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Abstract:

Objectives: Bacterial infections are a noteworthy global health concern that necessitates the development
of new strategies to enhance the potency and efficacy of antibiotics. Rifaximin (RFX), a broad-spectrum
antibiotic, exhibits promising antibacterial activity against several bacterial strains. However, its
insolubility and impermeability impede the exploitation of its full potential. The objective of the current

study is to overcome the inherent caveats of RFX in order to exploit its maximum potential.

Significance: The exploitation of the full potential of antibiotics is necessary for reduction in their dosage
and to minimize antibiotic pollution. This is a preliminary study aiming for maximum utilization of RFX

at the target site and reduction in its release in unmetabolized form.

Methods: Gelatin is a biopolymer that has gained significant attention for biomedical applications owing
to its inherent biocompatibility and biodegradability. In this study, bovine gelatin nanoparticles (BGNPs)
were fabricated by the self-assembly method for their application as a carrier of RFX to enhance its
antibacterial activity. The study employs a comprehensive range of experimental techniques to characterize
the fabricated BGNPs such as DLS, Zeta Potential, FT-IR, AFM, SEM-EDX, and UV-Vis
spectrophotometry.

Results: The average size of the fabricated BGNPs was 100 nm with a zeta potential value of -15.3 mV.
The loading of RFX on BGNPs rendered an increase in its size to 136 nm with a zeta potential value of -16
mV. In-vitro assays and microscopic analyses were conducted to compare the antibacterial efficacy of RFX
and RFX@BGNPs. An excellent loading capacity followed by sustained release of RFX from
RFX@BGNPs rendered a significant enhancement in its pharmaceutical efficacy. The release of RFX from
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RFX@BGNPs followed the Higuchi and Korsmeyer-Peppasmodels. The antibacterial efficacy of RFX
against Staphylococcus aureus has doubled by delivery through RFX@BGNPs, assessed by inhibitory and
biofilm inhibitory assays. The enhancement in the antibacterial efficiency was further endorsed by SEM

and microscopic imaging of the control and treated bacterial colonies.

Conclusion: The study demonstrates an enhancement in the antimicrobial efficacy of RFX by its delivery

in the form of REX@BGNPs to exploit its full potential for practical applications.

Keywords: Rifaximin (RFX); Bovine gelatin nanoparticles (BGNPs); Staphylococcus aureus;
RFX@BGNPs.

1. Introduction

Bacterial infections are one of the leading global health issues that significantly contribute to the occurrence
of severe illnesses, which may ultimately lead to death [1]. Numerous pathogenic bacterial species, such as
Mycobacterium spp., Staphylococcus aureus, Listeria monocytogenes, Escherichia coli, and Brucella spp.
etc. are responsible for this huge negative impact on human life. Antibiotics have historically been used to
treat bacterial infections [2]. However, the associated inherent limitations of antibiotics hinder access to
their full potential, for instance, consistently increasing antibiotic resistance due to their excessive
utilization, limited bioavailability of the drug at the target site owing to their low solubility and
permeability, and so on [3]. Hence, new strategies to combat microbial infections are required, and
nanotechnology could help in the targeted and sustained delivery of drugs to the infected site [4].
Nanoparticles (NPs) have been employed to improve the targeted delivery and, in turn, the efficacy of
various therapeutic agents [5]. The advantages associated with NP-based drug delivery systems compared
to conventional dosage formulations include enhanced solubility, bioavailability, and efficacy of the drug

along with the reduction in its toxicity [6].

Rifaximin (RFX), a semi-synthetic derivative of rifamycin, is synthesized by reaction of 2-amino-4-
methylpyridine with rifamycin O (the oxidized form of rifamycin B) [7]. It is a broad-spectrum antibacterial
agent against both Gram-positive and Gram-negative bacteria. It functions by inhibiting the bacterial
protein synthesis through its action on the DNA-dependent RNA polymerase enzyme [8]. According to the
Biopharmaceutics Classification System (BCS), RFX belongs to class IV antibiotics that are associated
with low water solubility. However, it has good solubility in organic solvents such as DMSO (about 10
mg/mL), DMF, and ethanol (about 30 mg/mL). Because of its poor solubility in water, its effective daily

therapeutic dose ranges from 600 mg to 800 mg. The limited aqueous solubility and low permeability of
2



63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
80
81
82
83
84
85
86
87
88
89
90
91
92

