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Objective: Staphylococcus aureus (S. aureus) commonly endures in the body as small colony variations (SCVs), avoiding the
bactericidal effects of drugs and leading to persistent and recurring mastitis infections in cows. Nevertheless, florfenicol is widely
dispersed throughout the body and is challenging to penetrate to the targeted site at an appropriate therapeutic dosage, florfenicol’s
effectiveness in treating dairy cow mastitis caused by SCVs is comparatively low.

Methods: Florfenicol composite nanogels with sustained and targeted release effects were prepared by complexation of f-cyclodextrins
(B-CD) and electrostatic interaction between gelatin (positive charge) and y-polyglutamic acid (y-PGA) (negative charge) using sodium
tripolyphosphate (TPP) (ionic crosslinkers). The optimal formula of florfenicol composite nanogels was screened, and physicochemical
characterization, in vitro release, and antibacterial activity of florfenicol composite nanogels were fully evaluated in this work.
Results: The optimal formulation was verified by producing florfenicol composite nanogels with 75 mg/mL B-CD, 150 mg/mL
gelatin, 10 mg/mL y-PGA, and 0.5 mg/mL TPP, respectively. The results of physicochemical characterization demonstrated that
florfenicol composite nanogels were effectively generated by inclusion and electrostatic interaction. Furthermore, florfenicol composite
nanogels exhibited obvious pH/gelatinase-double responsiveness. Furthermore, florfenicol composite nanogels were demonstrated
a more potent bacteriostatic and bactericidal action against S. aureus and SCVs.

Conclusion: pH/gelatinase-double responsive florfenicol composite nanogels with sustained and targeted release effects can boost the
antibacterial activity of florfenicol against SCVs.

Keywords: florfenicol, composite nanogels, small colony variants, sustained and targeted release, pH/gelatinase-double

responsiveness

Introduction

Staphylococcus aureus (S. aureus) leads to a decrease in milk production and quality, an increase in treatment costs, and
mortality rates of dairy cow’s mastitis." More seriously, S. aureus persists in the body in the form of S. aureus small
colony variants (SCVs) due to long-term low-dose administration in animals.> When S. aureus changes from a normal
state to SCVs, it will cleverly resist the host defense system and evade the bactericidal effect of antibiotics, thereby
increasing bacterial resistance.’ Veterinary antibacterial drugs are often used to treat bacterial diseases, such as dairy
cow’s mastitis caused by S. aureus. Among them, florfenicol’s broad antibacterial spectrum, low dosage, low toxicity,
acceptable safety, and notable therapeutic efficacy on bacterial infections in livestock and poultry caused by sensitive
bacteria make it a popular choice for the clinical treatment of a variety of bacterial infectious disorders.*® Due to its
excellent antibacterial activity against S. aureus, it is speculated that florfenicol also has ideal antibacterial activity
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against SCVs. Nevertheless, florfenicol is widely dispersed throughout the body and is challenging to penetrate to the
target site at an appropriate therapeutic dosage, florfenicol’s effectiveness in treating dairy cow mastitis caused by SCVs
is comparatively low.” Therefore, there is an urgent need to create a novel drug delivery system that has excellent
sustained and targeted release effects in addition to ensuring the florfenicol’s antibacterial effectiveness.

As a new drug delivery system, nanogels are a three-dimensional network system formed by various high
molecular polymers and cross-linking.® In addition, nanogels with unique three-dimensional network structures can
encapsulate antibacterial drugs and extend the action time of drugs in the body through sustained and targeted
release effects to enhance their antibacterial activity.” The nanogels drug loading system can enhance the sustained
release effect of florfenicol, thereby enhancing its antibacterial activity.'® Similarly, the prepared florfenicol-
chitosan nanocomposite also greatly improved the antibacterial activity against Escherichia coli ATCC 35218,
Salmonella Typhimurium ATCC 14028, and S. aureus ATCC 29213 compared with the native drug.'! In addition,
florfenicol-loaded niosomes composed of Span 60, cholesterol, and dihexadecyl phosphate can improve antibacterial
activity and bioavailability. This is because florfenicol-loaded niosomes exhibited a substantially higher maximum
plasma concentration (C,,,x) and higher area under the curve (AUC () of florfenicol compared to free florfenicol.'?
Hydrogel material is very important for the preparation of nanogels. Among them, B-cyclodextrins ($-CD) have
attracted a lot of interest from different drug carriers, because of their excellent interaction with hydrophobic guest
molecules.'® B-CD has been employed to improve the loading capacity of nanogels for poorly soluble pharmaceu-
ticals and to encourage and maintain drug release. f-CD has an outer hydrophilic and inner hydrophobic structure,
allowing it to accommodate most organic or inorganic molecules (such as florfenicol).'* In addition, B-CD is both
safe and non-toxic, soluble in water, and has a high loading capacity (LC) and encapsulation efficiency (EE).
Therefore, it can improve the stability and solubility of drugs, reduce the toxic side effects of drugs themselves,
enhance bioavailability and palatability, and is widely used in medicine and food.'> However, the lack of targeted
release properties of B-CD limits its clinical application in veterinary medicine. Interestingly, gelatin with gelatinase
responsiveness can serve as a carrier for drug-controlled release systems, improving the bioavailability of drugs and
achieving good targeted release properties.'®'” Furthermore, y-polyglutamic acid (y-PGA) with pH responsiveness
is an anionic polypeptide polymer with super water solubility, biodegradability, and biocompatibility, and can form
a nanogel system by electrostatic assembly with other hydrogel material with positive charge (such as gelatin).'®

