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Abstract: Surgical site infections (SSIs) are mainly observed after surgeries that use biomaterials. The
aim of this present work was to develop ciprofloxacin hydrochloride (CPH)-loaded gold nanopar-
ticles. These ciprofloxacin—gold nanoparticles were coated onto a sterile surgical suture using an
adsorption technique, followed by rigidization via ionotropic crosslinking using sodium alginate.
Furthermore, UV-visible spectroscopy, infrared spectroscopy, and scanning electron microscopy were
used to characterize the samples. The particle size of the nanoparticles was 126.2 & 13.35 nm with
a polydispersity index of 0.134 £ 0.03, indicating nanosize formation with a monodispersed system.
As per the International Council for Harmonization of Technical Requirements for Pharmaceuticals
for Human Use (ICH) guidelines, stability studies were performed for 30 days under the following
conditions: 2-8 °C, 25 + 2 °C/60 £ 5% RH, and 40 + 2 °C/75 £ 5% RH. For both Gram-negative
and Gram-positive bacteria, the drug-coupled nanoparticle-laden sutures showed a twofold higher
zone of inhibition compared with plain drug-coated sutures. In vitro drug release studies showed
a prolonged release of up to 180 h. Hemolysis and histopathology studies displayed these sutures’
acceptable biocompatibility with the healing of tissue in Albino Swiss mice. The results depict that
the use of antibiotic-coated sutures for preventing surgical site infection for a long duration could be
a viable clinical option.
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1. Introduction

Polymeric biomaterials have attracted the interest of medical researchers in recent
years. One of the important applications of these biomaterials is in the field of medical
devices, such as implants [1,2], sutures, catguts, ligatures, gauzes [3,4], antimicrobial
polymers [5], hydrogels [6], and nanofibers [7]. Surgical sutures are used to sew an
incision and close a wound to prevent pathogens from infecting the wound and enhance
its healing [8]. Surgical sites are highly prone to nosocomial infections [9]. Surgical site
infections (SSIs) result in high mortality rates, and the treatment is expensive [10-12].
Generally, after surgery, an SSI prolongs illness, leading to death in patients. Out of
27 million operations in the United States, approximately 2-5% led to SSIs, culminating in
approximately 300,000-500,000 cases annually [13,14]. The Vicryl Plus Antimicrobial Suture
(VPAS) is currently marketed as having triclosan as its principal component. However, it
was reported that triclosan is deposited in breast milk, umbilical cord serum, fatty tissue,
and urine. It may interfere with the immunogenic, hormonal, and copulatory functions
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of the body, causing serious adverse effects [15,16]. Therefore, appropriate substitutes
are urgently needed. Recently, the application of drug-conjugated sutures with several
antimicrobial agents was reported to reduce SSIs [17-19]. The surface coating of sutures
and catguts with broad-spectrum antibiotics may prohibit the colonization of pathogens
without altering the physical characteristics of the suture and catgut [20,21].

The evolution of nanotechnology was shown to be a promising approach to formulat-
ing some conventional systems to nanoparticulate systems that exhibit new physiological
and biomedical properties [22-27]. Among the metallic nanoparticles [28], gold nanoparti-
cles (G-NPs) have been studied intensively by researchers in recent years. G-NPs combined
with antimicrobials were found to produce an enhancement in antibacterial activity [29,30].
G-NPs are biologically inert [31]; can be synthesized in various sizes and shapes [32,33];
have the ability to effectively bind to drugs via electrostatic, covalent, or noncovalent
interactions [34]; and are capable of site targeting [25,26,35,36]. The other advantages are
the possibility of scale-up [37,38]; the ability to control the bioavailability, biodistribution,
and biopharmacokinetics of entrapped molecules [39]; overcoming multidrug resistance
(MDR) against various bacteria [40]; and so on. Metallic nanoparticles have a large surface
area because of their small size, enhancing their biological and chemical activity [28,41].
Antibiotics in the form of nanoparticles decrease unfavorable drug effects on cells by
reducing the drug dose but also improve their antibacterial properties at the bioactive
site [42,43]. Here, we developed surgical sutures with ciprofloxacin (broad-spectrum
antibiotic)-loaded gold nanoparticles to prevent SSIs. In the present study, we employed
polyvinylpyrrolidone (PVP) to stabilize the gold NPs. PVP addition is known to increase the
stability of gold NPs because of its high surface-active properties and solubility in aqueous
media [44]. We evaluated the antibacterial activity against E. coli (a Gram-negative bacteria)
and B. subtilis (a Gram-positive bacteria) and further demonstrated the biocompatibility of
ciprofloxacin—-gold nanoparticle-fabricated surgical sutures.

