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Abstract: In order to reduce the damage to tissue and fill the interstices between fibers, multifilament sutures
are frequently treated with certain coating materials. The objective of this study was to create and characterize
dopamine hydrochloride (DA) and carboxymethyl chitosan (CMCS) coatings on surgical sutures and investigate
their effects on the frictional performance of the surgical sutures during sliding through a skin substitute. The
effects of the treatment on the physical and chemical characteristics of the surgical sutures were evaluated. The
friction force of the surgical sutures during sliding through the skin substitute was experimentally determined
using a penetration friction apparatus. The coefficient of friction (COF) was calculated using a linear elastic
model and was used to estimate the frictional behavior of the surgical suture-skin interactions.

The results showed that the DA coating could evenly deposit on the surface of the etched multifilament
surgical suture surfaces in a weakly alkaline buffer solution. The CMCS coating material could form a uniform
film on the surface of the sutures. Minor changes in the surface roughness of the multifilament surgical sutures
with different treatments occurred in this study. The friction force and the COF of the multifilament surgical
sutures with DA and CMCS coating showed little change when compared with untreated multifilament surgical
sutures.

Keywords: friction; surgical suture; coating; Biomaterials; skin substitute

1 Introduction

Surgical sutures are available in different sizes and
structures and might be coated or uncoated depen-
ding on the surgical procedure they are used for.
The frictional behavior of surgical sutures plays an
important role in their interaction with tissue because

it determines how easily a suture passes through
tissue and is related to the amount of tissue trauma
that they cause.

The frictional performance of fibrous materials
is largely governed by fiber-related factors, such
as geometrical structure, surface characteristics, and
materials used [1, 2]. When a surgical suture slides
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through tissue with high friction, it damages tissue,
leading to longer recovery times for wounds [3]. For
soft or fragile tissue, uncontrolled stitch cracking may
cause additional suturing-related trauma.

In general, surgical sutures are categorized as either
monofilament or multifilament according to their
structure [4, 5]. Monofilament and multifilament surgical
sutures have different friction behaviors during surgery.
Multifilament sutures tend to have better mechanical
properties with a significantly higher flexibility
and pliability than monofilament sutures. However,
multifilament surgical sutures with a twisted structure
have higher surface roughness [6], which in turn can
influence their frictional behavior.

For uncoated multifilament sutures, a twisted
structure and rough surfaces may lead to increased
resistance when the suture slides through tissue. The
interstices between fibers could harbor bacteria within
the braided structure [7]. In order to reduce the damage
caused to tissue and fill the interstices between fibers,
multifilament sutures are frequently treated with some
coating materials.

Researchers have investigated the influence of
various coating materials on multifilament sutures,
such as triclosan [8], chitosan [9, 10], silver nanoparticles
[11], and antimicrobial peptides [12, 13], on the physical
performance of multifilament surgical sutures. However,
the main focus of these investigations was to reduce
tissue reactions. The influence of coating materials on
the frictional behavior of surgical suture-skin interactions
has rarely been investigated. Walling et al. [14] studied
the influence of antibiotic ointments on the friction
behavior of polyglactin surgical sutures. Their results
showed that the coefficient of friction of sutures
decreased and the suture easily passed through tissue
when using the lubricant. Chen et al. [15] investigated
the friction force of coated antibacterial braided silk
interacting with a skin substitute. They found that
the maximum friction force decreased when using the
coating material.

Coating materials should be biocompatible with
tissues and not provoke chronic tissue reactions.
Dopamine hydrochloride (DA) [16] and carboxymethy!l
chitosan (CMCS) [9] are widely used in various
biomedical applications and were chosen as coating
materials in this study. Recently, DA, which is a novel

material, has been used to modify surfaces to make
them cohesive and functionalized [16, 17]; this has
drawn widespread attention. DA coating was found
to be a versatile platform for secondary reactions [18].
In a buffer solution, DA can be self-polymerized and
deposited on hydrophobic or hydrophilic surfaces
[19]. Carboxymethyl chitosan (CMCS) with the CH,-
COOH group, which is derived from chitosan, has
been used as a coating and biomedical material [20].
Viju et al. [21] observed that ,compared with a chitosan-
untreated silk suture, the chitosan-treated sample
presented a lower coefficient of friction between fibers
for normal loads ranging from 50 g to 150 g. To
the best of our knowledge, there has been hardly
any research on the friction of surgical sutures with
combined DA and CMCS coating.

