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Abstract: Surgical site infections (SSIs) may result from surgical procedures requiring a secondary ad-
ministration of drugs at site or systemically in treating the infection. Drug-eluting sutures containing
antimicrobial agents symbolise a latent strategy that precludes a secondary drug administration. It
also offers the possibility of delivering a myriad of therapeutic agents to a localised wound site to
effect analgesia, anti-inflammation, or the deployment of proteins useful for wound healing. Further,
the use of biodegradable drug-eluting sutures eliminates the need for implanting foreign material into
the wound, which needs to be removed after healing. In this review, we expound on recent trends in
the manufacture of drug-eluting sutures with a focus on the hot-melt extrusion (HME) technique.
HME provides a solvent-free, continuous one-step manufacturing conduit for drug-eluting sutures,
hence, there is no drying step, which can be detrimental to the drug or suture threads and, thus,
environmentally friendly. There is the possibility of combining the technology with additive manu-
facturing platforms to generate personalised drug-loaded implantable devices through prototyping
and scalability. The review also highlights key material requirements for fabricating drug-eluting
sutures by HME, as well as quality attributes. Finally, a preview of emerging drug-eluting sutures
and advocacy for harmonisation of quality assurance by regulatory authorities that permits quality
evaluation of novelty sutures is presented.

Keywords: suture; drug-eluting suture; hot-melt extrusion; polymer suture; production method;
surgical site infection; wound healing

1. Introduction

Sutures are biomedical devices comprising fibre(s) that hold surrounding tissues of a
wound together, seal surgery sites, or squeeze blood vessels to achieve haemostasis [1,2].
Sutures have long been used to restore injured tissues to their original structure and
functions [3]. Surgical sutures assist in the closure and healing of trauma-induced and
surgical wounds by upholding adjoining tissues together to facilitate the healing process [4].

Based on biodegradability, sutures are generally classified as absorbable or non-
absorbable, depending on whether they degrade or not post-application to the wound.
Absorbable sutures degrade by hydrolysis or proteolytically shortly after application to the
wound. The US Pharmacopeia defines absorbable sutures as biomaterials that “lose most
of their tensile strength within 60 days post-implantation in vivo” [5,6]. Non-absorbable
sutures offer long-term mechanical support to the tissue and can be removed only by exter-
nal means [5]. Non-biodegradable sutures have to be removed post-healing of a wound.
However, removal of sutures is clinically challenging, particularly in difficult-to-access
anatomical areas or in paediatric patients. In such cases, using biodegradable sutures is
preferred for the safety of the patient and the success of the treatment [7,8]. The two classes
can be further categorised as natural or synthetic based on the materials they are made
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from. For example, catgut, which is derived from sheep or goat intestines and contains over
99% pure collagen, was the first available naturally absorbable suture and is broken down
through a combined action of proteolytic enzyme degradation and phagocytosis within
7-10 days [9]. Historically, catgut suture has been commercially available in two forms:
plain catgut introduced in 1860 and treated catgut tanned by chromium trioxide (chromic
catgut) introduced in 1880, which has stronger mechanical properties, slower degradation
rate, and lower tissue reactivity compared to plain catgut [9,10]. Polyglycolic acid, on
the other hand, introduced in early 1970, was the first synthetic absorbable suture with
higher tensile strength. It is absorbed within 60-90 days by hydrolysis in the human
body [11]. The most frequently used natural non-absorbable sutures include silk, cotton,
and linen. Silk has uniquely excellent handling and knot-tying properties but possesses
high tissue reactivity and can be used for cardiovascular, ophthalmic, and neurological
procedures [12,13]. Though considered non-absorbable, silk degrades slowly by proteolytic
degradation and is absorbed slowly over 1-2 years [14]. Nylon is a synthetic polyamide
non-absorbable suture with a major drawback of having a great deal of memory, which is
referred to as the inherent ability of the suture material to return to or maintain its original
shape [5,15]. Other synthetic non-absorbable sutures are polypropylene sutures known
to maintain excellent tensile strength with a low coefficient of friction, giving less tissue
trauma in suturing and low tissue reactivity (Calhoun and Kitten, 1986). Polypropylene
sutures have been used in plastic, cardiovascular, orthopaedic, and ocular surgery [16,17].

Structurally, however, there are three different sutures, namely, (i) monofilament su-
tures, (ii) multifilament (braided) sutures, and (iii) barbed sutures. A monofilament suture
consists of only a single strand of fibre, whereas multifilament sutures are composed of
several strands braided together. Braided sutures exhibit more flexibility and better tensile
strength than non-braided ones. However, with the former, there is less tissue reaction and
scar formation after wound healing due to the high capillary network in the braided su-
tures, which has also been associated with favouring bacterial proliferation [18,19]. Barbed
sutures, on the other hand, are knotless sutures containing specially engineered barbs that
invade the tissues and keep them in place. Barbed sutures are available in both absorbable
and non-absorbable categories. They are monofilament in nature, and the barbs serve
to grip the sutured tissue in a continuous manner and retain tensile strength [20]. The
main benefits of barbed sutures include the elimination of surgical knots, knot-related
complications, and increased efficiency of wound closure [5,21]. The size and spacing of
the barbs, which are integrally formed into the core, are designed to provide maximum
holding in soft tissue such as fascia and provide tactile feedback to regulate tension. They
are also popular for abdominal wall repair following free flap harvest [19,22].

Surgical care may be required in a broad range of medical conditions in patients [23] of
all ages. Furthermore, surgery can be curative, as in many cancer cases [24], or preventative,
as in prophylactic mastectomy [25]. It is often a component of acute emergency care, such
as wound care/suturing after accidents, bowel perforations, and trauma, as well as the
treatment of chronic diseases, such as osteoarthritis and inflammatory bowel disorders.
Thus, surgical care is a fundamental component of healthcare and contributes to overall
social and economic development [24,26,27]. Therefore, in one way or another, these
surgical procedures require the use of medical devices, including surgical sutures. Of
interest to this review is a recent survey, which highlights an increase in the total volume
of global surgical procedures by 5.1% from 2021 to 2025 [28]. This is driven by ageing
populations and increased incidence of diseases caused by poor lifestyle choices. Hence,
the global surgical consumables market is estimated to reach USD 19.51 billion by 2025,
with surgical sutures accounting for approximately 19% of the total market by value,
equivalent to about USD 4.60 billion [28]. In addition, demands for suture materials are
on the rise due to an increased number of surgical procedures performed worldwide,
regardless of the availability of suture substitutes, such as surgical staples, glues, and strips,
in the market. These products often fall short of the stability and flexibility rendered by
sutures in wound management, especially the advanced types of sutures with enhanced
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functionalities, such as drug-eluting sutures [29]. Because of their versatility in wound
closure and /or immobilising prosthesis, suture threads are the most widely used implants
in surgery. Currently, there are hundreds of different sutures made of synthetic or natural
polymers commercialised, that vary in chemical composition, mechanical properties, suture
structure (monofilament, braided, or barbed), knot security, diameter, and absorption
rate [2]. Aptly, databases (Embase®, PubMed®, and Scopus®) present about a three-fold
increase in research output related to surgical sutures in the last two decades, related to
the search for new materials, development of drug-eluting surgical sutures with enhanced
functionalities, such as barbed sutures and stretchable sutures, able to return to their
original shape after application. Smart sutures are coated with growth factors [30-33] or
stem cells [34-36].

Drug-eluting sutures provide an opportunity to facilitate wound /surgery healing and
avoid repeated surgery, improving patient compliance and overall therapeutic success.
These newly designed sutures represent a timely response to critical market needs due to
the increased potential for bacterial biofilm growth that causes surgical site infections (SSI)
and undesirable inflammatory responses when traditional surgical sutures are used [37].
Hot-melt extrusion of material may provide a platform for the efficient production of
drug delivery systems, such as drug-eluting stents. However, a literature search using a
combination of the keywords ‘drug-eluting suture’ and ‘hot-melt extrusion’ from the above
databases showed very scanty outputs. This highlights a budding opportunity for research
and development in drug-eluting sutures prepared by hot-melt extrusion technology.

Thus, in this review, we aim to provide an appraisal of the recent developments in
drug-eluting surgical sutures and trends in preparation techniques with a focus on hot-
melt extrusion (HME). Furthermore, we discuss the material requirement for fabricating
drug-eluting sutures by HME, critical quality attributes, and their assessment protocols.
We then conclude with a look at the future perspectives on drug-eluting surgical sutures
by HME prototyping through optimised product design, preparation, characterisation,
and scalability. Single or combination of the following keywords: ‘surgical suture’, ‘drug-
eluting suture’, ‘hot-melt extrusion’, “‘polymer suture’, “‘production method’, ‘surgical site
infection’, “‘wound healing” were used to search the literature from Embase®, PubMed®,
Scopus®, and Web of Science® databases.

2. Drug-Eluting Surgical Sutures

The materials and methods should be described with sufficient details to allow others
to reproduce surgical sutures xenogenic to the body, and as such, cause tissue responses [5].
Indeed, implantation of sutures inside the human body may trigger inflammatory responses
and/or postoperative surgical site infection (SSI), requiring additional interventions. These
additional responses are usually therapeutic to (i) reduce the inflammatory response and
the subsequent pain and/or (ii) to prevent infections associated with implanted medical
devices, such as postoperative surgical site infection, which is difficult to cure once it
happens [2]. This may often prolong hospital stays and require multiple surgeries and high-
dose drug administration due to low bioavailability and non-specificity to target [2,38].
Such non-site-specific drug administration may further exacerbate side effects. Hence,
localised drug delivery at the injury site and/or the surgery site, along with the sutures, is
a rational approach [38].

Drug-eluting sutures represent the next generation of surgical sutures since, in addi-
tion to fulfilling their mechanical functions during wound healing, they also deliver the
drug to the wound. Incorporating active pharmaceutical ingredients (APIs) into the suture
transforms it into a localised drug delivery system that minimises systemic side effects
associated with postoperative surgical procedures. Ultimately, patient compliance and
treatment success are assured with drug-eluting sutures. The final product is considered a
‘combination product’ by the US Food and Drug Administration (FDA) [39]. The applica-
tion of biodegradable sutures to deliver drugs not only eliminates the need for implanting
foreign material at the wound site but also effectively reduces the possibility of SSI, in-
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flammatory responses, and pains at surgery sites [3]. In addition, it is possible to deliver
therapeutic proteins to aid in repairing damaged tissues [40]. The incorporation of sutures
with therapeutic agents may generate a medical device that can control and optimise drug
release at the wound site [38]. Sustained release of drugs at a specific surgery site can allow
therapeutically relevant concentration locally for a prolonged duration without exceeding
the toxic limit in the systemic circulation. The challenge in fabricating a drug-eluting suture
is to obtain the required concentration and potency of the API without compromising on
the mechanical properties of the suture and this can be achieved by incorporating polymer
degradation and controlled drug release capabilities in the suture [39].

2.1. Unique Advantages of Drug-Eluting Sutures

As the name implies, drug-eluting sutures exhibit some unique benefits over conven-
tional drug-free sutures, some of which are enumerated below [4,40-43];

i. Localised discharge of antimicrobial agents, anti-inflammatory drugs, analgesics,
local anaesthetics, extracellular matrix proteins, and cytokines to the wound site.

ii. Eliminate the toxicity and/or side effects associated with peroral and/or parenteral
drug administration.

iii. Reduce or eliminate the development of surgical site infections.

iv. A combination of multiple drugs, e.g., antimicrobial agents and anti-inflammatory

drugs in the same suture, can exhibit synergistic effects and/or additive effects on
the affected site.

v. Better therapeutic concentration with prolonged duration can be achieved with
amplified loading of drug and sustained drug delivery.

vi. Better and faster wound healing and tissue regeneration.

vii.  Enhanced mechanical properties, especially when the loaded drug(s) act as a filler

to reinforce the tensile strength of the suture threads.
viii.  Applicable for use in invasive surgeries, regenerative medicine, and tissue engineering.

