Downloaded via UNIV COLLEGE LONDON on October 3, 2025 at 17:47:17 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Open Access

IENAPPLIED MATERIALS
INTERFACES
This article is licensed under CC-BY 4.0 @ @

www.acsami.org Research Article

Pressure-Spun Fibrous Surgical Sutures for Localized Antibacterial
Delivery: Development, Characterization, and In Vitro Evaluation

Esra Altun, Cem Bayram, Merve Gultekinoglu, Rupy Matharu, Angelo Delbusso,
Shervanthi Homer-Vanniasinkam, and Mohan Edirisinghe*

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 45561-45573 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: Surgical sutures designed to prevent infection are
critical in addressing antibiotic-resistant pathogens that cause
surgical site infections. Instead of antibiotics, alternative materials
such as biocides have been assessed for coating commercially used
sutures due to emerging antibiotic resistance concerns worldwide.
This study has a new approach to the development of fibrous
surgical sutures with the ability to deliver localized antibacterial
agents. A new manufacturing process based on pressure spinning
was used for the first time in the production of fibrous surgical
sutures by physically blending antibacterial triclosan (Tri) agent

WIth pOIY(IaCtiC-CO-egCOIiC aCid) (PLGA) and POIY(ethylene OXide) Pressurized gyration of Pressure spun fibrous suture Comparal?:fce“;:r:lc.llerization
(PEO) polymers. Fibrous surgical sutures with virgin PLGA, virgin fibrous suture for local antibacterial delivery with commercial antibacterial suture
PEOQ, different ratios of PLGA—PEOQ, and different ratios of Tri-

loaded PLGA—PEO fibrous sutures were produced to mimic the FDA- and NICE-approved PLGA-based sutures available in the
market and compared for their characteristics. They were also tested simultaneously with commercially available sutures to compare
their in vitro biodegradation, antibacterial, drug release, and cytotoxicity properties. After in vitro antibacterial testing for 24 h,
sutures having 285 + 12 ug/mg Tri loading were selected as a model for further testing as they exhibited antibacterial activity against
all tested bacteria strains. The selected model of antibacterial fibrous sutures exhibited an initial burst of Tri release within 24 h,
followed by a sustained release for the remaining time until the sutures completely degraded within 21 days. The cell viability assay
showed that these surgical sutures had no cytotoxic effect on mammalian cells.
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1. INTRODUCTION relying upon the requirement anywhere sutures are used. They
can be produced as absorbable as well as nonabsorbable
sutures with different materials. Absorbable sutures have
gained interest as they can be absorbed or degraded in a
patient’s body over time without the necessity of removal.” A
variety of polymers and copolymers including polyglycolic acid
(PGA), polylactic acid (PLA), polydioxanone (PDS), and poly
(lactic-co-glycolic acid) (PLGA) have increased demand due to
their versatility for the synthesis of absorbable surgical sutures.’

The role of antimicrobial sutures is critical to address
antimicrobial-resistant pathogens in preventing SSIs as
microbes can bind to normal sutures and can be the potential
source of a dangerous incision infection. Therefore, sutures
designed to prevent infection are critical in addressing

Surgical site infections (SSIs) are the third most common
hospital-acquired infections reported, accounting for approx-
imately 16% of all these infections." SSIs pose threats to
patients’ safety worldwide and increase the costs of care in all
healthcare systems. The UK National Institute for Health and
Care Excellence (NICE) estimates that 5% of patients
undergoing a surgical procedure develop an SSI, costing The
National Health Service (NHS) between £10,000 and
£100,000 per patient nationally.” They occur within 30 days
of surgery when microorganisms, such as bacteria, enter the
incision made by the surgeon in the skin to operate. Serious
SSIs can affect subcutaneous tissues, organs, or implanted
material, while superficial ones involve only the skin. Most SSIs
can be treated with commonly prescribed antibiotics. Early
detection, management, and control of SSIs are crucial to Received:  June 3, 2023 0o,
prevent excessive antibiotic use due to emerging antibiotic Accepted:  September 6, 2023 ;
resistance. > Published: September 20, 2023
Surgical sutures have been used for many millennia in
wound repair, providing support to the tissue during the
healing period. They have extensive use in clinical disciplines,
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antibiotic-resistant pathogens that cause SSIs and the
reduction of hospital costs and resources required to deal
with readmitted patients. Instead of antibiotics, alternative
materials such as metal-based nanoparticles and biocides have
been assessed for coating commercially used sutures due to
emerging antibiotic resistance concerns worldwide.”® The first
commercially available antibacterial absorbable surgical Vicryl
Plus suture (braided polyglactin 910, Ethicon—Johnson &
Johnson) was coated with the antibacterial and antifungal
biocide triclosan (Tri) and approved by the US Food and Drug
Administration (FDA) in 2002 and NICE in 2020 for
preventing SSIs. Based on clinical studies, they are expected
to replace non-Tri absorbable sutures and can reduce the risk
of SSIs in a broad population of patients undergoing surgery.”
During the last several decades, nano- to microrange fibers
from polymeric biomaterials have found themselves a reputable
place among biomedical applications, including drug delivery
and wound dressing.lo_13 Their large surface-to-volume ratio,
controllable porosity, extracellular matrix structure resem-
blance, biocompatibility and biodegradability, and nontoxic
nature make them attractive for various fields. These fibers are
sensitive to the neighboring environment and can effectually
deliver active agents to desired locations. Moreover, the release
performance can be modulated by controlling morphological
properties such as the diameter and alignment of fibers or the
selection of polymeric materials used in manufacturing.'*

The prior art of general engineering processes for trans-
formation of neat polymeric biomaterials into fibrous surgical
sutures is based on melt or wet spinning processes, such as
melt extrusion or electrospinning.'”'® Pressurized gyration is a
relatively new method used in the production of fibrous
materials incorporating active pharmaceutical ingredients in a
single step and has not been assessed to replace other
production methods in surgical suture manufacturing.'’
Compared to electrospinning, which requires high-voltage
electric application for production, pressurized gyration offers
new prospects by offering nozzle-free, cost-effective, mass
production in rapid time without requiring a high-voltage
electric application for fiber production which requires special
infrastructure and can also be an extra source of degradation
conducive to the incorporation of biologics. It also offers ease
of production with a high level of control over fiber
morphology to meet function, design, size, and scale-up
requirements, which may be expected to lower overall
manufacturing costs."”