The objective of this study was to apply DA and
CMCS coatings on multifilament surgical sutures and
investigate the influence of the DA and CMCS coating
on their frictional performance when sliding through
a skin substitute. The treating process for multifilament
sutures was optimized. The effects of the treatment
process on the physical and chemical characteristics of
the suture were evaluated with different parameters,
including weight change, contact angle, tensile strength,
stiffness, laser surface characteristics, and surface
chemical composition. The frictional performance of
the coated sutures was studied using the recently
developed penetration friction apparatus (PFA) [22].
The coefficient of friction based on the linear elastic
model was used to estimate the frictional behavior of
surgical suture-skin interactions.

2 Materials and methods

2.1 Materials

Polyglycolic acid (PGA) multifilament surgical sutures
and straight stainless-steel tapered needles with a
chamber at the end (Weigao Medical Instruments
Co. Ltd., Weihai, China) were used in this study. The
skin substitute was Sil8800 (Red, 80 IRHD), obtained
from Superior Seals, with a similar toughness and
constitution as skin [23-25], as shown in Fig. 1.
Dopamine hydrochloride (DA) and carboxylated
chitosan (CMCS) were obtained from Aladdin Chemistry
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(a) Multifilament surgical suture (b) Artificial skin (c) Surgical needle

Fig. 1 Multifilament surgical suture, artificial skin, and surgical
needle.

(Shanghai, China). Tetrahydrofuran (THF) and sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich
(St. Louis, USA).

2.2 Coating process

The coating process of the PGA multifilament surgical
sutures involved the following three steps. First, in
order to improve the adhesion of the coating material
to the PGA multifilament surgical suture, the latter
was cleaned with a THF solution to remove the
protective layer and etched using NaOH solution.
Secondly, the etched PGA multifilament surgical suture
was coated with DA vig an immersed coating method.
Finally, the resulting DA-coated PGA multifilament
surgical suture was coated with CMCS via a dip coating
method. The coating process is illustrated in Fig. 2.

2.2.1 Cleaning of the PGA surgical suture

The PGA multifilament surgical suture samples
(~25 cm long) were immersed in THF (20 mL) and
subjected to 5 min of ultrasonic treatment. Then, the
samples were treated with fresh boiling THF (50 mL)
under 12 h of reflux. The suture samples were washed
with fresh THF and dried at room temperature.

2.2.2  Etching of the cleaned PGA sutures

The cleaned PGA multifilament surgical sutures were
etched using NaOH solution with a concentration of
0.50 mol/L at room temperature. The PGA multifilament

NaOH etching X

\
R ﬂ
\
\
\

surgical sutures, which had a length of 25 cm, were
immersed in a beaker containing the NaOH solution
and subjected to magnetic stirring over 1 min, 2 min,
3 min, 4 min, and 5 min (respectively for each sample).
Then, the PGA multifilament surgical sutures were
washed with deionized water and dried at room tem-
perature. The optimization of the etching time for
PGA multifilament surgical sutures was investigated.

2.2.3 Dopamine coating

DA powder was dissolved in 10-mM Tris buffer.
The effects of pH value (7.5, 8.5, and 9.5) and the
concentration of the DA solution (1 mg/ml-4 mg/ml)
on the coating were investigated. The etched PGA
multifilament surgical suture samples were immersed
into the DA solution and stirred at room temperature
for 12 h. Then, the PGA multifilament surgical sutures
were washed with deionized water. After being dried
to a constant weight at 40 °C, the resulting modified
sutures were used for characterization.

