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The suture is a ubiquitous medical device used o dose and sup-
port wounded tissue during the healing process after surgery. |
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Various absorbable and non-absorbable
pelymers, natural, or synthetic polymers
with mone- or multi-Alament structures,
are commonly used as suture materials,' !
Because non-absorbable sutires, such as
nylon, silk, and palypropylene, have long-
term biocompatibility issues and need to
be removed in revision surgery, new re-
search directions or technological advances
are needed to address these weaknesses.!
On the other hand, absorbable sutures,
such as polydiexanone (PDO), polyglycolic
acid (PGA), and polyglactin 910 (PGLA), are
gtill in need of further technological devel
opment, despite the advantage that min-
imal postoperative treatment is required:
the decomposition time must be consis-
tent with tissue recovery stages, and their
metabolite product should be non-toxic to
the human I.[:l:l"l,'_ To mieet clinical reguire-
ments, researchers have investigated exten-
sively the biocompatibility/¥ biodegradabil-
ity and mechanical strength” ! of absorbable
sutures.

Recently, studies have been conducled in new directions, and
attaching drugs or biological molecules!® to surgical sutures has
been reported to hold promise for developing a delivery plat-
form that will enhance wound healing!”*! Despite efforts to
implement drug-releasing functions with sutures, fundamental
problem remains. During surgery, [riction at the interface be-
tween the tissue and the suture, which can trigger serious “sec-
ondary trauma” to soft or fragile tissue, is always prezent to some
degree”’! and can cause inflammation, pain'®' and infection at the
surgery site, resulting in a longer healing time. For instance, lu-
bricating a suture with an antibiotic or with depamine hydrochlo-
ride (DA} and carboxymethyl cellulose {CMC) can reduce the fric-
tion coefficient and the tissue drag, as well as improve the ability
of the suture to glide through the tissue.™ Therefore, an ideal
medification for the surface of a suture should not only decrease
the friction force at the suture-tissue interface to minimize scar
formation but alse increase biofuncetionality and biocompatibility
to enhanee would healing,

The wound healing of tissue injured during surgery has three
dynamic phases, inflammation, proliferation and remodeling,
in which fibroblasts are the key players!'" During late inflam-
mation and proliferation, fibroblasts degrade fibrin clotting by
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releasing matrix metalloproteinase (MMP) and then replacing it
with extracellular matrix (ECM) compounds."” Once the ECM
arganization has been fully restored, newly formed tissue will
have the same strength and functions as the original tissue. In
a previous study, ECM organization was successfully restored
by incorporating matrix metalloproteinase inhibitor into the su-
ture's surface and by coating the suture's surface directly with
ECM compounds like collagen and laminin.”"!! Fibronectin
(FN). a glycoprotei nd in anionic proteoglycan (PG)-rich ex-
tracellular regions, & an abundant ECM compound and plays
a crucial role in wound healing "% In late wound healing re-
sponses, fibroblast-released globular cellular ﬁhmmﬁhlg} as-
sembles into a three-dimensional fibrillar structure that plays an
important role in regulating the composition of the ECM and the
deposition of its components, including collagen types 1 and 111,
fibrinogen, fibrilling 1 and 2, fibullin, tenascin-c and laminin /"
Interestingly, FMN is also known to have a lubricating property
when combined with synovial Auid compenen Is."“g

As the basis of this study, we hypothesize that presence
of unfolded FN on the surface of 3 suture can improve bio-
compatibility and stimulate cellular activity to accelerate wound
healing, Ina previou dy, FN was successfully adsorbed onto
the suture’s surface by using polystyrene sulfonate (PSS) and
UV/jozone (UVO) iradiation; this provided negative charges on
the suture and subsequently induced the unfolding of FN by
electrostatic interactions to domain 1,_; and T11,;, of the FN
mokecule. "Y1 This method is universally applicable to any type
of suture regardless of its structure, size and degradability. We
found that a polydioxanone (PDO) suture with adsorbed FN had
improved biocompati because it attracted fibroblasts while
impeding the binding of Staphylococens auréus (5. aureus) and Es-
cherichia coli (E. coli) with the surface of the suture. The healing
functionalities of PDO sutures with adsorbed FN were investi-
gated by measuring the fibroblast migration rate in scratch as-
says in vitro, assessing the degree of skin tissue regeneration, and
calculating the Sear Index in a stitched mice model in vive. Our
result revealed better wound healing activity and less scarring for
PDO sutures with adsorbed FN than for the control PDO sutures.
Thus, we could infer that adsorbed FN had been released 1o the
surrounding area, enabling fibroblast migration, and initiating
wound closure. Finally, the use of the suture with surface modifi-
cation potentially minimized tissue damage by reducing friction
between the suture and tissue due to the lubrication effect pro-
vided by the modified surface. Our result highlights that surgical
sutures with adsorbed FN are a simple, versatile alternative to
the usual sutures and that such modified sutures will promote
greatly accelerated wound healing, .

We modified the surfaces of sutures with either polystyréne
sulfonate acid (PSS}, an anionic derivative of polystyrene (PS),
as a biomimetic analogue to negatively charged sulfonated PGs
gueh a¢ heparin sulfate, or with UVfozone (UVO) irradiation
to produce hydroxy (OH) and carbonyl (C=0) groups as ana-
logues to negatively charged chondroitin sulfate, as deseribed in
Figure 1a. In the case of PSS dip-coating, we used PSS contain-
ing 33 mol% of sulfonate groups, which was found in our pre-
vious study to initiate successful FN network formation. ! PSS
facilitated FN adsorption and fbrillogenesis via electrostatic in-
teractions with the excess positive charges in domains I, , and
I1l,, in the FN molecule. ™! On the other hand, ozone absorbs
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254-nm UV light o form Qm:'u: axygen that reacts with water
molecules to generate hydroxyl radicals that are a strong oxidiz-
ing agent."™ Subs tly, UVO irradiation induces negative
charge!"**! through introduction of hydroxy and carbonyl
groups on the surface of the target polymer'®| Both methods
open cryptic domains of the FN molecule, which are crucial to
the binding of @561 and av /3 inteégrin receptors of cells!™! Be-
cause profonged UVO irradiation causes damage to the surface
of polydioxanone (PDO) (Figure §1, Supporting Information), we
used an irradiation time of two minutes.