PLGA has been a leading biodegradable polymer used in the
production of commercially absorbable surgical sutures, as it
provides excellent biocompatibility and mechanical proper-
ties.'”?® However, its biodegradation rate, high cost, and
relatively hydrophobic nature can limit its use. Complete
absorption of conventional PLGA sutures occurs through
hydrolysis within months. This rate can be regulated by
incorporating a hydrophilic polymer like poly (ethylene oxide)
(PEO) while improving the mechanical properties of the
product and can be left in the patient without the necessity for
removal.”' Moreover, PLGA is an expensive polymer, and its
combination with relatively inexpensive PEO could reduce the
production cost of the final product which is favorable from an
industrial point of view. Furthermore, the addition of PEO to
the system could alter the release profile of active ingredients
from fibrous suture systems.”” After active agents are released,
the polymers would degrade into nontoxic components and
leave the body.

Parikh et al. addressed ophthalmic infections by developing
antibiotic-eluting sutures that incorporated the levofloxacin
drug into polycaprolactone (PCL) through electrospinning.**
Given the global concern of antibiotic resistance, our study
explored alternative antimicrobials such as Tri to enhance the
efficacy against SSIs. This innovative approach involved
successfully integrating Tri into novel fibrous absorbable
antibacterial surgical sutures using pressurized gyration.
Notably, this marks a significant milestone in the field,
expanding its application across various surgical procedures
and enabling localized delivery of the antibacterial agent. The
materials used were model materials specifically chosen for the
work based on commercial Vicryl products. Produced samples
were also compared with those commercially available surgical
sutures with various characterization tests.

2. EXPERIMENTAL SECTION

2.1. Materials. 75:25 PLGA (1.0 dL/g) was purchased from
Corbion (The Netherlands). PEO (M, 200,000) and Tri were
obtained from Sigma-Aldrich (UK). Commercial Vicryl (synthetic
PLGA-based (polyglactin 910) absorbable braided suture, size 3—0),
Vicryl Rapide (irradiated polyglactin 910 suture for rapid absorption,
size 3—0), and Vicryl Plus (triclosan-coated polyglactin 910 suture,
size 3—0) were purchased from Aston Pharma (UK). Chloroform
(99.0%, Sigma-Aldrich, UK) was used as the solvent for solution
preparation. All reagents used were of analytical grade and utilized as
received.

2.2. Suture Formation. A 25% (w/v) PLGA solution and a 15%
(w/v) PEO solution were individually prepared for the formation of
surgical suture samples by dissolving the polymers in chloroform.
Binary solutions of PLGA—PEO (PP) were prepared in chloroform to
simultaneously dissolve both PLGA and PEO in weight ratios of
85:15, 70:30, 60:40, and 50:50. For antibacterial suture samples,
various Tri concentrations as 10, 20, 30, and 40% (w/w of total
polymer concentration) were added to preselected (after production
and morphological characterization analyses) PP solution. All
solutions were prepared in airtight vials and magnetically stirred for
24 h at ambient temperature (23 + 1 °C) before being subjected to
pressurized gyration.

The physical properties of solutions provide information on
viscoelastic properties and have significant control over the jet
generation and structural form during the pressurized gyration
process. Viscosity was measured using a programmable rheometer
(DV-III Ultra, Brookfield Engineering Laboratories Inc., Massachu-
setts, USA). Surface tension was measured using a digital tensiometer
(K9, Kruss GmbH, Germany) using the du Noiiy ring method. All
equipment was calibrated before testing, and each measurement was
repeated three times to find the mean and standard deviation (SD).
Table 1 indicates the abbreviations of samples and the viscosity and
surface tension values of solutions used in the experiments.

The suture manufacturing equipment (Figure 1) consists of a
rotary aluminum cylindrical vessel, having 20 ~0.5 mm diameter
round perforations on the surface and contained in a box to collect
the polymeric fibers conveniently. The top end of the rotary vessel is
connected to the dinitrogen (N,) gas supply with a rotary joint. The
bottom of the rotary vessel is attached to a DC motor that could
produce high speeds through the process. The method is based on the
manipulation of the Rayleigh—Taylor instability of a polymer solution
and involves the formation of a polymer jet by the combined effects of
centrifugal force, gas pressure, and high rotational speed.24 The
polymer solution is forced through perforations in a rotating vessel,
where it undergoes stretching and alignment due to centrifugal forces
and air drag. As the solvent evaporates, solidified polymeric fibers
form and deposit on the collection box walls. The alignment of the
fibers is influenced by the interplay of various factors. The applied gas
pressure controls the flow of the solution, directing it through the
perforations. The combination of pressure, rotation, and physical
properties of the material affects the alignment. Centrifugal forces

https://doi.org/10.1021/acsami.3c07956
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Table 1. Measured Viscosity and Surface Tension Values for
the PP Binary Blends

sample
abbreviation sample (w/w) rheological properties
viscosi surface tension
(mPa~g (mN/m)
V-PLGA 100:0 PLGA-PEO 2731 £ 1 37.3 £ 0.5
85:15 PP 85:15 PLGA—-PEO 3062 + 3 392+ 03
70:30 PP 70:30 PLGA—-PEO 3325 + 4 419 £ 0.7
60:40 PP 60:40 PLGA—PEO 3572 + 4 432 £ 0.5
50:50 PP 50:50 PLGA-PEO 3928 + 3 454 £ 0.6
V-PEO 0:100 PLGA—PEO 2184 + 6 433 £ 1.1
S TPP 5% 3301 £ S 423 + 0.2
Tri—PLGA—-PEO
10 TPP 10% 3253 + 4 453 £ 04
Tri—-PLGA—-PEO
20 TPP 20% 3092 £ 5 46.5 £ 03
Tri—PLGA—-PEO
30 TPP 30% 2913 £ 3 472 £ 03
Tri—PLGA—PEO
40 TPP 40% 2882 + 6 49.1 £ 0.2