93
94

RFX, similar to all BCS class IV drugs, are the major challenges affecting its therapeutic efficacy [9]. RFX
is a non-systemic drug that is neither absorbed nor inactivated in the gastrointestinal tract (GIT) [10].
Furthermore, in vivo studies demonstrate that the gastrointestinal absorption of RFX following oral
administration is rather low, less than 0.4% of the administered dose [11]. Due to RFX's distinct capacity
as a non-absorbable drug, it remains in high concentrations in the gastrointestinal lumen [12]. It can
effectively treat various gastrointestinal diseases without having significant adverse side effects on the rest
of the body. Hence, it is a promising candidate for preventing bacterial activity, especially of
staphylococcus aureus in the small intestine [13], and is designated as a gastrointestinal-specific drug for
enteric pathogens [14]. RFX exhibits a strong antibacterial activity against extracellular staphylococcus
aureus [15]. However, it is ineffective for the treatment of intracellular S. aureus infections due to its low
permeability [16]. Numerous challenges that potentially reduce its therapeutic efficacy include water
insolubility, weak intracellular permeability, and limited systemic absorption. To overcome these
constraints and improve its therapeutic efficacy, various drug delivery systems have been proposed such as
chitosan nanoparticles [17], chitosan nanogels [15], and cyclodextrins [18] etc. Targeted drug delivery
systems are important because of their ability to deliver drugs to the desired site to improve their efficacay

and reduce the associated side effects.

In this context, gelatin, a natural biopolymer, obtained by the hydrolysis of collagen, has emerged as an attractive
candidate for drug delivery applications [19]. It has gained significant attention in pharmaceutics and medicine due
to its inherent biocompatibility and biodegradability in physiological environments [20]. Gelatin has low antigenicity
and is approved by the Food Development Administration (FDA) for safe extravascular administration [21].
Improved efficacy of drugs by their delivery through Gelatin nanoparticles (GNPs) has been demonstrated
for numerous drugs, such as doxorubicin [22], moxifloxacin [23], amphotericin B [24], resveratrol [25] etc.
Several techniques have been used for the fabrication of GNPs, for instance, freeze-thaw method [26],
nanoprecipitation [27], two-step desolvation [28], and self-assembly method [29,30]. Cascone et al.
reported that gelatin nanoparticles produced by w/o emulsion method had a methotrexate loading efficiency
of 5.6-15.6% [31]. Utilizing the same method, a loading efficiency of 15-19% was obtained for chloroquine
phosphate [32]. The coacervation method was used to prepare GNPs that have a loading efficiency of 30—
50% for various drugs [22]. Moreover, 7.1-18.5% loading for cycloheximide was obtained for the GNPs
prepared by a two-step desolvation method [33]. Hence, the loading efficiency of GNPs prepared by
different methods substantially differs for different drugs.

The major barrier for drug delivery applications of GNPs is their large size (>200 nm) due to inconsistent

molecular weight of pristine gelatin [34]. Although GNPs with a size range of 150-300 nm have been

3
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prepared through the traditional desolvation method, the fabricated GNPs are unstable and tend to aggregate
[13]. This study aims to explore the maximum loading of RFX, a hydrophobic antibiotic, in GNPs produced
by the self-assembly method using glutaraldehyde as a crosslinker [29,30].

In this study, we fabricate Bovine Gelatin Nanoparticles (BGNPs) to be employed as a carrier for Rifaximin
(RFX) for improvement its solubility and delivery to the target site. The BGNPs were prepared using the
self-assembly method that rendered BGNPs of small size and narrow dispersity (PDI). The thermal stability
of BGNPs was evaluated via thermogravimetric analysis (TGA), while atomic force microscopy (AFM)
and scanning electron microscopy (SEM) were employed to examine their surface morphology.
Furthermore, the interaction of functional groups of BGNPs with RFX and their loading capacity were
investigated using Fourier transform infrared (FT-IR) and UV-visible spectroscopy, respectively. The
RFX@BGNPs were then evaluated for different critical biological parameters that include the cumulative
release of RFX, cytotoxicity evaluations to ensure their safety for potential use in living systems, and
antibacterial activity to evaluate their efficacy in combating bacterial infections. In essence, the biological
segment of our study demonstrates the significant potential of BGNPs as a versatile drug delivery system

for improvements in therapeutic outcomes and combating bacterial infections.

2. Materials and Methodology
2.1. Materials

Gelatin standard (Bovine), CAS # 9000-70-8, was purchased from LeapChem, China. Glutaraldehyde grade
1 (25% v/v ageuous solution), and methanol HPLC grade were purchased from Honeywell company,
Germanywhile Sodium metabisulphite (Na>S>Os) was procured from Sigma Aldrich, United States. Sodium
hydroxide was supplied from Uni-chem, Indiawhile hydrochloric acid was purchased from Merck,
Germany. RFX was provided by a local pharmacy. All solvents were of analytical grade. The fibroblast
cell line BJ(CRL-2522) was purchased from American Type Cell Culture (ATCC). The Dulbecco’s
Modified Eagle Medium (DMEM) and transparent flat-bottomed 96-well plates from Sigma Aldrich,
United States were used in cytotoxicity experiments. Millipore water with a resistivity of 18.2 MQ-cm was

used for all the experiments.