To confirm the successes of the PSS dip-coating and the UVO
irradiation in generating negative functional groups on the sur
faces of the sutures and subsequently initiating FN adsorption,
we used Fourier transform infrared (FTIR) spectroscopy tcerna
pare the sutures at each step of the two treatments, The peaks
at 680 and 1109 em™' corresponding to the -C§ stretching band
and the S-phenyl proup, respectively, confirmed the presence of
sulfone groups on the gaces ol the sutures that had been dip-
coated with PSS while the peak at =3600 em! corresponding to
the —OH stretching band confirmed the presence of oxidation
on the surfaces of the UVO-treated sutures. The FTIR results ob-
tained after the treatments pointed to the presence of substantial
amounts of incorfffited FN, as evidenced by the amide 1 peaks
at 1653 and 1651 cm™! and the Il peaks at 1547 and 1553
cm-!. FN adsorption was further confirmed by the presence of
amide A peaks at 3271 con ™! and at 3274 cm ! on the surfaces of
the PSS-treated and the UVO-treated sutures, respectively (Fig-
ure 1b), We also found that the two processes can be univer
sally applied to various commercial sutures, regardless of their
structures, sizes, and degradability in the human body (Figure
S2 and Table 51, Supporting Information). The results of quant-
tative analyses showed that the FN amounts on UVO-irradiated
(34.22 + 1.15 ng mum ) and PSS-coated (48.28 + 0,98 ng mm )
sutures were significantly higher than the amount on the con-
trol suture, the untreated PDO suture (14.70 + 1.12 ng mm™)
(= 0.01) (Figure 1¢).

To investigate whether the negative charges on the engineered
PDO surfaces could induce protein unfolding of FN upon ad-
sorption, we performed fluorescence resonance energy transfer
(FRET) assays and calculated the FRET ratio (I, /1;,). The folded
quaternary FN revealed strong energy transfer with an I, /1,
value of 1.06 + 0.05 while energy transfer was reduced due to
extended conformations in 6-m GdnHO (1, /1, 0.27 + 0.01). The
UVO-derived charges unfolded the FN confirmation, resulting in
an I, /I, value of 0.51 + 0.04, whereas the presence of strong neg-
ative charges in PSS induced even more significant FN confor-
mational change, resulting in a reduced [, /I, value of 0.28 + 0.04
{Figure 1d). SEM images of the UVO- and PSS-treated sutures
further confirmed that the unfolded FN molecules formed an
extended fibrillar matrix on the modified sutures, which was in
good agreement with the previously obeerved morphologies,!™!
while intact, globular FN molecules on the non-charged pristine
PDO suture were clustered in island-like aggregates (Figure le;
Figure 53, Supporting Information). In addition, we confirmed
that the FN fibrillar structures occupied a larger area in the en-
gineered sutures; the high-resolution SEM [mages in Figure le
showed higher FN coverages of 13.3 £ 2.2% and 21.1 + 3.6% re-
spectively for the UVO- and PSS-treated sutures, but only 6.1 +
1.6% for the untreated suture.

{2021 Wiley VCH GmbH
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Figure 1. Fabrication of @ surface-modified suture and confirmation of the presence of unfolded FN on its suface. a) Schematics of the process for
fabricating FN-coated sutures. bj FTIR spectra far the surfaces of PDO, PDO-UVO, PDO-UVO{FN, PDO-P55, and PDO-PSS/FN sutures. Black arrows
Indicate -CS ;gus of PSS, —OH peak from UVO oxidation; amide |, amide || and amide A of ibronectin. ¢) Amount af FM adsorbed an surface-modified
PDO (n = 4) [xismigniﬁcﬂnce was determined using a one-way ANOVA foliowed by the Tukey test; * g < 005, **p < 000, and **p < 0001
d) Results of Faster resonance entrgy transfer (FRET) measurements for thie analysis of FN confarmation on the surface-modified PDO. Schematics
showing the folded and unfolded of FN in donor—acceptor energy transfer on top of the bar charts. €} Representative false colored SEM images of FN
{orange) on surface-modified PDO. ) Representative confocal images 9 aurews (green) binding on surface-modified PDO (red). g) Quantification of
the GFP-expressing 5, aureus on surface-modified PDO sutures [n = 3), Statistical significance was determiined using a oneway ANOVA followed by the
Tidkey Test; %p < 005, ¥p < 0001, and ***p < 0.001. h) Schematic of 2n 5 ourews binding assay on surface-modified PDO, The illustrations of bacteria
were provided by BioRender. c,d.g) Error bars indicate means + standard deviation (S.0.).
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We asked whether the mechanical stretching of the FN
maolecules on the engineered surfaces of the PDO sutures could
disrupt binding to 5. awreus.”! which often causes an oppor-
tunistic infection and leads to skin abscesses. As shown in Fig-
ure 1 {Movies 51 and 52, Supporting Information) and quanti-
fied in Figure 1g, the UVO-irradiated and the PSS-coated sutures
prevented S. awreus binding, as evidenced by decreases in the
GFP fluorescence intensity to 66.85 + 7.02x 100 AU and 61.97 +
5.92x10° AU, respectively; Furthermore, those surfacemodified
sutures were more effective than the unmodified control suture
(PDO-FN, 155.41 = 2.66x10° AU). Of note is that the pristine
PDO fber has the lowest binding of 39.72 + 10.63x10" AU, In
nature, . aureus binds to FN molecules mediated by Abronectin
protein binding A (FnEPA) through a low homophilic bond.?!
However, § aureus does not have an affinity to PDO, but rather
naturally binds to globular FN rather than stretched FN (Fig-
ure 1h). In addition o positive-gram bacteria like § aurews, the
FN structure reveals binding domains for various negative-gram
bacteria for internalization. For instance, E. coli binds to FN
molecules through adhesive molecules called long polar fim-
briae (1pf1) and curli, which mediate internalization to eukary-
ote cells,****| This study further assessed GF P-expressing E. coli
binding to the surface-modified PDO sutures (Figure 54, Sup-
porting Information). Interestingly, both the UVO-irradiated and
the P5S-coatad sutures also exhibited mild binding to E. coli, as
evidenced by decreases in the average of GFP fluorescence in-
tensity to 11.75.85 + 2.46%10° AU and 12,27 + 2.22x10° AU, re
spectively. These values were significantly lower than the values
of 137.00+ 4.78x10' AU for the PDO-FN sutures and 89.28
18.78x10° AU for the PDO control sutures. We confirmed that
the presence of negative charges on the engineered surfaces of
the sutures induced the stretching of FN molecules and the ad-
sotbed FN fibrillar networks prevented the unwanted binding of
infectious bacteria very effectively.