The first US Food and Drug Administration (FDA) approved drug-eluting suture
was Vicryl Plus, granted in 2002, and commercialised by Ethicon Inc. [4]. Vicryl Plus
comprised of polyglactin coated with antibacterial triclosan. Following this approval,
triclosan-coated sutures are now widely used and serve to overcome bacterial adherence to
the wound [44,45]. Sutures containing bioactive substances can also be used for different
site-specific procedures. These advances have propelled drug-eluting sutures to be good
candidates not only in invasive surgeries and regenerative medicine but also in tissue
engineering [40]. Kashiwabuchi and co-workers developed absorbable antibiotic-eluting
sutures of levofloxacin for ophthalmic surgery by wet electrospinning, which provides
suitable suture size requirements and sustained drug release [42]. Indeed, the antimicrobial
octenidine was tested as a drug-eluting surgical suture by coating it onto a polyglycolic
acid suture as a fatty acid of either octenidine-laurate or octenidine-palmitate with a high
antimicrobial effect and biocompatibility [46]. In addition, a curious finding from Weldon’s
research team demonstrates the feasibility of fabricating a bupivacaine (local anaesthetic)
eluting suture which combines the function and ubiquity of the suture for wound repair
with the controlled release properties of a biodegradable polymeric matrix poly(lactic-co-
glycolic acid) (PLGA) by electrospinning [47]. To further highlight the additional unique
nature of drug-eluting suture systems, the work of Haley and colleagues demonstrates
the dual loading of both anti-inflammatory and antimicrobial drugs onto a polymerised
cyclodextrin-coated surgical suture capable of locally delivering the drugs throughout the
phases of acute and chronic wound healing. They succeeded in loading rifampicin and
resveratrol by surface coating [37]. Therefore, research and application of drug-eluting
sutures in modern-day science and clinical practice are just setting the phase in light of
emerging trends in the production and utilisation of these medical devices.
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2.2. Production Methods of Drug-Eluting Sutures

Drug-eluting sutures are produced by different manufacturing processes. Currently,
two general approaches are utilised in their fabrication: (i) addition of the API to the
material during the manufacturing of the suture and (ii) loading the API to an already
manufactured suture [2]. For the latter, the drug-loading can be achieved in two ways: drug
loading onto an already manufactured suture by coating, soaking, or grafting, and drug
loading into an already manufactured suture (dispersion) through soaking or supercritical
CO,-assisted impregnation. While API incorporation during suture manufacturing can
be achieved through spinning (uniaxial spinning), electrospinning (coaxial), or hot melt
extrusion processes [4,48]. Electrospinning is used to achieve porous nanofiber sutures [49].
The drug/polymer blend is injected into the syringe and electrospun into nanofibers. This
technique can fabricate suture materials into porous nanofibers with diameters in the
range of 5 to 500 nm [2]. Each of the mentioned production methods has merits and
some drawbacks. For instance, electrospun nanofibers generally have poor mechanical
performance since they are in nonwoven form. Even though not a rule of thumb, in most
cases, the thinner the fibre diameter of electrospun sutures, the higher the mechanical
strength [50,51]. Indeed, a literature search from the Scopus database with ‘drug loaded
surgical sutures by hot melt extrusion” and by other surgical sutures fabrication techniques,
as listed in Figure 1 as of November 4th 2023, returned very few research articles on suture
preparation by hot melt extrusion, a total of 38 (1.5% relative to other preparation methods)
over the last ten years (2013 to 2023). The most frequently reported technique is grafting
(42.0%), followed by the coating technique (32.7%), then electrospinning (15.0%). This
shows a significant paucity of research output on drug-eluting sutures by hot melt extrusion
despite its promising potential. Therefore, in this review, we focused on hot melt extrusion
due to its emerging potential as a method of choice for ease of processability and scalability.
It is also the opinion of the authors that, through hot-melt extrusion, drug-eluting sutures
with enhanced and/or modified drug release properties can be fabricated, especially for
poorly soluble class Il and IV Biopharmaceutic Classification System (BCS) drugs due to
the possibility of generating amorphous solid dispersion of such drugs with enhanced
solubility and drug release profiles.

' = Drug-eluting surgical sutures by hot
melt extrusion (1.5%)

= Drug-eluting surgical sutures by
soaking (8.2%)

Drug-eluting surgical sutures by
grafting (42.0%)

Drug-eluting sutures

fabrication methods Drug-eluting surgical sutures by
supercritical carbon dioxide (0.6%)

= Drug-eluting surgical sutures by
Electrospinning (15.0%)

= Drug-eluting surgical sutures by
coating (32.7%)

Figure 1. Summary of drug-eluting suture fabrication methods by research articles from 2013 to 2023
from the Scopus database as of 4 November 2023.

2.3. Production of Drug-Eluting Sutures by Hot-Melt Extrusion

Hot-melt extrusion (HME) offers a one-step, easy-to-implement, solvent-free, and
continuous manufacturing modality for drug-eluting sutures [2,52,53]. Preliminarily, the
polymer is blended with the API(s) and other excipients and often sifted through a sieve of
appropriate nominal size. The mixture is then fed into the hot-melt extruder and melted
together with the API and other excipients and extruded through a die of a defined diameter
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instead of being solubilised in a solvent (Figure 2). The continuous use temperature (CUT)
during the extrusion is selected based on the physicochemical properties of the API and
that of the thermoresistant polymer. This eliminates the solvent effects on the API, the
polymer, and the potential toxic effect of the residual solvent on the patients. In this process,
the APl is homogeneously distributed within the suture, which is crucial for reproducibility.
Moreover, to control the drug release rate from the suture, the API can also be modified
prior to mixing with the polymer [4,38,54]. The suture threads obtained by HME have a
diameter ranging from 50 to 300 um, hence, monofilament in nature [2].

Drug polymer matrix

Feeder

"\, Drug-eluting suture -*
., thread -

7
7’
. 7
. l e <«——~Collector
\ 7’
DI
N
-

Die

Y

Temperature’control zones

Figure 2. Schematic illustration of a hot-melt extrusion manufacturing process.

There are few studies that have reported the manufacturing of drug-eluting sutures
by HME [55,56]. This is largely due to the elevated processing temperature required for
the extrusion. Thus, it cannot be applied to thermolabile drugs [1]. Polycaprolactone has
received much attention for use in this regard because it is biodegradable and is approved
by the FDA for human use [38,56,57].

HME has been widely used in pharmaceutical engineering as a solvent-free drug
delivery manufacturing technology not only in the production of drug-eluting sutures
but also to fabricate personalised orodispersible films that ease the oral administration of
drugs to patients with dysphagia or limited access to and/or intake of water [58-60]. In
addition, it is used in cutaneous patches loaded with drugs [61], extended-release tablets
matrix [62], chronotopic tablets for pulsatile and/or colonic delivery of drugs [63], and the
manufacture of fixed-dose combination oral drug delivery system containing two different
drugs exhibiting immediate and delayed-release in the management of the cardiovascular
disease [64,65]. Thanks to its ability to combine poorly water-soluble drugs in polymers
it is used for enhanced drug solubility, dissolution rates, and drug release [59,66,67]. For
instance, Nagy and co-workers developed a novel solvent-free melt electrospinning method
to prepare drug-loaded amorphous Eudragit® E sutures with an ultrafast release of poorly
water-soluble drug carvedilol. The method involves the preparation of Eudragit® E (80%)
and carvedilol (20%) blend by hot-melt extrusion at 130 °C, followed by melt electrospin-
ning of the final suture filament. The advantages of this approach include a solvent-free,
continuous process, and effective amorphisation of the drug to enhance its solubility and
release [55]. In another related scenario, Deng and co-workers proposed absorbable com-
posite drug-eluting sutures for wound healing containing an anti-inflammatory drug,
diclofenac potassium, by hot-melt extrusion. The suture materials were composed of a
medical-grade poly(e-caprolactone), poly(ethylene glycol), hydrolysed keratin powder, and
chitosan, which resulted in a suture with homogeneous physicochemical properties, robust
mechanical properties, cell-friendly biological properties, and tuneable drug release at the
wound site [38]. These and other practical examples of drug-eluting sutures with unique
features fabricated by HME are summarised in Table 1.
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Table 1. Examples of drug-eluting sutures produced by hot-melt extrusion.

. Suture Suture .
HME Apparatus and Condition =~ Model Drug(s) Polymer/Excipients Suture Structure Diameter (1tm) Special Features and Advantage References
e  Amorphous and miscible solid
dispersions were created.
e  Rapid and sustained drug release
Extrusion was performed at rates were achieved with the
63 + 1 °C for 5-20 min while POlyethylene glyCOI' PEG/PCL/chitosan/keratin
mixing and extruded using a Diclofenac potassium Po.l y(e—caprola.c tone- Monofilament 500-700 blends at various combinations. [38]
hot-melt extruder (CSI LE-075, chitosan-keratin »  Presence of hydrophilic and
PA, USA). blend phobic polymers improved the
solubility of the diclofenac
potassium with a tunable
release rate.
. e  Controlled release of the drugs
HAAKE twin screw extruder ) and complete release after 55 days.
using a screw speed of 20 rpm and  Nanohybrid Poly(e-caprolactone) e  Invivo results show a reduction of
applying a temperature profile ofhydrotalcite (PCL) Monofilament 300 inflammatory responses [57]
going from 60 °C, at the feed zone, andDiclofenac (HT-Dic) associated with drug-loaded
to 100 °C at the die zone suture
e  Aninitial rapid release followed
. . by a slow-release pattern
Counter-rotating twin-screw e  The thermal profile condition used
Compoynder (Brabender, D045 at 100 °C does not compromise the
mm, L/D07) with a Chlorhexidinediacetate . antibacterial activity of
thermal profile of (CHX) Poly(caprolactone) (PCL) Monofilament 300 + 10 Chlohexidine diathate [56]
40-50-70-100 °C and a speed of e  No toxic effect from the suture to
64 rpm. compromise the cell viability of
human fibroblasts in vitro.
Dynisco extruder hopper and )
sutures were extruded Cytosine— Polvlactic *  Sustained release of CpG ODN
from a melted mixture of PLGA phosphorothioate— ic}ll— olveolic acid Monofilament 600 over 35 d?YS [68]
pellets and guanineoligonucleotides ?ISL GCAO)g yeoticac onottiame ® Suppressmg of neuroblastoma
lyophilised CpG ODN at (CpG ODN) Tecurrence in mouse

about 70 °C
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Table 1. Cont.

HME Apparatus and Condition =~ Model Drug(s)

Suture
Polymer/Excipients

Suture Structure

Suture
Diameter (um)

Special Features and Advantage References

The polymer was melt-spun at
180 °C under nitrogen, allowed to
heat up for 10 min, and fibres
drawn at 192 °C

Nitric oxide (NO)

Drug polymer melt was extruded
in a Collin

Zk25 twin-screw extruder using a
temperature profile along

the extruder with six heater zones
set at 70, 80, 80, 75, 70, and 60 °C
from the feed to the die end and a
screw speed of 60 rpm.

Ibuprofen

HAAKE MiniLab micro
compounder

(Thermo-Haake, Karlsruhe,
Germany) at

155 °C and screw speed of 20 rpm

Carvedilol

Acrylonitrile-co-1-
vinylimida-zole
(AN/VIM) copoly-
mer.polycaprolactone
(PCL) used as a
secondary coating

Poly(e-caprolactone)
(PCL)

Eudragit® E

Monofilament

Monofilament

Monofilament

0.366

Not provided

20

° The addition of polycaprolactone
coating delayed the release of NO
from the sutures.

° The additional coatings in the [69]
suture prolonged NO delivery to a
wound and enhanced wound
healing.

° Ibuprofen molecules were well
dispersed and evenly distributed
within the PCL matrix.

° The release of ibuprofen from PCL
was retarded when both Cloisite [66]
20A and Somasif MEE surfactants
were dispersed in the
PCL-ibuprofen blend.

e  Up to 20% of carvedilol was
loaded

° Fast release of carvedilol, which
has poor water solubility.

e  Comparable drug loading and
drug release with suture fibres [55]
with similar compositions
produced by solvent-free melt
electrospinning and solvent-based
electrospinning.
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2.4. Advantages of Hot-Melt Extrusion in Drug-Eluting Suture Fabrication

Hot-melt extrusion has several advantages over other solvent-based drug-eluting
suture production methods, as enumerated below [38,49,57,66]:

e  HME can disperse a single or combination of different APIs in the polymer matrix at
the molecular level with the likelihood to enhance the dissolution of poorly soluble
drugs when they form amorphous solid dispersion of the drug—polymer blend.

e  APIs can be homogeneously distributed into the suture cross-section. Hence, achieving
prolonged drug release.

e Itis a one-step continuous process, hence, can be easily scaled up, making it easy to
translate from laboratory to commercial production.

There is no need to dissolve the suture-forming polymer prior to drug-loading.

The process does not require any solvent recovery, which can be costly.

HME process is devoid of risk of solvent explosion or additional drying procedure
that may be detrimental to the drug and/or drug—polymer mix.

e There is no residual solvent in the suture, therefore, less undesired and/or side effects

to the application/wound site.

A quantitative yield of 100% is achievable.

