that biofilms can hinder the penetration
of antimicrobial agents and make bacteria in biofilm
insensitive to most antibiotics, resulting in both the recur-
rence and incurability of S. xylosus infections (Kouidhi
et al., 2015; Xu et al., 2017). However, nanocarriers with
positively charged surfaces readily interact with nega-
tively charged EPS, improving the ability of drugs to pen-
etrate biofilms (Ferreira et al., 2010). Therefore, the
ability of CT-NPs to eradicate mature S. xylosus biofilms
was evaluated. Considering the reduced sensitivity of
antibacterial agents when employed against biofilm bac-
teria, only CT-NPs with concentrations of 1 and 2 μg ml-
1 were involved in the anti-mature biofilm test. Biofilm
biomass decreased in a dose-dependent manner when
treated with CTS and CT-NPs (Fig. 6). As expected, the
eradication effect of CT-NPs significantly improved com-
pared to that of CTS. CT-NPs reduced the biofilm mass
to 69% (1 μg ml-1) and 56% (2 μg ml-1) at 12 h, respec-
tively. However, CTS at equal concentrations only
reduced the biofilm mass to 83% (1 μg ml-1) and 74%
(2 μg ml-1). Compared with planktonic bacteria (MIC of
0.25 μg ml-1), the antibacterial effect of CT-NPs was
reduced in the presence of mature biofilm.

Antibacterial activity of CT-NPs in mouse mastitis model

The in vivo antibacterial effect of CT-NPs was deter-
mined in a mouse mastitis model. In clinical therapy,
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intramammary infusion is a normal procedure for treating
cow mastitis. Therefore, CT-NPs were directly injected
into pathological mammary tissue to address clinical
requirements after S. xylosus-induced mastitis was iden-
tified (Fig. 7A). After treatment for 24 h, mice were sacri-
ficed and their mammary glands were macroscopically
observed and histologically analysed. As shown in Fig. 7
B, the mammary glands of mice treated with CT-NPs
had almost returned to normal, whereas the mammary
glands of mice in the CTS group were slightly red. Fur-
thermore, to objectively evaluate the inhibitory effects of
CTS and CT-NPs, micrographs of haematoxylin and
eosin (H&E)-stained mammary gland sections were col-
lected. As expected, no inflammatory changes were

observed in the CT-NPs group. Although CTS could also
alleviate S. xylosus-induced inflammatory responses in
infected mice, we observed the presence of exudate in
acinar tissues, as well as obvious acinar wall hyperplasia
(green arrow).
Tumour necrosis factor α (TNF-α) and interleukin-6

(IL-6) are key markers of inflammation (Sakemi et al.,
2011; Oskarsson et al., 2017), and their levels in the
mammary glands significantly decreased, returning to
normal levels, after CT-NPs treatment (Fig. 7C and D).
The colony count results further confirmed the therapeu-
tic effect of CT-NPs. S. xylosus counts in the mammary
glands of the control group were 9.6 × 106 CFUs g-1 tis-
sue, while a significant decrease in S. xylosus counts

Fig. 5. The inhibitory effects of CT-NPs on S. xylosus biofilm formation in vitro.
A. Inhibition of S. xylosus biofilm biomass by CTS and CT-NPs at different concentrations.
B. SEM images of S. xylosus biofilm biomass after incubation with CTS and CT-NPs with equivalent CTS concentrations (0.0625 and 0.1250 μg
ml-1, respectively) for 24 h.
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was observed in drug-treated mammary glands. More
importantly, the average S. xylosus count in the mam-
mary glands of infected mice treated with CT-NPs was
1.1 × 105 CFUs g-1 tissue. This was far less than the
average S. xylosus count of 1.5 × 106 CFUs g-1 tissue
detected in mammary glands treated with CTS (Fig. 7E).
These results demonstrate that CT-NPs possess
enhanced anti-inflammatory effects in cases of S.
xylosus-induced mastitis, regulating the expression of
TNF-α and IL-6 and reversing damage to mammary
glands and mammary epithelial cells. Altogether, the
findings clearly demonstrate the enhanced antibacterial
efficacy of CT-NPs for treating mammary tissue infected
with S. xylosus.