The petformance of a suture is commonly evaluated by its
bioeampatibility, which refers o a pood interaction between the
biomaterial and the biological cells for a specific biomedical
purpose.’® To meet such requirements, sutures have been pri-
muarily evaluated based on interactions between the surface of the
suture and biological Auids such as water, saline and serum.*"|
We found that PSS dip-coating and UVO irradiation of PDO sur-
faces significantly increased their hydrophilicity by decreasing
the contact angles in water, saline (NaCl 0.9%) and serum com:-
pared to the hydrophilicities of the control sutures. Furthermore,
no statistically significant diferences were observed between the
contact angles on water and on saline for the PDO-PSS and the
PDO-UVO sutures before and after FN adsorption {Figure S5ab,
Supporting Information). However, the contact angle on serum
for the PDO-PSS suture (65.2 + 0.7) was significantly higher than
that for the PDO-PSS/FN suture (530.8 + 3.0} (Figure S5c, Sup-
porting Information). Moreover, PSS and FN treatments of the
PDO sutures increased the hydrophilicity significantly compared
to the values for the UVO- and the FN-treated sutures. Therefore,
a P55 coating followed by FN treatment is predicted to have a
higher biocompatibility than a PSS coating followed by UVO or
FN treatment

To test the biocompatibility, we seeded fibroblasts in a confo-
cal dish coated with Pluronic F-127. The densities of attached fi-
broblasts after 24 h for the PDO-UVO/FN and the PDO-PSS/FN
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sutures were 384.1 + 80.6 and 447.2 + 77.8 cells per mm® (Fig-
ure 2ab; Movie 83, Supporting Information), respectively, which
were significantly higher than the value for the control sutures
of 86.9 + 8.3 cells per mm* (p < 0.01) (Movie 54, Supporting In-
formation). Afler 72 h, the cell densities for the PDO-UVO/FN
and the PDO-PSS/FN sutures had increased to 1680.7 + 269.7
{p < 0.01) and 2258.7 + 193.6 cells per mm® {p < 0.001) (Fig-
ure b, Movie §5, Supporting Information), respectively, while
that for the control sutures remained at 461.98 + 96,77 cells per
mm?® (Movie 56, Supporting Information). We further quanti-
fied fibroblast attachment and growth on the PDO-UVO and the
PDO-PSS sutures without any FN treatment After seeding for
24 h, the cell density for the PSS-coated sutures (1135 + 26.5
cells per mm*) was significantly higher than those for the pristine
PDO (10.7 + 4 8 cells per mm?} and the UVO-irradiated (27.1 +
113 cells per mm?) sutures. Over 72 b, these cells grew more
significantly en the PSS-coated sutures 1o 660.2 + 34.8 cells per
mm’ than they had on the PDO and the UV O-irradiated sutures
{149 = 6.1 and 54.8 + 9.6 cells per mm’, respectively) (Figure
86, Supporting Information), yet much slower than they had on
either the FN-treated PSS dip-coated sutures or the FN-treated,
UVQ-irradiated sutures. This result supports the finding of a pre-
vious study that PSS grafting attracted fibroblasts and improved
the attachment of polymeric lipaments to bone tissue. * % How-
ever, the presence of unfolded FN on the surfaces of the tested
sutures was clearly found to improve their biocompatibility dra-
matically. Also, of note is the ohservations that neither PSS coat-
ing nor UVO irradiation {for 2 min) altered any physical strength
properties of the sutures (Figure S7, Supporting Information), in-
dicating that this method affects neither the chemical structures
on surface nor the native physical characteristics of the PDO su-
tures tested.