HME is a safer, environmentally friendly, and ‘greener’ technology for thermostable
drugs than organic-solvent-based techniques for drug-eluting suture preparation.
Hence, it is a cheaper technique.

e  HME can be coupled with melt electrospinning, and thus, continuous manufacturing
is feasible [49].

e  Melt-spun sutured filaments are usually void-free, with diameters and tensile strengths
within the USP limits [70].

These merits have the potential to increase the applicability of HME as a method of
choice for preparing drug-eluting sutures in the pharmaceutical industry. Furthermore,
considering the current trends in digital health technology and advancements in pharma-
ceutical engineering and drug delivery technologies, HME can be coupled with additive
manufacturing (AM), particularly three-dimensional (3D) printers, to generate personalised
drug-eluting sutures with customisable drug-loading and/or drug release patterns based
on individual patient conditions or surgical procedure required.

Despite these advantages and potential use as a continuous process, only a few studies
have reported the use of HME for the manufacturing of drug-eluting sutures [56]. This
could be explained by the need for high processing temperatures in some cases that may
not be favourable to some APlIs. Indeed, this process cannot be applied to thermolabile
APIs with polymers that exhibit high melting temperatures [2], as discussed below.

2.5. Limitations of HME for the Production of Drug-Eluting Sutures on Drug Half-Life

Among the most critical limitations of HME is the thermal degradations of the drug
and/or drug-polymer mix. HME possesses intrinsic limitations with respect to processing
temperature on thermolabile active pharmaceutical ingredients on the drug half-life due to
the application of high thermal and mechanical energy during extrusion [71]. However, a
study by Deng et al. indicates that mixing an appropriate amount of drug and polymer(s)
can result in a blend with suitable thermal stability [38]. For instance, with the addition of
a 4% weight of chitosan/keratin blend into poly(e-caprolactone) and poly(ethylene glycol)
blend, the thermal stability of the suture fibres loaded with diclofenac potassium was
maintained at a degradation temperature of 378 °C similar to pure poly(e-caprolactone) of
375 °C thanks to the solvent-free manufacturing process by HME. Similarly, sometimes,
the degradation products from the HME process need to be investigated and monitored to
ensure their limits do not exceed the recommended amount in pharmaceutical products. As
an example, Khalid and colleagues found an impurity in the diclofenac sodium as a degra-
dation product from orodispersible films manufactured by HME 3D printing due to thermal
exposure of the drug. The detected amount monitored under a 3-month accelerated stability
study was found to be below the acceptable limits set by the European Pharmacopoeia (Ph.
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Eur.) [55]. Thus, in a broader perspective, the detection of drug degradation products does
not mean a complete stoppage of utilising the HME process, but additional quantification
and follow-up analyses are needed to justify the adoption of HME or otherwise. Therefore,
as a rule of thumb, an initial assessment must be conducted on individual products and
the drug-polymer mix during the pre-formulation phase. Traditionally, chromatographic
techniques, such as high-pressure liquid chromatography (HPLC), are used to evaluate the
chemical stability of pharmaceutical actives ingredients (API) subjected to elevated temper-
ature and shear forces during HME. HPLC equipped with sensitive detectors, such as mass
spectrometry (MS), enables the identification of degradation products [72]. Other detectors
linked with HPLC may also be used to assess degradation profiles from HME products,
including HPLC with Photo Diode Array detectors (HPLC-PDA) and Gas-Chromatography
with Mass Spectrometry detectors (GC-MS) [71,73].

In addition to chromatographic techniques used for the identification and quantifi-
cation of API and degradation products from HME, evaluation of the physical state is
also crucial in relation to the stability of the extrudate since the heat generated during
HME often disrupts the crystal lattice of the API and the transformation to amorphous or
partially amorphous configuration. This subsequently affects the stability and shelf life [71].
Various techniques are available for assessing the physical conformation of drug—polymer
systems subjected to HME, including X-ray powder diffraction (XRPD), differential scan-
ning calorimetry (DSC), temperature modulated DSC (TMDSC), hot stage microscopy or
hot stage polarised light microscopy, and atomic force microscopy [71,74].

Other constraints of HME are related to the limited number of heat-stable polymers,
the requirement of raw materials with high flow properties, limited physical stability, and
often the precipitation of drugs during dissolution [73]. The later limitations aside thermal
degradation potentials can be circumvented by utilizing drug—polymer combinations that
manifest stable interactions, such as hydrogen bonds, dipole-dipole, and van der Waals
interactions [73].

Moreover, with HME, an increase in the drug content has been shown to decrease the
mechanical properties of the suture [10]. These are some of the drawbacks of this approach.
Building upon this premise and to the best of our knowledge, commercially available
drug-eluting sutures manufactured by HME or patented products in this category are very
scarce. Most of the commercially available drug-loaded sutures are based on coating tech-
niques [70]. Therefore, the limited number of drug-eluting sutures commercially available
indicates considerable scope for research and product development, especially using HME
as a cost-effective and easy-to-use continuous manufacturing technique. Table 1 exemplifies
some biodegradable polymers used for suture production with potential application in
suture fabrication by HME.

2.6. Material Requirements for HME

Suture threads are designed to meet many different patients’ needs. For instance,
sutures for abdominal surgery are designed differently from sutures used in cataract surgery.
Since no one type of suture is ideal for every surgical operation or suturing procedure,
sutures are designed to have varying qualities depending on the area of utilisation [9,75].
Moreover, the choice of suture material in wound management, to a larger extent, depends
on several factors that are broadly divided into: (i) patient-related and (ii) suture-related.
For the former, age and medical condition of the patient, such as the number of tissue
layers involved in wound closure, presence of oedema, and tension across the wound,
need to be considered when developing the suture. While for the suture-related, depth of
suture placement, expected time of suture removal or absorption after serving its function,
possession of adequate tensile strength, and ability to elicit minimal or no inflammatory
reactions are considered [39]. The rate at which the suture degrades is important, not only
along the length of the suture but also at the knot [9]. Sutures must also possess significant
pliability and flexibility for better handling during suturing and should be easy to sterilise.
In addition, it must possess good knot placement, high knot security, free from irritation,
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infectious substances, and carcinogens, bearing in mind the final cost of their manufacture,
which proportionately translates to the healthcare cost to be incurred by the patients [39,76].
It is worth noting that different tissues have differing requirements for suture support
during healing. Some need only a few days, e.g., muscle, subcutaneous tissue, and skin,
while others require weeks or even months, e.g., tendon and fascia tissues [9]. Thus,
different types of wounds require different types of suturing materials.

In the remits of drug-eluting sutures produced via HME, the intrinsic properties of the
thermoplastic material, the thermal stability of loaded API and that of other formulation
additives, and the properties of the API-polymer blend during and after thermal exposure
must be carefully studied. Thus, processing temperature, rheological properties, mechanical
properties (such as tensile strength), and whether biocompatible and/or biodegradable
are some of the critical quality attributes to consider when selecting a drug and/or a
thermoplastic material for drug-eluting suture fabrication using HME. A selection tree
highlights these factors in Figure 3. Although ambient temperature and relative humidity
have been shown to significantly influence material behaviours during and after the HME
process [60], the intrinsic property of the material is more critical since the environmental
condition can be controlled [52].

Processing Temperature —

-+Heat deflection
temperature
-+Continous use

/ ’ temperature

—+Storage & in-use
temperature

Rheological properties

-Viscosity
—Surface tension Drug-eluting suture
-»Stress relaxation
-Non-toxic
Material control for > -*Smooth/aesthetic
drug-eluting e . . -»Uniform diameter
sutures by HME Mechanical properties —Flexible
-Good drug release
-Tensile strength
-Stiffness
-Memory
-Knot security

Biosafety

-»Biodegradable
-sBiocompatible

-»Absorbable
~—s -Site of application
in the body )

Figure 3. Schematic illustration of material control for drug-eluting suture production via HME.

Processing temperature: The heat deflection temperature at which materials deform
plastically under load bends, whilst the continuous use temperature indicates the temper-
ature at which materials can work continuously for an unlimited time [52]. The former
is related to a lag time of heating necessary to initiate liquefication of the drug—polymer
blend before extrusion, whilst the latter is related to the temperature maintained during
the extrusion process. These temperatures are crucial to the choice of the HME material
because, often, the mechanical resistance of the extrudates is a function of the operational
temperature. Thus, it is important to select a material that is stable after exposure to
these thermal conditions. During the extrusion process, the HME products often undergo
shrinkage upon cooling, which is affected by the thermal properties of the material, such as
its thermal conductivity. Uneven shrinkage often happens because of thermal gradients
between the successive extrudates, which may lead to cracking of the extrudates [52,77,78].
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Rheological properties: The fusion of the interface allows intralayer or interlayer
adhesion between two extrudates to occur via a time-dependent mechanism involving
polymer chain diffusion and viscous flow of materials. Rheological properties of the
polymer and/or drug/polymer matrix, such as g viscosity and surface tension, influence
the fusion of materials during HME [79,80]. Moreover, it has also been reported that
even the distribution of a suitable filler in the polymer matrix can alter the rheological
behaviours of the extruded filament and improve a stable filament diameter, thus facilitating
the processability and stability of the final extrudates [52,81,82].

Tensile strength: In HME, the suture filament should retain sufficient tensile strength to
prevent breakage during use, such as knotting. On the other hand, it also should be flexible
enough to enable coiling and uncoiling during production and utilisation, respectively [77].
Thus, an ideal suture filament should have a minimum tensile strength of ~400 Mpa [57,83].

Biocompatibility and biodegradability: For drug-eluting sutures fabricated through
HME, the polymeric material should be biocompatible and/or biodegradable since most
of them are designed as absorbable sutures. Depending on the area of use in the body,
both attributes are required in most cases. Biocompatible thermostable polymers have
the capacity to release drug(s) from drug delivery systems, such as drug-eluting sutures,
without imparting significant changes in physiological functions or body fluids. On the
other hand, biodegradable polymers degrade naturally in bioactive environments without
releasing harmful by-products [84]. Moreover, often biodegradation of polymers results in
the breakdown of long chains of polymers into monomers due to the enzymatic actions in
the body [77,85]. Bio-based thermoplastic polymers are derived from renewable biomass
sources such as starch, vegetable fats and oils, straw, and woodchips. It is, therefore,
essential to explore different thermoplastic biobased materials for suture filaments to
advance the range of naturally derived suture materials [52].

Other material requirements for HME include spinnability, smoothness, and aesthetics
of the extrudates. The spinnability has to do with the reproducibility of the extrudate to
be coiled after production and uncoiled during use and its consistent quality, while the
smoothness and aesthetic appearance of the suture extrudates can significantly influence the
suturing process and effective wound healing without scars [83,86]. Thus, these variables
could directly or indirectly affect the suture production, its quality, and utilisation, the drug
release, and/or the wound healing process.

Indeed, to increase traction and for a successful formulation of drug-eluting sutures
by HME, thermoplastic polymers must be of pharmaceutical grade, the API should be
miscible with the polymer and stable at extrusion temperature, and the extruded suture
filaments should be pliable, flexible, with sufficient tensile strength and easy to manipulate
during suturing. The thermoplastic polymer and API should ideally not require a very
high temperature, and it is expected that the polymer melt temperature and the extrusion
temperature should not be very close to or exceed the melting temperature of the loaded
API to avoid degradation of the loaded drug(s) [58]. In other words, the selected API
should not degrade at the melting temperature of the polymer [2]. Therefore, current efforts
are centred on developing suture materials that possess these desired features along with
additional capabilities, such as the potential to deliver drugs and cells to facilitate and /or
augment wound healing [39].

3. Critical Quality Attributes of Drug-Eluting Sutures and Their Assessment

Certain suture characteristics are important for enhancing suture handling and wound
healing [42,76]. This section discusses some of the critical quality attributes of drug-eluting
sutures, including those prepared by HME, and their assessment procedures considered to
be imperative during both suture prototyping and in-process control during scalability.

Suture size or cross-sectional diameter: Suture cross-sectional diameter is determined
on individual suture strands, and there must be consistency in the value measured. Hence,
the average value measured must be within the tolerances prescribed in the relevant
pharmacopoeias. According to the USP, at least ten individual strands must be measured,
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and the measurement of each suture strand should be done at three points corresponding to
one-fourth, one-half, and three-fourths of its length, depending on the suture type [77]. The
measurement can be done using a suitable micrometre gauge, digital micrometre, or light
microscopy as described by Parikh and colleagues, manipulated with the aid of Image]
software (US National Institutes of Health, Bethesda, Maryland, https://imagej.nih.gov/
ij/), [87]. The selection of suture size and cross-sectional diameter for wound closure is such
that sutures should have the minimum cross-sectional diameter necessary for coaptation of
the wound edges [87].