In view of this, florfenicol may be encapsulated into B-CD to obtain florfenicol-B-CD inclusion complex (IC) through
complexation, thereby improving the sustained release effect. Then, with the help of sodium tripolyphosphate (TPP)
(ionic crosslinking agent), the y-PGA-gelatin nanogels were prepared through the electrostatic interaction between
gelatin (with positive charge) and y-PGA (with negative charge), thereby improving the targeted release effect (the
double responsiveness of gelatinase and pH). Furthermore, florfenicol composite nanogels with sustained and targeted
release effects were prepared by complexation of B-CD and electrostatic interaction between gelatin (positive charge) and
v-PGA (negative charge) using TPP (ionic crosslinkers). Therefore, due to the sustained and targeted release effects of
florfenicol composite nanogels, it is hypothesized that florfenicol composite nanogels can boost the antibacterial activity
of florfenicol against SCVs (Figure 1). Thus, the creation and improvement of florfenicol composite nanogels was the
main focus of this investigation. Several analytical techniques, including appearance, size, zeta potential (ZP), poly-
dispersity index (PDI), transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR), were
used to determine the physicochemical parameters of the florfenicol composite nanogels. Moreover, the in vitro release
and antibacterial activity of florfenicol composite nanogels were also fully evaluated.

Materials and Methods

Materials

B-CD, TPP, y-PGA, and florfenicol were purchased from ChuangXin Pharmaceutical Co., Ltd. (China). Gelatin was
purchased from Yongginquan Intelligent Equipment Co., Ltd (China). Tryptone Soya Broth (TSB), phosphate-buffered
saline (PBS), and physiological saline were obtained from Dingyuan Biotechnology Co., Ltd (China). A live/dead
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Figure | Schematic diagram of florfenicol composite nanogels with pH/gelatinase dual responsiveness for enhancing antibacterial activity against SCVs by sustained and
targeted release effect.

backlight bacterial viability kit was offered by Shanghai Bestbio Biotechnology Co., Ltd. (China). The S. aureus 101
strain and SCVs 102 strain were provided by China Agricultural University (China) and characterized using the protocol
reported elsewhere.'”

Formulation of IC, Single Nanogels, Blank Nanogels and Florfenicol Composite

Nanogels

A prior study’s optimization and adaptation of the florfenicol-B-CD-IC was prepared.”® In short, 10 mL ultrapure water was
used to completely dissolve B-CD (0.025, 0.05, and 0.075 g) at a constant temperature of 80°C. To create the florfenicol-f-
CD-IC, 200 mg of florfenicol was then added to the B-CD solution at 1000 RPM. Using TPP (ionic crosslinkers), the f-CD
complexation and electrostatic interaction between the positively charged gelatin and negatively charged y-PGA were used to
create the florfenicol composite nanogels. Briefly, gelatin (0.5, 0.1, and 0.3 g) and y-PGA (0.5, 0.1, and 0.3 g) were
completely dissolved in 10 mL ultrapure water, respectively. Subsequently, 0.1 mL TPP (0.1, 0.2, and 0.3 mg/mL) was added
into the y-PGA and gelatin mixed solution by drops under the magnetic stirring at 1000 RPM. Finally, the florfenicol--CD-
IC was added to the gelatin, y-PGA, and TPP mixed solution to form florfenicol composite nanogels. Simultaneously,
florfenicol single nanogels were prepared by florfenicol and electrostatic interaction between gelatin (positive charge) and y-
PGA (negative charge) using TPP (ionic crosslinkers). Blank nanogels were prepared by B-CD and electrostatic interaction
between gelatin (positive charge) and y-PGA (negative charge) using TPP (ionic crosslinkers).

Formula Screening
Standard Curve

Measure the OD values of different concentrations (25, 50, 100, 200, 500, and 1000 pg/mL) of florfenicol using a UV
spectrophotometer (Lambda 365, PerkinElmer, USA) at an absorption wavelength of 266 nm, and plot the standard
curves of florfenicol.
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EE and LC

The prepared florfenicol composite nanogels were centrifuged at 14000 rpm for 60 min, the supernatant was taken and
filtered, and the residual florfenicol in the supernatant was measured by ultraviolet spectrophotometer. The precipitated
florfenicol composite nanogels were resuspended in ultrapure water. After the florfenicol composite nanogels were
destroyed by the cell ultrasonic breaker, the supernatant was centrifuged at 8000 rpm for 10 minutes. The content of
florfenicol in the filtered supernatant was determined by a UV spectrophotometer. EE and LC were calculated using the
following formula:

EE = (content of florfenicol in nanogels/total amount of florfenicol) x 100%;
LC = (florfenicol content in nanogels/total amount of nanogels) x 100%.