The presence of biclogically active fragments of FN is known
to augment cell migrati@PR FN molecules promote Abroblast
polarizaton and high ctional persistence in fbroblast
migration through interactions with bath its cell-binding and
heparin-binding domains.| ™! We assume that the fibroblasts in
proximity to the FN-coated PDO may be responsible for the
improved motility, which is one of the crucial factors in tissue
regeneration and rapid wound repair. Thus, the effects of the
surface-modified PDO sutures an cell migration were evaluated
by using in vitro wound healing assays (scratch assays),” ' with fi-
broblasts being the key players in wound healing. Fibroblasts are
known to migrate to the site of a wound within 24—48 h postinjury
by expressing matrix metalloproteinase to degrade fibrin clotting
and replace it with collagen fiber " The scratch assay was mod-
ified based on the width of the scratch (Figure 2c). According
to the results, wound closure for the PDO-UVO/FN suture was
13,64 + 0.77% while that for the PDO-PSS/FN suture was 17.83 +
0.55%, bath of which were significantly higher (p < 0.001) than
the value (3.05 + 0.25%) for the unmodified (control) suture (Fig-
ure 2d,e). We inferred that some molecular release of the attached
FN molecules into the physiological buffer may have occurred.
As shown in Figure 2f, the accumulative amounts of released
FN for the PDO-UVO/FN suture were 12.2 + 0.9, 124 + 1.6,
and 165 + 2.5 pg mm™ at 6, 12, and 24 h, respectively, while
those for the PDO-PSS/FN suturewere 13.1 +1.3,17.4 £ 1.1, and
2.0 + 0.8 pgmm". It is worth revealing that the total amount of
FN released for the PDO-UVO/EN and PDO-PSS/FN sutures at
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24 h corresponds to =0.53% and 0.46%, respectively of the Lotal
amounts of FN preattached to a given suture. The amounts of re-
leased FN for the two sutures were meaninghully different at 12
and 24 h (p < 0.01). Therefore, we could confirm that the sutures
with FN adsarbed were gr;l{lua.]]y n']:'a!iing the pn'aﬂ;ﬂ'hrd FN

ecules during the wound healing process. thereby improving
the migration of the surrounding fibroblasts, and consequently
lr:ading to faster wound h:aling.

Male-BALB/c mice received 4-cm stitches in their dorsal skin
by using the surface-modified PDO sutures to assess the in vivo
efficacy of those sutures. The wound healing process for these
modified sutures was monitored by observing the histology of
the wound due to stitching on the dorsal regions of the mice
(Figure 3a), Before suturing the mice, we used IR spectroscopy
to irtn that our modification process had led to the success.
ful adsorption af FN on the surface of the PDO sutures (Figure
58, Supporting Information). After 10 days, the stitched areas
were macroscopically and microscopically evaluated. The suture-
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tissue interface for the surface-modified sutures was observed
by cross sectioning the skins of mice taken from the area of the
wound.
acroscopically, the wounded skin showed inflimmation as
icated h:,' the black arrows in the images of the dorsal areas
(Figure 3b). Inflammation was observed in the areas of mice
stiched with the PDO {control) sutures and with the PDO-
PSS/FN sutures while very mild inflammation baerved for
the mice stitched with PDO-UVO/FN sutures, process of
wonind hea]ing was then evaluated using the properties of mult-
pir skin hl:'a]jng parameters; i.nduding the c‘p:idl:rnlis thickness,
the formation of granulation tissue, the arrangement of collagen,
and scar analyses. ™| As marked in Figure 3¢, granulation tis-
sue (GT), composed of Ussue matrix (e.g., collagen, Abronectin,
and hyaluronic add) gupporting the immune related cells, was
found for all suture cases in the region of dermis (D). Notably,
more endothelial cells (EC) were found at the mouse skin spec-
imen stitched with the PDO-PS5/FN suture than those with the

L 202 1 'WileyVCH GrabH
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Figure 3. In vive wound healing assays af FN-coated PDO sutures. a) Schematic representing in vive wound healing assay, The red lines on mice dorsal
reprasent stitched suture. b} Mice slon macroscopy images at days 0 and 10, with the black arrows pointing to the inflammation. ¢} Histelogy analysis
of HEE-stained cross sections of mouse skin in epidermis (left) and dermis layer (right). E) Black arrows mark epidermis, D) dermis, granulation tissue
(GT}, endothelial cell (EC) and ECM fiber, Double sided arrow| he laft side point out the thickness of epidermis layer. d) Epidermis thickness of the
modified sutures, as obtained from mouse-skin histology. ¢) Representative microscopic images of Masson's trichrome staining of collagen at days

10 postsuturing {up) and corresponding enlar
animals). d.f) Emor bars indicate means + 5.0,

other sutures, which indicated that angiogenesis had occurred
maore actively (Figure 3c). Meanwhile, epidermis thickness (E) in
the histological sections, known as a general indicator for skin
healing was evaluated. The newly formed epidermis covers the
wound, and consequently protects it from infection.'*! Based on
hematoxylin-eosin (H&E) staining, we found epidermis thick-
nesses of 2098 + 18.2, 380.0 + 42.4, and 355.7 4 488 pum for
the PDO, PDO-UVO/FN, and PDO-PSS/FN groups, respectively
{Figure 3d). The two surface-treated sutures showed a signib-
cantly thicker epidermis than the control suture (p < 0.05) as a
consequence of re-epithelialization due to cells migrating after
injury to the site of the wound. "4

Specific histology changes, such as flatening of the dermal
and epidermal boundaries and the arrangement ofcollagen bun-
dles, were subsequently observed, and the results from scar anal-
yses were assezsed. We found that sear formation for the PDO
control suture was noticeably higher than that for any of the med-
ified sutures, as indicated by the Aatened tissue areas, marked
at dermis-epidermal junction (Figure %, Supporting Informa-
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serts (bottom). Blue: stained collagen. f) %collagen areas for each type of modified suture [n =5
tical significance was calculated using a one-way ANOVA followed by the Tukey test; *p < 0.05.