Surface morphology: A scanning electron microscope (SEM) with suitable magnifica-
tion is used to study the surface morphology and cross-sectional characteristics of sutures
before and after friction between suture and tissue or between suture and suture [8]. The
surface morphology assessment can reveal information about the smoothness of the suture
surfaces, internal diameter (size), suture shape, structure, and often how dispersed the API
is within the suture polymer matrix. These pieces of information are essential in defining
the physicochemical properties of the suture [88].

Mechanical properties (Tensile strength TS): TS is the measure of maximum force
that the suture withstands before it breaks [89]. It is the ratio between the maximum
load the suture strand can withstand and the original cross-sectional area of the suture
specimen. Therefore, TS is measured in units of force per unit area [90]. Indeed, one of the
problems associated with drug-eluting sutures is low TS [4,10]. Even though absorbable
sutures are expected to lose 50% of their TS within 60 days of their application [39], suture
material should have and maintain adequate TS for its specified purpose. Sufficient TS of
suture material is critically important for proper coaptation of flaps until wound healing
is completed [91]. In most cases, suture materials lose between 70 and 80% of their initial
TS [92], and that can lead to suture failure and disruption of the healing process. Thus,
it is necessary to assess and guarantee stable suture TS to avoid breakage of the suture
material [93]. Therefore, a deficit in the suture TS can lead to untimely rupture of the suture
that can negatively affect the wound healing process.

TS test is usually conducted using a texture/mechanical testing machine using a set-up
shown in Figure 4a. The movable clamp of the machine is attached from the top (upper
clamp) with a defined force to be applied during the test, and the suture thread is attached
to this clamp from the top; the lower head of the thread is held in the static clamp of the
machine (lower clamp) [90,91,94,95]. The interpretation of such test results is generated
from plots of load versus extension or stress versus strain curves (Figure 4b). From the plot,
the following parameters can also be derived:

e  Failure load is the load in Newton (N) at which the integrity of the suture thread
is lost.

e Elongation at break (E%): Because of stress applied to suture material during the TS
test, the dimension of the suture is stretched, resulting in strain generation. Percent
elongation at break is determined by dividing the extension at the moment of suture
break (L) by the initial gauge length of the specimen (Ly) and multiplying by 100
according to Equation (1):

—Lo
Lo
e  Young’s modulus is calculated as the slope of the linear portion of the stress—strain

curve. It is the measure of suture stiffness. Hard and brittle sutures are likely to have
high Young’s modulus values and high TS.

E% = L

x 100 1)
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Figure 4. (a) Schematic illustration of suture mechanical properties measurement device. (b) Stress
versus strain curves for drug-free filament (black dotted curve) and drug-loaded filaments (coloured
solid curves). The stress generated from the plot represents the tensile strength, while the strain
measures the percentage elongation at break, adopted from [58] with permission.

Memory: The term memory in this context is closely related to elasticity and plasticity.
It refers to a suture’s ability to assume a stable linear configuration after removal and
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stretching from packaging [96]. When a suture is free from irregular contortions and/or
curling at the point of use that may interfere with surgical handling, such suture is said to
have memory. However, sutures with significant memory are not flexible, which makes
them difficult to manipulate during surgical handling, and significant memory may often
necessitate additional knots [76,90,97]. This must, therefore, be remembered during wound
closure and knot tying [18,90]. For drug-eluting sutures prepared by HME and in particular
by generating a monofilament suture, there is a tendency to produce sutures with high
stiffness because of two factors: First, due to thermal treatment of the drug—polymer blend,
and second, due to the addition of API(s) which could alter the pliability of the suture
thread making it difficult to handle. To address these challenges, the addition of a plasticiser
could be explored to lower the stiffness while maintaining a good memory.

Coefficient of friction: This parameter describes how easily a suture thread passes
through tissue during suturing [76,98]. Frictional properties of surgical sutures are impor-
tant factors for consideration during suture production and utilisation because improper
frictional properties of a suture can potentially cause damage to the tissue [99]. Indeed,
elevated friction force in the suturing process may cause inflammation and pain to the
patient, leading to a longer healing time and the secondary trauma of soft and/or fragile
tissues [100]. The coefficient of friction is usually evaluated using a penetration friction
apparatus and a linear elastic model using a texture analyser, as described by Zhang and
co-workers. To measure the coefficient of friction, artificial skin is fixed in the gripper
mount on the texture analyser connected to a force-measuring sensor. The tip of a surgical
suture is left free, and the other suture end penetrates the skin using needle and is fixed
onto the force-measuring sensor [99]. Chen and colleagues studied the suture-to-tissue
friction force and suture-to-suture friction force using XF-1A surgical suture friction tester
by measuring the static and dynamic resistance [8,101].

Knot security: This is the quality of a suture that allows it to be tied to the wound site
securely with a few throws per knot [15,89]. Sutures with optimum knot strength abate the
risk of wound dehiscence [8,76,102]. A knot stays connected to the wound site after suture
because of the friction produced by one part of the knot acting on another, which relates to
the coefficient of friction of the suture material. When a suture possesses a high coefficient
of friction, it will exhibit good knot security but tends to scratch and drag through tissue
during suturing [103,104].

Anideal knot should hold securely without fraying or cutting. For safety, a knot should
have at least three throws with 3 mm long ends (Figure 5) [76]. Smooth surfaces decrease
knot security, and, in such cases, there must be extra throws to compensate and assure
knot security [76]. In other words, knot security depends on several factors, including
the number of throws, suture technique, and the suture material [105,106]. Knot security
can be assessed using a mechanical knotting machine, for instance, different surgical knot
techniques can be performed using knot testing apparatus with a haemostat secured to one
side and the other haemostat secured to a force gauge. The suture is then clipped between
the two haemostats. From this setup, a standard knot-tying force is measured, from which
the knot security satisfaction can be measured using a reference standard as described by
Silver and his team [105].

Drug release: In vitro drug release from drug-eluting sutures is assessed by in vitro
dissolution testing using test tubes in a heating water bath maintained at near-normal body
temperature as possible, 37 £ 2 °C under stirring [38]. This test measures the rate and
extent to which the drug is released from the suture. The dissolution media is defined by the
nature of the drug(s) loaded, but in most cases, phosphate buffer pH 7.4 [38] or deionised
water at room temperature [107] are used. At different time intervals often may take several
days, samples are taken and analysed by UV-VIS spectroscopy or using validated high-
performance liquid chromatography (HPLC) after building a suitable calibration curve
of the loaded drug sample. However, there seems to be no rule of thumb to follow in
conducting drug release tests for drug-eluting sutures, and internal conditions that are
reproducible and reliable are used. For instance, Chen and colleagues tested the release
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properties of levofloxacin hydrochloride from antibacterial sutures using centrifuge tubes at
37 °C in aqueous media at different pH 6.3, 6.8, and 7.7 to mimic the skin pH values under
normal and diseased conditions [108]. Thus, the test to use depends on the physicochemical
properties of the loaded API and/or the physicochemical properties of the drug—polymer
blend because, often, the type of polymer used also plays a pivotal role in the release
properties of the loaded APIs.

b

Figure 5. Hypothetical surgical knot configurations (a) simple knot, (b) square knot, (c) three throws
knot (flat square), and (d) surgeon’s knot, adopted from [8] with permission.

Biodegradation profile: When a polymeric object-like suture is implanted in the body,
a foreign body immune response is triggered [109,110]. The immune cells flock to the
site of implantation to detect, quarantine, and potentially try to remove the implanted
object [111]. These cells include macrophages, neutrophils, and fibroblasts, that secrete
different types of enzymes, such as protease, lactate dehydrogenase, and acid phosphatase,
which facilitate the suture degradation for absorbable sutures [109,112,113]. Thus, the
biodegradation profile of drug-eluting sutures is evaluated in the presence and/or absence
of proteolytic or hydrolytic enzymes that are commonly found in the human biological
system [114]. Moreover, in the physiological environment, some biodegradable polymers
are expected to degrade by hydrolysis of the ester bonds. In any of the above, the evaluation
of the in vitro biodegradation of the sutures is made by measuring the weight loss of the
experimental suture samples over time. A defined weight of the suture specimen is used
and individually immersed in a known quantity of suitable medium and stored under
controlled conditions. After each pre-determined degradation time interval, samples are
taken, rinse with deionised or distilled water, and dry under ambient conditions. The
percentage weight loss (WL%) of each specimen is then calculated using Equation (2) from
n number of specimens [114,115].

Wi — Wt
— X

L% =
WL% Wi

100 ()
where Wi is the initial dry weight, and Wf represents the dry weight after degradation and
drying period. However, more complex modelling and simulation techniques can be used
to predict and estimate polymer degradation and drug release dynamics from drug-eluting
sutures as described by the work of Casalini and his team [116].

Antimicrobial effectiveness: In this assessment, two tests are usually conducted: (i) the
qualitative assay to test the sensitivity of the antibacterial agent from the suture by assessing
the zone of inhibition [117] and (ii) the sustained efficacy assay also known as serial
plate transfer test. The latter test is performed to determine the duration of antibacterial
activity of the drug-eluting sutures [44,114]. For compliance with the regulatory provisions
when conducting these tests, reference is made to specific monographs in the relevant
pharmacopoeias on the test to be conducted based on the type of API(s) loaded in the
suture and the kind of microorganisms targeted.

Ex-vivo permeation studies: The Franz diffusion cells experiment is the most widely
used technique to determine the drug permeation through the skin. It is considered the gold
standard for assessing the delivery of drugs from a transdermal system [118]. However, for
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drug-eluting sutures, the ex-vivo permeation test aims to assess the rate and extent to which
the loaded drugs penetrate beyond their target site of action, especially when the drug is
expected to exert its effect locally. Since most drug-eluting sutures are designed to provide a
maximum effective concentration of the drug within the vicinity of the wound and minimise
systemic drug exposure, permeation study enables formulation scientists to understand
the potential systemic disposition of loaded APIs in drug-eluting sutures and to develop
strategies for minimizing it. It is worth to remember, that the ultimate goal of designing
drug-eluting sutures is to control systemic exposure of the loaded drug thereby achieving
its optimal concentration at the wound site to elicit the desired therapeutic effect(s).

Preferably, a permeation test is carried out using a specimen of human skin. However,
ethical and economic dilemmas pose major constraints to the availability and use of human
skin for permeation studies. Thus, isolated animal skin samples, such as those from rodents
(guinea pig, rat, and mouse), rabbit, porcine, and primates, have found use as alternatives
to human skin. These alternatives can be obtained easily and excised freshly at the point of
use with nearly intact viability and minimal variability [119-121]. Porcine skin is the most
preferred due to its structural resemblance to human skin, thus, it is routinely preferred for
transdermal drug delivery systems evaluations, such as drug-eluting sutures [122-126].

The European Medicine Agency (EMA) recommends the use of six or more replicas
from at least two or more skin donors in such permeation studies in order to minimise
variability. When biological skin is used, the species’ body part should be stated. Storage
condition and thickness of skin used should also be justified. The skin integrity should
be confirmed and justified [118]. Permeation membrane (surface area) from the Franz
diffusion cell in the range of 0.5 to 2 cm? is acceptable (Figure 6). The receptor medium
should be an aqueous buffer for water-soluble drugs, whilst hydroalcoholic media or
aqueous buffers modified with solubility enhancers, such as surfactants, are preferred for
poorly water-soluble drugs. The media composition in the receptor compartment should
not affect the skin or membrane integrity. Therefore, surfactants in the receptor medium
are limited due to potential interference with skin [118,127].

.I'I — Donor compartment
O—Membrane (skin or its substitute)

O)———— Sampling outlet

~

Warm water
circulating channel

Q A Waterjacket

———————Receptor compartment

Lj— L Magnetic stirring bar

Figure 6. Schematic illustration of a vertical static Franz diffusion cell for ex-vivo penetration studies.

Samples are withdrawn from the receptor compartment at pre-set time intervals. The
number of sampling points should be five or more so that an absorption profile of the
drug substance can be obtained. For drug substances that permeate slowly, prolonged
exposure times may be necessary. The medium in the receptor compartment should
be agitated continuously to facilitate proper mixing. Samples can be analysed using a
validated analytical technique, such as liquid chromatography-mass spectrometry (LC-
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MS) or HPLC [61,118]. To quantify the drug permeability, Fick’s law of diffusion, which
describes the permeation process, is used. The flux and apparent permeability are calculated
by using Equation (3):

Flux

<4 ®)
where, Cd represents the initial drug concentration in the donor compartment [128]. Flux
(J) is calculated by dividing the slope obtained by plotting the cumulative amount of
drug permeated (M) through the skin against time (t) with the cross-sectional area of
the membrane (A) exposed to the drug [123,129,130]. Despite the relevance of ex-vivo
permeation assessment for drug-eluting sutures as discussed above to ascertain their
effectiveness, there is a paucity of literature on experimental studies that evaluate the
ex-vivo or in-vivo permeation properties of drug-eluting sutures. Therefore, it is the
opinion of the authors that such studies should be integrated into the quality assessment of
drug-eluting sutures.