Conclusions

In summary, we successfully fabricated a novel ceftiofur
delivery platform for the efficient treatment of S. xylosus
infections. CT-NPs with positive surface charges could
improve bacterial internalization, and in turn enhance the
killing efficacy of antibiotic treatments against S. xylosus.
Meanwhile, CT-NPs prolonged ceftiofur release, effec-
tively inhibiting biofilm formation and eliminating S. xylo-
sus biofilms in vitro. After administrated in a S. xylosus
mastitis model, the CT-NPs exhibited enhanced therapeu-
tic efficacy compared to conventional ceftiofur sodium for-
mulations. This work suggests the promising prospect of
using ceftiofur for enhanced S. xylosus infection therapy.

Experimental procedures

Materials, media, and organisms

Staphylococcus xylosus ATCC 700404 was purchased
from the American Type Culture Collection. Chitosan

(MW = 150 kDa, the deacetylation degree was above
90%) was obtained from Beijing Biotopped Science &
Technology Co. Ltd (Beijing, China). β-Cyclodextrin was
purchased from Sinopharm Chemical Reagent Co. Ltd
(Shanghai, China). P-toluenesulphonyl chloride was pur-
chased from Shanghai Macklin Biochemical Co. Ltd
(Shanghai, China). Doxorubicin and ceftiofur sodium
were purchased from Shanghai Yuan Ye Biochemical
Co. Ltd (Shanghai, China). Acetic acid, dimethyl sulfox-
ide (DMSO) and acetone were purchased from Tianjin
Kermel Analytical Reagent Co. Ltd (Tianjin, China). Tryp-
ticase Soy broth (TSB) was purchased from Summus
Ltd (Harbin, China). Kunming mice were obtained from
the Second Affiliated Hospital of the Harbin Medical
University. ELISA kits for IL-6 and TNF-α were pur-
chased from Quanzhou Konuodi Biotechnology Co., Ltd
(Quanzhou, China).

Preparation of CD-g-CS

CD-g-CS was synthesized using previously reported
methods in our laboratory (Fig. S4) (Ding et al., 2019). β-
CD (2.5 g) was suspended in DMSO (6.5 ml) and 3.75 g
of p-toluenesulphonyl chloride in DMSO (6 ml) was
added dropwise. The solution was stirred at 45°C for
24 h, and then acetone (30 ml) was added dropwise.
The solution crystallized immediately, and a white pre-
cipitate was observed. The white precipitate was filtered
and rinsed with precooled acetone. This procedure was
repeated three times to obtain mono-6-deoxy-6-(p-
toluenesulphonyl)-β-cyclodextrin (6-OTs-β-CD).
CS (0.25 g) was dissolved in 1% (v/v) acetic acid. The

prepared 6-OTs-β-CD was added to the CS/acetic acid
solution, and the reaction mixture was stirred at 45°C for
48 h. Thereafter, the solution was dialysed against
deionized water for 7 days to remove DMSO, acetone,
unreacted β-CD, and p-toluenesulphonyl chloride, before
being freeze-dried for further analysis. The structures of
the products were confirmed via 1H NMR spectroscopy
(Fig. S5).

Preparation of drug loaded CD-g-CS nanoparticles

CD-g-CS solution (5 mg ml-1) was prepared by dissolv-
ing CD-g-CS in acetic acid (2%, v/v). Thereafter, the pH
value of the solution was adjusted to 4.5 with NaOH
(8 M). Subsequently, CTS (1 mg) was dissolved in
methanol (1 ml) and added to the CD-g-CS solution.
After removing the methanol using rotary evaporation,
the solution was magnetically stirred at 25°C for 2 h and
then ultra-sounded for another 10 min. Finally, the solu-
tion was centrifuged to obtain the CT-NPs. Meanwhile,
DB-NPs and CM-6-NPs were prepared using a similar
process.

Fig. 6. Elimination of S. xylosus biofilm biomass by CTS and CT-
NPs at different concentrations. **P < 0.01.
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Fig. 7. Anti-infection efficacy of CT-NPs in a S. xylosus mastitis model in vivo.
A. Schematic illustration of the establishment of S. xylosus-induced mastitis, and efficacy evaluation.
B. Photographs and histological assessment of mammary glands with H&E staining. Alteration of levels of TNF-α (C), IL-6 (D), and bacterial
quantity (E) in the mammary glands of different experimental groups. **P < 0.01.
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Molecular modelling

The mechanism of CT-NPs formation was investigated
via molecular modelling using CDOCKER in Discovery
Studio 3.0. The molecular structures of CT and β-CD
were obtained from PubChem and the Cambridge Struc-
tural Database (ref. code BCDEX03). The coordinates of
the grid ball were X: 3.305, Y: 0.4165, and Z: 0.0976.
The radius of the ball was 15 Å, and the grid ball itself
was large enough to both include the cavity portion and
cover the entire surface of β-CD. After 100 docking runs,
as counted by the scoring function, the final optimal
docking result was selected for analysis. A semiempirical
auto-dock free energy force field was used to estimate
the interaction free energy and the conformer with the
lowest binding energy in relation to the ligand was used
for further analysis.