tion). We further evaluated wound scaring by quantifying the
Scar Index by dividing the scar area by the corresponding der-
mis thickness "l The PDO-UVO/FN (1152.3 + 168.0 pm) and
the PDO-PSS/FN (960.0 4 170.3 pm) sutures had lower Scar In-
dices than the PDO control suture (1544.8 £ 2329 pm) (p < 0.05)
(Figure 89b, Supporting Information). Using the degree of colla-
gen deposition and organization, the efficiency of wound heal-
ing was further investigated. ") As can be seen in Figure 3e,
Massor's Trichrome-stained sections revealed a distinct struc-
tural difference in the deposition of collagen fibrils; collagen
was abundant, and showed greater in color-depth in specimens
stitched with the PDO-UVO/FN and PDO-PSS/FN sutures; and
collagen was aligned in ordered configuration, whereas specimen
with the PDO control suture was presented as sparse and unor-
ganized collagen bundles. Figure 3f showed % collagen in tis-
sue section; for the PDO-UVOJFN and PDO-PSS/FN sutures,
% collagen areas were 44.7 + 2.8% and 35.8 1+ 3.5% respec-
tively, statistically higher than the value of 29.3 + 3.1% for the
control PDO (P<0.05). Lastly, a series of inflammation markers,
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Figure 4. Friction test of FN-coated PDO sutures. a) Schematic representing the friction experiment. b) Repeated traces of the friction coefficients as

a function of suture-displacement in time (3 cycles), ¢} Friction o

ients of PDO sutures and of Fi-coated PDO sutures (PDO-UVO/FN and PDO-

PSS/FM) an Dragon skin 10, Error bars (ndicate means + 50, for =13 cycles. Statistical significance was calculited using » one-way ANOVA followed
by the Tukey test; * p < 0.05. Schemes on the top of bar chart representing suture—tissue interface. d) Representative false-colored SEM images of FN
molecule {orange) on the surface-madified PDO sutures before and after stitching in mowse skin

12

indudmggerlmkin-l | . interleukin<t (I1L-6). tumor necro-
sis factor alpha (TNF-a), and vascular endothelial growth factor
(VEGF), were evaluated, in order to compare the differences in
healing effects.**** The IL-1 level, however, was not measurable
due to the very low expression level in all samples, and all other
protein levels were not statistically significant between groups
{Figure 510, Supporting Information), This may be due toa low
infamma oy response to the from the suture on the 10th
day after suturing. Nevertheless, in line with in vitro study, the re-
sults of i ¥ive wound healing assays supported our hypothesis
that the rngi:nn:rcd sutures with FN would improve wound heal-
ing during postsurgery recovery.

As Frl:‘\"i[]u!‘il:;‘ mentoned, friction occurs at the interface be-
tween the sutures and the tissues and can cause secondary Hssue
traumna and infection.”| During stitching, we notably found that
the surface-modified sutures easily glided through mouse skin.
In arder o confirm this quantitatively, we designed a friction test
for artificial ckin. Dragon skin 10 was chosen for the artifical
skin material, and the carefully measured friction coefficients of
the FN-coated sutures were compared, for a normal loading force
{F.) and a frictional force (F,). to those of the sutures without

A Healtheare Mater: 2028, 2001686

2001686 (7 of 10)

FN adsorption {Figure 4a; Figure 511, Supporting Information).
Once the suture was dragged along tissue's surface, a stick-slip
plot was generated, and the result is shown in Figure 4b. The
optimal normal lead in this study was found to be 0.400 N, and
the optimal speed was found to be 3 mm s', The kinetic friction
coefhicients () for the PDO-UVO/FN and the PDO-PSS/FN su-
tures were 1.33 % 0.03 and 1.17 & 0.04, respectively, which were
lower than that of the PDO {ﬂ:ntru]} suture (1.46 + 0.03) (Fig-
ure 4c). The sticky characteristic of silicone rubber caused the
jiy value (>1.00) to be higher than in previous studies (=0.100)
that used other types of artificial skin. Our FN-coated sutures re-
duced the friction coeficients from about 0.1-0.30, similar to the
reduction in fiction coefficients from 0,12 to 0.37 in plL'vinu!tly
reported study.”! This confirms that the FN layer on the PDO su-
tures significantly reduces the fricion at the interface with the
skin, as previously noticed by the tactile sensations during stitch-
ing. Friction atthe suture-silicone rubber interface disturbed the
coated FN and caused deformation of the PDO (Figure 59b, Sup-
porting Information). SEM images of the surfaces of the sutures
after in vivo stitching in mice indicared wends similar w those
in the friction test; i.e., some coated FN had peeled off from the
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suture's surface (Figure 4d). However, we assume that the FN re-
maining on the sutures was responsible for the healing of the
stitched wounds on the skins of mice. We confirmed that coating
with FN provided not only a therapeutic advantage but also a lu-
brication effect, thereby minimizing tissue defects by behaving
like a liquid and lowering the friction force.*!

In this report, the adsorption of fibronectin by a surgical su-
ture was achieved by using UVO irradiation ora PSS dip-coating.
Unfolded and stretched FN molecules on the s of the
charged sutures disturb the FN binding domains for 5. aurews
and E coli. preventing the risk of secondary infection during or
after the stitching process. These FN molecules also improved
the biccompatibility nl'th:?res by attracting fibroblasts to the
wound site. Furthermaore, in vitro and in vive studies of wound
healing revealed that the FN-coated sutures enhanced the wound
healing process via accelerated reepithelialization, which may
minimize scar formation. Additionally, the FN-coated suture wag
found to lower the friction at the suture-tissue interface. Most
importantly, this approach can be further expanded by incorpo-
rating other therapeutic proteins or small molecules 1o function-
alize sutures to improve tissue integration and healing,