Biocompatibility test: The inflammatory response promoted by the presence of foreign
substances in the body within the wound triggers tissue reactivity. In most cases, the more
suture material implanted, the greater the risk of tissue reaction. This response peaks within
2 to 7 days and is a function of the type and configuration of the suture as well [89]. The
human keratinocyte cell line is commonly used to evaluate the cytotoxicity of drug-eluting
sutures [10].

Permeability (Papp) =

4. Future Perspectives

The function and efficacy of drug-eluting sutures depend largely on their physical and
mechanical qualities. These sutures should have better handling properties, with all the
biocompatibility requirements, and be free of allergens. To meet these specifications, it is
necessary to subject the sutures to detailed in vitro quality assessments and pre-clinical
trials and to evaluate their safety and efficacy in human trials [4]. Unfortunately, from the
available literature, it appears that there are no harmonised quality passement protocols
to evaluate the qualities of drug-eluting sutures with absolute certainty. Some of the as-
sessment procedures are still evolving, and the methods of the suture production have
also been budding recently, for example, the in vitro dissolution (drug release) assessment,
unlike the case for conventional solid and semi-solid dosage forms where there is a clear
explanation of the type of equipment and methods to be used in the different pharma-
copoeias for in vitro dissolution tests. In contrast, there is no gold standard in vitro drug
release method(s) described for drug-eluting sutures as some scientists reported using test
tubes in a heating water bath while others made use of centrifuge tubes to conduct the test.
Moreover, there is no explicit explanation about permeation studies for drug-eluting su-
tures in all the relevant pharmacopoeias as prescribed for other transdermal drug delivery
systems. We are, therefore, of the opinion that the medicine regulatory agencies, especially
FDA and EMA, should deeply review the quality assessment procedures of these medical
devices to revise the existing ones where appropriate and generate new protocols where
they do not exist. These agencies should consider the new trends and novelty of some of
these sutures, such as the drug-eluting ones, and the smart sutures among emerging types.
This will go along with ensuring the safety of these materials to the end-users.

Among the drug-eluting suture manufacturing processes that add the API during
the manufacturing process, hot-melt extrusion appears to have high traction for future
exploration since no solvent and no subsequent solvent removal step is required. Drug
loading up to 20-30% weight by weight can be achieved by HME [2,38]. However, care
must be taken because higher drug content lowers the tensile strength of the suture, which
compromises an important quality attribute of the suture. Indeed, excess of the API can
easily modify the suture properties, such as crystallinity and mechanical properties. Thus,
formulation experts should ensure that the drug-eluting suture properties conform to the
requirements of the relevant pharmacopoeias in terms of tensile strength. Additionally,
HME can be used to tune the drug release profile in drug-eluting sutures by modifying
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the processing parameters and/or the composition of the drug—polymer blends (e.g., the
use of copolymers), the suture morphology (e.g., thickness, porosity), and its architecture
(e.g., core-shell dimensions) [2]. Another intriguing aspect is the fact that the new trends
in the manufacturing processes of drug-eluting sutures have merely been motivated by
the control of the drug loading and its release at the expense of the mechanical properties.
From the technological point of view, assessment of the mechanical properties of drug-
eluting sutures should go beyond just tensile strength measurement but should also go
deeper to evaluate other critical suture mechanical parameters such as elongation at break,
Young’s modulus, knot-pull tensile strength, and the coefficient of friction as they all
provide important information relevant to understanding the suture quality and to enable
comparison to pharmacopeial standards [2]

Finally, additive manufacturing (AM) has been shown to revolutionise the pharma-
ceutical manufacturing sector, especially pharmaceutical engineering of different drug
delivery systems [52]. Indeed, HME has been demonstrated to be compatible with many
of these AM technologies, such as fused deposition modelling three-dimensional (FDM
3D) printing [131-133], hot-melt pneumatic printing [134], and hot-melt ram extrusion
printing [60]. Thus, coupling AM with HME to produce personalised drug-eluting sutures
is an ambitious possibility that can be explored to leverage additional advantages that
the AM has brought to the pharmaceutical field in dose personalisation and point-of-care
manufacturing of drug delivery systems where drug-eluting sutures could also benefit
from. Indeed, by this coupling technique, personalised drug-eluting sutures could be
fabricated at the point of use or on-demand with the desired dimensions, such as thickness
and length to control the drug release pattern. Of course, to achieve this, there must be a
serious collaboration between the formulation experts, clinicians, and surgeons alike and
medicine regulators with considerable advocacy.

5. Conclusions

Nowadays, there is increased traction towards the use of biodegradable synthetic
polymers in the fabrication of suture threads owing to the advantages they offer being
degraded within the human body through proteolytic or hydrolytic degradation without
the need for suture removal post-surgery. Undoubtedly, the recent advancement in the
fabrication process of drug-eluting sutures, such as the use of a hot-melt extrusion process
employing biodegradable synthetic and /or semisynthetic polymers combined with APIs
addition during manufacturing, is the most ideal development in the suture fabrication
paradigm. HME is a one-step continuous process, easy to adopt and adapt at both prototyp-
ing and industrial scale. Indeed, the process does not require expensive equipment, which
reduces cost and allows mass production. HME process should be the method of choice
when the drug and polymer meet the required conditions for thermal treatment. There is
no need for solvent addition, therefore, no residual solvent removal is needed, and there is
a high chance of enhancing the solubility of poorly water-soluble APIs by HME. However,
thermolabile APIs are not tolerant to melting temperatures, therefore, other production ap-
proaches should be sought for thermosensitive APIs such as electrospinning. Furthermore,
from the therapeutic point of view, HME can be utilised in fabricating drug-eluting sutures
loaded with antimicrobial agents, anti-inflammatory agents, and other therapeutics. This
unique advantage can significantly reduce the chance of surgical site infections, alleviate
pain and inflammatory response at the surgery site, and overall facilitate wound healing
and reduced hospital stay.

Author Contributions: Conceptualization, G.M.K. and N.B.; writing—review and editing, GM.K.
and N.B. All authors have read and agreed to the published version of the manuscript.

Funding: Open Access Publication fee was funded by Qatar National Library.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2023, 16, 7245 20 of 24

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: Author Garba M. Khalid was employed by the company FabRx Ltd. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. Anjum,S.; Gupta, A.; Kumari, S.; Gupta, B. Preparation and biological characterization of plasma functionalized poly(ethylene
terephthalate) antimicrobial sutures. Int. |. Polym. Mater. Polym. Biomater. 2019, 69, 1034-1042. [CrossRef]

2. Champeau, M.; Thomassin, J.-M.; Tassaing, T.; Jérome, C. Current manufacturing processes of drug-eluting sutures. Expert Opin.
Drug Deliv. 2016, 14, 1293-1303. [CrossRef]

3. Zhou, W.C,; Tan, PFE; Chen, X.H.; Cen, Y;; You, C; Tan, L.; Li, H.; Tian, M. Berberine-incorporated shape memory fiber applied as
a novel surgical suture. Front. Pharmacol. 2020, 10, 1506. [CrossRef]

4. Arora, A.; Aggarwal, G.; Chander, ].; Maman, P.; Nagpal, M. Drug eluting sutures: A recent update. J. Appl. Pharm. Sci. 2019, 9,
111-123.

5. Joseph, B.; George, A.; Gopi, S.; Kalarikkal, N.; Thomas, S. Polymer sutures for simultaneous wound healing and drug delivery—A
review. Int. |. Pharm. 2017, 524, 454-466. [CrossRef]

6. Deng, X.; Qasim, M.; Ali, A. Engineering and polymeric composition of drug-eluting suture: A review. J. Biomed. Mater. Res. Part
A 2021, 109, 2065-2081. [CrossRef]

7. Banche, G.; Roana, J.; Mandras, N.; Amasio, M.; Gallesio, C.; Allizond, V.; Angeretti, A.; Tullio, V.; Cuffini, A.M. Microbial
Adherence on Various Intraoral Suture Materials in Patients Undergoing Dental Surgery. J. Oral Maxillofac. Surg. 2007, 65,
1503-1507. [CrossRef]

8. Chen, X.; Hou, D.; Tang, X.; Wang, L. Quantitative physical and handling characteristics of novel antibacterial braided silk suture
materials. J. Mech. Behav. Biomed. Mater. 2015, 50, 160-170. [CrossRef]

9.  Pillai, CK.S.; Sharma, C.P. Review Paper: Absorbable Polymeric Surgical Sutures: Chemistry, Production, Properties, Biodegrad-
ability, and Performance. J. Biomater. Appl. 2010, 25, 291-366. [CrossRef]

10. Deng, X. Development of Drug-Eluting Surgical Sutures for the Wound- Healing Process Using Melt Extrusion Technology.
Master’s Thesis, University of Otago, Dunedin, New Zealand, 2020.

11. McCarthy, W.H. A New Synthetic Absorbable Suture Material: A Clinical Trial of Polyglycolic Acid Suture in General Surgery.
ANZ . Surg. 1970, 39, 422-424. [CrossRef]

12. Jo, Y.Y.; Kweon, H.; Kim, D.W.; Kim, M.-K; Kim, S.-G.; Kim, ].-Y.; Chae, W.-S.; Hong, S.-P,; Park, Y.-H.; Lee, S.Y.; et al. Accelerated
biodegradation of silk sutures through matrix metalloproteinase activation by incorporating 4-hexylresorcinol. Sci. Rep. 2017,
7,42441. [CrossRef]

13. Altman, G.H.; Diaz, F; Jakuba, C.; Calabro, T.; Horan, R.L.; Chen, J.; Lu, H.; Richmond, J.; Kaplan, D.L. Silk-based biomaterials.
Biomaterials 2003, 24, 401-416. [CrossRef]

14. Cao, Y.; Wang, B. Biodegradation of Silk Biomaterials. Int. . Mol. Sci. 2009, 10, 1514-1524. [CrossRef]

15. Moy, R.L.; Lee, A.; Zalka, A. Commonly used suture materials in skin surgery. Am. Fam. Physician. 1991, 44, 2123-2128.

16. Dang, M.-C,; Thacker, ].G.; Hwang, ].C.-S.; Rodeheaver, G.T.; Melton, S.M.; Edlich, R.F. Some Biomechanical Considerations of
Polytetrafluoroethylene Sutures. Arch. Surg. 1990, 125, 647-650. [CrossRef]

17. Canabrava, S.; Rodrigues, G.; Halabi, N.N.; Rezende, A.C.; Cardoso, M. 18-Month Results of Double-Flanged 5-0 Polypropylene
Suture Transscleral Bag Fixation in Subluxated Cataracts. Arq. Bras. de Oftalmol. 2022, 86, 113-120. [CrossRef]

18.  Kudur, M; Pai, S; Sripathi, H.; Prabhu, S. Sutures and suturing techniques in skin closure. Indian . Dermatol. Venereol. Leprol.
2009, 75, 425-434. [CrossRef]

19. Byrne, M.; Aly, A. The surgical suture. Aesthetic Surg. J. 2019, 39, S67-S72. [CrossRef]

20. Greenberg, ].A. The use of barbed sutures in obstetrics and gynecology. Rev. Obstet. Gynecol. 2010, 3, 82-91.

21. Zaruby,].; Gingras, K.; Taylor, J.; Maul, D.D. An in vivo comparison of barbed suture devices and conventional monofilament
sutures for cosmetic skin closure: Biomechanical wound strength and histology. Aesthetic Surg. J. 2011, 31, 232-240. [CrossRef]

22. Yasuda, S.; Tomita, K.; Kiya, K.; Hosokawa, K. STRATAFIX for Abdominal Wall Repair following Abdominal Flap Harvest. Plast.
Reconstr. Surg. Glob. Open 2017, 5, €1572. [CrossRef]

23. Rose, J.; Chang, D.C.; Weiser, T.G.; Kassebaum, N.J.; Bickler, S.W. The role of surgery in global health: Analysis of United States
inpatient procedure frequency by condition using the global burden of disease 2010 framework. PLoS ONE 2014, 9, e89693.
[CrossRef]

24. Rose, J.; Weiser, T.G.; Hider, P.; Wilson, L.; Gruen, R.L.; Bickler, S.W. Estimated need for surgery worldwide based on prevalence of
diseases: A modelling strategy for the WHO Global Health Estimate. Lancet Glob. Health 2015, 3 (Suppl. 52), S13-520. [CrossRef]