Tri—PLGA-PEO

(a)

(c)

900000000000

7‘\:“”

SEM image of pressure spun sample

ie)

Figure 1. Schematic overview of the pressurized gyration equipment
with a gas inlet that allows imparting N, pressure to the system (up to
0.3 MPa) (a), a collection box that has a 100 mm distance with the
rotary vessel for fiber collection (b), a rotating aluminum vessel (35
mm X 60 mm) with perforations (0.5 mm) for fiber production (c), a
high-speed DC motor (d), and a speed controller (e) to maintain the
high-speed and an SEM image of a pressure-spun sample on the RHS.

generated by the rotation stretch align the fibers, while air drag assists
in their orientation. Flow dynamics induced by pressure and rotation
contribute to the alignment process, promoting a more ordered
arrangement of the fibers. The degree of fiber alignment can be
controlled by adjusting parameters such as N, pressure, rotation
speed, and the distance between the perforations and the collection
area. This precise control enables the achievement of a high level of
fiber alignment during the pressurized gyration process.”® The
alignment of fibers is advantageous as it enhances mechanical
properties such as strength and flexibility and can also influence
properties like sustained release characteristics.

The properties of the polymer solution, including the molecular
weight of the polymer, viscosity, surface tension, and solvent volatility,
along with process parameters such as applied pressure and rotational
speed, and system parameters like the size of the perforations and
collection distance, as well as ambient conditions such as temperature
and relative humidity, all have an impact on the morphology of the
fibers produced.”® These parameters also affect the homogeneity and
yield of the final product, necessitating careful optimization through
experimentation for consistent and scaled-up manufacturing.

After test runs, 1.5 mL of each prepared solution was placed inside
the pressurized gyration vessel and spun at maximum rotational speed
(10,000 rpm) with an applied gas pressure of 0.1 MPa (Figure 2A).

Figure 2. Images depicting the fibrous mesh at different stages of the
fabrication process: (A) fibrous mesh immediately after the
pressurized gyration, (B) collected fibrous mesh, and (C—E) twisting
process to shape the fibrous mesh into a fibrous surgical suture.

The samples were then collected (Figure 2B), carefully twisted (Z-
twists, ~S1 twists per inch (tpi), Figure 2C—E) to create 3—0 fibrous
sutures for in vitro comparison with commonly used size 3—0 Vicryl
Plus sutures in general soft tissue approximation and/or ligation.””
Nevertheless, it is important to highlight the versatility of pressurized
gyration (pressure spinning), which allows for the exploration of
fabricating sutures of different sizes to meet specific surgical
requirements. Produced pressure-spun fibrous sutures were then
placed into standard-sized Petri dishes in a vacuum oven overnight to
ensure complete evaporation of chloroform and kept for further
testing.

The twisting employed in this work has proven to be highly
convenient, enabling the successful production of pressure-spun
fibrous sutures with desirable characteristics including ease of
handling. This approach not only ensures the practicality and
convenience of the fibrous sutures but also emphasizes the potential
for tailoring their properties to various surgical applications. To
maintain the twisted state of the sutures, no additional external
treatment or fixation method was employed. However, it is important
to note that the inherent properties of the fibrous mesh, such as its
natural shape memory and mechanical characteristics, contributed to
the sutures’ ability to hold themselves in the twisted configuration.

2.3. Characterization. The production yield (%) was determined
by measuring the mass of the pressure-spun samples obtained after
the pressurized gyration process, using the following equation:

Production yield (%)
= 100 (end solid product weight (g)/loaded solution’s
weight (g)) 1)

The morphology of produced samples was investigated by scanning
electron microscopy (SEM, Hitachi S-3400n, Japan) using an
accelerating voltage of S kV. Before imaging, samples were gold
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Figure 3. (A) Production yield (%) of different PP binary blends. (B) SEM images of pressure-spun fibrous suture samples with their

corresponding diameter distribution histograms.
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coated (QISOR ES, Quorum Technologies, UK) for 90 s. Fiber
diameters were measured directly from SEM images using computer-
aided image visualization software (Fiji). The obtained data were
statistically analyzed, maximum, minimum, average, and SD values
were calculated, and fiber diameter frequency graphics were prepared
using the Origin Pro statistics software.

Drug loading (%) and encapsulation efficiency (%) of produced
Tri-loaded fibrous sutures were measured by determining the total
amount of Tri in the samples. In brief, the samples were completely
dissolved in chloroform and the Tri content in the solution was
analyzed by using a UV Spectrophotometer (Jenway 6305, Bibby
Scientific, UK) at 282 nm. Equations 2 and 3 were used in the
calculations with the aid of a preobtained calibration curve:

Drug loading (%) = 100 (calculated mass of Tri

/mass of the fibrous suture) (2)

Encapsulation efficiency (%)
= 100 (calculated mass of Tri/theoretical mass of Tri) 3)

Fourier transform infrared spectroscopy (Nicolet iSS0 FTIR
Spectrometer, Thermo Fisher Scientific, UK) was used to analyze
interactions between counterparts of the produced pressure-spun
fibrous suture samples.

