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1. Introduction

Facile roll-to-roll production of nanoporous fiber
coatings for advanced wound care suturesf

Tavia Walsh, €22 Zhina Hadisi,>® Seyed Mohammad Hossein Dabiri,?®
Sadegh Hasanpour,®® Sadaf Samimi,®° Mostafa Azimzadeh®® and
Mohsen Akbari (2 *&P

Theranostic sutures are derived from innovative ideas to enhance wound healing results by adding wound
diagnostics and therapeutics to typical sutures by functionalizing them with additional materials. Here, we
present a new direct electrospinning method for the fast, continuous, inexpensive, and high-throughput
production of versatile nanofibrous-coated suture threads, with precise control over various essential
microstructural and physical characteristics. The thickness of the coating layer and the alignment of
nanofibers with the thread's direction can be adjusted by the user by varying the spooling speed and the
displacement between the spinneret needle and thread. To show the flexibility of our method for a range
of different materials selected, gelatin, polycaprolactone, silk fibroin, and PEDOT:PSS (poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate)) were the resultant nanofibers characterized by scanning electron
microscopy (SEM) imaging and conductivity tests. In a series of in vitro and ex vivo tests (pig skin), sutures
were successfully tested for their flexibility and mechanical properties when used as weaving and knotting
sutures, and their biocompatibility with a keratinocyte cell line. For temperature-based drug-releasing
tests, two fluorescent molecules as drug models with high and low molecular weight, namely fluorescein
isothiocyanate-dextran (20 kDa) and rhodamine B (470 Da), were used, and their steady release with
incremental increase of temperature to 37 °C over 120 min was seen, which is appropriate for bacterial
treatment drugs. Given the advantages of the presented technique, it seems to have promising potential
to be used in future medical applications for wound closure and bacterial infection treatment via a temp-
erature-triggered drug release strategy.

ties through small, flexible systems that can be seamlessly
incorporated into wounds.*® All in all, sutures serve as indis-

Sutures have been traditionally used to close wounds resulting
from trauma or surgery by bringing the edges of the wound
together." To effectively seal or heal, sutures possess robust
knotting capabilities, minimum stress during insertion, high
tensile strength, low risk of infection, excellent biocompatibil-
ity, and minimal biotoxicity following biodegradation.” In the
context of complex wound healing, sutures may be used to
administer medicine directly to the wound site at specific
times to prevent infection or promote healing.> Moreover, the
integration of electroconductive materials into suture struc-
tures has facilitated the development of biosensing capabili-
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pensable tools in wound closure, offering not only mechanical
strength and flexibility but also the potential for targeted
medication delivery and advanced biosensing capabilities,
thus contributing to enhanced patient care and improved clini-
cal outcomes.’

Sutures are produced through various methods to meet
specific clinical needs and preferences. The most common
method involves extruding synthetic polymers like polyglycolic
acid (PGA), polylactic acid (PLA), or polydioxanone (PDO) into
monofilament or multifilament threads, which are then
twisted or braided to enhance tensile strength and handling
properties.’®'" Monofilament sutures offer reduced tissue
drag and a smoother surface for reduced bacterial adhesion,
while multifilament sutures provide greater flexibility and knot
security."” Additionally, absorbable sutures are manufactured
by chemically altering polymer chains to degrade over time,
facilitating wound healing without the need for suture
removal. Alternatively, natural materials like catgut, derived
from sheep or goat intestines, provide absorbable options with
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variable absorption rates depending on processing
methods.">'* Advanced techniques, such as electrospinning
(ES), allow for precise control over suture diameter and compo-
sition, enabling the incorporation of bioactive agents or nano-
materials for enhanced wound healing properties.'® ES is low-
cost, reproducible, and allows simple fabrication and
functionalization of sutures, and it can be done in different
orientations of the apparatus, such as vertically or horizontally,
to achieve different goals.'®"”

Electrospinning is a robust technique for producing nano-
fiber coatings with controlled alignments on sutures by using
rotating drum collectors, electrospun fiber pulling, and con-
ductive patterned collectors.'®'® The nanofibers in sutures can
enhance wound healing and tissue regeneration'® as well as
help with the encapsulation and programmed release of drugs
and other agents with antibacterial,® anti-inflammatory,>*">>
antioxidation, angiogenesis, cell migration for wound
healing,® and more wound healing properties.'®**
Furthermore, the alignment of nanofiber coatings promotes
ordered cell growth along the matrix, creating tissue and organ
function patterns.?® With functionalization, sensing and actua-
tion mechanisms can also be added to the suture to report on
some situation in the wound, like sensors of bacteria*® or to
start releasing therapeutic agents.>” Nevertheless, the process
is currently constrained by its relatively low productivity, which
poses challenges for scaling up suture production.
Furthermore, the electrospinning process often faces the sig-
nificant obstacle of low reproducibility in fabrication, necessi-
tating extensive optimization experiments.?*3?