2.2. Preparation of Bovine Gelatin Nanoparticles (BGNPs)

Bovine gelatin was dissolved in milli-Q water at 50 °C maintaining a concentration of 10 mg/mL. The

solution of gelatin was filtered to remove undissolved gelatin particles. The pH of the bovine gelatin
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solution was adjusted to 11 by 0.1 M NaOH solution followed by the dropwise addition of 25%
glutaraldehyde at room temperature. Self-assembly of gelatin was triggered by cooling the solution that
results in the formation of GNPs. BGNP solution was further stirred magnetically at 500 rpm for 3 hrs to
attain uniform distribution of glutaraldehyde and cross-linking among gelatin molecules. Finally, sodium

metabisulphite was added to remove unreacted glutaraldehyde.

2.3. Loading of RFX on BGNPs

RFX loading on BGNPs was conducted using the encapsulation technique [35]. The procedure of BGNP
preparation was performed as stated in Section 2.2 followed by the addition of 200 pL of RFX (2.5 mg/mL
in methanol). Finally, glutaraldehyde was added to crosslink the prepared BGNPs.

2.4. Characterization of BGNPs and RFX@BGNPs

2.4.1. Particle Size and Zeta Potential

Fabricated BGNPs and RFX@BGNPs were characterized using DLS (Zetasizer Nano, Malvern

Instruments Ltd. United Kingdom) for average mean size and zeta potential.

2.4.2. Morphological Analysis by AFM and SEM

Morphological features of BGNPs and RFEX@BGNPs were examined by Scanning Electron Microscopy
(SEM), Thermo Fisher Scientific, USA. Lyophilized samples were coated on gold-coated aluminum stubs
before analysis. Atomic Force Microscope (AFM), Agilent Technologies 5500, Arizona, USA, was
employed for topographic imaging. Initially, samples were prepared by adding 10 pL of sample on mica

sheets that were air-dried before analysis.

2.4.3. Fourier Transform-infrared Spectroscopy (FT-IR)

FTIR analyses of RFX, glutaraldehyde, bovine gelatin, BGNPs, and RFX@BGNPs were performed by
direct sampling using the ATR-FTIR spectrometer equipped with single reflectron diamond
(Thermoscientific, model iS-50 Nicollet) in a range of 500 cm™ to 4000 cm™ at 25 °C.

2.4.4. Thermogravimetric analysis (TGA)

Thermal properties of BGNPs and RFX@BGNPs were evaluated by TGA on a TGA-Q-50-TA instrument,

USA, in a temperature range of 30-650 °C at a heating rate of 20 °C per min under nitrogen atmosphere.
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The sample (5-10 mg) was taken and weight loss of the sample as a function of increase in temperature was

recorded [36].

2.4.5. Drug-loading Capacity

The entrapment efficiency of BGNPs for RFX was investigated by UV-visible spectroscopy (Shimadzu
double beam spectrophotometer, UV-1800 series). RFX-loaded BGNPs were centrifuged at 14000 rpm for
15 min. The supernatant was collected to determine the free amount of RFX by measuring its absorbance
at 450 nm. The remaining RFX in the supernatant was determined by using a calibration curve of RFX.
Drug-loading of RFX was calculated by the formula

Total drug used — Free drug

Drug loading (%) = Total drug used x 100

2.4.6. In-vitro Release Study

The in-vitro release of RFX from BGNPs was performed in 2 mL phosphate buffer saline (PBS) for 24 hrs
at 37 °C in a thermoshaker shaking at 300 rpm. RFX@BGNPs pellet was weighed (4.06 mg) and
redispersed in PBS by shaking at 10,000 rpm. At fixed intervals of 15 mins, 0.5 mL sample was withdrawn
and replaced by fresh PBS to maintain the volume. The supernatant was analyzed by UV-Vis
spectrophotometer for the amount of released RFX [25].

2.4.7. Kinetics Models

To evaluate the mechanism of drug release and kinetics, in-vitro drug release data of RFX from
RFX@BGNP was tested against five kinetic models using DDSolver program. The equations of the kinetic

models are presented in Table 1.