Hydrolytic degradation of commercial and pressure-spun fibrous
sutures was performed in PBS (pH 7.4, Sigma-Aldrich, UK) at a
constant temperature of 37 °C until complete degradation. Weighed
samples (Wp, 10 mg) were placed in amber vials containing 20 mL of
a PBS buffer solution. After a certain noted time, the samples were
taken from the vials, washed with distilled water, dried under vacuum
at ambient temperature (23 °C) for 24 h, and weighed (W). The
method was also used for FTIR and mechanical analysis in the next
stage of characterization tests. The weight loss (%) was calculated
with eq 4

Weight loss (%) = 100 (W;/W,)/W, (4)

The surface wettability of pressure-spun fibrous surgical sutures was
measured by an optical tensiometer (Attension Theta, Biolin
Scientific, USA) using the meniscus method.”® Briefly, the fibrous
samples were fixed on the tip of the dispenser and immersed in a
liquid phase (deionized water). Then, the samples were withdrawn
from the liquid at a speed of 1 mm/s, and the contact angle formed
between the liquid/air interphase, and the suture was measured with
high-speed camera images.

Thermal properties of gyrospun fibrous suture samples were tested
via thermogravimetric analysis (TGA) and differential scanning
calorimetric (DSC) in a simultaneous thermal analyzer (TA
Instruments Q600-SDT, USA). TGA was used to monitor the mass
of samples produced as a function of temperature by subjecting them
to a controlled temperature program, while DSC was used to identify
the heat energy uptake of samples tested within a regulated increase
or decrease in temperature. In brief, the fibrous sutures were cut into
pieces (<10 mg), placed in platinum pans inside a furnace, and
subsequently subjected to high temperatures up to 600 °C at a
heating rate of 10 °C/min under a nitrogen atmosphere. The change
in mass and heat flow against temperature were recorded.

For mechanical characterization, tensile tests were applied to the
produced fibrous suture samples and commercial Vicryl Normal,
Vicryl Rapide, and Vicryl Plus sutures to measure the response of
fibers to stress. To assess the knotted suture’s mechanical perform-
ance, all sutures were knotted using a square knot to secure the
suture’s attachment. Ultimate tensile strength (UTS) calculations
were performed in a specially designed lab-built setup. In the test
procedure, pressure-spun fibrous sutures were secured in rubber
clamps, one of which was fixed at the top and the other attached to a
load carrier. The maximum force that the fibrous suture will withstand
was determined by adding 10 g incremental weights to the lower
carrier. UTS values were calculated according to the equation.

2.4. In Vitro Antibacterial Activity. The antibacterial properties
of pressure-spun TPP fibrous surgical sutures and commercial Vicryl
Plus sutures against Staphylococcus aureus (ATCC 6538P), vancomy-
cin-resistant Enterococcus faecalis (VRE), and Escherichia coli (ATCC
11775) were determined with an in vitro agar diffusion test. A single
colony of the chosen bacterial strain was suspended in 1000 uL of
sterile deionized water and vortexed for 1 min. Hundred microliters of
this suspension were spread onto a tryptic soy agar (TSA) plate. A 10
mm section of the fiber sample was placed in the center of the plate,
ensuring the fiber was flat and in contact with the agar plate. 3.1 mg of
pure Tri was used for the positive control. Following incubation of the
plates at 37 °C for 24 h, the zone of inhibition was measured.

2.5. In Vitro Drug Release Study. The release studies were
performed with UV spectroscopy at 282 nm to assess the release of
Tri from a pressure-spun 40 TPP fibrous suture. Samples weighing 10
mg were placed in a sealed amber vial containing 20 mL of release
medium (PBS, pH 7.4) and incubated on a shaker at a constant
temperature of 37 °C. At predetermined time intervals, 3 mL of
release medium was taken out, and 3 mL of fresh buffer solution was
added to maintain an equal total solution volume. Prior to measuring,
supernatants were filtered through a 0.4S5 um Millipore filter to
eliminate the impact of degraded polymers on the UV readings. The
standard calibration curve was employed to determine the cumulative
percentage of drug release, and release profiles were analyzed using
Origin Pro software. Moreover, the cumulative amount of released Tri
(ug) from the pressure-spun 40 TPP fibrous suture was calculated
from the release profile obtained using the eq S

Amount of released Tri (ug)
= (released % of Tri X loaded Tri amount)/100 (5)

2.6. In Vitro Cytotoxicity Assay. The ISO 10993-5 standard was
followed to conduct the cytotoxicity assay using the L929 mouse
fibroblast cell line. Pressure-spun fiber suture samples were washed
twice with PBS, immersed in 70% ethanol, and subjected to UV
irradiation for sterilization. Subsequently, the samples were dried and
placed in sealed vials containing 1 mL of culture media for a period of
72 h. The cell culture was carried out at 37 °C, >90% humidity, and
5% atmospheric CO, using Dulbecco’s modified Eagle’s medium
(DMEM, 90% (v/v)) supplemented with fetal bovine serum (FBS,
10% (v/v)). After incubation for 3 days, cells were seeded into a 96-
well plate with a cell count of 1 X 10* per well, and the extracted cell
media were allowed to interact with the cells in the well plate for 24 h.
A positive control of 10% dimethyl sulfoxide (DMSO) containing cell
medium and a negative control of noninteracted DMEM—FBS
medium were used. At the end of the assay, L929 cells were incubated
with a 10% (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) solution for 3.5 h at 37 °C. MTT crystals were dissolved
with DMSO, and cell viability percentages were determined by the
ELISA microplate reader at an absorbance of 570 nm.

2.7. Statistical Analysis. All the tests were carried out in triplicate
(n = 3), and error bars represent SD. All the values were reported as
mean =+ SD t-test was used to calculate statistical significance.

3. RESULTS AND DISCUSSION

3.1. Fibrous Suture Preparation. Before Tri was
introduced into the binary system, V-PLGA, V-PEO, and
different blends of PP between 85:15 (w/w) and 50:50 (w/w)
were produced using pressurized gyration. Combining the two
polymers together increased the production yield (%) for all
PP binary systems compared to V-PLGA and V-PEO samples
(Figure 3A).