Box-Behnken Response Surface Analysis

Furthermore, the Design-Expert 8.0 program (State-Ease, Inc., Minneapolis, MN, USA) provided precise results for the
ideal concentrations of B-CD, gelatin, y-PGA, and TPP. EE and LC were applied as assessment indices at the same time.
Table 1 displays the Box-Behnken design’s variables and levels.

Table | Single-Factor Experimental Design and Values of the Responses for
Florfenicol Composite Nanogels

Run p-CD Gelatin v-PGA TPP LC (%) | EE (%)
(mg/mL) | (mg/mL) | (mg/mL) | (mg/mL)
[ 25 150 30 1.5 12.6 36.8
2 75 150 30 1.5 78 33.1
3 25 50 30 0.5 18.4 394
4 25 50 10 1.5 79 29.8
5 75 150 10 0.5 21.8 45.6
6 50 100 30 | 16.3 38
7 50 100 20 | 1.8 39.5
8 75 50 30 0.5 17.9 44.7
9 50 100 20 1.5 157 383
10 75 50 30 1.5 152 39.6
I 50 100 20 [ 1.8 395
12 25 150 10 1.5 21.9 425
I3 75 50 10 1.5 12.5 332
14 50 100 10 | 18.4 38.6
I5 25 50 10 0.5 85 305
16 50 150 20 | 157 38.6
17 75 50 10 0.5 14.4 41.1
18 25 50 30 1.5 14.3 39
19 50 100 20 0.5 17.4 393
20 50 100 20 | 1.8 395
21 75 100 20 | 84 396
22 50 100 20 | 1.8 395
23 50 100 20 | 1.8 395
24 75 150 10 1.5 228 43
25 25 150 10 0.5 214 38.6
26 25 150 30 0.5 14.7 325
27 75 150 30 0.5 12.6 36.3
28 50 50 20 [ 12.5 36.9
29 25 100 20 | 7.2 36.4
30 50 100 20 | 1.8 395

Abbreviations: -CD, B-cyclodextrins; y-PGA, y-polyglutamic acid; TPP, sodium tripolyphosphate;
LC, loading capacity; EE, encapsulation efficiency.
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Physicochemical Characterization

Surface Morphology

The appearance, TEM (JEM-2100Plus, JEOL, Japan), SEM (APREO, Thermo Scientific Inc., USA), and EDS (X-Max
N 150, Oxford, UK) were utilized to characterize the surface morphology of florfenicol composite nanogels. Briefly, the
freshly prepared florfenicol composite nanogels were placed in a bottle (0°, 45°, 90°, and 180°) to observe the gel state,
respectively. Simultaneously, florfenicol composite nanogels were added to copper grids with thin slices, dried at room
temperature with sodium phosphotungstate (2%) negative staining, and then the morphology was inspected by TEM.
Subsequently, florfenicol composite nanogels were placed in a lyophilizer (FDU-1200, Huachen Instrument Co., Ltd,
China) for freeze-drying to obtain lyophilized samples, and surface morphology of the lyophilized samples was observed
by SEM at an accelerating voltage of 20 kV after oven drying. Furthermore, elemental analysis of the freeze-dried
florfenicol composite nanogels was determined by EDS.

The Mean Size and ZP
The mean size and ZP of IC, single nanogels, blank nanogels, and florfenicol composite nanogels were measured using
Zetasizer ZX3600 ‘“Malvern Instruments, Malvern Instruments Limited, UK”.

XRD and FTIR

XRD and FTIR spectrophotometer of B-CD, gelatin, y-PGA, TPP, lyophilized IC, single nanogels, blank nanogels and
florfenicol composite nanogels were analyzed using an X-ray diffractometer “Bruker D8 Advance, BRUKER OPTICS,
Germany” and an FTIR spectrophotometer “Nicolet iS50, Thermo Scientific Inc., USA”.

In vitro Responsive Release

Since the freeze-dried IC is in powder form and cannot form lumps, the in vitro release of IC has not been measured.
Thus, lyophilized single nanogels, blank nanogels, and florfenicol composite nanogels were immersed in 10 mL PBS (pH
5.5/7.4) with or without gelatinase at 37°C in this study. At 0, 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h, the changes in the
morphology of lyophilized single nanogels, blank nanogels, and florfenicol composite nanogels in PBS (pH 5.5/7.4) with
or without gelatinase were observed. Subsequently, florfenicol composite nanogels were diluted with PBS and then put
into a dialysis bag (MW: 3500). The dialysis bags containing the florfenicol composite nanogels (100 mg/mL) were
placed into 500 mL PBS (pH 5.5/7.4) without and with gelatinase at 37+0.5°C. At different time points (0.5, 1, 2, 4, 8,
12, and 24 h), 1 mL dialysate was taken out and blank PBS with equal temperature (37+0.5°C) and volume (1 mL) was
added. Subsequently, the florfenicol concentrations were determined by UV spectrophotometer. Ultimately, the cumula-
tive release % was used to design the in vitro release curves of florfenicol composite nanogels in various microenviron-
ments (pH 5.5 and 7.4; with and without gelatinase).