Effective wound care is crucial in healthcare worldwide
because of the common incidence and cost of wounds.*® The
optimal wound care process involves diagnosing the bacterial
infection and administering appropriate therapeutic medi-
cations to enhance the outcome. Scientists are creating innova-
tive techniques for diagnosing and treating infected and
chronic wounds, and integrating diagnosis and therapy into a
single approach, which is known as theranostics, has gained
popularity as a more effective tool in recent years.** In more
advanced forms of theranostic sutures, the drug release can be
programmable instead of simply releasing the drug based on
the degradation of the suture or, even better, in smart sutures
or stimuli-responsive drug release when the sensing part can
actuate the drug release to enhance the final wound healing
outcome. Material functionalization methods with novel tech-
niques for fabrication and functionalization have to be used to
add those features to the suture.’® Using sensors in smart dres-
sings to release antibiotics for wound treatment has signifi-
cantly advanced. The drugs can be released through external
stimuli controlled by the user, or they can be programmed for
slow release by designing drug entrapment or
encapsulation.?®*” However, in novel advanced approaches,
triggering can involve internal stimuli like changes in the pH
or temperature of the wound. This approach is more advan-
tageous as it avoids the potential complications of incorporat-
ing a large device to be placed over the wound or adding them
directly to the wound dressing.*®*° Moreover, by using smart
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sutures instead of wound dressings, the wound is not only
closed physically but various sensors and treatments for
different types of wounds can also be integrated to enhance
the capabilities of those sutures.?”*"*?

In this work, we present a novel roll-to-roll coating approach
for producing sutures with nanofiber coatings. Our method
relies on direct electrospinning of polymeric biomaterials onto
the suture material allowing for scalable production of func-
tional sutures. We showcased the potential of the method to
fabricate a smart suture able to release drugs based on tempera-
ture changes. There are a few reports of temperature-based drug
release by introducing a stimuli-responsive suture, where release
of the drug successfully promotes cell migration using a core-
shell structured suture made of poly(vinyl alcohol) (PVA) grafted
onto poly(N-isopropylacrylamide) (PNIPAm)** and a tempera-
ture-based drug-releasing suture for dexamethasone.>*

2. Results & discussion
2.1. Characterization and mechanical testing results

The smart suture fabrication method is shown schematically
in Fig. 1A, wherein a plain spool of thread or suture material
mounted on a rotational bearing is connected to an empty
receiving spool coupled to a clockwise rotating motor shaft.
Suture tension between the spools is achieved when the motor
is powered. The suture material is elevated using supports
with through-hole guides and moves across an electrically
grounded base collecting plate at a user-specified velocity. As
the thread moves beneath the charged spinerette needle, elec-
trospun nanofibers collect onto the surface of the thread,
forming a nanofibrous coating. A syringe pump elevated above
the base-collector plate controls the flow rate of a syringe con-
taining liquid ES polymer solution. Electronic components,
the user interface, and spooling motor are separated from the
electrospinning device by an enclosure for spooling velocity,
flow rate, and total run-time user interaction.

As shown in the cross-sectional SEM (scanning electron
microscopy), images of coated sutures, single (Fig. 1B), and mul-
tiple (Fig. 1C) layers of different materials with distinct physical
and chemical properties can be deposited sequentially.
Numerous coating layers are achieved by passing the thread
beneath the ES spinerette after the previous coating by reversing
the spool placement. The surface ES coatings are shown to be
uniform about the radius of the suture. During the process of ES,
nanofibers are physically transferred to the surface of the suture.
This manufacturing process allows for the fabrication of one-
meter spools of smart sutures within minutes. Fig. 1D shows
such a resulting spool of electrically conductive coated sutures.

The expectation of uniform suture coatings of different
materials was tested, and successful layer deposition on
smooth (monofilament) and rough (multifilament) surface
materials was seen. This process was compatible with commer-
cially available nylon upholstery threads and various suturing
materials. ES PCL coatings, shown in white, were deposited
onto five different commercial sutures, as shown in Fig. 1E,

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr01432d

Published on 23 7 2024. Downloaded on 2026-02-01 4:12:22.

Nanoscale
(A) Syringe pump
Liquid
polymer
Spinnerette
needle
Plain thread
spool
Rotational
bearing
Height supports
Nanofibers //
Grounded J__
base collector -
User
interface
Electronics
housing
(D)

(E)\ ‘ \

View Article Online

Paper

Nanofibrous
coating

Receiving
spool

Aligned

orientation orientation

Fig. 1 Fabrication process and characterization of nanofiber-coated sutures. (A) Manufacturing setup for roll-to-roll coating of threads. SEM
images of (B) single-layer and (C) multilayer coating prove uniform suture coating. (D) The manufacturing process allows 1 m spools of smart sutures
to be prepared within 2 minutes. (E) The process is compatible with various suturing materials, including (i) nonabsorbable polyester, (i) multifila-
ment silk, (i) monofilament polypropylene, (iv) monofilament nylon, and (v) absorbable chromic catgut. (F) As demonstrated in an ex vivo pig skin
model, the coated sutures can close laceration wounds. The coating is strong and can withstand mechanical loads during various textile manipula-

tions, including (G) braiding, (H) weaving, (I) knotting, and (J) embroidering.

labeled (i) to (v) for nonabsorbable suture materials of multifi-
lament polyester, multifilament silk, monofilament poly-
propylene (Prolene), monofilament nylon (Ethilon), and
absorbable chromic catgut, respectively (Fig. 1E).
Delamination of the ES coatings from the suture surfaces did
not occur when sutures were drawn through biological tissues
(mounted on a 25 mm reverse cutting needle). In a wound
model where a laceration was created via scalpel in 4 mm-
thick ex vivo pig skin, the tissue edges were approximated
together with coated sutures (shown in pink in Fig. 1F).
Coated threads were then embroidered into cotton fabric
using a conventional sewing needle, further demonstrating the
sturdiness of the ES coating (shown in white, Fig. 1G). The ES
coating demonstrated strength and the ability to withstand
mechanical loads during various textile manipulations. The

This journal is © The Royal Society of Chemistry 2024

versatility of these constructs is demonstrated with gelatin-
coated sutures (green, dyed with FITC-dextran) combined with
silk fibroin-coated sutures (orange, dyed with rhodamine) and
plain sutures (non-fluorescent) in braided (Fig. 1H), woven
(Fig. 1I), and slip knot-knitted (Fig. 1H) applications.