Experimental Section

Chemicals:  The polydioxanone sutures used in this study (Monosorb,
Code DMMV102) were provided by Samyang Biopharmaceuticals. Other
various suture materials, polydicxanone (PDS I, W9234), polyglactin
90 (Vicryl, WI440), sik (Mersilk, WED5) and polypropylene [Prolene,
BR12H), were purchased from Ethicon while silk (Black Silk, SK521), ny-
ton (Blue Nylon, NB428), polyglycolic acid (Surgifit, AV122), and cat gut
(Chromic, £517) were obtained from Adlee. All suture sizes were based
on thase listed in The United am Pharmacopeia, The polymer ma-
terial used for the coating was poly (5 sulfonic acid)
[PS533, 33.0 mole% SO H, Polymer Source P6114-5503H) in dimaethyl-
formamide (DMF, Sigma D455 @lFibronectin was obtained from human
plasma (Invitragen, 33016015). The phosphate buffer saline (PBS) [ 10010¢
023) used in this ressarch and the cell culiure were purchased from Gibeo,
Calls for biocompatibility and wound heal ays were GFP-human der-
mal fibroblast necnatal (Angio-proteomie) maintained in Dubelcce’s Min-
imum Essentlal Media [DMEM, Gibeo) containing 109 fetal bovire serum
{FBS, Gibco 16000044) and 1% penicillin-streptomycin-glutamine 100x
(Giben, 10378076). Luria-Bertani (LB}, Tryptic Soy Broth (TSB, 22092)
and zinc chloride (ZnCl, 208086) for bacteria media were purchased
from Sigma. Cells were cultured in 2 dish from Corning. Pluronic-127
(P2443). bovine serum albumin (BSA) (AS647), anti-human fibranectin
antibody isolated from rabbits (F3648), substrate tetramathylbenzidine
(TMB) [T8665), Tween (P1754), parsformaldehyde (P5148), and 2, 2, 2-
?mmullﬂﬂnl (Averting (T48402) were purchased from Sigma-Aldrich

¢ Pierce modified L [P1856006) miethod was obtained from Thermea
Fischer Scientific, and horseradish peroddase conjugated goat anti-rabbit
1gG-HRP (ab&721) rchased from Abcam. Alexa NHS 488 succin-
imidyl ester {AZ0000) and Alexs C5 maleimide 546 (A10258) were supplied
by Invitrogen. Silicen rubber for the friction test was provided by Dragen
Skin 100

Sutface Modification af the Suture and Characterization:  The sutures
were cut into 2.cm pieces, placed In vacuum-sealed plastic, and k t
—20 °C until they were used. PDO sutures were dip-coated in 33% paly
(styrene-co--styrene !.lifn_l'il: tdd} {P5533) and then dried ovemight in
an oven at 65 "C. For anather group, sutures were exposed to UV/ozone
(UVO cleaner Ahtech AH1700) for 2 min while the PDO sutwres for the re-
maining groups were used wi any treatment. All of those pretreated
sutures were incubated in 50 FE mL~" of ibrenectin in PAS for 72 h at
B7°C under gentle shaking to distribute FM equally over the sutures. After
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incubation, the sutures wene washed in PBS three time r FTIR spec-
trascapy, the PDO sutures was dried in air, after which atteruated totak
reflectance Fourier-transfarm infrared (ATR-FTIR) spectroscopy measure-
mients Were performed wsing the Agilent Cary 610 system in the Advanced
Bio-Core Facility at Sogang University; 64 scans in the wavenumber range
from GO0 to 4000 cm~! were accumulated. The signal range for FN ad-
sorption was confirmed by using the same system to record spectra for
the FN solutions.

Adsorbed Fibfmn@wmﬁ tior:  The amount of adsorbed FN was
quantified based onthe P ified Lowry methiod. Five pleces of 2-cm
sutures were incubated in 50 pg mL~" of FN solution at 37 °C. The FN so-
lutions before and after incubation {40 pL) were collected in 96-well plates
{SPLs), with three replications for each group. The known concentration
of the FN solution was used as the standard in this procedure. Modified
Lowry reagent, as much as 200 plL, was added into a well and was gently
mixed into the solution by using a mini rocker (Bio-Rad) at room temper-
ature (RT) for 10 min. PBS salution ed as a blank for subtracting
the absorbance of every sample. Then, Felin-Ciocalieu reagent was mixed
into [ERJ well and immediately shaken fo @y conds. The 96.well plate
was covered by aluminum foil te protect it and incubated at RT
fiagd 30 min, A multi- reader (EnSpire, « anchmer) was used to mea-
sure the absorbance al'a wavelength of 750 nm. The standard curve was
calculated using the corsected absorbance of the known FN solution. The
number sorbed FN in pg was determined by subtracting the Initial
nurmbar & FM solution from the number of the FN solwion remain-
ing on the plate. The unit of the adsorbed FN was then converted into ng
mi by dividing by the suture’s surface area.

arescence Resonance Energy Transfer (FRET) Anodpsis:  Fib

was labeled according the procedure reported by Smith et al. (2007) with
Alexa N and Alexa C5 maleimide 546.*'] Ta open the FN struc-
ture, up to 8-m guanidine hydrochloride (Gdn HCI) was added inNaHCO,
buffier at pH 8.5. Fibronectin was further labded with [fleptor Alexa C5
maleimide, as much as 30 times the FN molar ratio, for @n haur at BT,
Excess dye was removed by using dialysis against NaHCO, b three
times at two-hour Intervals and overnght at 4°C. Moreover, the was
labebed with 70-fold excess donor AlexaffHS 438, a process that took 2 b,
Free dye was removed from the FN-DA by using a PD-10colufmin that had
been equilibrated with PES. The quantitative ratio of accepiors to rs
for each FM dimer malecule was calculated using the absorbance at 280,
495 and 556 am and the FN molar sxtinetion eoefficents. Fibronectin dow
ble labeled with 10% glycerol was kept at —20°C until it was used The
awceptor-to-donor Auorescenceintensity ratios were measwred spectrofiu-
orometrically [Hitachi 7000} by using 0- to 6-m Gdn HCL The PDO sutures
and the modified sutures were incubated under the previeusly mentioned
conditions with 90% unlabeled FN and 10% double-labeled FN. The in-
tenisity ratis, |, /1y, demonstrated the exstence of a secondary structure
in Gdn HCI. To investigate FN conformation on suture, PDO sutures ob-
tained from Ethicon (PDS || 2-0) were used.