Antibacterial Activity

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)

The MIC and MBC of IC, single nanogels, blank nanogels, and florfenicol composite nanogels against S. aureus 101 and
SCVs 102 were determined using the broth macrodilution method. In summary, IC, single nanogels, blank nanogels, and
florfenicol composite nanogels were produced in TSB at varying doses (128, 64, 32, 16, 8, 4, 2, 1, 0.5, 0.25, 1.25, 0.625,
and 0.3125 pg/mL). PBS was used as a control. Conversely, 1x10° CFU/mL was the concentration of S. aureus 101 or
SCVs 102. After 24 hours of culture, the MIC was eventually found to be the lowest drug concentration that significantly
inhibited growth. MBC was determined by inoculating a supplemented agar plate with 100 puL of suspension with no
visible bacteria from initial MIC testing. The inoculated plates were inverted and incubated at 37°C. The MBC was
calculated as the concentration that lowered the viable organism count by >3log10 during 24 hours. Diluting the material
in the agar plate by >250-fold decreased the drug’s carryover effect. Each result was computed in triplicate.

Live/Dead Bacterial Staining Analysis
In this study, S. aureus 101 and SCVs 102 (1 x 10° CFU/mL) were mixed with IC, single nanogels, blank nanogels, and
florfenicol composite nanogels at varied doses “0xMIC, 1/2xMIC, 1xMIC, and 2xMIC”. Physiological saline was used
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as a control. After a two-hour incubation period, each sample was tested with the live/dead fluorescent bacterial viability
assay. A fluorescent microscope (TS2R-FL, NIKON, Japan) was used to investigate the 5 pL bacterial solution placed on
a slide.

Morphological Analysis

SEM was used to investigate S. aureus 101 and SCVs 102 treated with IC, single nanogels, blank nanogels, florfenicol
composite nanogels, and physiological saline (the control group). In summary, IC, single nanogels, blank nanogels, and
florfenicol composite nanogels (all 1xMIC) were used to culture S. aureus 101 or SCVs 102 (1 x 10° CFU/mL) in
triplicate on a cover glass for 24 hours at 37°C. Following that, the bacteria were healed and dried out. In a nutshell, the
samples were fixed with 2.5% glutaraldehyde for two hours at 4°C. After cleaning the surfaces twice for 15 minutes each,
the sample was dried using ethanol concentrations of 30%, 50%, 70%, 90%, 95%, and 100% for a total of 20 minutes.
Finally, each sample was examined by SEM after critical point drying and gold sputter coating.

Cytotoxicity Assays

The cytotoxicity assays of IC, single nanogels, blank nanogels, and florfenicol composite nanogels in mouse fibroblast
(L929 cells) were evaluated by methyl thiazolyl tetrazolium (MTT) method. Briefly, the different formulations, combined
with 1929 cells, were placed into a 96-well microtiter plate and incubated at 37°C for 4 h, respectively. Subsequently, the
cells were stained with Alamar Blue and further incubated at 37°C for 24 and 48 hours. The fluorescence intensity was
measured with a microplate reader to evaluate the cytotoxicity of the different formulations. Finally, the cell viability of
IC, single nanogels, blank nanogels, and florfenicol composite nanogels were calculated.

Statistical Analysis
The experiment data are presented as Mean+S.D. and evaluated using one-way ANOVA using the SPSS 19.0 software.
A p-value of less than 0.05 indicates statistical significance.

Result and Discussion

Optimal Formula

The standard curve of florfenicol was drawn and shown in Figure S1. The standard curve of florfenicol was
y=0.001970 x+0.03495, and the linear range of the standard curves of florfenicol ranged from 25 to 1000 pg/mL
(R?=0.998) (Figure S1). On this basis, the concentration of B-CD, gelatin, y-PGA, and TPP was used as variables, and
EE and LC were used as indicators to screen their optimal formulas of florfenicol composite nanogels through box-
behnken response surface (Table 1). The amount and percentage of various excipients determine the formulation’s EE
and LC. The higher the LC and EE, the more medicines are contained in the formulation. When LC is at its peak, the
ideal number and percentage of florfenicol composite nanogels are produced.?'*? The high drug loading and entrap-
ment efficiency could be attributed to the drug’s preferential localization within the polymer matrix, which is less
hydrophilic than the external aqueous environment, given that florfenicol has been reported as a broad-spectrum
antibiotic with low aqueous solubility.

The response surface approach makes it easier to investigate and model formulation obstacles and process parameters
by calculating the connection between the produced response surfaces and the controlled input parameters. It accom-
plishes this by combining statistical and mathematical techniques.”® Thirteen experimental runs with three repeating
center points were required to provide an accurate estimate of the prediction variance throughout the whole model’s
design space. The experimental design and results generated by the Design-Expert program are presented in Table 1. The
results of the thirty groups were displayed in Tables 2 and 3 after analysis, along with the quadratic polynomial
regression equation that connected the LC to three factors:

LC=12.524+0.3611*A+1.65*B-1.10*C-0.9111*D-1.03*AB-1.14*AC-0.1313*AD-3.92*BC+0.2437*BD-0.7938*CD-
5.43*%A2+0.8667*B*+4.12*C>+3.32*D?
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Table 2 ANOVA of LC Model