Characterization of CT-NPs

The prepared CT-NPs solution was diluted with
phosphate-buffered saline (PBS, pH = 7.4) to a final
concentration of 323.7 μg ml-1. The average size and
zeta potential of the diluted CT-NPs were measured
using laser particle size analysis. For TEM measure-
ment, the concentration of CT-NPs was adjusted to
1.3 mg ml-1. Finally, the solution was stained with 1.5%
(w/v) phosphotungstic acid and dropped onto a copper
grid for morphological observation.
To evaluate the CT DL and EE, free CT was sepa-

rated from its nanoparticle suspensions via centrifugation
at 10 000 rpm for 30 min. The amount of CT remaining
in the supernatant was measured using a UV spec-
trophotometer, with each sample measured three times.
The EE and DL were calculated using the following
Equations (2) and (3):

EE %ð Þ¼ total weight of CT�weight of free CTð Þ=
total weight of CT (2)

DLð%Þ¼ ðtotal weight of CT�weight of free CTÞ=
weight of CT � NPs (3)

In vitro release studies

A CT-NPs solution (5 ml) was briefly sealed into a dialy-
sis membrane (MWCO = 14 000 Da), which was
immersed in 45 ml of release medium (PBS, pH = 6.5).
The experiment was conducted in a shaking incubator at
a shaking speed of 100 rpm, with a constant tempera-
ture of 37°C. At predefined time intervals, 5 ml of the
outside solution was withdrawn and replaced with fresh
release medium (5 ml). The concentration of the

released drug was determined using UV. The release
profile of free CTS was studied as a control.

Stability study

CT-NPs solution and CTS aqueous solution with the
same CTS content were placed at 4°C and RT, respec-
tively. At predefined time intervals, the CT DL of the CT-
NPs and the concentration change of the CTS aqueous
solution were measured using a UV spectrophotometer,
as described above.

Determination of MIC

MIC, which is defined as the lowest concentration of an
antimicrobial agent that prevents the growth of bacteria,
was determined using a microtiter broth dilution method.
In brief, S. xylosus was harvested, and adjusted to a
density of 1 × 105 CFU ml-1. Thereafter, 180 μl of the
bacterial suspension was inoculated into each well of a
96-well plate. Subsequently, 20 μl CTS or CT-NPs solu-
tions with equal CT concentrations (0.625–80 μg ml-1)
were added. The treated S. xylosus specimens were
then incubated under aerobic conditions at 37°C with
shaking and were used for turbidity observations after
24 h.

Bacterial uptake

S. xylosus was incubated in 6-well plates with CM-6 and
CM-6-NPs (at a final CM-6 concentration of 40 μg ml-1)
at 37°C for 2 h. Subsequently, the S. xylosus solutions
were centrifuged, washed three times with PBS, and
resuspended in 500 μl PBS. Fluorescence images were
obtained using CLSM.
For flow cytometry analysis, S. xylosus was treated

with DB and DB-NPs at different DB concentrations
(14.5, 29 and 58 μg ml-1), and incubated at 37°C for 1 h.
At the same time, DB and DB-NPs with equal DB con-
centrations (29 μg ml-1) were co-incubated with S. xylo-
sus for 0.5, 1, and 3 h. Thereafter, S. xylosus was
centrifuged. The S. xylosus specimens obtained through
centrifugation were treated with three cycles of PBS
washing and centrifugation, before finally being resus-
pended in 500 μl PBS for flow cytometry analysis.

Inhibition of biofilm formation

The biofilm inhibition experiment was performed by
seeding 100 μl of S. xylosus suspension and 100 μl of
CTS or CT-NPs into each well on a 96-well microplate.
The final concentrations of CTS and CT-NPs with equal
CTS were 0.03125, 0.06250 and 0.1250 μg ml-1, respec-
tively. After incubation at 37°C for 24 h without shaking,

ª 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial
Biotechnology, 15, 535–547