2.2. Results of testing different biomaterials for suture coating

Three materials were chosen to represent the flexibility of the
developed fabrication method: gelatin, PCL (polycaprolac-
tone), and silk fibroin. PCL is a biodegradable synthetic
polymer with a history of regular use in medical applications.>®
Slow biodegradability characteristics and easy combination of
PCL with other polymers for forming composites and co-poly-
mers make it a desirable material for scaffolds used in tissue
engineering, surgical sutures, and micro- and nano-drug deliv-
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ery applications.*® PCL coatings were achieved with 15 w/w%
of PCL in DCM (dichloromethane) and methanol organic sol-
vents,** with a flow rate of 0.1 mL h™", applied voltage of 14
kv, and varied spooling velocities and needle-thread distances.
Silk fibroin is a natural high molecular weight protein polymer
produced by the silkworm species Bombyx mori and used
extensively as a polymeric biomaterial for drug delivery.*®

Silk fibroin also exhibits beneficial properties such as high
biocompatibility, biodegradability, aqueous processing, and
the ability to form crystalline polymer matrices. Researchers
found that silk fibroin with a concentration of 13 w/w% in
formic acid demonstrated being electro-spinnable at room
temperature;*® suture coatings with this liquid polymer were
achieved using a flow rate of 0.07 mL h™", applied voltage of 16
kV, spooling velocity of 3 mm s, and needle-thread distance
of 2 cm.

Gelatin is a highly biocompatible, bioactive, and hydro-
philic biopolymer, properties that make it a promising
scaffolding material for recapitulating the ECM. This natural
polymer’s high biocompatibility and bioactivity result from its
specific amino acid sequences, which are preferable sites for
cell interactions. Preparing this material using ES methods
results in a structure with a smooth surface and a large surface
area-to-volume ratio. Researchers Ki et al. electrospun 13
w/w% gelatin from porcine skin dissolved in formic acid to
form ultrafine fibers; ES coatings fabricated using this method
were further achieved utilizing a flow rate of 0.07 mL h™%,
applied voltage of 16 kV, spooling velocity of 3 mm s™*, and
needle-thread distance of 2 cm.

To demonstrate the efficacy of the chosen ES parameters
with these polymers and the structural features of the fabri-
cated electrospun substrates, SEM images of the ES fiber mor-
phologies were taken. In Fig. 2A, SEM images of (i) gelatin, (ii)
PCL, and (iii) silk fibroin show nanofibers deposited onto
curved thread surfaces. The images show differences in both
fiber diameter and pore size of the resulting ES coating. The
average diameters of the fibers in the nanofibrous hydrogel of
PCL, gelatin, and silk fibroin were 3.56 + 2.12 pm, 1.43 *
0.24 pm, and 1.38 + 0.37 um, respectively. The resulting fiber
morphology of the three polymer coatings on sutures was
found to be comparable to that of ES mats formed on flat base
collectors.””

The characteristics of the PCL ES coating were found to be
dependent on the individual factors of the electrospinning
setup. Spooling velocity and the displacement between the
spinnerette needle tip and the surface of the thread affect the
thickness of the coating layer (parameters shown in the sche-
matic of Fig. 2B). Similarly, under stationary conditions, the
duration of electrospinning linearly increases the coating
thickness (ESI, Fig. S1t). The flow rate was optimized and kept
constant for layer thickness tests of each material, as increased
flow rates result in increased fiber diameter, volume, and
initial radius of the electrospinning fiber.*®

Layer thickness was measured from the measurable dia-
meters of sutures in microscope images before and after coating.
At a height of 6 cm, the layer thickness was found to decrease
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with increasing spooling speed (Fig. 2C). Layer thickness was
found to be 211.52 + 49.43 pm under stationary conditions, while
3.50 + 3.11 pm at 17 mm s . The displacement between the
needle and the thread surface was varied by replacing the guiding
height support blocks shown in Fig. 1A. The layer thickness
increases when the suture-needle displacement is incrementally
increased (constant spooling velocity of 10 mm s™*), possibly due
to electric field strength and nanofiber flight duration. Increasing
the distance between the needle and the collector (spooling
thread) has been shown to reduce the ES fiber diameter due to
the greater stretching distance.*®

The spooling velocity changes the orientation of the nano-
fibers from random (Fig. 2E) to aligned (Fig. 2F) on the suture
surface. In the rotating drum ES method, electrospun fiber
deposition onto a moving collector thread was hypothesized to
align in uniaxially aligned arrays. The angle of deposited elec-
trospun fibers on the surface of the thread was measured with
respect to the direction of the length of the thread and
measured from SEM images taken of the surface coating. At
lower velocities (1-10 mm s™%), a high standard deviation in
fiber orientation indicated the random and unaligned nature
of the deposited fibers. At higher velocities (12.5-17.5 mm
s7"), the fiber angle approached zero, and the standard devi-
ation decreased, demonstrating the alignment of fibers along
the length of the thread (ESI, Fig. S2t). The frequency distri-
butions of the deposited fiber orientation for 1 mm s™* and
17.5 mm s~ spooling velocities are shown in Fig. 2E and F,
respectively. At 17.5 mm s ', a Gaussian distribution (R =
0.9655) was seen, compared to a random distribution at 1 mm
s~! spooling velocity. This indicates the fiber orientation is
random with respect to the direction of the thread at low
spooling velocities.