2.2.4 CMCS coating

The CMCS coating slurry was prepared by slowly
dissolving CMCS in deionized water via magnetic
stirring. The solution, which had a concentration
of 10 mg/mL, was sonicated for 5 min. The PGA
multifilament surgical sutures were treated via a
dip-coating method. The PGA multifilament surgical
sutures were dipped into the CMCS slurry once or
several times, leading to the formation of a homogeneous
coating layer on the surface of the sutures. The PGA
multifilament surgical sutures with DA coating were
immersed in the CMCS solution for 30 s and then
removed. The PGA multifilament surgical sutures were
pulled tight and tilted. The coating solution droplets
were moved back and forth on the sutures until they
visibly disappeared. This step was repeated according
to the test design. Finally, the sutures were dried at
room temperature for 30 min.

P P
‘\\\,’ ;\\\ CMCS coating A o ‘j\\
AN b N

N N PR N

N N
\,\\ ,//’/’/ \,// )

Fig. 2 Schematic illustration of the coating process of the PGA multifilament surgical suture.
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2.3 Tribological measurements

2.3.1 Sample preparation

Before our frictional experiments, the PGA multi-
filament surgical sutures were cut into samples that
were 25 cm long. Circular-shaped skin substitute
samples were prepared with a diameter of 23 mm
and a thickness of 2 mm. The samples were cleaned
in acetone under ultrasonic treatment for 10 min and
then dried before the experiment.

2.3.2  Analysis methods
2.3.2.1 Weight change

The weight change (w) of the etched and coated PGA
multifilament surgical sutures was calculated using
the weight of an untreated suture (w,) and the weight
of a treated one (w,) as shown in Eq. (1).

w, —w,

w= x100% 1)

w,

Weight change was positive for the etched PGA
multifilament surgical sutures and negative for the
coated PGA multifilament surgical sutures.

2.3.2.2 Contact angle

The surface hydrophilicity of the sutures was charac-
terized via water contact angle (CA) measurements
(CA, Data Physics OCA20, Germany) using the sessile
drop method at room temperature [26]. In each
measurement, a tight PGA multifilament surgical
suture was fixed on the tester, and a 3-pL drop of water
was placed on it in air. A video camera recorded images
of the water droplet and measured the contact angle.
Software (OCA20 software, Data Physics Instruments,
Germany) was used to determine the contact angles
from the images. Five measurements were performed
for each PGA multifilament surgical suture, and the
mean values were taken as the final results.

2.3.2.3 Tlensile strength tests

The influence of the treatment on the strength of the
PGA surgical sutures was measured using a tensile
tester (Zwick/Roell 500N, Germany). In this experiment,
one end of the suture (with a length of 10 cm) was
clamped in a fixed jaw, whereas the other end was

fixed to the moving jaw of the tensile tester. With
the velocity of the moving jaw set to 10 mm/min,
the suture was pulled until it broke. The computer
recorded the maximum load [27].

2.3.2.4 Bending stiffness

The bending stiffness of the PGA multifilament surgical
sutures affects the shear strength of the sliding friction,
thereby affecting the frictional behavior of the surgical
suture-skin substitute interactions [28]. The bending
stiffness of the PGA multifilament surgical sutures
was evaluated using the cantilever beam law. In each
test, 5 cm of the PGA multifilament surgical suture
were placed on a horizontal plane. Afterward, 1 cm
of the PGA multifilament surgical suture was left to
hang in the air. Then, a dead load was attached to
this end. The end of the PGA multifilament surgical
suture fell down a certain distance, which was measured
after 15 s of loading [29]. The bending stiffness was
then calculated according to Eq. (2),

% 713
B=F l
3f

)

where B is the bending stiffness, I was 1 cm in this
study, and fis the dead load applied to the end of the
PGA multifilament surgical suture.

2.3.2.5 Surface analysis of materials

The topography and 3D profiles of the PGA
multifilament surgical sutures were obtained using a
VK-9700 laser scanning microscope from KEYENCE,
Japan. Characterization of the PGA multifilament
surgical sutures was carried out using a spectrum 100
FT-IR spectrophotometer (Perkin Elmer) over a wave
number range from 600 cm™ to 4,000 cm™.