2. Materials

Ciprofloxacin hydrochloride (CPH) was a generous gift from Nitin Life Sciences,
Himachal Pradesh, India. Aurochloric acid, polyvinyl pyrrolidone (mol. wt. 40,000 Da),
sodium tetra borohydride, sodium alginate, and trisodium citrate were purchased from
Sigma Aldrich, Karnataka, India. TruglyudeTM Fast was obtained from Sutures India
(SPIL, Bengaluru, Karnataka, India). Potassium dihydrogen orthophosphate and calcium
chloride were purchased from Loba Chemie, Mumbeai, India. Nutrient agar, trypticase soya
broth, and the bacterial strains Escherichia coli (ATC 25922) and Bacillus subtilis (ATCC 6633)
were purchased from Himedia, Mumbeai, India. All the other reagents utilized were of
analytical grade.

3. Methods
3.1. Preparation and Evaluation of Ciprofloxacin-Gold Nanoparticles

Ciprofloxacin-loaded gold nanoparticles were prepared by using the method previ-
ously reported by Gangwar et al. with slight modifications [45].

3.1.1. Formulation of Gold Nanoparticles (G-NPs)

In summary, a 5 mM solution of aurochloric acid was made, and 1 mL was added to
10 mL of double distilled water while stirring continuously at 300 rpm for 1 h (80 °C). Later,
2 mM sodium tetra borohydride solution (2 mL) was added and agitated further for the
formation of gold nanoparticles (G-NPs), as indicated by a color change from colorless to
wine red [45].

3.1.2. Polyvinyl Pyrrolidone (PVP)-Capped G-NPs (PG-NPs)

In brief, polyvinyl pyrrolidone (PVP; 100 mg) was added to 10 mL of gold nanoparticle
solution (1% w/v) and stirred for 12 h. The unconjugated PVP was separated using the
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dialysis bag method (molecular weight 12,000 Da) by suspending it in 40 mL of distilled
water for 4 h with continuous stirring.

3.1.3. Ciprofloxacin-Loaded PVP Capped Gold Nanoparticles (CPG-NPs)

For the formation of the ciprofloxacin-loaded polyvinyl pyrrolidone-capped gold
nanoparticles, 30 mg of drug dissolved in double-distilled water (1 mL) was added to the
above solution and stirred on a magnetic stirrer (300 rpm) at room temperature for 3 h. The
nanoparticles were collected via centrifugation (5000 rpm for 30 min).

3.1.4. UV-Visible and FT-IR Analysis

By examining the plasmon resonance of metallic nanoparticles in the 200-800 nm re-
gion, the absorbance of G-NPs, PG-NPs, and CPG-NPs was studied using a UV spectropho-
tometer (Jasco; Model: V-650). Additionally, the spectra in the region of 400-4000 cm !
were obtained using an FI-IR spectrometer (Perkin Elmer, Waltham, MA, USA) [46,47].

3.1.5. Particle Size, Polydispersity Index (PDI), and Zeta Potential

The particle size and polydispersity index (PDI) of the synthesized G-NP, PG-NP, and
CPG-NP formulations were measured. The samples were diluted ten-fold with distilled
water and analyzed using a Malvern Zetasizer, Malvern, UK (Z590, UK). The zeta potential
was measured using laser Doppler velocimetry as an average of 10 measurements [48-50].

3.2. Preparation and Evaluation of CPG-NP-Coated Sutures

The sodium alginate ciprofloxacin colloidal gold nanoparticles were then coated
onto surgical sutures (TRUGLYDE Fast) using the slurry dipping technique in an aseptic
chamber. Briefly, ciprofloxacin—gold nanoparticles were added to a sodium alginate solution
(2% w/v) under constant mixing on a magnetic stirrer at 150 rpm; later, they were stored at
25 °C for 8 h until further use. The surgical suture (3 cm length) was immersed in the above
coating solution for different time intervals: 30, 60, 90, and 120 min. Finally, the sutures
were crosslinked with 4% w/v calcium chloride solution for 15 min [51].