Source Sum of Squares | df | Mean Square | F-value | P-value
Model 542.20 14 38.73 51.57 < 0.0001 | Significant
A-pB-CD 235 | 2.35 3.13 0.0974
B-Gelatin 49.01 | 49.01 65.25 < 0.0001
C-y-PGA 21.78 | 21.78 29.00 < 0.0001
D-TPP 14.94 | 14.94 19.90 0.0005
AB 17.02 | 17.02 22.66 0.0003
AC 20.93 | 20.93 27.87 < 0.0001
AD 0.2756 | 0.2756 0.3670 0.5537
BC 245.71 | 245.71 327.17 | <0.0001
BD 0.9506 | 0.9506 1.27 0.2782
CD 10.08 | 10.08 13.42 0.0023
A2 76.49 [ 76.49 101.84 | < 0.0001
B? 1.95 [ 1.95 2.59 0.1283
c? 43.91 [ 4391 58.47 < 0.0001
D2 28.50 [ 28.50 37.95 < 0.0001
Residual 11.27 15 0.7510

Lack of Fit 11.27 10 1.13

Pure Error 0.0000 5 0.0000

Cor Total 553.47 29

R? 0.9796

Adj-R? 0.9606

Pre-R* 0.9031

Adeq precision 25.7975

CV% 6.09

Mean 14.24

Std.Dev. 0.8666

Abbreviations: LC, loading capacity; B-CD, p-cyclodextrins; y-PGA, y-polyglutamic acid; TPP, sodium

tripolyphosphate.

Table 3 ANOVA of EE Model

Source Sum of Squares | df | Mean Square | F-value | P-value
Model 382.96 14 27.35 74.16 < 0.0001 | Significant
A-B-CD 52.36 | 52.36 141.96 | <0.0001
B-Gelatin 9.10 | 9.10 24.68 0.0002
C-y-PGA 0.6806 | 0.6806 1.85 0.1944
D-TPP 8.96 | 8.96 24.29 0.0002
AB 9.46 | 9.46 25.64 0.0001
AC 15.02 | 15.02 40.71 < 0.0001
AD 41.93 | 41.93 113.67 | <0.0001
BC 218.30 | 218.30 591.85 | < 0.0001
BD 17.02 | 17.02 46.13 < 0.0001
CD 0.5256 | 0.5256 1.43 0.2511
A? 0.6893 | 0.6893 1.87 0.1918
B2 1.52 [ 1.52 4.12 0.0605
c? 0.1206 [ 0.1206 0.3271 0.5758
D2 0.2093 [ 0.2093 0.5674 0.4630
Residual 5.53 15 0.3688
Lack of Fit 5.53 10 0.5533
Pure Error 0.0000 5 0.0000
(Continued)
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Table 3 (Continued).

Source Sum of Squares | df | Mean Square | F-value | P-value
Cor Total 388.49 29

R? 0.9858

Adj-R? 0.9725

Pre-R2 0.9313

Adeq precision 37.0991

CV% 1.59

Mean 38.28

Std.Dev. 0.6073

Abbreviations: EE, encapsulation efficiency; B-CD, B-cyclodextrins; y-PGA, y-polyglutamic acid; TPP, sodium
tripolyphosphate.

The quadratic polynomial regression equation between the EE and three factors was:

EE=39.01+1.71*A+0.7111*B-0.1944*C-0.7056*D-0.7687* AB-0.9687* AC-1.62* AD-3.69*BC+1.03*BD
+0.1813*CD-0.5158*A2-0.7658*B>-0.2158*C?+0.2842*D?

While the lack of fit was not significant (p > 0.05), the differences between the various treatments of the EE and LC
models were extremely significant (p < 0.01). This suggests that the residuals were wholly the product of random errors.
Both prediction models were shown to be dependable by the regression equation coefficient R* and adjusted R, which
both show higher than 90% and reflect the range of the response values. Using the information above as a basis, three-
dimensional reaction surface pictures were created (Figure 2A and B). The optimized florfenicol composite nanogels
according to Design-Expert software were 73.846 mg/mL B-CD, 149.97 mg/mL gelatin, 10.0014 mg/mL y-PGA, and
0.51425 mg/mL TPP, respectively. In this case, LC and EE of florfenicol composite nanogels were the largest, and the
therapeutic effect may be the most satisfactory. The LC and EE predicted by the software were 22.8007% and 45.6005%,
respectively (Figure 2C). Subsequently, the optimal formulation was verified by producing florfenicol composite
nanogels with 75 mg/mL B-CD, 150 mg/mL gelatin, 10 mg/mL y-PGA, and 0.5 mg/mL TPP, respectively. The LC
and EE of prepared florfenicol composite nanogels were 23.5%+4.6% and 45.3%+2.7%, respectively. Thus, the optimal
preparation method for the florfenicol composite nanogels designed by the Box-Behnken response surface technique was
accurate and reliable.

Optimal Formula

Characterization

In this study, florfenicol was encapsulated into 3-CD to form florfenicol IC that was got through complexation to improve
the sustained release effect. On the other hand, the y-PGA-gelatin nanogels loaded with florfenicol were obtained through
the electrostatic interaction between gelatin (with a positive charge) and y-PGA (with a negative charge) with the help of
TPP (ionic crosslinking agent) to improve the targeted release effect. Finally, florfenicol composite nanogels were
prepared by self-assembly with sustained and targeted release effects (Figure 3A).