2.3.2.6  Experiment setup

The frictional performance of the PGA multifilament
surgical sutures for a tissue substitute was investigated
using the recently developed PFA [22]. The main parts
of the PFA are briefly described in this section.

The main component of the PFA is the sample
gripper, which is used to fix the tissue substitute sample
in place. It was assembled inside the Zwick/Roell tensile
tester (500 N, Germany) to measure the friction force
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while the PGA multifilament surgical suture penetrated
through the skin substitute. In the tribological mea-
surements, the skin substitute was attached to the
gripper (Fig. 3(a)). In addition, the PGA multifilament
surgical suture penetrated through the skin substitute
with a surgical needle and was attached to a load cell.
The load cell recorded the friction force between
the PGA multifilament surgical suture and the skin
substitute for the movements of the sample gripper
(Fig. 3(b)). Table 1 shows an overview of the experi-
mental conditions. Three repeated experiments were
carried out for each set of experimental conditions.

3 Results and discussion

3.1 Process optimization
3.1.1 Etching of the PGA sutures

A smaller contact angle (CA) on the surface means
that the fabric has better hydrophilicity. The CA of
the PGA multifilament surgical sutures before and
after etching were measured and are shown in Fig. 4.
It can be seen that the water CA decreased as the NaOH
treating time increased. Compared with the untreated
PGA multifilament surgical sutures, the NaOH treated

Sample top holder

Fixer

Sample gripper

Fixer \ia’ __ Skin substitute
| Sample top D (a)
holder o 2

i‘7\\\ E\*J,e 1
~ == |

\/ - Surgical suture

k ' 7,7 : ixer .
‘Sample top holder __= _—
Sample bottom holder - —]
~~ O

- ¢

Sample botiom holder

(b)

Fig. 3 Penetration friction apparatus (PFA). (a) punch process; (b) penetration process.

Table 1 Experimental parameters.

Test-related condition

Specification

Equipment

Diameter of space of gripper
Puncture angle

Puncture velocity of needle
Puncture distance of needle
Penetration velocity of suture

Penetration distance of suture

Penetration friction apparatus
25+ 0.5 mm

90°

60 mm/min

10 mm

100 mm/min

100 mm
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sutures had a smaller CA. That is because alkaline
hydrolysis reactions increased the number of -OH
and -COOH groups. When the PGA multifilament
surgical sutures were treated with NaOH for 5 min,
their CA decreased from 66.1° to 55.4°, subsequently
increasing the hydrophilicity of the sutures.

The weight changes of the PGA multifilament
surgical sutures for different etching parameters were
considered in this study. Figure 5 shows the weight
changes of the PGA multifilament surgical suture
etched using a 0.05-mol/L NaOH solution for various
treating times. It can be seen that the weight loss of
the sutures increased with etching time. We also noted
that the weight loss was 16.5% for NaOH treatment
of 5 min.

90
80—-
701
60—-

504

CA ()

40
30

204

0= T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8
NaOH treating time (min)

Fig. 4 Water contact angle of the PGA multifilament surgical
sutures as a function of NaOH treating time.

35+

30+

b

+

16.5

Weight loss (%)
s

—
S
-

(9]
1

0 L L L T T T T T T T L T
1 2 3 45 6 7 8 9 1011 12 13 14 15
Time (min)

Fig.5 Weight loss of PGA surgical sutures treated with NaOH.

When choosing a suture, its strength must be
considered. A suitable suture strength will adequately
hold the healing tissue. The effects of etching treatments
on the tensile properties of the PGA multifilament
surgical sutures are shown in Fig. 6. It can be observed
from the curve that the tensile force and the tensile
elongation decreased as the NaOH treating time
increased. That is because the NaOH altered the
chemical structure of the suture and affected its physical
performance. Treatment of the PGA multifilament
surgical sutures with NaOH for 5 min resulted in a
slight reduction in tensile strength from 58.9 N to
50.0 N and tensile elongation from 30.4% to 24.2%.