25. Mau, C,; Untch, M. Prophylactic Surgery: For Whom, When and How? Breast Care 2017, 12, 379-384. [CrossRef]

26. Bickler, S.W.; Spiegel, D.A. Global surgery-defining a research agenda. Lancet 2008, 372, 90-92. [CrossRef]


https://doi.org/10.1080/00914037.2019.1655748
https://doi.org/10.1080/17425247.2017.1289173
https://doi.org/10.3389/fphar.2019.01506
https://doi.org/10.1016/j.ijpharm.2017.03.041
https://doi.org/10.1002/jbm.a.37194
https://doi.org/10.1016/j.joms.2006.10.066
https://doi.org/10.1016/j.jmbbm.2015.06.013
https://doi.org/10.1177/0885328210384890
https://doi.org/10.1111/j.1445-2197.1970.tb05388.x
https://doi.org/10.1038/srep42441
https://doi.org/10.1016/S0142-9612(02)00353-8
https://doi.org/10.3390/ijms10041514
https://doi.org/10.1001/archsurg.1990.01410170095020
https://doi.org/10.5935/0004-2749.20230022
https://doi.org/10.4103/0378-6323.53155
https://doi.org/10.1093/asj/sjz036
https://doi.org/10.1177/1090820X10395010
https://doi.org/10.1097/GOX.0000000000001572
https://doi.org/10.1371/journal.pone.0089693
https://doi.org/10.1016/S2214-109X(15)70087-2
https://doi.org/10.1159/000485830
https://doi.org/10.1016/S0140-6736(08)60924-1

Materials 2023, 16, 7245 21 of 24

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Meara, ].G.; Leather, A.].; Hagander, L.; Alkire, B.C.; Alonso, N.; Ameh, E.A.; Bickler, S.W.; Conteh, L.; Dare, A.J.; Davies, J.; et al.
Global Surgery 2030: Evidence and solutions for achieving health, welfare, and economic development Edgar Rodas, MD died
March 2, 2015, We dedicate our report to him. Am. J. Obstet. Gynecol. 2015, 213, 338-340. [CrossRef]

Frost & Sullivan. Independent Market Report on Surgical Devices & Medical Consumables Market in Select Geographies; Healthium
Medtech Pvt Ltd.: Karnataka, India, 2021.

Edis, Z.; Bloukh, S.H.; Ibrahim, M.R.; Abu Sara, H. “Smart” Antimicrobial Nanocomplexes with Potential to Decrease Surgical
Site Infections (SSI). Pharmaceutics 2020, 12, 361. [CrossRef]

Fuchs, T.E,; Surke, C.; Stange, R.; Quandte, S.; Wildemann, B.; Raschke, M.].; Schmidmaier, G. Local delivery of growth factors
using coated suture material. Sci. World . 2012, 2012, 109216. [CrossRef]

Rijcken, E.; Fuchs, T; Sachs, L.; Kersting, C.M.; Bruewer, M.; Krieglstein, C.F. Insulin-like growth factor 1-coated sutures improve
anastomotic healing in an experimental model of colitis. Br. J. Surg. 2010, 97, 258-265. [CrossRef]

Centeno-Cerdas, C.; Jarquin-Cordero, M.; Chavez, M.N.; Hopfner, U.; Holmes, C.; Schmauss, D.; Machens, H.-G.; Nickelsen, J.;
Egania, ].T. Development of photosynthetic sutures for the local delivery of oxygen and recombinant growth factors in wounds.
Acta Biomater. 2018, 81, 184-194. [CrossRef]

Cummings, S.H.; Grande, D.A.; Hee, C.K.; Kestler, H.K.; Roden, C.M.; Shah, N.V.; Razzano, P.; Dines, D.M.; O’Chahine, N.; Dines,
J.S. Effect of recombinant human platelet-derived growth factor-BB-coated sutures on Achilles tendon healing in a rat model: A
histological and biomechanical study. J. Tissue Eng. 2012, 3, 2041731412453577. [CrossRef]

Hansen, K.J.; Favreau, ].T.; Guyette, ].P.; Tao, Z.-W.; Coffin, S.T.; Cunha-Gavidia, A.; D’Amore, B.; Perreault, L.R.; Fitzpatrick, ].P;
DeMartino, A.; et al. Functional Effects of Delivering Human Mesenchymal Stem Cell-Seeded Biological Sutures to an Infarcted
Heart. BioResearch Open Access 2016, 5, 249-260. [CrossRef]

Li, B.; Wang, Y.; Fan, Y.; Ouchi, T.; Zhao, Z.; Li, L. Cranial suture mesenchymal stem cells: Insights and advances. Biomolecules
2021, 11, 1129. [CrossRef]

Yao, J.; Woon, C.Y.-L.; Behn, A.; Korotkova, T.; Park, D.-Y.; Gajendran, V.; Smith, R.L. The effect of suture coated with mesenchymal
stem cells and bioactive substrate on tendon repair strength in a rat model. J. Hand Surg. 2012, 37, 1639-1645. [CrossRef]

Haley, R.M. Dual Delivery of Anti-Inflammatory and Anti-Microbial Drugs from Affinity Polymer Coated Sutures Parallels
Wound Healing Timeline. Master’s Thesis, Case Western Reserve University. Biomed. Eng. 2019, 45, 95-98.

Deng, X.; Gould, M.; Ali, M.A. Fabrication and characterisation of melt-extruded chitosan/keratin/PCL/PEG drug-eluting
sutures designed for wound healing. Mater. Sci. Eng. C 2020, 120, 111696. [CrossRef]

Dennis, C.; Sethu, S.; Nayak, S.; Mohan, L.; Morsi, Y.; Manivasagam, G. Suture materials—Current and emerging trends. J. Biomed.
Mater. Res. Part A 2016, 104, 1544-1559. [CrossRef]

Lee, ].S.; Lu, Y.; Baer, G.S.; Markel, M.D.; Murphy, W.L. Controllable protein delivery from coated surgical sutures. J. Mater. Chem.
2010, 20, 8894-8903. [CrossRef]

Parikh, PM.; Davison, S.P.; Higgins, J.P. Barbed suture tenorrhaphy: An ex vivo biomechanical analysis. Plast. Reconstr. Surg.
2009, 124, 1551-1558. [CrossRef]

Kashiwabuchi, E; Parikh, K.S.; Omiadze, R.; Zhang, S.; Luo, L.; Patel, H.V.; Xu, Q.; Ensign, L.M.; Mao, H.-Q.; Hanes, J.; et al.
Development of absorbable, antibiotic-eluting sutures for ophthalmic surgery. Transl. Vis. Sci. Technol. 2017, 6, 1. [CrossRef]
Greenberg, ].A.; Goldman, R.H. Barbed suture: A review of the technology and clinical uses in obstetrics and gynecology. Rev.
Obstet. Gynecol. 2013, 6, 107-115.

Ming, X.; Nichols, M.; Rothenburger, S. In Vivo Antibacterial Efficacy of MONOCRYL Plus Antibacterial Suture (Poliglecaprone
25 with Triclosan). Surg. Infect. 2007, 8, 209-214. [CrossRef]

Jungwirth-Weinberger, A.; Grubhofer, F; Imam, M.A.; Bachmann, E.; Wirth, S. Mechanical properties of Triclosan sutures.
J. Orthop. Res. 2017, 36, 1777-1782. [CrossRef]

Obermeier, A.; Schneider, ].; Fohr, P.; Wehner, S.; Kiihn, K.-D.; Stemberger, A.; Schieker, M.; Burgkart, R. In vitro evaluation of
novel antimicrobial coatings for surgical sutures using octenidine. BMC Microbiol. BMC Microbiol. 2015, 15, 186. [CrossRef]
Weldon, C.B.; Tsui, ].H.; Shankarappa, S.A.; Nguyen, V.T.; Ma, M.; Anderson, D.G.; Kohane, D.S. Electrospun drug-eluting sutures
for local anesthesia. J. Control. Release 2012, 161, 903-909. [CrossRef]

Rostamitabar, M.; Abdelgawad, A.M.; Jockenhoevel, S.; Ghazanfari, S. Drug-Eluting Medical Textiles: From Fiber Production and
Textile Fabrication to Drug Loading and Delivery. Macromol. Biosci. 2021, 21, 2100021. [CrossRef]

Malakhov, S.N.; Khomenko, A.Y.; Belousov, S.I.; Prazdnichnyi, A.M.; Chvalun, S.N.; Shepelev, A.D.; Budyka, A.K. Method of
manufacturing Nonwovens by electrospinning from polymer melts. Fibre Chem. 2009, 41, 355-359. [CrossRef]

Hu, W.; Huang, Z.M.; Liu, X.-Y. Development of braided drug-loaded nanofiber sutures. Nanotechnology 2010, 21, 315104.
[CrossRef]

He, C.-L.; Huang, Z.-M.; Han, X.-]. Fabrication of drug-loaded electrospun aligned fibrous threads for suture applications.
J. Biomed. Mater. Res. Part A 2008, 89, 80-95. [CrossRef]

Khalid, G.M,; Billa, N. Solid Dispersion Formulations by FDM 3D Printing—A Review. Pharmaceutics 2022, 14, 690. [CrossRef]
Dadou, S.M.; Senta-Loys, Z.; Almajaan, A.; Li, S.; Jones, D.S.; Healy, A.M.; Tian, Y.; Andrews, G.P. The development and validation
of a quality by design based process analytical tool for the inline quantification of Ramipril during hot-melt extrusion. Int. J.
Pharm. 2020, 584, 119382. [CrossRef]


https://doi.org/10.1016/j.ajog.2015.04.010
https://doi.org/10.3390/pharmaceutics12040361
https://doi.org/10.1100/2012/109216
https://doi.org/10.1002/bjs.6781
https://doi.org/10.1016/j.actbio.2018.09.060
https://doi.org/10.1177/2041731412453577
https://doi.org/10.1089/biores.2016.0026
https://doi.org/10.3390/biom11081129
https://doi.org/10.1016/j.jhsa.2012.04.038
https://doi.org/10.1016/j.msec.2020.111696
https://doi.org/10.1002/jbm.a.35683
https://doi.org/10.1039/c0jm01389g
https://doi.org/10.1097/PRS.0b013e3181babb77
https://doi.org/10.1167/tvst.6.1.1
https://doi.org/10.1089/sur.2006.004
https://doi.org/10.1002/jor.23814
https://doi.org/10.1186/s12866-015-0523-4
https://doi.org/10.1016/j.jconrel.2012.05.021
https://doi.org/10.1002/mabi.202100021
https://doi.org/10.1007/s10692-010-9204-0
https://doi.org/10.1088/0957-4484/21/31/315104
https://doi.org/10.1002/jbm.a.32004
https://doi.org/10.3390/pharmaceutics14040690
https://doi.org/10.1016/j.ijpharm.2020.119382

Materials 2023, 16, 7245 22 of 24

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Yang, Y.; Wu, H.; Fu, Q.; Xie, X;; Song, Y.; Xu, M.; Li, J. 3D-printed polycaprolactone-chitosan based drug delivery implants for
personalized administration. Mater. Des. 2022, 214, 110394. [CrossRef]

Khalid, G.M.; Musazzi, U.M.; Selmin, F; Franze, S.; Minghetti, P.; Cilurzo, F. Extemporaneous printing of diclofenac orodispersible
films for pediatrics Extemporaneous printing of diclofenac orodispersible films for pediatrics. Drug Dev. Ind. Pharm. 2021, 47,
636—644. [CrossRef]

Selmin, F,; Khalid, G.M.; Musazzi, U.M.; Demartin, F.; Minghetti, P.; Cilurzo, F. Relevance of production method on the physical
stability and in vitro biopharmaceutical performances of olanzapine orodispersible film. Int. ]. Pharm. 2021, 603, 120697.
[CrossRef]

Musazzi, U.M.; Selmin, E; Ortenzi, M.A.; Mohammed, G.K; Franzé, S.; Minghetti, P.; Cilurzo, F. Personalized orodispersible films
by hot melt ram extrusion 3D printing. Int. ]. Pharm. 2018, 551, 52-59. [CrossRef]

Musazzi, UM.; Gennari, C.G.; Franze, S.; Minghetti, P.; Cilurzo, F. Printing of cutaneous patches loaded with propranolol for the
treatment of infantile haemangiomas. J. Drug Deliv. Sci. Technol. 2021, 66, 102767. [CrossRef]