Table 1
Model Equation
zero-order F=kyxt
First order F =100 x [1 — e“kxD)]
Higuchi F = Ky xt%
Hixson-Crowell F =100 X[1— (1= Kyc xt)%]
Korsmeyer-Peppas F = Kgp X t"

Where F is the fraction(%) of drug released in time t, ko is the zero-order release constant, k; is the first-

order release constant, ky 1s the Higuchi release constant, kyc is the release constant in Hixson—Crowell
6
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model, and kkp is the release constant of Korsmeyer-Peppas model while ‘n’ is the diffusional exponent

indicating the drug-release mechanism.

2.5. Biological Studies

2.5.1. Cytotoxicity of BGNPs and RFX@BGNPs

BJ fibroblast cells were seeded in 96-well culture plates (2,500 cells/ well) and incubated for 24 hrs at 37
°C. On the second day of incubation, BGNPs and RFX@BGNPs were added to serum-free media in
concentrations ranging from 150 pg/mL to 4.68 ug/mL using a trifold dilution in triplicates to determine
individual ICso doses of BGNPs and RFX@BGNPs [37]. After 24 hrs, cell viability was measured by 3-
(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) dye, and absorbance was measured at
570 nm using a spectrophotometer (Thermo Scientific Multiskan GO). ICso doses of tested compounds
were normalized to untreated control samples and the dose-response inhibition curve [log (inhibitor) vs.

normalized response] was generated using GraphPad Prism V.

2.5.2. Antibacterial Activity

The Minimum Inhibitory Concentration (MIC) is defined as the lowest concentration that inhibits the
growth of bacteria [38]. The MIC was determined using the broth micro-dilution method to determine the
lowest effective concentration of BGNPs, REX@BGNPs, and RFX against Staphylococcus aureus(ATCC-
25293).

0D of control — 0D ofsample

Inhibition (% ) = 0D of control x 100

2.5.3. Bacterial Growth Inhibition Assay

The antibacterial activity of the RFX, BGNPs, and RFEX@BGNPs was determined as minimum inhibitory
concentration (MIC) using a micro-titer broth dilution assay. The assay was performed on a 96-well plate
(Nest, China). RFX and RFX@BGNPs were diluted two-fold serially from the 1% well to the 9" well, the
concentration of compounds was in the range of 11.2 pg/mL to 0.025 ug/mL. After preparing compound
dilutions, 10 pL bacterial inoculum (5x10° cfu/mL) was added in each well except negative control wells.
Each lane contains positive control (media plus bacterial culture), solvent control, and negative or sterility

control (only media) [39]. The final volume in each well was maintained at 200 pL. After preparation, the
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plate was incubated overnight at 37 °C. MIC was calculated as the lowest dose that inhibited bacterial

growth after 24 hrs.
2.5.4. Minimum Biofilm Inhibitory Concentration (MBIC)

The inhibition of biofilm formation was assessed by the MBIC. The Minimum Biofilm Inhibitory
Concentration (MBIC) is defined as the lowest concentration of antibiotics that inhibit biofilm viable
cells[40]. The crystal violet assay method was employed to determine the minimum biofilm inhibitory
concentration of RFX and RFX@BGNPs. The plate was set as mentioned in the antimicrobial assay and
the next day the spent media was decanted and washed thrice to remove non-adherent cells. The attached
biofilm was stained with 0.1% crystal violet dye for 10 min. The stain was decanted, and wells were gently
washed with tap water to remove excess dye followed by heat fixing for 45 min. The stain was dissolved
in 200 pL of 30% (v/v) glacial acetic acid and absorbance was measured at 590 nm. The lowest
concentration that inhibited 50% of biofilm was considered the minimum biofilm inhibitory concentration
(MBIC) [41]. The 48-well plate was observed under a light microscope at 0.5 x MIC, MIC, and 2 x MIC

concentrations along with positive and negative controls.
2.5.5. Time Kill Assay

A time-kill assay was performed to determine the time point of the RFX and RFX@BGNPs at which they
start to inhibit bacterial growth [42] S.aureus (5%10° CFU/mL) was treated with RFX and RFX@BGNPs
at 0.5 x MIC, MIC, and 2 x MIC concentrations, and placed in a spectrophotometer with an incubator at 37
°C for 24 hrs. The plate also has positive and negative controls. During incubation, the absorbance of the
wells was read at 600 nm and recorded at an interval of 1 hr, i.e., 0, 1, 2, 3, 4, 5, 6, and 24 hr. The assay
was performed in triplicate, and OD values were plotted against time to determine the time when RFX and

RFX@BGNPs stop inhibiting bacterial growth.