Modified Suture ard Bacteria lateroction: The plasmid pCMZB,"”
which is a 5. awreus—E. coli shuttle vector for expression of sGFP, was pro-
vided by Dr. Alexander Horswill 1Un|wmdohr&dﬁ Anschutz School
of Medicine). The pCM29was transformed into E ol C2925 (dam— /dem’
E coli K12 derivative; Mew England Biolabs), and plasmid DNA was puri-
fied from the positive transformants by using HiGene Plasmid Mini Prep
Kits [BioFact, Daejeon, South Kores) according to manufacturer's instruc-
tians. The plasmid purified from E. coli C was_introduced wa elec-
troparation inte 5. aurews NCTCB325-4.191 E eall @nd S. aiireis el
in Luria Bertani (LB} and Tryptic Soy Broth (T58) supplementing W
ampiciliin (100 pg mL~") and chloramphenicol {10 pg mL~") at 37°C un-
der shaking whereas enhanced GFé}ﬁing E. coli was constructed
by first introducing GFP to pET28a & MNdel and the Notl restricti@e!
engyme sites. Both pKADD1™] and introduced pET2Ra-EGFP were cut at
the Xba and the Motl restrictian enzyme sifeg. Subsequently, the product
containing the histidine tag, the thrombin cleavage site, and the EGFP
ector, named pKAZE-ECFP,
was then transformed te E. coll UT5600 A's lony of E. coli UT5600
containing pKA2S-EGFP Was inoculated into Bertani [LB) medium
with 50 pg mL™" of ampicillin at 37°C and was spun it 200 rpm for 16 h

{0 2021 Wiley VCH GmibH




ADVANCED
SCIENCE NEWS

SATCAR

wwaw, ad)

The grown cells were transferred to LB in a 1:100 starter : medium ra-
tio and| bated until ODg,e reached 0.4 at 37°C at 200 rpm. At that
timie, 1-mM isopropyl §-D-1-thiogalactopyranoside (IPTG) was added un-
til log phase had b ached. In the late log phase, surface-modified
sutures were added into the media and then incubal t30"Cior 2 h
in 5 aurews or & hin E coli. Sutures wers washed with Tris-buffered saline
[TBS) buffer supplemented with 1-mM ZnCly tRBctach unbound 5, aumus
and E. coll. Bound bacteria cells were further observed under a eonfocal
microscope

Suture ompatiility, The cells were cultivated in a 100-mm cul-
ture dish *Cin 5% CO; until they had reached B0-90% canfluence.
The cells were *HM using PBS and were di matically using
trypsinEDTA [0.25%) in DM EM for 3 min. Then, the célls were collected
by using centrifugation at 1500 rpm for 1 min (Eppendodf 5810R). The
cells (5%10%) were seeded an a 2-cm suture in a sterile 35-mm confocal
dish (SPL, 200350) that had been previously coated with Pluronic-127 5%
in distilled water for 30 min. This step was used to ensure that the cells
had attached equatly ever the entire surface of the suture. The prepared su-
tures were divided into six groups the PDO, PDO-UVO, PDO-PSS, PDO-
FN, PDO-UVO/FN, and PDO-PSS5(FN groups. After 12 b, the cell-coated
sutures were transferred Imo a new confocal dish filled with 2 miL of fresh
media. Z-stack images of the sut in each group were subsequently
taken using confocal microscopy. number of cells ini the 3D-image
of a suture was determined using a 3D object counter plug-in in Image |
(Fiji} and praperly adjusting the threshold for each stack. For contact angle
and tensile strength measurements, PDO sutures {Monosorb) were pre.
pared as praviously mentionad, The contact angle was measured using an
SEQ Phoenix 300 Touch Contact Angle, Image XP 56U while the tensile

h was determined using an Optech forcemeter DS2-50M,

 Wourd Healing Assay:  Wound healing assays were performed
by using scratch assays on a cell monolayer that had been modified to
quantify the cell migration capability :ﬂuﬁlng been eposed (o the su.
ture. Briefly, fibroblasts, 1% 10° cells mL~, were seeded in & 35-mm cul-
ture dish. After the cells had mached confluence in 10% FBS containing
DMEM, the e scratched by using a cell scrapper to create an -l-mm
wound, The were gently washed with PBS three times faremave cell
debris, @RdthE medium was féplaced with one containing 0.5% FBS. The
migrating cells were evaluated by measuring the residual gap on five dif-
ferent scratched areas at 0 and 24 h.

Quantificatian of Fibronectin Release:  Five pleces of 2-em sutures were
surface-modified and the number of adsorbed FN was calculated as pre-
viously mentioned. The fibrenectin-coated PDO samples from the
treatment, UVO-treated and PS5 pretreatment groups were incubated in
PBS solution (pH 74, Gibco 10010001) &t 37 °C under gentle shaking
with @ mini rocker |BioRad 1680720). Samples of the solution were col-
lected at 6 b, 12 h and 24 h then kept at 4 "C until the sampling pro-
cess had been completed. Fibro released from the PDO suture was
guantitatively determined using competitive anzyme-linked immunosor:
bent assays (ELISAs) that had been developed initially by Rennad and
colleagues **l Principally FM was coated on the bottomn of micro-well
plate and antibody-sam ple mixture was incubated on the FM coated micro-
well plate. Free antibody bound to bottern FN, while FM binding antibady
was removed by washing steps. Secondary antibody-conjugated enzyme
and subtrate was further added to form visible complex reaction, The more
FM released from modified -suture, the less free antibody to react with TMB
substrate to form com reaction. Briefly, a micro titer well plate (SPL)
was precodated with FN selutien ata concentration 1 pg'mL™" In a coating
gl that contained 0.1% bovine serum albumin. The coating process

at 4 “C overnight; the excess fibronectin was washed away
three times n Tri saline and Tween 20 (TB5T). The coated plate
was blacked with 1% BSA in TBS sofffon foran hour at RT. After the block-
ing had been completed, the plate was washed with TBST three times to
femove unbaund BSA. Then, various concentration of standard solution
and sample were prepared by adding 50 pL of the standard solution or
50 b of the sample solution to 50 uL of affRfibronectin antibody isolated
from rabbit 30 000, This mixture was incubated far an hour at BT Af-
ter an hour, pLof this mixture was added 1o cach well, and the wells
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were incubated fo hour at RT. After each well had been washed three
times with TBST, radish perovidase conjugiated mouse anti-rabbit