544 S.-D. Zheng et al.



the supernatants were removed. The wells were rinsed
with 50 mM PBS (pH = 7.2), fixed with 200 μl methanol
for 30 min, and stained with 200 μl 1% crystal violet (w/
v) for 30 min. They were then rinsed three times with
PBS and dried at 37°C for 2 h. Thereafter, 200 μl of
33% acetic acid (v/v) was added and the microplate was
shaken for 10 min. The contents of all wells were mea-
sured using a Tecan GENios Plus Microplate Reader
(Tecan, Austria) set to 595 nm. A S. xylosus suspension
with bacteria alone was used as control.
The effect that CT-NPs have on biofilm formation was

further examined using SEM. Briefly, overnight cultures
of S. xylosus were diluted in TSB. Thereafter, the culture
medium was supplemented with CT-NPs and CTS at
final concentrations of 0.0625 and 0.1250 μg ml-1 in the
medium, respectively, and 2 ml of the resulting solution
was added to the wells of a 6-well microplate. Each well
contained a 10 × 10 mm sterilized, rough organic mem-
brane at the bottom. After incubation, without shaking for
24 h at 37°C, the organic membranes (with biofilms
grown on them) were removed from the wells. There-
after, medium and planktonic bacteria on the membranes
were removed by washing the membranes with sterile
PBS. The biofilms were incubated in 2.5% (w/v) glu-
taraldehyde for 1.5 h at 4°C, and washed three times
with 0.1 M cacodylate buffer (pH = 7.0) for 20 min each
time. The biofilms were then dehydrated using a graded
series of ethanol (50%, 70%, 95% and 100%), ethanol
and tertiary butyl alcohol mixed solution (1:1, v/v) and
tertiary butyl alcohol. The dehydrated samples were sub-
jected to critical point drying and gold sputtering. Finally,
the biofilms were observed using SEM.

Elimination of biofilm

Biofilms were formed by adding 200 μl of TSB solution
containing S. xylosus into 96-well microplates and incu-
bating them at 37°C for 24 h, without shaking. CT-NPs
and CTS were then added to the wells at final concen-
trations of 1 and 2 μg ml-1, respectively. Biofilms incu-
bated with PBS were used as controls. After cultivation
at 37°C for 12 h, a crystal violet staining assay was used
to detect biofilm mass. Each test was repeated three
times.

Establishment of a mouse mastitis model

Kunming mice that gave birth on the 7th day were
obtained from the experimental animal centre of the Sec-
ond Affiliated Hospital of Harbin Medical University. All
animal experiments involved in this experiment were
approved by the experimental animal research ethics
committee of Northeast Agricultural University (SRM-11).
And all animal procedures complied with the ARRIVE

guidelines, and were carried out in accordance with the
National Institute of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No. 8023,
revised 1978), as well as the CONSORT (Consolidated
Standards of Reporting Trials) statement (Kilkenny et al.,
2012; Moher et al., 2012). The animals were kept under
standard conditions with free access to water and food.
Kunming mice were randomly divided into four groups

(n = 5). Mice with mastitis used in this experiment had
their mastitis induced via the injection of 100 μl
(1 × 109 CFU ml-1) of S. xylosus suspension into the
canal glands at the 4th breast on both sides. This
occurred over the course of 24 h, and after anaesthesia.
Healthy mice were used as negative controls.

In vivo effect of CT-NPs on mastitis

After being injected with S. xylosus suspensions (100 μl,
1 × 109 CFU ml-1) for 24 h, the mouse mastitis model
was successfully established. CTS and CT-NPs were
administered by injecting equivalent CTS dosages
(100 μl, 0.25 μg ml-1) into the mastitis-afflicted 4th
breasts over the course of another 24 h. Mice with mas-
titis in the control group were not subjected to any treat-
ment.
Pathological changes in all mice were monitored. At

the end of the experimental period, which included the
establishment and treatment of the mastitis models, mice
were sacrificed. Mammary gland tissues were collected,
fixed in 4% paraformaldehyde solution, and then embed-
ded in paraffin. The paraffin-embedded tissues were
each cut into 2 sections, and then stained with H&E.
The stained slices were assessed using a microscope.
Furthermore, additional mammary gland tissues were
homogenized in normal saline. Thereafter, they were
partially diluted, and inoculated onto TSB agar plates to
assess their bacterial load. Inflammatory cytokine (IL-6
and TNF-α) levels in the supernatant were measured
using ELISA kits.

Statistical analysis

Statistical analyses were conducted using Microcal Ori-
gin v. 7.5 (OriginLab Corp, Northampton, MA, USA). The
data obtained were analysed for significance using one-
way analysis of variance (ANOVA). Values are reported
as mean � standard deviation, and statistical means
were compared using t-tests, with P < 0.05 considered
statistically significant.
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