3.2.1. Surface Morphology

The surface topology of gold nanoparticles and coated and plain sutures (PSs) was
determined using SEM (Hitachi High-Tech Corporation, Tokyo, Japan S-3700N) at a voltage
of 30 kV with 500-10,000 x magnification [52,53].

3.2.2. In Vitro Release Studies

In vitro drug release from the coated sutures was performed by immersing the sutures
in a flask containing simulated body fluid (SBF; 50 mL) whose pH was 5 (to mimic the
acidic conditions of an inflamed site), as reported by Marques et al. [54]. The flask was
tightly sealed via a sterile cotton plug to prohibit any environmental contamination. The
flask was stirred at 150 rpm at 37 &= 0.5 °C on a shaker. At prefixed periods (0.5-184 h),
5 mL of the sample was withdrawn, replaced with fresh medium, and analyzed for drug
content using UV-vis spectroscopy (Supplementary Materials Method S1 and Figure S5)
at 275 nm.

3.2.3. Determination of Tensile Strength (TS) and Elongation at Break (E/B)

The diameters of the plain and coated sutures were assessed using a micrometer at
various points along the sutures; the average diameter was determined and represented
in millimeters. The Ultratest (Mascesin, UK) set with a 25 kg load cell was used to test
two important mechanical characteristics, namely, TS and E/B, with minor modifications
from prior publications [55]. In brief, an 8 cm length of coated suture was placed between
two clamps spaced 3 cm apart, and the strips were tugged at a rate of approximately
1 mm/s with the top clamp until the film broke. TS and E/B were then calculated.
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3.2.4. Stability Studies

To check the integrity and stability of drug-loaded gold-nanoparticle-coated sutures,
studies were conducted for 30 days under different conditions (2-8 °C, 25 £ 2 °C/60 £ 5%
RH, and 40 £ 2 °C/75 £ 5% RH) as per ICH guidelines [56,57]. The sutures were evaluated
for their drug content, cumulative drug release, and similarity factor for the drug release
values. The similarity factor was calculated to determine the change in the release pattern,
which may be an indication of the instability of the conjugation during storage in adverse
conditions and is calculated using the equation below:

Similarity factor (f2) = 50log [\/{1+1/nY__ (Rt — Tt)}] x 100 (1)

where 7 is the number of time points where samples were withdrawn, R; is the reference
sample or sample at 0 days, and T; is the sample at 30 days at each time point.

3.2.5. Antibacterial Activity

The antibacterial activity of the various sutures (coated and uncoated) was determined
in Escherichia coli (a Gram-negative bacteria) and Bacillus subtilis (a Gram-positive bacteria)
using the disc diffusion technique [58]. Bacterial strains were swabbed on nutrient agar
plates using sterile swabs. The test organisms were grown in nutrient broth overnight
at 37 °C for 24 h. Ciprofloxacin-coated sutures, CPG-NP-coated sutures (2 cm in length),
and normal saline solution (as a negative control) were placed on nutrient agar medium
plates. The Petri dishes were incubated for 72 h at 37 °C, and the zone of inhibition was
determined. Studies were performed in triplicate.

3.2.6. Hemolysis

The study was performed as per an earlier report [51]. Plain sutures, ciprofloxacin-
coated sutures, and CPG-NP-coated sutures of 2 cm dimensions were kept in 0.9% w/v
sodium chloride solution for 24 h at 37 = 0.5 °C in biological oxygen demand (BOD). The
blood sample (250 pL) was homogeneously admixed with the respective test samples in a
sterile vial and incubated for 3 h at room temperature, and the absorbance was checked at
540 nm via a microplate ELISA reader (Benesphera E21). Sodium carbonate (0.1% w/v) and
normal saline of pH 7.2 were used as positive and negative controls, respectively. By using
the equation below, the percentage of hemolysis was calculated:

(d—b)

HP (%) = (Do~ Dr)

x 100 2
where d is the absorbance of the test, Dp is the positive control absorbance output, b is the
blank, and Dn is the negative control absorbance output.