2.3. Results of thermo-responsive coating and drug release

Among electrically conductive materials, poly(3,4-ethylenediox-
ythiophene):poly(styrene sulfonate) (PEDOT:PSS) is a good can-
didate for biosensing applications and has been extensively
used for amperometric,’®®" impedimetric,”>** and voltam-
metric biosensors.’*”> PEDOT:PSS has exceptional optical
transparency in the visible light range, high electrical conduc-
tivity, high work function, and favorable physical and chemical
photo- and electrical stability in air. The suture coatings were
achieved by combining an aqueous dispersion of PEDOT:PSS
1:10 with PEO (polyethylene oxide) as an electrospinning
agent, dissolved in DMF (dimethylformamide) organic
solvent.® The poor rheological properties of PEDOT:PSS
require using a carrier polymer (i.e., PEO) to process it. A
polymer flow rate of 0.07 mL h™", applied voltage of 16 kV,
thread-needle displacement of 3 cm, and spooling speed of
3 mm s ' were used to fabricate the conductive sutures.
Fig. 3A depicts the randomly oriented nanofibrous conductive
coatings on the core suture. As a proof-of-principle, a 2 cm-
long conductive-coated thread was used as a wire between a
power source (5 V) and ground, as seen in Fig. 3B. The thread
successfully acted as an electrically conductive wire, allowing
an in-series LED (light emitting diode) to be illuminated with

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Testing the developed method with different biomaterials for the coating. (A) SEM images of (i) gelatin-, (i) PCL-, and (iii) silk fibroin-coated
threads confirm a nanoporous coating on the core sutures (scale bars: 30 pm). (B) The thickness of the coated layer depends on the spooling vel-
ocity and needle height (suture—needle distance). (C) The thickness of the coated layer decreases with spooling velocity. (D) The layer thickness
increases with suture—needle distance. The spooling velocity changes the orientation of the nanofibers from (E) random to (F) aligned orientation in

the coated layer.

completion of the circuit. The mean resistance of the conduc-
tive threads was measured to be 55 + 23 kQ cm™" at ambient
temperature (21 °C). The average conductive electrospun layer
thickness was 68.11 + 7.19 pm.

The extended response of conductive electrospun-coated
threads at a physiologically relevant temperature was character-
ized by relative humidity (RH) of 30% (Fig. 3C). Over 30 min,
the resistive response of the thread was measured and
appeared approximately constant; the measured resistance
varied by only 5%. This preliminary study indicates that the re-
sistance of the threads does not change considerably under
constant temperature conditions. PEDOT:PSS/PEO electro-
spun-coated threads demonstrated an inverse change in resis-
tance with applied heat, as shown in Fig. 3D. At 30% RH, the

This journal is © The Royal Society of Chemistry 2024

electrical resistance of the thread was measured under dyna-
mically increasing temperature (total change of 30 °C). The re-
sistance of the coated suture showed a sensitive response (70%
resistance change) over the 75 minutes of the test duration. An
application area for these threads is in wound beds or deep
tissue environments, where the increased localized wound
temperature is an initial diagnostic sign of wound infection.””
Conductive threads can also be used to trigger drug release
if combined with thermo-responsive PNIPAm coatings.
PNIPAm demonstrates thermo-responsive behavior at 32 °C in
aqueous solutions, undergoing reversible phase transition in
response to environmental temperature changes. Below 32 °C,
PNIPAm is hydrophilic; upon increasing the temperature,
PNIPAm becomes hydrophobic, and the rapid dehydration of

Nanoscale, 2024, 16, 15615-15628 | 15619
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Fig. 3 Testing for conductivity and triggered-release drug delivery and temperature sensing. (A) Electrospinning of PEDOT:PSS on a core suture
renders it electrically conductive, where (B) it acts to complete a circuit to light an LED lamp. (C) The conductive layer is stable under constant temp-
erature conditions. (D) The resistance of the sutures varies with temperature, which suggests its use for temperature sensing. (E) Conductive threads
can be used for the triggered release of drugs when they are combined with thermo-responsive PNIPAm coatings. Temperature-dependent release
(%) of two model drugs, including (F) small molecules (rhodamine B, 470 Da) and (G) large molecules (FITC-dextran, 20 kDa), demonstrate the ability

of triggered-release of drugs using smart sutures.

the polymer network results in the release of encapsulated drug
components. PNIPAm-PCL ES coatings were achieved with a
1:4 ratio of the solid polymers dissolved in DCM/methanol sol-
vents, 15 kV applied voltage, spooling velocity 8 mm s,
0.05 mL h™' flow rate, and thread-needle displacement of
8 cm.>® PNIPAm and PCL blended polymers have been shown to
generate electrospun fibers with high cell viability and cell align-
ment that can suppress the release of loaded drugs at higher
temperatures.®® Thus, the fluorescent images shown in Fig. 3E
of rhodamine B-loaded PNIPAm-PCL sutures show the shrink-
ing response of the outer coating upon heating at about 32 °C.

Similarly, two dyes (FITC-dextran and rhodamine B) as drug
models were added to PNIPAm-PCL polymer solutions before
ES and used to fabricate single-coating sutures. The fluo-
rescence from the release of dyes into PECF (pseudo extracellu-
lar fluid)®® was measured via a plate reader using experi-
mentally determined calibration curves of fluorescence inten-
sity (ESI, Fig. S37). Fig. 3F shows the percentage of cumulative
release of small drug model rhodamine and (Fig. 3G) large
drug model FITC-dextran from PCL/PNIPAm-coated threads at
25 and 37 °C over a 2 h period. The cumulative release of FITC-
dextran reached 64.55 + 4.08% and 32.23 + 4.28% for 25 and
37 °C, respectively. The cumulative release of rhodamine B was
lower and reached 23.5 + 1.52% and 34.3 + 2.01% for 25 and
37 °C, respectively.