Figure 3B displays SEM images and corresponding diameter
distribution histograms of pressure-spun V-PLGA, V-PEO, and
different blends of PP fibrous sutures. All samples displayed
microfibers with fine and bead-free morphology, indicating a
well-controlled spinning process.”” Also, microfibers displayed
a more uniform distribution with the increasing PEO content
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in the PP system. The increased uniformity can be attributed
to the improved compatibility between PEO and PP, resulting
in better polymer flow and fiber formation during the spinning
process as observed by Evrova et al.’” The mean diameter of
PP microfibers decreased with increasing PEO content,
starting at 4.64 + 1.98 ym with 85:15 sample to 1.41 + 0.69
pum with 50:50 sample. Conglutination was observed in
microfibers of both 60:60 and S50:50 samples, although
smaller-sized fibers were obtained. Increased PEO proportion
could be the reason behind this phenomenon as it has a strong
hygroscopicity which can absorb the moisture from the air and
create a polymer flow instability due to the high cohesion of
the polymeric solution.’’

Fiber alignment is crucial in a drug delivery system as it can
influence the release profile of active agents they carry. Aligned
fibers exhibit more sustained release compared to random
fibers.’> When the fibers are aligned, the release of any
encapsulated substances, such as drugs or antibacterial agents,
can occur in a more controlled and sustained manner. The
alignment of fibers allows for a higher degree of interconnec-
tion creating channels or pathways through which the release
can occur gradually over time.”” In contrast, random fibers may
have a more disorganized structure, resulting in a less
interconnected network. This can lead to faster and less
controlled release kinetics compared to aligned fibers.”
Accordingly, 70:30 PP was selected for further Tri loading as
the optimal blend since it displays a uniform fibrous structure,
highly aligned fibers without the sign of a merged morphology,
a smooth texture, and an appropriate level of production yield
(%) (Figure 3A).

After the optimum PP ratio was determined as 70:30 (w/w),
Tri was combined with the polymer blend as §, 10, 20, 30, and
40% (weight of the polymer ratio). Corresponding calculated
drug loading (%) and encapsulation efficiency (%) of pressure-
spun TPP fibrous sutures and the loaded Tri amount per 1 mg
fibrous suture sample are given in Table 2.

Table 2. Calculated Drug Loading (%), Encapsulation
Efficiency (%), and Loaded Tri Amount (ug/mg) for
Pressure-Spun Fibrous Suture Samples

drug loading encapsulation loaded Tri amount
sample (%) efficiency (%) (ug/mg)
S TPP 49 + 0.1 994 + 2.5 49 +1
10 TPP 9.7 £ 0.1 97.5 £ 0.9 97 £ 1
20 TPP 193 +£ 04 96.4 + 2.1 193 £ 4
30 TPP 22.8 + 0.3 76.1 + 0.8 228 £3
40 TPP 285+ 12 712 + 3.1 285 £ 12

Figure 4A displays the twisted pressure-spun TPP fibrous
suture obtained. The pressure-spun TPP fibrous suture is
characterized by its unique helical morphology, which provides
increased flexibility and handling capabilities (Figure 4B). This
makes them highly suitable for use as surgical sutures, as they
can be easily manipulated and maneuvered during surgical
procedures.”® Figure 4C shows the manufactured 40 TPP
fibrous suture and the commercial Vicryl Plus suture,
exhibiting how the 40 TPP fibrous suture can macroscopically
mimic the commercial Vicryl Plus suture. When analyzed
microscopically, the SEM image of 40 TPP fibrous sutures
displayed smaller-sized and highly aligned fibers even when
twisted as a suture product (Figure 4D) compared to 70:30 PP
(Figure 3B). The addition of a plasticizer, in this case, Tri, can

Pressure spun

¥_—_____’_/

Commercial

Figure 4. Macroscopic images of the pressure-spun 40 TPP fibrous
suture (A), its handling (B), and comparison between the pressure-
spun 40 TPP fibrous suture and commercial Vicryl Plus suture (C).
SEM images showing pressure-spun 40 TPP fibrous suture (D) and
SEM images of commercial Vicryl Plus suture (E).

add a free volume to the system and directly influence fiber
diameter by interrupting contact between overlapping chains
and reducing solution viscosity.”> Accordingly, adding Tri to
the PP system introduced a free volume and lowered the
solution viscosity (Table 1), and therefore further reduced the
fiber diameter (2.62 + 0.63 um). Moreover, compared to
braided commercial Vicryl Plus suture coated with Tri (Figure
4E), the pressure-spun twisted 40 TPP fibrous suture loaded
with Tri exhibited a smoother surface (Figure 4D). It is
reported that a smooth surgical suture surface causes less
trauma, especially in sensitive tissues, efficiently lowering the
friction coefficient, and improves suture movement in the
tissue.’

3.2. In Vitro Antibacterial Assay. Effective Tri
concentrations cause membrane damage through direct
interaction and exert a bactericidal effect by blocking bacterial
fatty acid biosynthesis.”” The antibacterial activity of the Tri
agent (positive control), 70:30 PP (negative control), and
pressure-spun TPP fibrous sutures was further evaluated using
an in vitro agar diffusion assay against S. aureus, E. faecalis, and
E. coli strains. Samples were cultured for 24 h at 37 °C, and
antibacterial activity was determined by measuring the
diameter of the inhibition zone around the suture samples
(Figure SA). Resistant bacteria were observed in Petri dishes
containing 5, 10, 20, and 30 TPP fibrous sutures tested with S.
aureus (Figure SB). Though a clear radius can be observed,
there are a number of colonies growing within the clear zone.
This suggests that several colonies are resistant to Tri or there
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Figure 5. (A) Bar graph representation of the antibacterial activity of
the Tri agent, pressure-spun 70:30 PP, and TPP fibrous sutures on S.
aureus, E. faecalis, and E. coli strains. The hatched bars in the bar chart
indicate the occurrence of resistant/regrowing bacteria observed
within the tested Petri dishes. (B) A photograph of the TSA plate
displaying bacterial colonies in the inhibition zone (white aggregated
dots around the sample) after 5 TPP sutures incubated with S. aureus.