Subsequently, the appearance, TEM, SEM, EDS, size, ZP, UV-vis spectrophotometry, FTIR spectrum, and PXRD of IC,
single nanogels, blank nanogels, and florfenicol composite nanogels were shown in Figure 3B-J and Figures S2—S7. The
appearance of IC in the bottle was a clear transparent color and showed the characteristic of flowing like water at 0°, 45°, 90°,
and 180° (Figure S2); Interestingly, the appearance of single nanogels, blank nanogels, florfenicol composite nanogels in the
bottle were all faint yellow and showed excellent gel properties at 0°, 45°, 90°, and 180° (Figures 3B and S2). Meanwhile,
TEM showed that IC, single nanogels, blank nanogels, and florfenicol composite nanogels were spherical with a smooth
surface and good particle size distributions (Figures 3C and S3). This suggests that the aforementioned materials were
successfully prepared. Additionally, the freeze-dried IC, single nanogels, blank nanogels, and florfenicol composite nanogels
showed a three-dimensional network structure, which were highly beneficial for the transportation of drugs, oxygen, and
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nutrients, as well as the absorption of exudate at the bacterial inflammatory site (Figures 3D and S4). Furthermore, the EDS of
florfenicol composite nanogels indicated that C, N, O, and F were uniformly distributed in the florfenicol composite nanogels.
Thus, florfenicol was evenly distributed in the florfenicol composite nanogels, which also proved that the florfenicol
composite nanogels were successfully prepared. In florfenicol composite nanogels, the percentage of C, N, O, and
F elements was 40%, 13%, 45%, and 2%, respectively (Figure 3E).

The mean size of IC, single nanogels, blank nanogels, and florfenicol composite nanogels were 46.0+4.3 nm, 91.7
+13.1 nm, 146.7£12.5 nm, and 176.7+£24.9 nm, respectively (Figure 3F). The particle size gradually increases, which also
indicates that florfenicol is encapsulated by biomaterial (B-CD, gelatin, y-PGA, and TPP). The ZP of IC, single nanogels,
blank nanogels, and florfenicol composite nanogels were —26.4+1.3 mV, 16.8+1.7 mV, —3.8+£1.2 mV, and —3.7+0.6 mV,
respectively (Figure 3G). Due to the negative ZP exhibited by B-CD, IC was also displayed as having a negative ZP
(—26.4£1.3 mV). Subsequently, single nanogels were shown to be positive ZP (16.8+1.7 mV) due to gelatin being
positive. Blank nanogels and florfenicol composite nanogels were both negative ZP (=3.8+1.2 mV and —3.7£0.6 mV),
which may be caused by the addition of B-CD. The changes in size and ZP also indicated that IC, single nanogels, blank
nanogels, and florfenicol composite nanogels were successfully prepared.

The UV-vis absorption spectra showed that the characteristic absorption peaks of IC contained A,,,,=259 nm, single
nanogels contained A;,,,,=268 nm and A,,,,,=273 nm, blank nanogels contained A ,x=Amax=266 nm and A,,,=275 nm, and
florfenicol composite nanogels contained A,,,,=266 nm and A,,,=275 nm (Figures 3H and S5). When the concentration
of florfenicol composite nanogels was 10 pg/mL, these two characteristic absorption peaks were difficult to observe.
However, when the concentration was 100 pg/mL, these two characteristic absorption peaks were clearly observed, and
as the concentration increased, these two peaks became more obvious. The FTIR spectrum of y-PGA, gelatin, TPP, f-CD,
florfenicol, IC, single nanogels, blank nanogels, and florfenicol composite nanogels were shown in Figures 31 and S6.
FTIR spectroscopy was used to study drug-hydrogel interactions. Interestingly, the FTIR spectroscopy of B-CD and IC
were similar, and the FTIR spectroscopy of blank nanogels and florfenicol composite nanogels were similar. The new
characteristic peaks (1653 and 3420 cm ') of single nanogels were shown. The distinctive peaks for y-PGA at 3340 cm ™,
gelatin at 3582 cm !, TPP at 1023 and 1156 cm !, B-CD at 3340 cm !, and florfenicol at 1528, 1667, 3313, and
3442 cm ! vanished from the spectrum of florfenicol composite nanogels, and new characteristic peaks (1660 cm™ ") were
visible instead, which may be attributed to the complexation of B-CD and electrostatic interaction between gelatin
(positive charge) and y-PGA (negative charge) using TPP (ionic crosslinkers). Thus, the preparation of the florfenicol
composite nanogels was successful. XRD was used to determine the crystallinity and physical state of y-PGA, gelatin,
TPP, B-CD, florfenicol, IC, single nanogels, blank nanogels, and florfenicol composite nanogels. The characteristic
diffraction peaks of y-PGA (24.1° and 44.0°), TPP (18.8°, 19.4, and 33.2°), TPP (18.8°, 19.4¢, and 33.2°), B-CD (18.4¢),
and florfenicol (16.2°, 26.9, 31.8 <, and 41.1°) were shown in Figures 3J and S7. It was worth noting that the
characteristic diffraction peaks of florfenicol had almost disappeared in florfenicol composite nanogels due to the
formation of florfenicol IC-loaded y-PGA@gelatin composite nanogels. The unique diffraction peaks of the florfenicol
composite nanogels vanished, and this is likely due to complexation and electrostatic interaction.