3.2.7. Histopathology

The Institutional Animal Ethics Committee (IAEC) approved the animal study proto-
col (NIP/2/2015/PE/132). Prior to the investigation, albino mice (20-30 g) aged 4-5 weeks
were incubated in light/dark settings for a week. The animals were divided into four groups
(n = 8): Group I acted as a negative control group, and intestinal anastomosis was not
performed in this group. In groups II, III, and IV, the mice were anesthetized with ketamine
(50 mg/kg, intramuscular) and xylazine (5 mg/kg, intramuscular) before cutting (2 cm)
the ileum near the cecum with sterile scissors. Then, PS, CPH-coated sutures, and CPG-
NP-coated sutures were used to close the wound, resulting in interrupted anastomosis in
groups II, III, and IV, respectively. This was followed by the closure of the peritoneal and
skin layers of the abdominal wall with a normal suture. Following surgery, the mice were
given free access to water and liquid food. After one week, the animals were euthanized,
the ileum of the animals was excised, and adhesion development scores were measured.
The adhesion values were calculated using the Vander Hamm et al. scale [59]. Isolated sam-
ples (ileum) were preserved in formalin until further analysis. Under a light microscope,
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histological sections of the ileum were evaluated in a blinded fashion for criteria such as
inflammatory cell interruption and any fibroblast proliferation using the revised Ehrlich
and Hunt numerical scale (0—4) [60]. The entire procedure was performed in an aseptic
sterile chamber.

3.2.8. Statistical Data Analysis

The mean + standard deviation of the results was calculated, with ‘n” being the
number of samples studied. Using Prism software, Student’s t-test was used to calculate
the differences between the means (version 6.01; Graph Pad, San Diego, CA, USA), and
p < 0.05 was considered statistically significant.

4. Results and Discussion
4.1. Characterization of CPG-NPs

In the present study, gold nanoparticles were synthesized by adding 2 mM sodium
tetra borohydride to 5 mM aurochloric acid at a ratio of 1:1 as a reducing agent and as
a metal precursor. The development of CPG-NPs was accomplished in two steps. PVP
(1% w/v) was coated onto the optimized gold nanoparticles on a magnetic stirrer in the
first stage to make PG-NPs, which was confirmed by analyzing UV spectra. UV-visible
spectra of G-NPs, PVP-conjugated G-NPs, ciprofloxacin, and CPG-NPs in aqueous media
are shown in Supplementary Materials Figure S1. PVP conjugation on gold nanoparticles
led to a characteristic absorption plasmon resonance band observed at 548.63 nm (yellow
band). The absorption in the 200 to 400 nm region showed distinct bands at 273.2 and
322.2 nm due to the absorption of the ciprofloxacin molecule, as represented by the dark
blue band. The Amax at 273.8 nm relates to the fluorobenzene moiety’s 7-mt transition, while
the other corresponds to the quinolone ring’s n-7t transitions. The solution consisting of
PVP-capped drug-loaded gold nanoparticles had a deep and characteristic dark green color
that occurred due to plasmon absorption at 543.41 nm. This indicated a bathochromic
shift of ciprofloxacin’s plasmon resonance peak from 273.2 to 307.2 nm. Thus, the UV-
visible data supported claims of IR spectra results showing that ciprofloxacin was attached
via hydrogen bonding to the gold nanoparticle surface with the help of PVP [45]. The
representative scheme is represented in Figure 1.

X

" £

',_ _.., o
A = s

Step 1: Ciprofloxacin loaded Gold NPs

Step 2: Ciprofloxacin-Gold nanoparticle coated Sutures

Step 3: Surgical Site Infections (SSI) Application

Figure 1. Schematic representation of biocompatible ciprofloxacin-gold-nanoparticle-coated sutures
for surgical site infections.
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FT-IR spectroscopy was performed to verify the occurrence of interactions between the
drugs and polymers. The infrared spectra of the G-NPs, PG-NPs, CPH, CPG-NPs, and the
physical mixture are shown in Supplementary Materials Figure S2. The signatures of CPH
were free OH groups (3447 cm™!), as well as alkenes and aromatic C-H stretching (2711
cm~1). The double-bonded functional group at 2081 cm~! and a bond at 1636 cm ™! were
due to pyridine moieties, and the absorption band at 1272 cm~! was attributed to C-N
stretching. The spectrum verified the conjugation of NaBH;-reduced gold nanoparticles
with PVP via a blueshift from 1642 cm~! to 1637 cm ™! which may have been due to
intermolecular hydrogen bonding. The distinctive stretching vibration of the C-H bond
was responsible for a bond at 2925 cm~!. At 1637 cm~!, a vibration bond of the C=0 group
occurred, indicating that PVP contained bonding carbonyl groups. The spectra showed the
linkage of CPH with PG-NPs via intermolecular hydrogen bonding to the enolic hydrogen
group, which may have led to -O-H broadening at 3446 cm ! compared with G-NPs. The
peaks produced by the optimized formulations correlated with the drug spectra peaks.
This indicated that the drug retained its identity after processing with the formulation
components. Hence, it can be concluded that molecular interactions did not occur that
could have altered the chemical structure of the drug [45,61].