is regrowth of the bacteria as the concentration of Tri in the
fibers is not strong enough. However, increased Tri
concentration presented a clear inhibition zone with 40 TPP
samples, indicating that the minimum Tri concentration
loaded into fibrous sutures should be greater than 228 + 3
ug/mg to combat with S. aureus microbe. All samples
produced (5—40 TPP) showed inhibitory activity that
increases with the concentration of the Tri loaded into fibrous
sutures against both E. faecalis and E. coli strains. From Figure
SA, it can also be seen that the 40 TPP sample displayed
similar antibacterial activity toward Gram-positive bacteria
when compared to pure Tri, indicating the pressure-spun
fibrous sutures are just as effective as the agent alone. The
results presented here show 40 TPP fibrous sutures as a
suitable alternative for the targeted treatment of SSIs, therefore
in turn reducing the human consumption of antibiotics.
Additionally, since the 40 TPP sample exhibited activity
against all strains tested, it was taken as the model pressure-
spun antibacterial fibrous suture for all remaining character-
ization tests.

Vicryl Plus has been reported to have a 472 ug/m Tri agent
coating.9 In an in vitro antibacterial test, only 10 mm of the
sample was used, which is estimated to have Tri coating up to
4.72 pg. The 40 TPP sample used in the test is again 10 mm
and had a Tri loading of 71.25 + 75 ug. As expected, 40 TPP
samples loaded with a higher amount of Tri displayed a higher
antibacterial activity compared to Vicryl Plus for all strains
tested (Figure 6).

3.3. FTIR Spectral Analysis. FTIR analysis was carried out
to examine the incorporation of Tri agent in TPP fibrous
surgical sutures, evaluate the possibility of a chemical
interaction between polymers and the agent, and obtain and
compare the spectra of Tri agent, V-PEO, V-PLGA, 70:30 PP,
and 40 TPP fibrous surgical sutures. As shown in Figure 7A,
PP exhibited absorption peaks at 2999 and 2884 cm™" (C—H
stretch), 1689 cm™ (C=O stretch), regions from 1452 to
1085 cm™ (C—O stretch), and region between 952 and 841
ecm™" (rocking vibrations of CH, groups).38 Characteristic
identification peaks of Tri were detected at 1754 (C=O
stretch), 1596 and 1473 (C—H stretch), 913 (C—H bend),
and C—Cl stretching peaks were observed at 800—592 cm™
(C—Cl stretch).”” No chemical interactions (new peaks or
shifting) were observed, indicating that pressurized gyration
did not affect the functional groups of polymers and the Tri
agent. Tri agent was physically bound to 70:30 PP and can be
well released from the fibrous suture with an initial burst
release that provides a high initial antibacterial activity.''

Dissolution of polymers and release of Tri were also
confirmed by FTIR analysis after the degradation of a pressure-
spun 40 TPP fibrous suture in an aqueous environment (PBS,
pH 7.4) for 14 days (Figure 7B). Characteristic peaks of Tri
agent in 40 TPP fibrous sutures were no longer observed in
degraded samples, characteristic signals of PEO at 2884, 1085
cm™), and between 952 and 841 cm™! decreased with the
dissolution of PEO, and final spectra overlapped with V-PLGA
spectrum at the end of 14 day period.

3.4. In Vitro Degradation and Surface Wettability.
Weight loss (%) of V-PLGA, 70:30 PP, and 40 TPP fibrous
surgical sutures and commercial Vicryl Normal, Vicryl Rapide,
and Vicryl Plus sutures was analyzed in an aqueous medium
(PBS, pH 7.4) at 37 °C for 21 days. As can be observed from
Figure 8A, a major weight loss occurred within 7 days of the
degradation period for samples not having Tri agent. On day 7,
the remaining fibrous suture weights were 44.39, 62.62, and
84.97% for V-PLGA, 70:30 PP, and 40 TPP and 62.38, 1.86,
and 88.46% for Vicryl Normal, Vicryl Rapide, and Vicryl Plus,
respectively. Between 7 and 14 days, no significant changes
were observed in the residual weights of the samples, except
Vicryl Rapide which degraded completely. Vicryl Rapide is
formed by irradiating Vicryl Normal and is considered to cause
chain scission in PGA polymers, reducing its molecular weight
and accelerating its degradation.40 Therefore, it is believed that
it completely degraded before other sutures were tested. For
the rest, complete degradation was observed between 14 and
21 days. Vicryl Plus and pressure-spun 40 TPP fibrous sutures
exhibited a similar weight loss profile over the degradation
period, confirming that their degradation behaviors in an
aqueous medium are comparable.

Surface wettability (hydrophobicity/hydrophilicity when in
contact with water) is an important property that can affect the
biological response of an implanted material."' The surface
wettability of pressure-spun V-PLGA, 70:30 PP, 40 TPP
fibrous surgical sutures, and commercial Vicryl Normal, Vicryl
Rapide, and Vicryl Plus sutures was tested by measuring the
water contact angle (WCA). Implanted materials with
hydrophilic surfaces improve protein adsorption, exhibiting
improved cell adhesion and proliferation.”* All samples tested
in this study were found to be hydrophilic as their value of the
angles was lower than 90°.* According to the results, V-PLGA
fibrous suture (WCA of 49 + 4°) exhibited a lower hydrophilic
nature compared to commercial Vicryl Normal (WCA of 39 +
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Figure 6. Bar graph comparison of the antibacterial activity of a commercial Vicryl Plus suture and pressure-spun 40 TPP fibrous suture (A).
Photographs of the Petri dishes display inhibition zones of commercial Vicryl Plus suture and pressure-spun 40 TPP fibrous suture against S. aureus,