Skalickd, B.; Matzick, K.; Komersova, A.; Svoboda, R.; Barto$, M.; Hromadko, L. 3D-Printed Coating of Extended-Release Matrix
Tablets: Effective Tool for Prevention of Alcohol-Induced Dose Dumping. Pharmaceutics 2021, 13, 2123. [CrossRef]

Melocchi, A.; Uboldi, M.; Briatico-Vangosa, F.; Moutaharrik, S.; Cerea, M.; Foppoli, A.; Maroni, A.; Palugan, L.; Zema, L.;
Gazzaniga, A. The chronotopic™ system for pulsatile and colonic delivery of active molecules in the era of precision medicine:
Feasibility by 3D printing via fused deposition modeling (fdm). Pharmaceutics 2021, 13, 759. [CrossRef]

Andrews, G.P; Li, S.; Almajaan, A.; Yu, T.; Martini, L.; Healy, A.M.; Jones, D.S. Fixed Dose Combination Formulations:
Multilayered Platforms Designed for the Management of Cardiovascular Disease. Mol. Pharm. 2019, 16, 1827-1838. [CrossRef]
Kelleher, J.; Gilvary, G.; Madi, A ; Jones, D.; Li, S.; Tian, Y.; Almajaan, A.; Senta-Loys, Z.; Andrews, G.; Healy, A. A comparative
study between hot-melt extrusion and spray-drying for the manufacture of anti-hypertension compatible monolithic fixed-dose
combination products. Int. ]. Pharm. 2018, 545, 183-196. [CrossRef]

Campbell, K.T.; Craig, D.Q.; McNally, T. Ibuprofen-loaded poly(e-caprolactone) layered silicate nanocomposites prepared by hot
melt extrusion. J. Mater. Sci. Mater. Med. 2010, 21, 2307-2316. [CrossRef]

Musazzi, U.M.; Khalid, G.M.; Selmin, E; Minghetti, P.; Cilurzo, F. Trends in the production methods of orodispersible films. Int. J.
Pharm. 2019, 576, 118963. [CrossRef]

Zsombor, K.N.; Attlia, B.; Gabor, D.; James, F.; Hajnalka, P.; Balazs, V.; Gyorgy, M. Solvent-Free Melt Electrospinning for
Preparation of Fast Dissolving Drug Delivery System and Comparison with Solvent-Based Electrospun and Melt Extruded
Systems. |. Pharm Sci. 2013, 102, 508-517.

Catanzano, O.; Acierno, S.; Russo, P.; Cervasio, M.; Caro, M.D.B.D.; Bolognese, A.; Sammartino, G.; Califano, L.; Marenzi, G.;
Calignano, A.; et al. Melt-spun bioactive sutures containing nanohybrids for local delivery of anti-inflammatory drugs. Mater. Sci.
Eng. C 2014, 43, 300-309. [CrossRef]

Scaffaro, R.; Botta, L.; Sanfilippo, M.; Gallo, G.; Palazzolo, G.; Puglia, A.M. Combining in the melt physical and biological
properties of poly(caprolactone) and chlorhexidine to obtain antimicrobial surgical monofilaments. Appl. Microbiol. Biotechnol.
2013, 97, 99-109. [CrossRef]

Intra, J.; Zhang, X.-Q.; Williams, R.L.; Zhu, X.; Sandler, A.D.; Salem, A.K. Immunostimulatory sutures that treat local disease
recurrence following primary tumor resection. Biomed. Mater. 2011, 6, 011001. [CrossRef]

Lowe, A.; Deng, W.; Smith, D.W.; Balkus, K.J. Coated melt-spun acrylonitrile-based suture for delayed release of nitric oxide.
Mater. Lett. 2014, 125, 221-223. [CrossRef]

Tummalapalli, M.; Anjum, S.; Kumari, S.; Gupta, B. Antimicrobial Surgical Sutures: Recent Developments and Strategies. Polym.
Rev. 2016, 56, 607-630. [CrossRef]

Censi, R.; Gigliobianco, M.R.; Casadidio, C.; Di Martino, P. Hot melt extrusion: Highlighting physicochemical factors to be
investigated while designing and optimizing a hot melt extrusion process. Pharmaceutics 2018, 10, 89. [CrossRef]

Wu, Y. The use of liquid chromatography-mass spectrometry for the identification of drug degradation products in pharmaceutical
formulations. Biomed. Chromatogr. 2000, 14, 384-396. [CrossRef]

Li, Y,; Pang, H.; Guo, Z; Lin, L.; Dong, Y.; Li, G.; Lu, M.; Wu, C. Interactions between drugs and polymers influencing hot melt
extrusion. J. Pharm. Pharmacol. 2013, 66, 148-166. [CrossRef]

Haser, A.; Huang, S.; Listro, T.; White, D.; Zhang, F. An approach for chemical stability during melt extrusion of a drug substance
with a high melting point. Int. . Pharm. 2017, 524, 55-64. [CrossRef]

Tan, R.; Bell, R.; Dowling, B.; Dart, A. Suture materials: Composition and applications in veternary wound repair. Aust. Vet. J.
2003, 81, 140-145. [CrossRef]

Hochberg, J.; Meyer, K M.; Marion, M.D. Suture Choice and Other Methods of Skin Closure. Surg. Clin. N. Am. 2009, 89, 627-641.
[CrossRef]

Turner, B.N.; Gold, S.A. A review of melt extrusion additive manufacturing processes: II. Materials, dimensional accuracy, and
surface roughness. Rapid Prototyp. |. 2015, 21, 250-261. [CrossRef]

Tan, L.J.; Zhu, W.; Zhou, K. Recent Progress on Polymer Materials for Additive Manufacturing. Adv. Funct. Mater. 2020,
30, 2003062. [CrossRef]

Calafel, I.; Aguirresarobe, R.H.; Pefias, M.I.; Santamaria, A.; Tierno, M.; Conde, J.I.; Pascual, B. Searching for rheological conditions
for FFF 3D printing with PVC based flexible compounds. Materials 2020, 13, 178. [CrossRef]


https://doi.org/10.1016/j.matdes.2022.110394
https://doi.org/10.1080/03639045.2021.1908335
https://doi.org/10.1016/j.ijpharm.2021.120697
https://doi.org/10.1016/j.ijpharm.2018.09.013
https://doi.org/10.1016/j.jddst.2021.102767
https://doi.org/10.3390/pharmaceutics13122123
https://doi.org/10.3390/pharmaceutics13050759
https://doi.org/10.1021/acs.molpharmaceut.8b01068
https://doi.org/10.1016/j.ijpharm.2018.05.008
https://doi.org/10.1007/s10856-009-3963-2
https://doi.org/10.1016/j.ijpharm.2019.118963
https://doi.org/10.1016/j.msec.2014.07.012
https://doi.org/10.1007/s00253-012-4283-x
https://doi.org/10.1088/1748-6041/6/1/011001
https://doi.org/10.1016/j.matlet.2014.03.174
https://doi.org/10.1080/15583724.2015.1119163
https://doi.org/10.3390/pharmaceutics10030089
https://doi.org/10.1002/1099-0801(200010)14:6%3C384::AID-BMC30%3E3.0.CO;2-D
https://doi.org/10.1111/jphp.12183
https://doi.org/10.1016/j.ijpharm.2017.03.070
https://doi.org/10.1111/j.1751-0813.2003.tb11075.x
https://doi.org/10.1016/j.suc.2009.03.001
https://doi.org/10.1108/RPJ-02-2013-0017
https://doi.org/10.1002/adfm.202003062
https://doi.org/10.3390/ma13010178

Materials 2023, 16, 7245 23 of 24

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

Mackay, M.E. The importance of rheological behavior in the additive manufacturing technique material extrusion. J. Rheol. 2018,
62, 1549-1561. [CrossRef]

Spoerk, M.; Arbeiter, F.; Raguz, I.; Weingrill, G.; Fischinger, T.; Traxler, G.; Schuschnigg, S.; Cardon, L.; Holzer, C. Polypropylene
Filled With Glass Spheres in Extrusion-Based Additive Manufacturing: Effect of Filler Size and Printing Chamber Temperature.
Macromol. Mater. Eng. 2018, 303, 1800179. [CrossRef]

Ahmed, W.; Alnajjar, F.; Zaneldin, E.; Al-Marzougqi, A.H.; Gochoo, M.; Khalid, S. Implementing FDM 3D printing strategies using
natural fibers to produce biomass composite. Materials 2020, 13, 4065. [CrossRef]

Sriyai, M.,; Tasati, ].; Molloy, R.; Meepowpan, P.; Somsunan, R.; Worajittiphon, P.; Daranarong, D.; Meerak, J.; Punyodom, W. De-
velopment of an Antimicrobial-Coated Absorbable Monofilament Suture from a Medical-Grade Poly(l-lactide-co-e-caprolactone)
Copolymer. ACS Omega 2021, 6, 28788-28803. [CrossRef]

Reddy, M.S.B.; Ponnamma, D.; Choudhary, R.; Sadasivuni, K.K. A comparative review of natural and synthetic biopolymer
composite scaffolds. Polymers 2021, 13, 1105. [CrossRef]

Dey, A.; Eagle, LN.R.; Yodo, N. A review on filament materials for fused filament fabrication. J. Manuf. Mater. Process. 2021, 5, 69.
[CrossRef]

Salentijn, G.I.; Oomen, PE.; Grajewski, M.; Verpoorte, E. Fused Deposition Modeling 3D Printing for (Bio)analytical Device
Fabrication: Procedures, Materials, and Applications. Anal. Chem. 2017, 89, 7053-7061. [CrossRef]

Parikh, K.S.; Omiadze, R; Josyula, A.; Shi, R.; Anders, N.M.; He, P; Yazdi, Y.; McDonnell, PJ.; Ensign, L.M.; Hanes, J. Ultra-thin,
high strength, antibiotic-eluting sutures for prevention of ophthalmic infection. Bioeng. Transl. Med. 2021, 6, €10204. [CrossRef]
Sanyal, M.K.; Datta, A.; Hazra, S. Morphology of nanostructured materials. Pure Appl. Chem. 2002, 74, 1553-1570. [CrossRef]
Moy, R.L.; Waldman, B.; Hein, D.W. A Review of Sutures and Suturing Techniques. . Dermatol. Surg. Oncol. 1992, 18, 785-795.
[CrossRef]

Brandt, M.T.; Jenkins, W.S. Suturing Principles for the Dentoalveolar Surgeon. Dent. Clin. N. Am. 2012, 56, 281-303. [CrossRef]
Manfredini, M.; Ferrario, S.; Beretta, P.; Farronato, D.; Poli, P.P. Evaluation of Breaking Force of Different Suture Materials Used in
Dentistry: An In Vitro Mechanical Comparison. Materials 2022, 15, 1082. [CrossRef]

Arce, ].; Palacios, A.; Alvitez-Temoche, D.; Mendoza-Azpur, G.; Romero-Tapia, P.; Mayta-Tovalino, F. Tensile Strength of Novel
Nonabsorbable PTEE (Teflon®) versus Other Suture Materials: An in Vitro Study. Int. ]. Dent. 2019, 2019, 7419708. [CrossRef]
Alamer, N.H.; Alkhulban, R.M.; Abullais, S.S.; Ibrahim, W.; Bhat, M.W.S.; Khan, M.E. In-vitro Comparison of Tensile Strength of
Commonly Used Suture Materials for Oral and Periodontal Surgeries by simulating Oral Environment. Ann. Med. Health Sci. Res.
2019, 9, 736-740.

Naleway, S.E.; Lear, W.; Kruzic, ].J.; Maughan, C.B. Mechanical properties of suture materials in general and cutaneous surgery.
J. Biomed. Mater. Res. Part B Appl. Biomater. 2014, 103, 735-742. [CrossRef]

AlSarhan, M.A. A Systematic Review of the Tensile Strength of Surgical Sutures. J. Biomater. Tissue Eng. 2019, 9, 1467-1476.
[CrossRef]

Saleh, F,; Palmieri, B.; Lodi, D.; Al-Sebeih, K. An innovative method to evaluate the suture compliance in sealing the surgical
wound lips. Int. . Med Sci. 2008, 5, 354-360. [CrossRef]

Al-Mubarak, L.; Al-Haddab, M. Cutaneous wound closure materials: An overview and update. J. Cutan. Aesthetic Surg. 2013,
6,178. [CrossRef]

Elsharkawy, S.S.; Dawood, W.A. Removed versus unremoved vicryl sutures used for subcuticular skin closure. Int. J. Reprod.
Contracept. Obstet. Gynecol. 2018, 7, 4877-4881. [CrossRef]

Zhang, G.; Hu, J.; Ren, T.; Zhu, P. Microstructural and tribological properties of a dopamine hydrochloride and graphene oxide
coating applied to multifilament surgical sutures. Polymers 2020, 12, 1630. [CrossRef]

Zhang, G.; Ren, T.; Lette, W.; Zeng, X.; van der Heide, E. Development of a penetration friction apparatus (PFA) to measure the
frictional performance of surgical suture. J. Mech. Behav. Biomed. Mater. 2017, 74, 392-399. [CrossRef]

Tomita, N.; Tamai, S.; Ikeuchi, K.; Ikada, Y. Effects of cross-sectional stress-relaxation on handling characteristics of suture
materials. Biomed. Mater. Eng. 1994, 4, 47-59. [CrossRef]

Bloom, B.S.; Goldberg, D.J. Suture material in cosmetic cutaneous surgery. J. Cosmet. Laser Ther. 2007, 9, 41-45. [CrossRef]
Livermore, R.W.; Chong, A.C.M.; Prohaska, D.]J.; Cooke, EW.; Jones, T.L. Knot security, loop security, and elongation of braided
polyblend sutures used for arthroscopic knots. Am. J. Orthop. 2010, 39, 569-576.