pH/Gelatinase-Double Responsiveness

Considering the pH-responsiveness of y-PGA and the gelatinase-responsiveness of gelatin, the prepared florfenicol
composite nanogels may have pH/gelatinase dual responsiveness. Thus, lyophilized single nanogels, blank nanogels,
and florfenicol composite nanogels were put in different microenvironments (pH 7.4 without gelatinase; pH 5.5 without
gelatinase; pH 7.4 with gelatinase; and pH 5.5 with gelatinase), and the morphology was observed at 0, 0.5, 1, 2, 3, 4, 6,
8, 12, and 24 h, respectively. The lyophilized single nanogels were destroyed at pH 7.4 without gelatinase at 12 h, at pH
5.5 without gelatinase at 6 h, on the other hand, it was destroyed at pH 7.4 with gelatinase and pH 5.5 with gelatinase at
3 h (Figure S8). At 24 h, the lyophilized blank nanogels still have a complete morphology at pH 7.4 without gelatinase,
but significant swelling occurs at pH 5.5 without gelatinase. Meanwhile, the lyophilized blank nanogels were completely
destroyed at pH 7.4 with gelatinase at 6 h, but it was completely destroyed at pH 5.5 with gelatinase at 2 h (Figure S9).
At pH 7.4 without gelatinase, the morphology of lyophilized single nanogels, blank nanogels, and florfenicol composite
nanogels had no obvious change. Interestingly, the appearance of lyophilized single nanogels, blank nanogels, and
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florfenicol composite nanogels had changed significantly at pH 5.5 without gelatinase and at pH 7.4 with gelatinase.
Furthermore, the morphology of lyophilized single nanogels, blank nanogels, and florfenicol composite nanogels were
severely damaged at pH 5.5 with gelatinase (Figure 4A).

Considering the microenvironment (pH 5.5 and gelatinase) of bacterial dairy cows’ mastitis, the release of the
florfenicol composite nanogels in PBS (pH 5.5/7.4) with and without gelatinase at 37+0.5°C was estimated to determine
the environmental pH/gelatinase dual responsiveness. After 24 hours, 54.6%+5.4% (Figure 4B) of the florfenicol was
released at pH 7.4 in the absence of gelatinase, whereas 97.3%+1.9% (Figure 4D) of the drug was released at pH 7.4 in
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Figure 4 Improving targeted release of florfenicol composite nanogels through pH/gelatinase dual responsiveness. (A) Morphology change of florfenicol composite nanogels
in different microenvironments; In vitro release of florfenicol composite nanogels in different microenvironments ((B) pH 7.4 without gelatinase; (C) pH 5.5 without
gelatinase; (D) pH 7.4 with gelatinase; (E) pH 5.5 with gelatinase).
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the presence of gelatinase. Additionally, at pH 5.5 without gelatinase, 64.5%=+ 4.6% (Figure 4C) of the florfenicol was
released, whereas at pH 5.5 with gelatinase, 98.3%+1.2% (Figure 4E) was released. These findings indicated that the
prepared florfenicol composite nanogels displayed pH/gelatinase dual responsiveness and on-demand release perfor-
mance due to the pH-responsiveness of y-PGA and the gelatinase-responsiveness of gelatin. This might be because
strongly protonated amino groups in pH 5.5 repel one another, creating holes that let water molecules enter and grow into
the nanogels’ cores. At the same time, gelatin in the role of gelatinase and the florfenicol composite nanogels had been
split. On the contrary, at higher pH values (pH 7.4), florfenicol composite nanogels with low protonation result in
a smaller swelling rate. Thus, the swelling rate of florfenicol composite nanogels was higher under the action of
gelatinase and pH 5.5. This may be attributed to the splitting and swelling of florfenicol composite nanogels acted by
gelatinase and pH 5.5, which allows a large number of water molecules to enter the florfenicol composite nanogels for
swelling. Thus, florfenicol composite nanogels exhibited obvious pH/gelatinase-double responsiveness.

Antibacterial Activity

The antibacterial activity of IC, single nanogels, blank nanogels, and florfenicol composite nanogels against S. aureus
101 and SCVs 102 was shown in Table 4 and Figure 5. The MIC of IC, single nanogels, blank nanogels, and florfenicol
composite nanogels were 4, 2, >128, and 2 pg/mL for S. aureus 101 and 4, 2, >128, and 1 pg/mL for SCVs 102,
respectively. The MBC of IC, single nanogels, blank nanogels, and florfenicol composite nanogels were 16, 16, >128,
and 8 ug/mL for S. aureus 101 and 8, 4, >128, and 2 pg/mL for SCVs 102, respectively (Table 4). Thus, as compared to
IC, single nanogels, blank nanogels, and florfenicol composite nanogels showed higher antibacterial activity against
S. aureus 101 and SCVs 102. The enhanced antibacterial activity may be due to the sustained and targeted release effects
of florfenicol composite nanogels. Florfenicol was released in a sustained and intelligent manner within the three-
dimensional network structure, thanks to the complexation of B-CD and the double responsiveness of gelatinase and pH.
This prolonged the drug’s action period and raised its concentration at the site of bacterial infection. Meanwhile, the
inhibition zones of IC, single nanogels, blank nanogels, and florfenicol composite nanogels were 1.97+0.13, 2.23+0.12,
0.37+0.11, and 2.63+0.12 cm for S. aureus 101 (Figure 5A) and 2.07+0.17, 2.53%0.05, 0.77+0.05, and 2.83+0.05 cm for
SCVs 102, respectively (Figure 5B). Therefore, compared with IC, single nanogels, blank nanogels, and florfenicol
composite nanogels had larger inhibition zones, which means that florfenicol composite nanogels had stronger anti-
bacterial activity.