We therefore concluded that the NaOH etchant is
efficient for PGA suture surface treatment. Based on
the above analysis, the NaOH etching conditions were
set as follows: NaOH concentration of 0.05 mol/L,
room temperature, and etching time of 5 min.

3.1.2 Coating
3.1.2.1 DA coating

In these experiments, DA was dissolved in Tris buffer
solutions with different pH values (10 mM; pH 7.0,
8.5, and 9.5) with a concentration of 3 g/L. Figure 7
shows that the coloring of the DA solution increased
as pH value increased. That is because DA aggregates
at higher pH values. The color of the DA solution
showed gradual change from colourless to dark brown
[30]. However, when the pH value was 9.5, the DA
aggregated into larger groups, leading to an uneven
DA-coating film on the surface of the PGA multifilament
surgical suture.

70 =35
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Tensile force (N)
s &
1 1
u]/
S
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F
/ |
1
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Tensile elongation rate (%)

35 .
~
L I
30
25 T T T T T T T T 0
0 2 4 6 8 10 12 14 16

NaOH treating time (min)

Fig. 6 Tensile force and elongation rate of the PGA surgical
sutures after NaOH treatment.
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Fig. 7 Digital picture of DA solutions with different pH values.

The effects of DA concentration on deposition
was investigated for various concentrations (1 g/L,
2g/L, 3 ¢g/L, and 4 g/L) at a pH of 8.5. Figure 8 shows
the concentration of DA versus the weight of the
PGA multifilament surgical suture. It can be seen that
the weight of surgical sutures increased from 2.75%
to 4.60% as concentration increased from 1 g/L to 4 g/L.

The morphologies of the coated PGA multifilament
surgical sutures are shown in Fig. 9. It can be seen
that DA deposition increased as the concentration of
DA increased. Furthermore, when the DA concentration
increased to 3 g/L, a further increase in the concentration
did not significantly increase deposition. Hence, the
optimum conditions for DA coating were determined
to be as follows: a pH value of 8.5 and a concentration
of 3 g/L.

5 46
3.98 I
—~_ 4 T
S 3.16 1
§ 2.75 T
e I L
&h I
5
s 2_
=
1_
0 T T T T T T T T
0 1 2 3 4

DA concentration (g/L)

Fig. 8 Weight growth of the PGA multifilament surgical suture
for different DA concentrations.

E——— = ) 3 e

Fig. 9 Morphologies of the surfaces of the PGA multifilament
surgical sutures for different DA concentrations ranging from
1g/L to 4g/L at a pH of 8.5 (magnification 50%; one pixel
represents 0.135 mm x 0.135 mm).

3.1.2.2 CMCS coating

Figure 10 shows the weight growth of the PGA
multifilament surgical sutures after coating with CMCS.
It can be seen that the weight of the sutures after
being dipping into the coating solution increased after
repeating the coating process multiple times. After
coating three times, the weight increase rate of the
surgical sutures lowered. Therefore, we decided to
coat the sutures three times in this study.

3.2 Characterization
3.2.1 NaOH etching

The PGA sutures were treated with NaOH to
generate carboxyl groups on the surface of the PGA
multifilament surgical sutures. Both the untreated
and treated PGA multifilament surgical sutures were
characterized via FT-IR spectroscopy to confirm the
occurrence of this chemical reaction. The FT-IR spectra
of the untreated and treated PGA multifilament surgical
sutures in the region from 4,000 cm™ to 700 cm™ are
presented in Fig. 11. The significant features of the
carboxyl groups are the bands corresponding to the
O-H stretching of CO-OH at 3,500 cm™, the bending
vibrations that appeared at 1,263 cm™ and 1,415 cm™,
and the C=O carbonyl stretching of -COOH that
appeared at 1,737 cm™. It can be seen that the spectrum
of treated PGA multifilament surgical suture was
similar to that of the unetched PGA multifilament
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Fig. 10 Weight growth of the PGA multifilament surgical sutures
versus times coated with CMCS.