Kim, J.-C; Lee, Y.-K,; Lim, B.-S.; Rhee, S.-H.; Yang, H.-C. Comparison of tensile and knot security properties of surgical sutures.
J. Mater. Sci. Mater. Med. 2007, 18, 2363-2369. [CrossRef]

Silver, E.; Wu, R.; Grady, J.; Song, L. Knot Security—How is it Affected by Suture Technique, Material, Size, and Number of
Throws? J. Oral Maxillofac. Surg. 2016, 74, 1304-1312. [CrossRef]

Behm, T.; Unger, ].B.; Ivy, J.J.; Mukherjee, D. Flat square knots: Are 3 throws enough? Am. ]. Obstet. Gynecol. 2007, 197,
172.e1-172.e3. [CrossRef]

Shanmugasundaram, O.L.; Gowda, R.M.; Saravanan, D. Drug release and antimicrobial studies on polylactic acid suture. Int. J.
Biotechnol. Mol. Biol. Res. 2011, 2, 80-89.

Chen, X.; Hou, D.; Wang, L.; Zhang, Q.; Zou, J.; Sun, G. Antibacterial Surgical Silk Sutures Using a High-Performance Slow-Release
Carrier Coating System. ACS Appl. Mater. Interfaces 2015, 7, 22394-22403. [CrossRef]


https://doi.org/10.1122/1.5037687
https://doi.org/10.1002/mame.201800179
https://doi.org/10.3390/ma13184065
https://doi.org/10.1021/acsomega.1c03569
https://doi.org/10.3390/polym13071105
https://doi.org/10.3390/jmmp5030069
https://doi.org/10.1021/acs.analchem.7b00828
https://doi.org/10.1002/btm2.10204
https://doi.org/10.1351/pac200274091553
https://doi.org/10.1111/j.1524-4725.1992.tb03036.x
https://doi.org/10.1016/j.cden.2011.08.004
https://doi.org/10.3390/ma15031082
https://doi.org/10.1155/2019/7419708
https://doi.org/10.1002/jbm.b.33171
https://doi.org/10.1166/jbt.2019.2177
https://doi.org/10.7150/ijms.5.354
https://doi.org/10.4103/0974-2077.123395
https://doi.org/10.18203/2320-1770.ijrcog20184932
https://doi.org/10.3390/polym12081630
https://doi.org/10.1016/j.jmbbm.2017.06.031
https://doi.org/10.3233/BME-1994-4105
https://doi.org/10.1080/14764170601140062
https://doi.org/10.1007/s10856-007-3114-6
https://doi.org/10.1016/j.joms.2016.02.004
https://doi.org/10.1016/j.ajog.2007.03.084
https://doi.org/10.1021/acsami.5b06239

Materials 2023, 16, 7245 24 of 24

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

da Silva, D.; Kaduri, M.; Poley, M.; Adir, O.; Krinsky, N.; Shainsky-Roitman, ]J.; Schroeder, A. Biocompatibility, biodegradation
and excretion of polylactic acid (PLA) in medical implants and theranostic systems. Chem. Eng. ]. 2018, 340, 9-14. [CrossRef]
Schroeder, A.; Turjeman, K.; Schroeder, J.E.; Leibergall, M.; Barenholz, Y. Using liposomes to target infection and inflammation
induced by foreign body injuries or medical implants. Expert Opin. Drug Deliv. 2010, 7, 1175-1189. [CrossRef]

Vallet-Regi, M.; Colilla, M.; Manzano, M. Recent advances in ceramic implants as drug delivery systems for biomedical
applications. Int. ]. Nanomed. 2008, 3, 403—414. [CrossRef]

Kost, J.; Langer, R. Responsive polymeric delivery systems. Adv. Drug Deliv. Rev. 2012, 64, 327-341. [CrossRef]

Goldbart, R.; Traitel, T.; Lapidot, S.A.; Kost, ]. Enzymatically controlled responsive drug delivery systems. Polym. Adv. Technol.
2002, 13, 1006-1018. [CrossRef]

Franco, A.R.; Fernandes, E.M.; Rodrigues, M.T.; Rodrigues, F.; Gomes, M.E.; Leonor, I.B.; Kaplan, D.L.; Reis, R.L. Antimicrobial
coating of spider silk to prevent bacterial attachment on silk surgical sutures. Acta Biomater. 2019, 99, 236-246. [CrossRef]
Niculescu, M.; Antoniac, A.; Vasile, E.; Semenescu, U.; Trante, O.; Sohaciu, M.; Musetescu, A. Evaluation of biodegradability of
surgical synthetic absorbable suture materials: An in vitro study. Mater. Plast. 2016, 53, 642—-645.

Casalini, T.; Masi, M.; Perale, G. Drug eluting sutures: A model for in vivo estimations. Int. J. Pharm. 2012, 429, 148-157.
[CrossRef]

Adkins, ].M.; Al Ahmar, R.; Yu, H.D.; Musick, S.T.; Alberico, A.M. Comparison of Antimicrobial Activity Between Bacitracin-
Soaked Sutures and Triclosan Coated Suture. J. Surg. Res. 2022, 270, 203-207. [CrossRef]

Neupane, R.; Boddu, S.H.; Renukuntla, J.; Babu, R.J.; Tiwari, A.K. Alternatives to biological skin in permeation studies: Current
trends and possibilities. Pharmaceutics 2020, 12, 152. [CrossRef]

Kerimoglu, O.; Sahbaz, S. Animal Skin Models for Percutaneous Absorption Studies. J. Biopharm. Ther. Chall. 2018, 2, 1-2.

Todo, H. Transdermal permeation of drugs in various animal species. Pharmaceutics 2017, 9, 33. [CrossRef]

Nair, A.B.; Kumria, R.; Harsha, S.; Attimarad, M.; Al-Dhubiab, B.E.; Alhaider, I.A. In vitro techniques to evaluate buccal films.
J. Control. Release 2013, 166, 10-21. [CrossRef]

Debeer, S.; Le Luduec, J.-B.; Kaiserlian, D.; Laurent, P.; Nicolas, ].-F.; Dubois, B.; Kanitakis, ]J. Comparative histology and
immunohistochemistry of porcine versus human skin. Eur. J. Dermatol. 2013, 23, 456—466. [CrossRef]

Sintov, A.C. Cumulative evidence of the low reliability of frozen/thawed pig skin as a model for in vitro percutaneous permeation
testing. Eur. J. Pharm. Sci. 2017, 102, 261-263. [CrossRef]

Shim, J.; Kang, H.S.; Park, W.S.; Han, S.H.; Kim, J.; Chang, I.S. Transdermal delivery of mixnoxidil with block copolymer
nanoparticles. J. Control. Release 2004, 97, 477-484. [CrossRef]

Carrer, D.C.; Vermehren, C.; Bagatolli, L.A. Pig skin structure and transdermal delivery of liposomes: A two photon microscopy
study. J. Control. Release 2008, 132, 12-20. [CrossRef]

Kikwai, L.; Kanikkannan, N.; Babu, R.; Singh, M. Effect of vehicles on the transdermal delivery of melatonin across porcine skin
in vitro. J. Control. Release 2002, 83, 307-311. [CrossRef]

Salamanca, C.H.; Barrera-Ocampo, A.; Lasso, J.C.; Camacho, N.; Yarce, C.J. Franz diffusion cell approach for pre-formulation
characterisation of ketoprofen semi-solid dosage forms. Pharmaceutics 2018, 10, 148. [CrossRef]

Bahl, D.; Daftardar, S.; Bachu, R.D.; Boddu, S.H.S.; Altorok, N.; Kahaleh, B. Evaluation of topical econazole nitrate formulations
with potential for treating Raynaud’s phenomenon. Pharm. Dev. Technol. 2019, 24, 689-699. [CrossRef]

Diez-Sales, O.; Garrigues, T.; Herraez, J.; Belda, R.; Martin-Villodre, A.; Herrdez, M. In vitro percutaneous penetration of acyclovir
from solvent systems and carbopol 971-P hydrogels: Influence of propylene glycol. J. Pharm. Sci. 2005, 94, 1039-1047. [CrossRef]
Yousef, S.; Liu, X.; Mostafa, A.; Mohammed, Y.; Grice, ].E.; Anissimov, Y.G.; Sakran, W.; Roberts, M.S. Estimating Maximal In
Vitro Skin Permeation Flux from Studies Using Non-sink Receptor Phase Conditions. Pharm. Res. 2016, 33, 2180-2194. [CrossRef]
Jamréz, W.; Kurek, M.; Lyszczarz, E.; Szafraniec, J.; Knapik-Kowalczuk, J.; Syrek, K.; Paluch, M.; Jachowicz, R. 3D printed
orodispersible films with Aripiprazole. Int. . Pharm. 2017, 533, 413-420. [CrossRef]

Obeid, S.; Madzarevi¢, M.; Ibri¢, S. Tailoring amlodipine release from 3D printed tablets: Influence of infill patterns and wall
thickness. Int. |. Pharm. 2021, 610, 121261. [CrossRef]

Nukala, PK.; Palekar, S.; Patki, M.; Patel, K. Abuse Deterrent Inmediate Release Egg-Shaped Tablet (Egglets) Using 3D Printing
Technology: Quality by Design to Optimize Drug Release and Extraction. Aaps Pharmscitech 2019, 20, 80. [CrossRef]

Cho, H.-W,; Baek, S.-H.; Lee, B.-]; Jin, H.-E. Orodispersible polymer films with the poorly water-soluble drug, olanzapine:
Hot-melt pneumatic extrusion for single-process 3D printing. Pharmaceutics 2020, 12, 692. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cej.2018.01.010
https://doi.org/10.1517/17425247.2010.517519
https://doi.org/10.2147/IJN.S3548
https://doi.org/10.1016/j.addr.2012.09.014
https://doi.org/10.1002/pat.275
https://doi.org/10.1016/j.actbio.2019.09.004
https://doi.org/10.1016/j.ijpharm.2012.03.024
https://doi.org/10.1016/j.jss.2021.09.010
https://doi.org/10.3390/pharmaceutics12020152
https://doi.org/10.3390/pharmaceutics9030033
https://doi.org/10.1016/j.jconrel.2012.11.019
https://doi.org/10.1684/ejd.2013.2060
https://doi.org/10.1016/j.ejps.2017.03.024
https://doi.org/10.1016/S0168-3659(04)00167-1
https://doi.org/10.1016/j.jconrel.2008.08.006
https://doi.org/10.1016/S0168-3659(02)00202-X
https://doi.org/10.3390/pharmaceutics10030148
https://doi.org/10.1080/10837450.2019.1578371
https://doi.org/10.1002/jps.20317
https://doi.org/10.1007/s11095-016-1955-8
https://doi.org/10.1016/j.ijpharm.2017.05.052
https://doi.org/10.1016/j.ijpharm.2021.121261
https://doi.org/10.1208/s12249-019-1298-y
https://doi.org/10.3390/pharmaceutics12080692

	Introduction 
	Drug-Eluting Surgical Sutures 
	Unique Advantages of Drug-Eluting Sutures 
	Production Methods of Drug-Eluting Sutures 
	Production of Drug-Eluting Sutures by Hot-Melt Extrusion 
	Advantages of Hot-Melt Extrusion in Drug-Eluting Suture Fabrication 
	Limitations of HME for the Production of Drug-Eluting Sutures on Drug Half-Life 
	Material Requirements for HME 

	Critical Quality Attributes of Drug-Eluting Sutures and Their Assessment 
	Future Perspectives 
	Conclusions 
	References