3. Results and Discussion

Bovine gelatin nanoparticles (BGNPs) are fabricated by self-assembly method through optimization of the
concentration of gelatin, amount of glutaraldehyde, pH, and temperature [29]. The concentrations of gelatin
and glutaraldehyde were the major factors influencing the size of the BGNPs. Figure 1 demonstrates the
selectivity of different experimental parameters for the size of BGNPs. The particle size increased with the
increase in the gelatin concentration from 5 to 20 mg/mL while keeping other variables at their optimum

(25 % glutaraldehyde solution: 50 pL; temp.: 50 °C; pH: 11), Figure 1A [43]. The particles using higher

8
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concentrations of gelatin have a PDI of 0.2 indicating a fair uniformity of the synthesized BGNPs. Thus,
10 mg/mL is taken as an optimum concentration of gelatin for further experimentation. On the same line,
the amount of 25% glutaraldehyde solution is varied from 30-60 pL while keeping other parameters at the
optimum (amount of gelatin:10 mg/mL; temp.: 50°C; pH: 11). The smallest average size of BGNPs is
obtained while using 50 pL of 25% glutaraldehyde solution, which is taken as an optimum. Any increase
or decrease in the amount of 25% glutaraldehyde solution rendered an increased size and dispersity, similar
results were reported by Ofokansi et, al. [44], Figure 1B. On the same lines, the temperature was varied
from 40 °C to 60 °C while keeping the remaining parameters at their optimum (amount of gelatin:10mg/mL;
25% glutaraldehyde solution: 50 pL; pH:11). Formation of gelatin nanoparticles was not possible at
ambient temperature (25 °C) due to gel-forming property of gelatin. However, changes in the temperature
from 40 °C to 60 °C had an impact on the size of the BGNPs, the smallest particles were obtained at 50 °C,
Figure 1C. At 40 °C, gelatin still has a gelling tendency. At 50 °C, the helical structure seems to be
completely uncoiled, leading to the formation of smaller particles. The increase of temperature to 60 °C
increased the size of the particles, which can be attributed to the gelatin’s triple helical structure that begins

to uncoil at higher temperatures, causing a decrease in the viscosity [24,45].

Moreover, the effect of pH on the size, PDI, and zeta potential of the BGNPs is systematically evaluated,
Figure 1D. Gelatin is a polyelectrolyte with low charge density, the net charge depends on the pH of the
solution. The isoelectric point (IEP) of bovine gelatin is in the pH range of 4.7-5.2 [44]. The simultaneous
presence of carboxylic acid and amine groups in gelatin makes it a versatile natural polymer that can be
tailored and maneuvered for its applications by varying the pH of the medium. The stability of NP
suspension critically depends on the surface charge repulsion. The surface charge of BGNPs is pH
dependent, in the acidic range BGNPs have a positive surface charge while BGNPs have a negative surface
charge in the basic range. An increase in the pH of the BGNP solution above the pKa value of the side
chain of amino acid causes their deprotonation that renders an increase in the negative charge [46]. The size
of BGNPs initially increased and subsequently decreased consistently with an increase in the pH of the
medium [44]. The maximum obtained size of 290 nm at pH 5 can be attributed to the most coiled
conformation of gelatin chains near their IEP [47]. The elongated state of BG that is present away from
IEP facilitates the formation of BGNPs. The minimum size of 100 nm is achieved at pH 11. Hence, pH 11
is taken as the optimum for further experimentation that renders a size of 100 nm and a surface charge of -
15.3 [24,44]. Hence, the overall optimum conditions for the synthesis of BGNPs are 10 mg/mL gelatin
concentration, 50 uL of 25% glutaraldehyde solution, pH 11, and 50 °C temperature.
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3.2. Loading of RFX onBGNPs

An important milestone towards the major goal of the study is the efficient loading of RFX on BGNPs. The
efficiency of Bovine gelatin nanoparticles (BGNPs) as a rifaximin delivery system depends upon its particle
size, zeta potential, morphology, and thermal stability. The interaction of RFX with BGNPs is endorsed by
DLS, AFM, SEM-EDX, and zeta potential analysis of BGNPs before and after interaction with RFX. DLS
clearly shows an increase in the mean size of BGNPs from 100 to 136 nm after interaction with RFX,
compare Figure 2A-I and Figure 2B-1. Another important feature is the zeta potential value of BGNPs that
confirms the stability of nanoparticles, it helps to keeps the particles apart and avoid aggregation. The value
of zeta potential away from zero in either direction indicates the stability of the nanoparticles. The zeta
potential values of BGNPs before and after the addition of RFX remained similar (-15.3 to -16.0 mV),
Figure S1-supplementary material. An increase in the size of BGNPs after interaction with RFX is further

endorsed by AFM and SEM analysis, compare Figure 2A-II&III with Figure 2B-11&IIl. AFM distribution
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graph is presented in Figure S2-supplementary material. Moreover, an increase in carbon (%) while a

decrease in nitrogen (%) and oxygen (%) content further confirms the loading of RFX on BGNPs, Figure