IgG-HRPwas added to eachgall, followed
benzidine (TMB) substrate and incubation for 30 min. The complex reac-
tian products dissolved in 1-m HO, and the absorbance was mei
sured using @ multi-plate reader (EnSpire; Perkin Elmer) at 450 nm. The
number of roleased FN was calculated by subtracting remaining FN in
the solution from the number of adsorbed fibronectin. The unit of the ad-
sorbed FN was then converted into pg mm by dividing by the suture's
surface area
Suture—Tissue Intedface on Stilched Mice:  Animal model sxperiments
were performed using the | protocol (Mo IACUC2020_02) approved
by Sogang University and In accordance with The Guide for the Care
and Use of Laborstory Anirmals of the Mational tutes of Health. Male
BALBjemice & to 10-weeks old were adapted ina 12-Hour [ightfdark cycle.
The mice were individually caged for at least 24 h before the experiment.
The mice were anesthetiz ing 250 mg kg~ of 2,2, 2-tribromoethanal
{Awertin) intraperitoneal ly. Hair on the dorsal part was shived, and the area
was eleaned with pevidane iedine. The dorsal parts of the test mice were
stitched using PDO-UVO/FN and PDO-P55/FN sutures, and the dorsal
parts ofthe control mice were stitched using PDO sutures; all PDO sutures
used in this research were obtained from Ethicon (PDS I 5-0, WS863T) and
were prepared in the sama way as previously described. The presence of
adsorbed FN on the sul was corfirmed using 458 IR spectra prior to
the animal experime mice were resuscitated and monitored daily.
After 10 days, 5 mice were sacrificed, and regrown halr was removed. The
wounds were excised, along with an area of skin ca. 5 mm around
the wound, after which cised tissues were pinned flat on dental wax,
Tissues were then fived In 4% agueows paraformaldehyde and embedded
i paraffin. The cut paraffin sections were stained with hematoxylin-sosin
{H&E) and Mazson's Trichfome dye. Re-epithelialization was assessed us-
ing Image | to analyze the newly formed epithelial layer while the rirng
of tissue was evaluated using the Scar Index, which is defined as the scar
area (pm?) divided by the average dermal thickness (um) according to pre
vious study. 05 The collagen area was calculated by evaluating blue stain
ing of Masson's Trichrome dye using the color deconvalution Image | in
pindds. Collagen area was measured as % collagen area divided by total
f section in 100%. 8]
antitative PCR:  Total RNA was extracted from cells or mouse skin
by using Tri-RINA Reagent (Favorgen). First-strand cDNA synthesis from

e addition of a tetramathyl-

the total 500 ng of RNA was performed with PrimeScript RT master mix
(RRO3GA, ). The thermocycling condition was 15 min at 37°C and
5sat85°C A gene Mx3000p qPCR m.ﬂm {Aglent Technalogles)

was used to subject the synthe: cDMNA 1o real-time PCR with gPCR
2x Premix SYBR (Enzynomics). The PCR conditions used to amplify all
% were 10 min at 95 °C, 40 cycles at 95 °C for 15 £, and 40 cycles at

*C for 40 5. Expression data were calculated from the cycle threshold
(€1} value by using the ACt method of guantification. The 18s rENA was
used for normalization The oligenucleotides are listed in Table 52 in the
Supporting Information.

Friction Behavior between the Suture and the Tisue:  Friction tests were
performed using a typical wribological setup.P7| The exparimental sample
was silicone nubber (Dragen skin 10], which has a biomechanical behavior
similar to that of human tissue!*54'] Dragon skin 10 was prepared using
equal weights of parts A and B salution to be mixed for 4 min, followed
by degassing for 5 min. The mixture was cured in a polyethylene tereph-
thalate [PET) dish at roem temperature and then cut into 20=20x5 mm’
pieces for friction sample measwement. To set up the friction experiment,
the surface-modified sutures were cut into pieces of 30 em in length and
placed the pieces in a suture holder The suture holder was fixed afier the
suture had come into direct contact with sample's inteface, The normal
farce and the friction force were recorded using a force meter (Optech
Imada D52-5M) while the vertical dragging movemnent was driven using a
Handpl Mo-HTH unit. The PDO control was loaded with a normal force of
0.1-05 N at varying dragging speeds [1-3 mm 571} to determin opti-
rrium farce and the eptimum dragging speed for the expariment. A nermal
farce of0.4 N andd dragging speed af 3 mm s~ " were found to be optimal
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conditions for the friction experiments. The kinetic friction coefficient ()
of the surface-modified PDO was calculated using the following equation

Friction force |:FJ,- }

oy = 1)

MNormal force [F,)
istical Amalysis: Al data in this report [l presented as means +
standard deviations of the mean (5) based on 3t least three independent
asurements. Obtained data wereé preprocessed to evaluate outliners.
ata were statistically analyzed using the one-way ANOVA followed by the
Tukey test, and significance was achieved at ®p < 0.05 using Origin 9.0.

Supporting Information

Supporting Inform ation is available from the Wiley Online Library or from
the author.
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