Furthermore, the mixture of S. aureus 101 or SCVs 102 and florfenicol composite nanogels (0xMIC, 1/2xMIC,
IXMIC, and 2xMIC) was treated using the live/dead bacterial staining kit. With the increase of florfenicol composite
nanogels drug concentration, it can be proved that the number of live bacterial cells (red) increases and the number of
dead bacterial cells (green) decreases (Figure 5C). The findings from the inhibition zones and MICs were consistent with
these results. Interestingly, florfenicol composite nanogels had stronger antibacterial activity against SCVs 102 than
S. aureus 101. This may be because the cell membranes of SCVs 102 were more easily damaged by florfenicol composite
nanogels. To verify this hypothesis, SEM was used to observe S. aureus 101 or SCVs 102 treated with IC, single
nanogels, blank nanogels, and florfenicol composite nanogels, as well as physiological saline (the control group).
Compared with the control group, blank nanogels had no significant effect against S. aureus 101 and SCVs 102.

Table 4 MIC and MBC (ug/mL)

MIC MBC

101 strains | 102 strains | 101 strains | 102 strains

IC 4 4 16 8
Single nanogels 2 2 16 4
Blank nanogels >128 >128 >128 >128
Composite nanogels 2 | 8 2

Abbreviations: MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentra-
tion; IC, inclusion complex.
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zones (S. aureus 101 strains); (B) inhibition zones (SCVs 102 strains); (C) live/dead bacterial staining; (D) SEM image (*P < 0.05, **P < 0.01, ***P< 0.001, and ****P< 0.001).

However, after the action of IC, single nanogels, blank nanogels, and florfenicol composite nanogels had significant
effects against S. aureus 101 and SCVs 102, the holes appeared due to damage to the bacterial cell membrane and cell
wall. In particular, the holes in the florfenicol composite nanogels group were more obvious. At the same time, the
bacteria also underwent severe rupture and indentation, and the contents flowed out from the bacteria, which may
indicate that the florfenicol composite nanogels have damaged the cell membrane and cell wall of the bacteria
(Figure 5D). In addition, as a new drug delivery system, the prepared florfenicol composite nanogels may also show
significant potential in the treatment of human device infections caused by SCVs, such as prosthetic joint infections. This
may be because the nanogels can enhance the affinity between the drug and the infection site, further promote the local
drug release, and inhibit the growth of bacteria.**

Cytotoxicity Evaluation

Through cytotoxicity test, the safety of different formulations of targeted cells (L929 cells) was truly evaluated by taking
the growth of L929 cells as an indicator. This helps to determine the safety of drug delivery systems for in vivo
applications, avoiding cell damage or toxicity. After 48 h of cultivation, the L929 cells in IC, single nanogels, blank
nanogels, and florfenicol composite nanogels group exhibited healthy growth and proliferation compared with the control
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group (Figure 6A). Simultaneously, the viability of the L929 cells incubated with IC, single nanogels, blank nanogels,
and florfenicol composite nanogels for 24 h was maintained above 95% (Figure 6B). Thus, these results indicated the
excellent cytocompatibility of the florfenicol composite nanogels.

Conclusions

S. aureus commonly endures in the body as SCVs, avoiding the bactericidal effects of drugs and leading to persistent and
recurring mastitis infections in cows. Nevertheless, florfenicol is widely dispersed throughout the body and is challenging
to penetrate to the targeted site at an appropriate therapeutic dosage, florfenicol’s effectiveness in treating dairy cow
mastitis caused by SCVs is comparatively low. Thus, florfenicol may be encapsulated into B-CD to obtain florfenicol IC
through complexation, thereby improving the sustained release effect. Then, with the help of TPP (ionic crosslinking
agent), the y-PGA-gelatin nanogels were prepared through the electrostatic interaction between gelatin (with positive
charge) and y-PGA (with negative charge), thereby improving the targeted release effect (the double responsiveness of
gelatinase and pH). In this work, florfenicol composite nanogels with sustained and targeted release effects were
successfully prepared by complexation and electrostatic interaction and further evaluated by physicochemical character-
ization. Furthermore, its pH/gelatinase-double responsiveness and enhanced antibacterial effects were confirmed. In
conclusion, we confirmed our hypothesis that florfenicol composite nanogels with sustained and targeted release effects
can boost the antibacterial activity of florfenicol against SCVs.
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