S3-supplementary material.
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Figure 2

The TG-DTG thermograms of the Bovine Gelatin Nanoparticles (BGNPs) and Rifaximin-loaded Bovine
Gelatin Nanoparticles (RFX@BGNPs) are presented in Figure S4-supplementary material. In this analysis,
two primary thermal decomposition peaks are observed in the derivative thermogravimetry (DTG) with
corresponding weight losses as noted in the thermogravimetric (TG) curve. The first DTG peak and

associated weight loss, occurring at 60 °C, can be attributed to the removal of the moisture. The second and

more prominent peak in the DTG curve is observed at 318 °C for BGNPs and 328 °C for REX@BGNPs,

11
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respectively. These peaks are associated with the mass loss corresponding to the decomposition of the

gelatin backbone [36].

The initial weight loss in both BGNPs and RFX@BGNPs in the temperature range of 30 to 230 °C accounts
for approximately 15% of the total, which may be attributed to moisture and the unreacted reagents. The
major weight loss, constituting approximately 70-80% of the total, is observed in the temperature range of
230-600 °C for BGNPs and 230-650 °C for REX@BGNPs [48]. The latter corresponds to the degradation
of the BGNPs. Overall, there is no significant difference in the thermal degradation behavior of BGNPs
and RFX@BGNPs.

FTIR spectrum of glutaraldehyde has characteristic absorption bands at 1716 cm! (stretching vibration of
C=0), 2966 cm™! (stretching vibration of C-H), and 3367 cm! (stretching vibration of O-H), Figure 3 [49].
Similarly, Bovine gelatin has characteristic absorption peaks at 3495 cm™ (amide-A), 1650 cm™ (amide-I),
and 1531 cm™! (amide-II) corresponding to the polypeptide conformation. The carbonyl (C=0) stretching
vibration of the amide group is attributed to amide-I while amide-II is associated with NH bending and CN
stretching vibrations. The other peak at 2940 cm™ is due to the CHa stretching and bending [36]. There is a
shift in amide-I and amide-II peaks to 1630 cm™ and 1545 cm! from corresponding peaks in BG that
indicates the BGNP formation. The carbonyl group of glutaraldehyde is involved in BGNP formation.
Amide-A peak due to N-H stretching appeared at 3437 cm™!, associated with the degree of cross-linking
[26]. The RFX spectrum exhibits typical absorption bands at 1720 cm™! (stretching vibration of C=0), 2985
cm’! (stretching vibration of C-H), 2868 cm!(stretching vibration of C-C), and 3454 cm’! (stretching
vibration of O-H)[15]. Overall, RFX(@BGNPs have a similar FT-IR profile as that of BGNPs and hydrogen
bonding seems to be the major binding force, supported by the appearance of peaks at 1630 cm™, and 1529
cm’! along with the disappearance of amide-A band (3500-3600cm™") [25].

12
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Figure 3

UV-Vis analysis of the supernatant revealed a reduction of 88% in the initial concentration of RFX after
treatment with the BGNPs. In this context, the concentration-dependent spectra of RFX, having adsorption
maxima at 440 nm, are presented in Figure S5SA-supplementary material. The absorbance at 440 nm as a
function of the concentration of RFX renders its calibration curve, Figure S5B-supplementary material. The
developed calibration curve is used for the calculation of the remaining RFX in all experiments. Hence, the
RFX entrapment efficiency of BGNPs is found to be 88%. The loading of Rifaximin on BGNPs is found to
be higher compared to tamarind gum polysaccharide nanoparticles [50]. Moreover, the loading efficiency
of the Fluorescein-Isothiocyanate (FITC)-Dextran loaded bovine gelatin nanoparticles was also lower

compared to BGNPs reported in this study [43].

3.3. Release Behavior of RFX from BGNPs

The release behavior of the loaded RFX from BGNPs is presented in Figure 4. After about 40% of the

initial burst in the first 2 hrs, there is a gradual decrease in the release extent leading to almost 95% release
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320  in 24 hrs. The burst release was associated with the amount of drug bound on the surface of BGNPs while

321  the drug entrapped in the matrices released gradually in a sustained manner [24,44].
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324  In order to understand the kinetics and release mechanism of RFX from BGNPs, the drug release data were
325  fitted for various kinetic models, for instance, zero order, first order, Higuchi, Hixson-Crowell, and
326 Korsmeyer-Peppal using DDSolver [51]. DDSolver provides a variety of statistical criteria to estimate the
327  dissolution models such as adjusted correlation coefficient (R? adj), Akaike information criterion (AIC),
328  and Model selection criteria (MSC). A higher R? value indicates the model's optimum fit [52] while the
329  model with the smallest value of AIC <50 is considered to be the most precise model. The MSC is a
330 modified reciprocal form of AIC and a higher value of MSC (>3) is considered as the optimum fit [52].
331  Among the applied kinetic models, Higuchi and Korsmeyer-Peppas models were found to be most fitting
332 for RFX release from BGNPs. The plots of the kinetic models are shown in Figure S6-supplementary

333  material while the extracted data is given in Table 2.
334  Korsmeyer-Peppas model explains the exponential relationship of dissolved drug fraction vs. time.