The average particle size and PDI of the gold nanoparticles and CPG-NDPs are given
in Table 1. The particle size increased from 50.39 £ 2.36 nm to 113 & 4.20 nm due to
the PVP coating. In addition to the drug coating, the particle size was increased to
126 + 2.35 nm (Supplementary Materials Figures S3 and S4). This indicated that the
drug was coated on the gold nanoparticles, leading to increased particle sizes. The ZP was
found to decrease from —33.45 £ 3.51 mV to —21.5 £ 2.14 mV (Supplementary Materials
Figure 54) with conjugation, which could be attributed to hydrogen bonding and a reduc-
tion in the charged groups, as shown in the IR spectroscopy results. The ZP indicated the
electrostatic particulate stability [62,63].

Table 1. Particle size, PDI, and ZP of the given formulations (1 = 3).

S. No. Formulation Mean Particle Size (nm) PDI ZP (mV)
1 G-NPs 50.39 + 5.36 0.143 4+ 0.04 —33.45 £ 351
2 PG-NPs 113.6 £ 8.20 0.168 £ 0.05 —29.21+1.84
3 CPG-NPs 126.2 £ 13.35 0.134 £ 0.03 —21.50 £2.14

4.2. Characterization of CPG-NP-Coated Suture

Alginate is a polysaccharide that comprises homopolymer -D-mannuronic acid and
-L-guluronic acid regions. It is commonly used as an immune isolation membrane for
transplantation and as an enzyme immobilizer [64]. As a result, the CPG-NPs were immo-
bilized before being coated onto the sutures. Immobilization creates a chemically inert and
biocompatible system with great temperature tolerance while maintaining pharmacological
activity. A slurry dipping approach in aseptic conditions under laminar flow was used
to coat the sutures with alginate CPG-NPs, and a coating time of 90 min was found to be
optimal for the drug content (Table 2).

4.2.1. Surface Morphology

SEM was used to examine the topological characteristics of the synthesized blank
G-NPs, CPG-NPs, and coated sutures (Figure 2). The G-NPs and CPG-NPs showed smooth
surfaces with spherical shapes (Supplementary Materials Figure 54) [51]. In the case of
the CPG-NP-coated sutures, nanoparticles were coated uniformly on the surfaces of the
sutures, as shown in Figure 2.
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Table 2. Optimization of the contact time for drug loading on sutures (1 = 3).

. Weight of Coated Suture Assay of Drug Loading
Weight of Uncoated after Coating (mg) on Suture (ug)

S. No. Formulation Time (min) Suture (mg)
CPG-NPs CPG-NPs
1 F1 30 30.00 &+ 0.25 3723 +£1.52 467.70 £ 25.48
2 F2 60 30.00 &+ 0.36 43.32 £2.33 899.61 + 8.23
3 F3 90 30.00 £ 0.16 47.45 + 1.56 1171.35 £ 10.69
4 F4 120 30.00 £+ 0.42 46.92 +2.31 987.23 +18.12

15.0kV 4.4mm x210 BSECOMP 60Pa 200um

Figure 2. SEM images of CPG-NP-coated sutures at 95x and 210 x.

4.2.2. In Vitro Release Study

The in vitro release of drugs from CPH-coated and CPG-NP-coated sutures was con-
ducted (Figure 3). Ciprofloxacin-coated sutures released the maximum amount of the
drug within 3 h, whereas a CPG-NP-coated suture released the drug for up to 180 h. The
controlled release of the drug from the CPG-NPs may have been due to hydrogen bonding
between the drug and gold nanoparticles via PVP. Furthermore, the ionotropic rigidiza-
tion using alginate and calcium chloride to form a hardened coat onto the suture may
have further prolonged the drug release. When localized surgical site protection is neces-
sary for an adequate period of wound healing, a longer duration of medication release is
always advantageous.