The release of both drug models was significantly different
for 25 and 37 °C, which shows the temperature-responsive
nature of the applied suture coatings. Due to the heat, this

15620 | Nanoscale, 2024, 16, 15615-15628

substantial difference can be used for smart stimuli-responsive
release of both small and large molecules of therapeutic
agents. While both release profiles show an initial burst, this
is followed by a gradual release; the burst release of FITC-
dextran was observed to occur fully within the first 5 min of
testing. Hydrophilic small molecule drugs (e.g., rhodamine B)
have high aqueous solubility and are incompatible with in-
soluble polymers, which makes their long-term release chal-
lenging.®' Therefore, the lower cumulative release of rhoda-
mine may be due to the solute-polymer interactions and
incompatible solubility parameters of rhodamine (27.4 MPa)
and PCL/PNIPAm (18.25 MPa and 21.9 MPa, respectively). The
burst release of drugs from polymeric nanocarriers has been
identified as a significant limitation in achieving controlled
drug delivery.*> To prevent the initial burst releases seen in
Fig. 3F and G, drugs and bioactive factors may instead be
loaded into the core of multi-axial nanofibers obtained by
coaxial or triaxial electrospinning.>®

2.4. Cell and biocompatibility results

High cell-viability requirements exist for sutures as they make
direct or indirect contact with cells and tissues during wound
approximation and when used as a means of fixation for
anchoring devices and implants within the body. The viability
of HaCaT cells attached to the sutures was used to determine
the biocompatibility of three electrospun polymer (gelatin, silk
fibroin, and PCL)-coated suture types. This cell line was
chosen as keratinocytes play an essential role in wound

This journal is © The Royal Society of Chemistry 2024
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healing and re-epithelialization.®” The suture type viability was
measured by the percentage of live HaCaT cells on days 3 and
7. Fig. 4A shows gated dot plots of the live and dead popu-
lations for gelatin and silk fibroin-coated sutures from stained
cells, excluding debris from the plots. Flow cytometry results
for gelatin and silk fibroin show more than 90% cell viability
for cells exposed to gelatin and silk fibroin smart sutures after
detachment at days 3 and 7 (Fig. 4A).

The quantitative analysis of HaCaT cell viability showed
that the detached cells are highly viable when exposed to silk
fibroin-, gelatin-, and PCL-coated sutures for 7 days (Fig. 4B).
The observed percentage of dead cells relative to the number
of living cells decreased for the three sample groups between
days 3 and 7. The numerical live/dead results show that the
number of live cells significantly increased between days 3 and
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7 for the gelatin, silk fibroin, and PCL sample types.
Additionally, gelatin and silk fibroin-coated samples demon-
strated higher viability (94.7 + 0.35% and 93.47 + 0.30%,
respectively) than PCL (88.5 + 1.99%) at day 7. The increased
viability and biocompatibility of the gelatin and silk fibroin
polymer-coated sutures point towards their potential benefits
as scaffolding materials for 3D tissue-engineered scaffolds
assembled using textile-based methods. The relatively high via-
bility for all three sample types subsequently shows that the
proposed electrospinning fabrication and crosslinking pro-
cesses do not negatively impact biocompatibility or the ES-
coated sutures or result in the formation of cytotoxic residues.

HaCaT cells were similarly used to quantitatively study cell
attachment and proliferation on the three electrospun polymer
types. Cell adherence to a scaffold substrate is a fundamental
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Fig. 4 Biocompatibility and cell attachment studies for the coated sutures. (A) Flow cytometry results for gelatin and silk fibroin results show more
than 90% cell viability for cells exposed to gelatin and silk fibroin smart sutures. (B) Quantitative analysis of cell viability shows that the cells are
highly viable when exposed to silk fibroin-, gelatin-, and PCL-coated sutures for 7 days. (C) Cell attachment on PCL is significantly lower than that
on silk fibroin- and gelatin-coated sutures. (D) Proliferation on PCL coatings is significantly lower than that on silk fibroin- and gelatin-coated
sutures. (E) SEM images demonstrate cell attachment and spreading on the latter sutures (scale bars: 50 pm).
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preliminary step for further cell-substrate interactions by promot-
ing cell proliferation, migration, and differentiation. Multiple
research groups have demonstrated high rates of cell proliferation
on silk fibroin scaffolds.®® While gelatin nanofibrous mats that
are crosslinked with glutaraldehyde vapor become more water-
resistant, the nanofibrous structure of electrospun gelatin has
been found to enhance cell adhesion and proliferation, and the
RGD (arginine-glycine-aspartic acid) sequences of collagen make
it highly effective for cell adhesion.®* Other than the nonspecific
binding of cells to electrospun PCL samples, PCL is intrinsically
hydrophobic.® It lacks functional groups such as RGD-motif-con-
taining cell-attachment peptides that provide specific binding
sites for cells.*>®”

After cultures of 10° HaCaT cells on coated suture samples,
the measurement of cell attachment on the surface of gelatin-
and silk fibroin-coated sutures was found to be insignificant
(Fig. 4C). The cell attachment on PCL was significantly lower
than that on silk fibroin- and gelatin-coated sutures (**p <
0.001, **p < 0.001, respectively). While cell adherence to
implanted sutures is fundamental in the promotion of cell
proliferation, migration, and differentiation, the low cell
attachment of PCL-coated sutures may have benefits for appli-
cations where low cell adhesion is preferable; for example,
non-absorbable sutures that require removal after wound
healing should have low cell adhesion properties to improve
the ease of removal, reduce patient pain, and reduce injuries
to adjacent tissues. Furthermore, Badami et al. postulated that
the differences in electrospun fiber diameter and the resulting
surface topography between ES polymers (e.g., silk fibroin,
gelatin, and PCL) may cause significant effects on cell mor-
phology and cell proliferation.®®