335 F =kyp X t"
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Where, F is the fraction of drug dissolved at time t, n is dissolution exponential, t is dissolution time, and

Kxp is the dissolution constant.

The value of n can be used to examine the diffusion mechanism. Generally, drug release is associated with
three different diffusion patterns: Fickian diffusion when n is less than 0.45, non-Fickian and anomalous
diffusion when n is between 0.5 and 1, and diffusion when n is larger than 1 [53]. The value of n equal to
one corresponds to zero-order drug release behavior. According to the Korsmeyer-Peppas model, the value
of n was found to be 0.629,and the value of was 19.996 which unequivocally indicates the non-fickian

release mechanism of RFX from BGNPs.

Table 2
Statistical parameters of models
Model 2
R (adj) AIC MSC
zero-order 0.9334 53.8951 1.7333
First order 0.8634 51.5081 1.4290
Higuchi 0.9903 27.6793 4.0766
Korsmeyer-Peppas 0.9895 29.2547 3.9016
Hixson-Crowell 0.8333 53.2982 1.2301

R? (adj)> 0.95 Sec Para; MSC>3 optimum fit, <3 not- optimum fit; AIC<50 best fit, >50 not- optimum fit,
30 ideal optimum fit.

3.4. Biological Studies

The evaluation of the potential of REX@BGNPs for biological applications is the major target of the current
study. In this context, an investigation of the effectiveness of RFX-loaded bovine gelatin nanoparticles
(RFX@BGNPs) in combating bacterial infections and an evaluation of its compatibility with biological

systems in the context of toxicity for safe administration is conducted.
3.4.1. Cytotoxicity of BGNPs

Cytotoxicity, the extent to which a substance is toxic to cells, is a critical aspect to consider in context of
the safety and biocompatibility of drug delivery systmes for biological applications. The cell viability of
BJ fibroblasts that are exposed to BGNPs and RFX@BGNPs is found to be 90-100% in the concentration
range applied for the bacterial strains, Figure 5. Low and appropriate toxicity of BGNPs and RFEX@BGNPs
indicated their innocuous nature for healthy cells. However, an increase in the concentration of BGNPs and

RFX@BGNPs rendered a significant decrease in the cell viability. The obtained ICso values were 23.33 and
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42.34 ng/mL for BGNPs and RFX@BGNPs, respectively. However, in the concentration range applied for
bacterial strains, the REX@BGNPs are found to be safe for healthy cells.
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Figure 5
3.4.2. Antibacterial Activities

RFX is a broad-spectrum antibiotic with antibacterial activity against both Gram-negative and Gram-
positive bacteria. In  order to demonstrate the enhancement in the antibacterial activity of RFX by its
delivery through RFX@BGNPs, Staphylococcus aureus is used as a model bacterial strain. The
antibacterial activities of RFX and RFX@BGNPs are evaluated using the broth micro-dilution method
[54][55].

3.4.2.1. Bacterial Growth Inhibition

The growth inhibition efficiency of RFX, BGNPs, and REX@BGNPs are evaluated against Staphylococcus
aureus (ATCC-25293) in a concentration range of 0.1-50 pug/mL. BGNPs did not show any activity against
Staphylococcus aureus. Minimum inhibitory concentration (MIC) of RFX was 0.35 ug/mL that rendered
80% inhibition. Interestingly, RFEX@BGNPs showed enhanced inhibition efficiency at a concentration of
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0.2 pg/mL that resulted in 91% inhibition, Table S1-supplementray material. The synergistic combination

of RFX and BGNPs in the form of RFX@BGNPs significantly enhanced bactericidal activity [56]

SEM images of the control along with RFX, and RFX@BGNPs at their MICs endorse the outcome of the
growth inhibition assay. Well-defined cell walls of smooth and healthy S. aureus colonies get denatured
while using RFX and RFEX@BGNPs at their MIC, Figure 6. Untreated S. aureus cells appeared healthy and
compact (Figure 6A). Application of RFX at its MIC resulted in rough morphology and irregular cell
membrane suggesting cellular damage (Figure 6B). On the contrary, cells treated with REX@BGNPs at its
MIC depict cellular rupturing by diffused membranes (Figure 6D ). Moreover, the RFX at the MIC of
formulation (RFX@BGNPs) was not effective, seeFigure 6C [55].
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Figure 6