4.2.3. Measurement of Mechanical Properties (TS, E/B)

The mechanical qualities of the suture are crucial because they determine how eas-
ily the physician can tie a knot in surgery. The diameter of the marketed suture was
0.371 & 0.18 mm with a TS of 3.92 4 0.154 kg/m?, while the coated suture diameter was
0.399 =+ 0.33 mm with a TS of 3.90 + 0.150 kg/m?. The TS of the coated suture was not
affected, and at the same time, the elongation at break was 32.34 & 2.39% for uncoated su-
tures and approximately 30.78 & 3.16% for drug-coated sutures. Hence, it was established
that the mechanical properties of the sutures were unaffected by the coating.
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Figure 3. In vitro release profile of CPG-NP-coated sutures (blue lines) and CPH-coated sutures
(orange) at different time intervals.

4.2.4. Stability Studies

Stability studies were performed under different temperature and humidity conditions,
as shown in Table 3. The sutures were evaluated for their drug content and cumulative
drug release (%). A similarity factor (f2) was calculated to determine the difference in the
drug release profiles [65]. It was found that no significant difference was present in terms
of its drug content and cumulative drug release when the suture was stored at 2-8 °C,
25 £2°C/60 £ 5% RH, and 40 & 2 °C/75 £ 5% RH. A similarity factor greater than 90%
indicates high similarity between the release profiles on the 30th day compared with drug
release on the Oth day, which indicated that the CPG-NP-loaded sutures were highly stable
during their storage.

Table 3. Stability study of ciprofloxacin-conjugated gold-nanoparticle-loaded sutures (n = 3). Data
are represented as the mean =+ SD.

Storage Assay (%) Cumulative Drug Release (%) Similarity Factor
Formulation Condi tfg (f2) b/w 0th and
onditions 0 days 30 days 0 days 30 days 30th Day
6%)5:|:i5%/ EI{I 88.53 £ 3.35 83.47 £5.63 94.57 £2.23 95.19 £ 4.57 93.63 £2.25
CPG-NP- °
conjugated 40+2°C/

sutures 75 + 59% RH 88.53 £ 3.35 80.26 £2.79 94.57 £2.23 98.94 £ 3.27 92.21 £3.45
2-8°C 88.53 £+ 3.35 87.69 £4.23 94.57 £2.23 94.19 £5.25 95.53 £4.13

4.2.5. Antibacterial Activity

The primary goal of coating sutures with drug-loaded gold nanoparticles was to
limit bacterial development, allowing for healing and SSI prevention. As shown by the
results in terms of zone of inhibition, the antibiotic released from the coated sutures
hindered the development of bacteria. Antibacterial assays were performed on Gram-
negative (Escherichia coli) and Gram-positive (Bacillus subtilis) microorganisms, and the
zone of inhibition is shown in Figure 4. An approximately two-fold increase in the zone of
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inhibition was observed with CPG-NP-loaded sutures compared with plain drug sutures
in both organisms. The results obtained from the study displayed the greater efficacy of the
CPG-NP-coated sutures than plain drug-coated sutures, and the difference was statistically
significant. This may have been due to the increased penetration of the CPG-NPs into the
bacterial cell membrane and its superior ability to accumulate CPH intracellularly and
cause bacterial cell death. In addition, because of the presence of the NPs, the increased
surface area of NPs carried a high amount of drug on its surface, which led to an increased
local CPH concentration at the site of the bacterium—particle contact. This result showed the
enhanced antibacterial activity of CPG-NPs compared with free CPH. Increased potency
for 72 h may also be due to the controlled drug release from the conjugated carriers
enhancing the duration of inhibition of bacterial colonization compared with plain drug-
coated sutures [40,43]. However, while G-NPs themselves do not have any antimicrobial
activity, they may act as drug carriers [66].

50 -
® Plain drug coated Sutures 5 CPG-NPs Sutures = Negative Control

F k¥ % % % ¥

40 -

(mm)
3

c
-2
T 20 -
=
S
@
S 10 -
N

E.Coli B. Subitilis

Figure 4. Comparison of antibacterial properties. Zone of inhibition (mm) of plain drug-coated (CPH)

sutures and CPG-NP sutures on B. subtilis and E. coli (n = 3). **** p < 0.0001 plain drug-coated sutures
(CPH) vs. CPG-NP-coated sutures.

4.2.6. Hemolysis

According to ASTM recommendations (ASTM; F 756-08), hemolysis testing is a conve-
nient, uniform, and repeatable method for determining biomaterial compatibility. Accord-
ing to the guidelines, materials were divided into three categories based on their hemolytic
index (hemolysis percent). A material is described as very hemolytic if the proportion of
hemolysis is greater than 5%. If the rate of hemolysis is between 5% and 2%, it is considered
slightly hemolytic, and if it is less than 2%, it is called nonhemolytic. Hemolysis studies
help to verify the suitability of biomaterials that have been coated with blood cells, as their
toxicity must be determined to demonstrate their safety profile. CPG-NP-coated sutures,
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like uncoated sutures, fell into the nonhemolytic category, explaining their biocompatibility
(Table 4).