Cellular proliferation was calculated by measuring the
metabolic activity of cells seeded on coated sutures at days 1,
3, and 7 and are reported in relative fluorescent units, as seen
in Fig. 4D. Proliferation on gelatin, silk fibroin, and PCL
suture samples increased significantly between days 1 and 7
(***p < 0.0001, **p < 0.01, **p < 0.01, respectively). After
24 hours of culture, cell proliferation was lowest in PCL-coated
sutures. Gelatin- and silk fibroin-coated samples showed less
significantly different cell proliferation, with silk fibroin
having the highest proliferation of the three sample types.

Fibroblast cells, which play a central role in wound healing
and are among the most common cells of connective tissues
in humans, were seeded on the three polymer-coated sutures
to determine the differences in attached cell morphology and
spreading on randomly aligned ES nanofibers. Fibroblasts
were chosen due to the ease of culture and their presence in
tissue injuries such as partial- and full-thickness lacerations.
The morphology of fixed fibroblasts after 24 hours of culture is
shown in SEM images of (i) gelatin- and (ii) silk fibroin-coated
sutures (Fig. 4E). The fibroblast cells growing on gelatin and
silk-fibroin nanofibers have dispersed patterns and exhibit
more isotropic morphologies on the randomly oriented fibers,
with clear borders between the cells and the nanofibers. These
morphologies may be due to the hydrophilic nature and high
cell adhesion properties of the two natural polymers.®7°
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Our recently developed electrospinning fabrication tech-
nique is a notable breakthrough in manufacturing theranostic
sutures. This method utilizes a roll-to-roll process to improve
the efficiency and cost-effectiveness of suture manufacturing.
In the past, the production of sutures has faced operational
challenges due to expense, lengthy time commitments, and
multiple complex steps.”>?*”*' Our technique addresses these
issues by significantly reducing time consumption and
increasing ease of use while achieving higher throughput.
These enhancements are accomplished without sacrificing
cost-efficiency, which is especially important considering the
financial limitations commonly found in medical production.
In addition, our technique enables the ongoing fabrication of
sutures that possess both flexibility and substantial biological
characteristics while maintaining mechanical features for
higher stability and a more controlled rate of drug release com-
pared to previous studies with fast and high burst release
within the first few hours.**”* Our technique enables the
precise modification of the coating layer’s thickness and the
alignment of the nanofibers, allowing for the precise adjust-
ment of the physical and chemical properties of the suture in
very easy steps, whereas previous studies mostly consist of long
fabrication times (even up to 72 hours).”” This ability is of
utmost importance for wound closure and infection control
applications, particularly through advanced drug delivery
systems. The sutures created using this technique can be
seamlessly integrated into various medical applications, thus
extending their usefulness beyond conventional purposes.

The innovation of our methodology lies in the precise
modification of the microstructural properties of the suture
material, which facilitated more controlled drug release rates.
While some configurations exhibited a markedly slow release,
with up to 90% of the drug being released over 200 hours at
37 °C,** others demonstrated that 80% of the drug was
released within the first 72 hours.” In contrast, some models
showed minimal release, with less than 16% released over a
period of 7 days, and some configurations exhibited exception-
ally prolonged release durations. In addition, the ability to
adjust the thickness and alignment of the material, along with
its natural flexibility, makes it simple to manipulate and apply
the coated threads. Flexibility is essential when dealing with
diverse biomedical settings, such as direct contact with the
skin and incorporation into wound dressings. Finally, our
approach was validated across both small and large molecular
entities, in contrast to prior studies, which were predominantly
concentrated on single-model drugs.>?>?>%>"7*

3. Conclusion and future
perspectives

Clinical sutures are primarily used for the physical approxi-
mation of tissues. However, developing new suture materials
with surface modifications toward improved healing outcomes
plays upon the inherent versatility of thread technologies.
Similarly, ES has been extensively studied in biomedical and

This journal is © The Royal Society of Chemistry 2024
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tissue engineering, given its compatibility with synthetic and
naturally biocompatible polymers and its capacity for loading
bioactive and functional additives into the resulting nanofi-
brous constructs. A novel method was proposed, which
involves continuously fabricating single-layer and multi-layer
smart sutures through functionalization using ES coatings of a
wide range of polymers with distinct biological characteristics.
Various parameters in the methodology, such as ES run time,
spooling velocity, and displacement between the spinerette
needle and the thread, can be controlled by the user to suit
the given application, providing adaptability of coating layer
thickness and ES nanofiber alignment with respect to the
direction of the thread. The flexibility of nanofibrous-coated
threads offered easy manipulation with materials such as bio-
logical tissues and fabric while also facilitating the combi-
nation of coated sutures using traditional textile methods.
Smart multifunctional sutures and threads were developed
and applied in biosensor miniaturization, targeted drug deliv-
ery systems, and tissue engineering.