3.4.2.2. Biofilm Growth Inhibition

Biofilm formation is a protective barrier, a smart inherent strategy of microorganisms to survive in adverse
conditions, to resist antibiotics by self-producing polymeric matrix. Biofilm inhibition is a challenging
target for an antibiotic to treat microbial infections [57]. The enhanced antibacterial activity of
RFX@BGNPs is further endorsed by its biofilm growth inhibition efficiency against S.aureus.
RFX@BGNPs at its MIC (0.20 pg/mL) while RFX at its MIC (0.35 pg/mL) depict an enhanced biofilm
inhibition efficiency (compare Figure 7A and Figure 7C). The minimum Biofilm Inhibitory Concentration
(MBIC) of RFX is found to be 0.25 pg/mL showing 58% biofilm inhibition whereas MBIC of
RRX@BGNPs is found to be 0.10 ug/mL rendering 64% biofilm inhibition, Table S2-supplementary
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material. The enhanced biofilm inhibition efficacy of RFX@BGNPs is attributed to increased penetration
of RFX@BGNPs through the cell wall of bacteria compared to RFX [58]. Microscopic images of biofilm
inhibition endorse the results obtained by biofilm inhibition assay, Figure 7. A control shows biofilm of
pristine colonies of S. aureus. The biofilm growth of S. aureus is effectively inhibited by RFX@BGNPs at
its MBIC (0.10 pg/mL) compared to significantly less inhibition by RFX at its MBIC (0.25pg/mL),
compare Figure 7B and Figure 7D.

RFX (0.35 pg/mL) RFX (0.25 pg/mL)

Control

(€) (D)
RFX@BGNPs (0.20 pg/mL)  RFX@BGNPs (0.10 pg/mL)

Figure 7

3.4.2.3. Time-dependent Killing Assay

Time-dependent killing assays were performed to further confirm the synergistic bactericidal effects of
RFX@BGNPs against S. aureus, Figure 8§ [59]. A positive control i.e., culture without treatment, had an
exponential growth of S. aureus colonies for 24 hrs. The exponential growth of S. aureus is effectively
inhibited by 0.2 pg/mL RFX@BGNPs and 0.35ug/mL of RFX for 24 hrs. However, RFX at a concentration
of 0.2 pg/mL is found to be inefficient for inhibiting the growth of S. aureus. Hence, a significant

19



410
411

412

413

414

415

416
417

418
419

420
421

422
423
424

425
426

427
428

429
430

enhancement in the antibacterial efficacy of RFX by delivering it in the form of RFX@BGNPs is

demonstrated.
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Captions of Figures

Figure 2. Selectivity of experimental protocols of BGNPs synthesisfor size, PDI, and zeta potential, (A)
concentration of gelatin, (B) amount of 25% glutaraldehyde, (C) temperature, (D) pH; Other optimum
conditions BG concentration: 10 mg/mL, 25% glutaraldehyde: 50 pL, pH: 11, and temperature: 50 °C.

Results are expressed as mean £SD, n = 3.

Figure 2. Comparison of BGNPs (A) and RFX@BGNPs (B), whereas(I) Dynamic light scattering (DLS),
(II) AFM, (III) SEM.

Figure 3. FT-IR spectra of RFX, glutaraldehyde, bovine gelatin (BG), bovine gelatin nanoparticles
(BGNPs), and Rifaximin-loaded bovine gelatin nanoparticles (RFX@BGNPs).

Figure 4. Cumulative release of RFX from RFX@BGNPs.

Figure 5. Cytotoxicity assessment of BGNPs andRFX@BGNPs, results are expressed as (mean £SD, n=3).

Figure 6. SEM images of S.aureus bacterial cells (A) control, (B) RFX at its MIC 0.35 pg/mL, (C) RFX at
RFX@BGNP’s MIC 0.2 ug/mL, (D) RFEX@BGNPs at their MIC 0.2 pg/mL.

Figure 7. Biofilm growth inhibition of S. aureus(A) RFX at its MIC (0.35ug/mL), (B) RFX at its MBIC
(0.25pug/mL), (C) REX@BGNPs at their MIC (0.20 pg/mL), (D) REX@BGNPs at their MBIC (0.10
pg/mkL).

Figure 8. Time killing assay of RFX and RFEX@BGNPs, Results are expressed as (mean +SD, n=3).

Captions of Tables

Table 3. Equation of kinetic release models.

Table 4. Statistical parameters of kinetic modeling for release of RFX from BGNPs.
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