100 S
95 Y
90
?-\cl
y 85
< 4
g
& 801
% 75 y
; 70 _- 1415
65 Untreated PGA suture
—— PGA suture treated with NaOH p
60 1737
v T T k.4 T ¥ T 2 ¢ g T L3
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 11 FT-IR spectra of the PGA surgical sutures untreated and
treated with NaOH.

surgical suture, but a stronger absorption band of
carboxymethylation stretching was observed on the
surface of the etched PGA multifilament surgical
suture.

The morphologies of the untreated and treated
PGA multifilament surgical sutures were observed
using a laser scanning microscope at the voltage and
magnification conditions shown in Fig. 12. We found
that, after cleaning, the surface of the suture became
smooth. After NaOH etching, some dents appeared
on the surface of the surgical sutures.

3.2.2  Coating
3.2.2.1 FT-IR analysis

The chemical structures of the coated PGA mul-

tifilament surgical sutures were also confirmed via
FT-IR measurements, as shown in Fig. 13. Some
changes in the FI-IR spectra of the PGA multifilament
surgical sutures were observed after coating with
DA and CMCS. Compared with the uncoated PGA
multifilament surgical sutures, several new absorption
signals appeared after surface coating. The absorbance
of the stretching vibrations of N-H/O-H was observed
between 3,600 cm™ and 3,100 cm™. The overlap of the
resonance vibrations of the C=C bonds in the aromatic

ring corresponded to the peak at 1,400 cm™, and the

— A S —
(a) Untreated PGA surgical suture

- 50

(¢) NaOH etched PGA surgical suture

Fig. 12 Morphologies of the untreated and treated PGA
multifilament surgical sutures. (a) untreated PGA surgical suture;
(b) cleaned PGA surgical suture; (c) NaOH-etched PGA surgical
suture.
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Fig. 13 FT-IR spectra of PGA surgical sutures with different

coatings.
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N-H bending vibrations corresponded to the peak
at 1,700 cm™. Meanwhile, the absorption peaks at
3,514 cm™ (O-H stretching), 2,838 cm™ (C-H stretching),
1,656 cm™ (amide band), 1,577 cm™ (N-H bending),
1,151 em™ (O-bridgestretching), and 1,082 cm™ (C-O
stretching) corresponded to the basic characteristics
of CMCS [31-33]. The characteristics of chitosan were
observed from the peaks at 1,730 cm™ (CO-OH),
1,080 cm™-1,155 ecm™? (C-O), and 1,626 cm™ and
1,518 cm™ (NH;") [33]. These results proved the
incorporation of the DA and CMCS composite layers
on the surface of the PGA multifilament surgical
sutures.

3.2.2.2 Bending stiffness of the surgical sutures

Bending stiffness is an important factor that affects the
frictional behavior and handling characteristics of PGA
multifilament surgical sutures. Figure 14 shows the
bending stiffness of PGA multifilament surgical sutures
with different treatments. It can be seen that the bend-
ing stiffness of the original suture was 0.026 cN?*cm?,
which was higher than that (0.007 cN?-cm?) of the
suture treated with NaOH. After DA coating, the
bending stiffness of the suture slightly increased from
0.007 cN?-cm? to 0.008 cN?-cm?. Then, after further
coating with CMCS, the bending stiffness of the suture
increased to 0.025 cN?-cm?, which was similar to that
of the original suture. A similar result indicating that
the stiffness of sutures increases after coating was
found in a previous report [34].

0.035

00304  0.026 0.025

0.025 J
0.020
0.015

0.010

Bending stiffness (cN-cm?)

O.QO7 0.008
0.005
0.000 . . = . :
o a2 Suiure - a “came“ . coatin® c ACS coatind

Fig. 14 Bending stiffness of PGA multifilament surgical suture
with different treatments.

3.2.2.3 Surface morphology

Laser confocal images of the PGA multifilament
surgical sutures coated with DA and then coated
with CMCS are shown in Fig. 15. It can be seen that
the coating materials formed a uniform film on the
surface of the sutures. After comparing DA and
CMCS coating, we found that the PGA multifilament
surgical suture with CMCS coating had become more
uniform. Meanwhile, the surface roughness of the
PGA multifilament surgical suture with a different
treatment at 50x magnification is shown in Table 2.
It can be seen that the surface roughness values before
and after treatment were very similar.