The primary objective of future research should be to
enhance the biocompatibility and functional performance of
these sutures coated with nanofibers in clinical settings. This
can be accomplished by integrating sophisticated bioactive
substances such as stem cells, immune cells, growth factors,
or multifunctional bioactive agents. These enhancements can
accelerate the healing process and enhance the therapeutic
effectiveness of sutures designed for wounds or infections.
Integrating sensors into sutures, coupled with the utilization
of real-time data capture technologies, has the potential to
revolutionize postoperative care. This would enable healthcare
providers to promptly receive feedback and make real-time
adjustments based on the conditions of the wound.
Pioneering the advancement of sophisticated control systems
to regulate the kinetics of drug release, as well as conducting
extensive investigations into the compatibility with living
organisms and the breakdown patterns within them, is
crucial for accurately synchronizing drug administration with
the various stages of healing. These advancements could lead
to the creation of advanced smart sutures beyond simply
assisting in tissue healing and integration. Researchers could
also establish smart sutures as an integral part of modern sur-
gical procedures and introduce new approaches to personal-
ized medical care. Future research should prioritize conduct-
ing comprehensive in vivo studies to further evaluate the bio-
compatibility and stability of these sutures coated with nano-
fibers. It is crucial to conduct clinical safety evaluations invol-
ving cytotoxicity studies and other biological experiments
using animal models to assess the long-term behavior of the
suture. The clinical feasibility and safety of the sutures, as
well as the lack of negative reactions during their intended
period of use, rely on these investigations. By incorporating
these studies, the suitability of the sutures for widespread
medical use will be confirmed. This aligns with efforts to
enhance their therapeutic efficacy and intelligent features,
allowing for real-time monitoring and adaptive responses to
healing conditions.

This journal is © The Royal Society of Chemistry 2024
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4. Materials and methods
4.1. Threads and sutures

3-0 Multifilament polyester suture (Ethicon Inc., USA), multifi-
lament silk (Ethicon Inc., USA), 3-0 monofilament polypropyl-
ene (Prolene, Ethicon Inc., USA), 2-0 monofilament nylon
(Ethilon, Ethicon Inc., USA), and 3-0 chromic absorbable surgi-
cal catgut sutures (G122H, Ethicon Inc., USA) were tested for
their applicability with ES coatings. Quantitative experiments
were performed on multifilament 100% nylon upholstery
thread (Coats & Clark Inc., USA).

4.2. ES fabrication setup

A programmable syringe pump (New Era Pump Systems, USA)
was positioned above the base-collector on a platform. ES solu-
tions were loaded into syringes, and blunted 18G needles were
attached. The needle and base-collector were attached to the
positive and negative terminals of a high-voltage power supply
(Gamma High Voltage Research, USA). The syringe was held at
a constant distance from the base-collecting plate. A custom
spooling system moved the thread horizontally beneath the
syringe, above the collector plate at a defined velocity. The
spooling setup consisted of a stepper motor (SparkFun
Electronics, USA) controlled by an Arduino Uno (Arduino, USA)
and Arduino Motor Shield Rev3 (Arduino, USA). At the same
time, the stationary thread was moved horizontally, within a
movable range of 1-6 cm (thread displacement) relative to the
spinnerette needle. The user interface was an LCD (liquid
crystal display) screen (HD44780, Adafruit, USA) with a physi-
cal push-button makeup, allowing the user to set the spooling
velocity and total run duration. All ES experiments were per-
formed at room temperature (21 °C) and relative environ-
mental humidity.

4.3. Material preparation for threads coating

4.3.1. PCL. 15 w/w% PCL (MW 45 000, Sigma Aldrich, USA)
was dissolved for ES in a 4:1 ratio of dichloromethane (DCM)
(CH,Cl,, Sigma Aldrich, USA) and methanol (Fisher Chemical,
USA). The solution was kept under constant agitation at room
temperature for 2 h until the solution became homogeneous.

4.3.2. Gelatin. 13 w/w% gelatin (~300 g Bloom, Type A,
Sigma Aldrich, USA) was dissolved in formic acid (Sigma
Aldrich, Saint Louis, USA) and kept under constant agitation at
room temperature for 8 h until the solution became homo-
geneous. The nanofibrous-coated threads were crosslinked in
the glutaraldehyde vapor (Grade 1, 25% solution in H,O,
Sigma Aldrich, USA). Briefly, 3 mL of glutaraldehyde solution
and 100 pL of HCI (37%, Sigma Aldrich, USA) were added to
20 mL of dH,O (distilled water) in a 10 cm Petri dish. Gelatin-
coated threads were suspended above the Petri dish within a
sealed vacuum chamber for 6 h until a visible color change
from white to yellow occurred. A final washing step to remove
the glutaraldehyde residues was performed. Threads were
rinsed three times in 1% glycine (NH,CH,COOH, Sigma
Aldrich, USA) in dH,O for 10 min, followed by 10 min in
dH,0.%°
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4.3.3. Silk fibroin. Silk cocoons from Bombyx mori were
obtained from the Iranian Silkworm Research Center and
boiled in 0.02 M aqueous sodium carbonate (Na,COs; 106392,
Merck, Germany) solution for 1 h to remove sericin, washed
with dH,O and dried at 37 °C overnight. The degummed silk
was then dissolved in 9.3 M lithium bromide (LiBr; 746479,
Sigma-Aldrich, Saint Louis, USA) at 60 °C for 4 h, then dialyzed
in a cellulose dialysis tube (12 kDa, Sigma Aldrich, Saint Louis,
USA) against deionized water (diH,O) for 72 h. The silk solu-
tion was then lyophilized (MC4L, UNICRYO, Freeze-dryer,
Germany) into prepared sponge,”>’® which was dissolved at 13
w/w% in formic acid under constant agitation for 8 h.
Electrospun silk fibroin was crosslinked by immersion in 70%
ethanol (Sigma Aldrich, USA) for 10 min.