E. faecalis, and E. coli strains (B).

4°). This hydrophilicity of V-PLGA increased by more than
50% when PLGA blended with PEO in 70:30 PP fibrous
surgical sutures (WCA of 22 + 2°). Moreover, this blend again
displayed advanced hydrophilicity compared to that of the
Vicryl Rapide suture. Increased hydrophilicity also increases
water uptake, resulting in a higher degradation rate.™ Although
70:30 PP showed a higher degree of hydrophilicity, it did
undergo a slower weight loss compared with Vicryl Rapide
suture samples (Figure 8B). The reduced molecular weight of
Vicryl Rapide during the irradiation of Vicryl Normal can be
the reason behind this phenomenon.’” 40 TPP sample
exhibited similar WCA to 70:30 PP, but a higher hydrophilic
nature than the Vicryl Plus.

3.5. Thermal Properties. TGA was used to assess the
thermal properties of the Tri agent, pressure-spun V-PLGA,
and 70:30 PP fibrous surgical sutures and to investigate the
combination of Tri within the 40 TPP fibrous surgical sutures.
The overlay of TGA thermograms of samples is shown in
Figure 9. All samples were found suitable for use as suture
products in surgical operations as they did not exhibit any
decomposition at both ambient and body temperatures (25
and 37 °C).”® V-PLGA fibrous surgical suture started its
weight loss at ~250 °C and completed the thermal
decomposition with constant residual mass when the temper-

45568

ature reached ~360 °C, which was similar to the results
obtained by Almajhdi et al.** The pure Tri agent showed a
simple one major weight loss profile with a single transition
temperature and finished its decomposition after 270 °C. The
weight loss percentages of 70:30 PP and 40 TPP at around 270
°C were calculated as 8.46 and 36.06%, respectively, suggesting
that approximately 27.6% of Tri was successfully incorporated
into the fibrous surgical sutures, which is almost equal to 69%
of the initially added weight of Tri agent. This result also
indicates that 1 mg (40 mm) of a 40 TPP fibrous surgical
suture has a Tri loading of 0.276 mg, confirming the calculated
amount presented in Table 2. The DSC results are given in the
Supporting Information (Figure S1).

3.6. Mechanical Properties. Tensile testing was per-
formed on pressure-spun V-PLGA, 70:30 PP, and 40 TPP
fibrous surgical sutures to determine the UTS in both
unknotted and square-knotted forms. The UTS of 7 and 14
days degraded fibrous surgical sutures and was also
investigated. The results for all conditions are given in Figure
10. Before any degradation, all samples exhibited similar UTS
values in their unknotted forms. The existence of a knot is
expected to reduce the mechanical strength of the suture fibers
as the knot is a region with high-stress concentration rather
than a point along the fibrous structure.*® With knotting, a
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Figure 7. FTIR absorbance spectra for pressure-spun fibrous suture samples before (A) and after (B) biodegradation analysis in an aqueous

environment (PBS, pH 7.4) for 14 days.

lower UTS of V-PLGA (7.77 + 1.26 MPa) was measured
compared to its unknotted form (10.88 + 2.38 MPa). The
same trend was also observed when PLGA was blended with
PEO in 70:30 PP fibrous surgical suture (from 10.59 + 2.24 to
7.53 + 2.92 MPa) and for 40 TPP samples, from 10.07 + 2.76
to 7.26 + 2.78 MPa.

After 7 days of degradation in the aqueous medium, UTS
values of all unknotted and knotted fibrous surgical sutures
were significantly lower than the ones in their dry state as they
began to lose their strength due to hydrolysis."”” The UTS
value for all samples almost halved in 7 days in both forms.
Release of Tri from 40 TPP fibrous sutures in the aqueous
medium during the degradation testing reduced the tensile
strength of the suture in both unknotted and knotted forms.
Even though its unknotted form had a UTS of 3.86 + 2.59
MPa, the knotted 40 TPP degraded to the point where tensile

testing was extremely difficult after 14 days of degradation, as
the suture would disintegrate when manipulated and therefore
could not be tested.

Depending on the surgical area of application, the required
original tensile strength must be guaranteed so that the suture
material does not break and support the wound.* The
remaining approximate original strength of Vicryl Plus in
unknotted form is reported to be 75% at 14 days after
implantation,” while the pressure-spun 40 TPP fibrous suture
retained 38% of its original strength on that day. On the other
hand, unknotted Vicryl Rapide almost completely loses its
original breaking strength in 14 days.* Overall, all pressure-
spun fibrous sutures tested had adequate tensile strength.>’
Accordingly, the 40 TPP fibrous suture is expected to combine
the faster absorption property of Vicryl Rapide and the
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antibacterial properties of Vicryl Plus in a single pressure-spun
fibrous suture.

3.7. In Vitro Drug Release and Cell Viability. Figure
11A displays the cumulative release (%) of Tri agent from 40
TPP fibrous sutures into the PBS (pH 7.4) release environ-
ment for 21 days. The pressure-spun fibrous suture exhibited
an initial burst release of Tri within 24 h (24.35%, 17.35 +

0.73 ug), followed by a sustained release for the remainder
until the fibrous suture completely degraded in 21 days (Figure
8A). The final percentage of Tri release from 40 TPP fibrous
sutures was 74.52% (53.10 = 2.24 ug). A release profile with
an initial burst phase with a subsequent sustained release is
desirable for combating bacteria since the initial release of
dose-dependent agents like Tri can prevent infection and
provide long-term antibacterial activity in the later phase.”"*

The choice of specific materials and an antibacterial agent in
this study was based on commercial Vicryl products. However,
it is important to acknowledge that the selection of these
components can have a significant effect on in vitro—in vivo
correlations (IVIVC). IVIVC is a predictive mathematical
model that describes the relationship between an in vitro
property of a dosage form and the corresponding in vivo
response.” It plays a pivotal role in predicting the in vivo
performance of a drug product based on its in vitro drug
release profile, optimizing formulations to achieve desired in
vivo release profiles, setting dissolution limits, and reducing the
need for extensive bioequivalence studies during product
development.”