3.3 Frictional performance

Figure 16 shows the friction force arising from the
interactions of the PGA multifilament surgical sutures
with different treatments with the skin substitute. It
can be seen that when the original suture was cleaned
using THE, the friction force decreased from 0.75 N to
0.72 N. When the PGA multifilament surgical suture
was treated with DA coating, the friction force
increased to 0.75 N. Subsequently, the friction force of

the PGA multifilament surgical suture treated with
CMCS coating increased to 0.80 N.

Fig. 15 Morphology of the PGA multifilament surgical sutures.
(a) surgical suture with DA CMCS coating; (b) surgical suture with
CMCS coating.
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Table 2 Roughness of the PGA surgical sutures with different treatments (50x magnification).

Roughness Original suture THF treated NaOH etching DA coating CMCS coating
Sa 15.6 £0.45 14.3£0.67 15+0.74 15.8+0.67 16.2 +0.58
Sq 20.1 £0.36 21.7£0.56 19.6 £0.54 18.8£0.83 18.8 £0.37
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Fig. 16 Friction force of the PGA multifilament surgical sutures
with DA and CMCS coating when sliding.

In this study, the diameter of the PGA multifilament
surgical sutures was consistent before and after treating.
Based on the contact model between the surgical
suture and skin substitute, a simplified linear elastic
model was developed to predict the coefficient of
friction. According to this linear elastic model, the
normal force was 0.55 N when the suture was sliding
through the skin substitute while following the surgical
needle. Figure 17 shows the coefficient of friction
(COF) of the PGA multifilament surgical sutures with
different treatments. It can be seen that the coefficient
of friction of the original surgical suture was 1.38.
When the PGA multifilament surgical suture was
treated with THF, the coefficient of friction decreased
to 1.309. After coating with DA and CMCS, the
coefficient of friction increased to 1.37 and 1.47,
respectively. The latter values are within the range
of those of the uncoated suture. The trend of the COF
shown in Fig. 17 is the same as that in Fig. 16.

These results may be explained by minimal changes
to the high stiffness and roughness of the original
suture after coating. This suggests that it is necessary
to decrease the surface roughness and increase the
flexibility of coated surgical suture, which should be
explored in further research. In addition, one of the

Types of surgical suture

Fig. 17 Coefficient of friction (COF) of the PGA multifilament
surgical sutures with different coatings.

experimental conditions used in this study was dry
friction. In real applications on human tissue, body
fluids could act as lubricants, the hydrophilic polymeric
coatings might reduce the frictional performance of
the suture-tissue interactions.

4 Conclusion

In this study, DA and CMCS coating on PGA
multifilament surgical sutures was performed. The
PGA multifilament surgical sutures were etched with
a NaOH solution. The etched PGA multifilament
surgical sutures were coated with DA vig an immersed
coating method. Finally, the resulting DA-coated
PGA multifilament surgical sutures were coated with
CMCS via a dip coating method.

The optimum conditions for etching with NaOH
were as follows: NaOH concentration of 0.05 mol/L,
room temperature, and an etching time of 5 min. After
the PGA suture was etched using NaOH, carboxyl
groups appeared on the surface of the PGA sutures,
leading to an enhancement of their hydrophilicity.

The DA coating layer could be deposited well on
the surface of the PGA multifilament surgical sutures
using a weakly alkaline buffer solution. The optimum
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68

Friction 8(1): 58-69 (2020)

conditions for DA coating were as follows: concen-
tration of 3 g/L and pH value of 8.5. The CMSC coating
materials could form a uniform film on the surface of
the sutures. DA and CMCS coating had barely any
effect on the roughness and topography of the PGA
multifilament surgical sutures.

The COFs of the PGA multifilament surgical sutures
with DA and CMCS coating were 1.37 and 1.47,
respectively, which was within the range of that of
the uncoated PGA multifilament surgical sutures. The
same result was found from friction force data.
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