Table 4. Hemolysis of plain marketed suture, plain drug-loaded suture, and CPG-NP loaded suture
(n=23).

S. No. Suture Hemolysis (%) Mean + SD
1 Plain marketed suture 1.2 +0.19
2 CPH-coated suture 8.45 + 0.15
CPG-NP-loaded suture 1.56 +£0.24

4.2.7. Histopathology

Wound healing is determined by the infiltration of inflammatory cells, collagen, fi-
broblast levels, pattern of granulation, etc. In Figure 5, the histopathology of the intestine
at the site of anastomosis is presented. The study revealed that uncoated or plain sutures
(group II) showed prominent erythema, adhesions, hemorrhage, and granulation, which
indicated improper healing at the site of the surgical anastomosis. However, in the groups
where CPH-coated and CPG-NP-coated sutures were used, proper healing with fewer
signs of adhesions, infiltration of inflammatory cells, and granulation was observed when
compared with the plain sutures. The histological scores are given in Table 5. This can be
due to the well-known anti-inflammatory property of gold and the antibacterial property
of ciprofloxacin.

Figure 5. Histopathology studies depicting a (A) negative control, (B) plain suture, (C) plain drug
(CPH)-coated suture, and (D) CPG-NP-coated suture. The black arrows indicate erythema and the
yellow arrows specify the granulation tissue. Note: group I (negative control), group II (plain suture),
group III (CPH-coated suture), and group IV (CPG-NP-coated suture); 10x magnification and the
scale bar is 50 pm.
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Table 5. Histopathology scoring studies for all treatment groups (1 = 8).

Parameter Group 1 Group II Group III Group IV
(Negative Control) (Plain Suture) (CPH-Coated Suture) (CPG-NP-Coated Suture)
Hemorrhage 0 4 1 0
Maceration 0 0 0

Erythema 0 3 0 0
Necrosis 0 2 2 1
Adherence 0 1 1 1
Granulation tissue 0 3 1 1
Epithelialization 0 0 0 0
Total score 0 13 5 3

The histological scores (Table 5) show the average inflammatory cell infiltration, as
well as the fibroblast deposition. When compared with the negative control, the ratings for
inflammation were significantly lower with coated sutures, which could be attributed to the
sustained release from gold nanoparticles and the antibacterial property of ciprofloxacin.
From the above findings, we concluded that the CPG-NP-coated sutures did not produce
any sensitization reactions and can be a viable option for use. From the histopathology
images (Figure 5) of various tissues, it was found that hemorrhage occurred only with
plain drug-coated sutures but not with CPG-NP-coated sutures, which correlated with the
hemolysis study.

5. Conclusions

In conclusion, wet-solvent precipitation was used to make ciprofloxacin colloidal gold
NPs using PVP, along with a cross-linked alginate coating to rigidize the coat. To improve
the antibacterial property of the sutures, the produced ciprofloxacin gold nanoparticles were
layered on the surface of the sutures using a dipping approach. The coated sutures were
found to have antibacterial action against both Gram-negative and Gram-positive bacteria
with medication release. Coated sutures repaired tissue faster in vivo than uncoated
sutures. Finally, it was ascertained that the drug-coated sutures were more effective at
preventing SSIs. However, this was a proof-of-concept study designed for the treatment
of surgical site infections (SSIs) due to Escherichia coli (a Gram-negative bacteria) and
Bacillus subtilis (a Gram-positive bacteria). Here, we investigated antibacterial activity with
a limited number of microorganisms. The most isolated organisms in surgical site infections
are S. aureus, coagulase-negative staphylococci, Enterococcus spp., and Escherichia coli.
An increasing number of SSIs are attributable to antibiotic-resistant pathogens, such as
methicillin-resistant S. aureus (MRSA) or Candida albicans [67-69]. To address these
challenges, extensive antibacterial and in vivo studies are required to understand the
impact of antibiotic-drug-NP-coated sutures during the treatment of SSIs, which are
currently ongoing in our laboratories.

Supplementary Materials: The following supporting information can be downloaded at:
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