By altering the components used in the pressure-spun
fibrous surgical sutures, the release behavior can be tailored to
more closely align with the desired in vivo performance. For
instance, selecting different biodegradable materials with
varying degradation rates can influence the sustained release
profile of the antibacterial agent from the pressure-spun fibrous
suture. This modification enables better mimicry of the
degradation kinetics observed in vivo, leading to improved
IVIVC. Additionally, choosing antibacterial agents with specific
characteristics, such as controlled release properties or different
mechanisms of action, can enhance the suture’s antibacterial
efficacy in vivo. Careful selection of the antibacterial agent
allows for alignment of the release behavior with the needs of
the surgical site, ensuring long-lasting and effective anti-
bacterial activity.

It is anticipated that future studies involving altered
materials and antibacterial agents will provide valuable insights
into IVIVC. These studies should include in vivo evaluations to
assess the performance of the modified fibrous suture in
relevant animal models or human subjects, considering factors
such as the host’s immune response, tissue integration, wound
healing, and overall clinical outcomes.

Figure 11B exhibits colorimetric MTT assay results for the
quantitative assessment of cytotoxicity on 1929 cells. Results
indicate that the non-Tri-containing samples have no toxic
effects on mammalian cells in vitro. Cell viability (%) of
pressure-spun TPP fibrous sutures shows a decreasing trend as
the Tri content increases compared to the negative control.
This finding aligns with previous studies in the literature,
which have shown that the incorporation of antibacterial
agents, such as Tri, can have an impact on cell viability.”> ™’
The cytotoxicity of Tri has been reported with respect to
various cell types, and its effects can be dose-dependent.*® It is
worth noting that in this study the cell viability remains at 70%
and above, up to the 20 TPP sample. However, as the Tri
content further increases, it is observed that the cell viability
decreases. These results suggest that the cytotoxic effects of
Tri-loaded pressure-spun TPP fibrous sutures should be
carefully considered when determining their suitability for
specific applications. The materials and formulations used in
this study were chosen as a starting point to explore the
feasibility and potential of pressure-spun TPP fibrous sutures
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Figure 10. UTS (MPa) values of unknotted (A) and knotted (B) pressure-spun V-PLGA, 70:30 PP, and 40 TPP fibrous surgical sutures before,

during, and after 14 days of degradation.
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Figure 11. (A) Cumulative drug release (%) profile of pressure-spun
40 TPP fibrous suture after 21 days of in vitro release in PBS (pH 7.4)
at 37 °C. (B) Cell viability (%) of pressure-spun TPP fibrous sutures
(5—40) and commercial Vicryl Normal, Vicryl Rapide, and Vicryl Plus
sutures for 24 h of incubation. Each value represents mean + SD; n =
3, where, *p < 0.00S; **p < 0.001; ***p < 0.0001; ns = not significant
as compared to the negative control.

with Tri content. The results and insights gained from this
work will serve as valuable guidance for the subsequent
selection and development of more appropriate materials and
formulations. By considering alternative materials and adjust-
ing the Tri content, it will be possible to conduct more in-
depth evaluations and validations of the suture’s biocompat-
ibility and cytotoxic effects. By building upon these initial
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findings and incorporating advancements in material selection
and formulation, further investigations in an in vivo animal
model will contribute to the refinement and optimization of
the pressure-spun fibrous suture design, ultimately leading to
the development of safer and more effective sutures for
potential clinical applications. Finally, well-designed random-
ized controlled trials should be undertaken to rigorously
evaluate the long-term safety and efficacy of the sutures,
including wound healing studies and assessments of the
pressure-spun fibrous suture’s antibacterial properties in SSIs.

4. CONCLUSIONS

The research demonstrates a novel engineering approach to
mass produce an absorbable fibrous surgical suture with
antibacterial properties, based on an innovative manufacturing
design. Pressurized gyration was used for the first time in the
production of surgical sutures by V-PLGA, V-PEO, physically
blended PP and the antibacterial Tri agent-loaded PP. 285 +
12 pug/mg Tri-loaded sample was chosen as a model
antibacterial fibrous suture to compare with commercially
available and FDA- and NICE-approved antibacterial Vicryl
Plus suture after in vitro antibacterial assay. Model pressure-
spun antibacterial fibrous sutures exhibited a similar weight
loss profile but a higher hydrophilic nature compared to Vicryl
Plus sutures. It also exhibited a sustained release profile over a
21 day period starting with an initial burst release. Additionally,
all pressure-spun fibrous sutures did not show any decom-
position at both ambient and body temperatures (25 and 37
°C), and mechanical properties were suitable to ensure proper
wound healing. According to all characterization test results,
the pressure-spun antibacterial fibrous suture explored in this
work is expected to combine the faster absorption property of
Vicryl Rapide and the antibacterial properties of Vicryl Plus in
a single suture. On the other hand, our ongoing exploration of
biodegradable materials, antibacterial agents, and safer
solvents, as well as the conduct of in vivo evaluations to assess
mechanical properties, drug release (with the establishment of
IVIVC), biodegradability, wound healing capabilities, bio-
compatibility, bacteria killing efficacy, and toxicity, will
enhance our understanding of the fibrous sutures’ performance
in real-world settings and contribute to the advancement of
surgical interventions. Overall, with its simplicity and ability to
manufacture sutures from almost any polymer-drug blend, the
pressurized gyration method has the potential to combat SSIs
and emerging antibacterial resistance when used for the
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development of antibacterial surgical sutures with localized
delivery ability.
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