4.4. Preparation of drug-loaded threads

Fluorescein isothiocyanate-dextran (FITC-dextran, Sigma
Aldrich, USA) and small molecule rhodamine B (Sigma
Aldrich, USA) were used as large molecule and small molecule
fluorescent drug models, respectively. They were added to
100 pL of dH,0 and vortexed to dissolve completely, and then
the aqueous solution was added to silk fibroin ES solution at a
concentration of 1 mg mL™" fluorescent drug models and vor-
texed to mix thoroughly in a dimmed light environment.

4.5. Preparation of temperature-responsive threads

0.134 g of PEO (polyethylene oxide, Sigma Aldrich, USA) was
dissolved in 0.345 mL of DMF, and 2.56 g of PEDOT:PSS
PH1000 aqueous solution (poly(3,4-ethylenedioxythiophene):
polystyrene sulfonate, Ossila, UK) was combined at room
temperature, under constant stirring for 24 h. Electrical resis-
tance was measured by following a two-point probe method
using a digital multimeter (Fluke 87 True RMS Multimeter,
Fluke, Canada). In addition, 10 w/v% PCL was dissolved in a
4:1 ratio of DCM and methanol. 10 w/v% PNIPAm (MW =
300000 Da) was dissolved in a 4:1 ratio of DCM and metha-
nol. The solutions were then combined and stirred until
homogeneous at room temperature (1 h). FITC-dextran, rhoda-
mine, and doxycycline hydrochloride (MW = 444 Da, Sigma
Aldrich, USA) were added separately to 100 pL of dH,O and
vortexed to dissolve. The fluorescent drug models were added
to ES solutions at a concentration of 1 mg mL™'. Coated
samples were washed in dH,O for 30 min at 200 rpm on a
plate shaker (Titer Plate Shaker 120V, Thermo Scientific, USA)
to remove all excess unattached drugs.

4.6. Characterization with SEM imaging

SEM images were acquired by using a Hitachi electron micro-
scope (Hitachi $4800, Tokyo, Japan) with 1.0 kV voltage to
determine the structural features of the fabricated electrospun
substrates. Samples were mounted on aluminum stubs using
double-sided tape and then coated with gold-palladium via
hummer sputter (Hummer VI Sputter Coater, Anatech USA,
Hayward, CA, USA).
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4.7. Cell viability of threads

Human primary keratinocytes (HaCaT; Addexbio, USA, catalog
no. T0020001) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Thermo Fisher Scientific, USA) sup-
plemented with 10% fetal bovine serum (Gibco, Thermo
Fisher Scientific, USA) and 1% penicillin-streptomycin (Gibco,
Thermo Fisher Scientific, USA). The cells were cultured in cell
culture flasks (T 75, VWR, USA) until they reached 80-90%
confluency and were detached using trypsin-EDTA (0.5%,
Gibco, Thermo Fisher Scientific, USA) before seeding on the
electrospun-coated threads. Coated-thread samples were
placed in non-adherent PDMS-coated wells, to which 50 pL of
cell suspension containing 1 x 10° cells was added, with
950 pL of cell media subsequently added after 2 h. The viabi-
lity of cells grown on the coated threads after 3 and 7 days was
determined by a flow cytometer (Attune NxXT, Thermo Fisher
Scientific, USA). To this end, cells were initially detached from
the threads described above and stained using a live/dead via-
bility kit (Invitrogen, Thermo Fisher Scientific, USA) according
to the protocol provided by the supplier.

4.8. Cell attachment of threads

Three samples (1 cm long) were placed in each well of a
24-well plate coated with non-adherent agarose. Cell seeding
was carried out by adding 50 mL of a cell suspension that con-
tained 1 x 10° HaCaT cells in culture media. After two hours of
incubation, 950 pL of culture media was added to a final
volume of 1 mL. 24 h after cell seeding, the threads were
gently washed with culture media twice to remove non-
adhered cells, and the cells were treated with 250 pL of
trypsin-EDTA (0.25%) for 15 min to detach cells from the
surface of the threads. 500 pL of cell media was then added to
deactivate the trypsin-EDTA, followed by centrifugation of the
supernatant at 300g to make a cell pellet. The supernatant was
then removed, and the cell pellet was resuspended in 1 mL of
cell culture media. Finally, 10 pL of cell suspension was
stained with Trypan blue (Gibco, Thermo Fisher Scientific,
USA), and the number of cells was counted using a
hemocytometer.

4.9. Cell proliferation rate on threads

The proliferation rate of HaCaT cells on gelatin-, silk fibroin-,
and PCL-coated samples after 1, 3, and 7 days was calculated
by measuring the metabolic activity of cells at these time
points. Cells were seeded on three 1 cm-long threads per well,
as described previously. At specific time points, the culture
solution replaced the PrestoBlue media and was incubated for
30 min. 100 pL of supernatant was removed from each well
and plated in a 96-well plate. A microplate reader measured
fluorescence intensity at excitation (560 nm) and emission
wavelengths (590 nm). The relative proliferation rate was calcu-
lated by normalizing the measured intensity under each of
these conditions with respect to the conditions with the lowest
intensity.

This journal is © The Royal Society of Chemistry 2024
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4.10. Statistical analysis

Results were analyzed using GraphPad Prism Version 8
(GraphPad Software, CA, USA). Statistical significance was ana-
lyzed using an unpaired parametric ¢-test for two independent
samples, not assuming equal deviations. Experimental results
were obtained from biological replicates (n = 3). The mean and
standard deviation were reported. P-value reporting is as
follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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