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Polypropylene (PP) sling implantation is the most commonly performed procedure for women with stress

urinary incontinence (SUI). However, concerns have arisen regarding complications caused by slings,

including the common issue of erosion, which can be attributed to various factors such as the body’s

response and bacterial contamination. To address these concerns, we have developed a rectangular

mesh self-locking edge sling with a large pore size and lightweight design. Promising results have been

obtained from preliminary in vivo mechanical reliability tests, including uniaxial tensile tests. In compara-

tive in vitro fixed load tensile tests and simulated Tension-free Vaginal Tape (TVT) and Transobturator

Vaginal Tape inside-out (TVT-O) technique tests using commercial slings, our sling demonstrated less

transverse wrinkling. Both slings achieved an effective porosity of over 45% under the TVT technique.

However, the commercial sling experienced a significant reduction in effective porosity during the TVT-O

technique, whereas our sling maintained a stable effective porosity with minimal wrinkling. Furthermore,

we successfully developed cationic hydration rejection-driven antibacterial-anti-fouling coatings on the

surface of our sling by grafting hyperbranched poly-lysine (HBPL) mediated by polynorepinephrine. The

HBPL coating imparts a positive charge and hydrophilicity to the sling, resulting in elevated bactericidal

activity and reducing protein adhesion. An optimal grafting concentration of 20 mg mL−1 was selected,

confirming the stability and biocompatibility of the sling coating. This coating is expected to reduce the

likelihood of postoperative erosion. Overall, our research represents significant advancements in improv-

ing the safety and performance of PP slings for stress urinary incontinence, potentially leading to a

reduction in complications following surgery.

1. Introduction

Stress urinary incontinence (SUI) is a common urinary system
disorder in middle-aged and elderly women.1 According to
statistics, approximately 20–40% of women worldwide suffer
from SUI, with the prevalence reaching 50–70% among women
aged 50 and above.2 In the United States, around 25–50% of
women are affected, with annual treatment costs exceeding 12
billion US dollars. It is estimated that the number of women

undergoing surgical treatment will increase from 210 700 in
2010 to 310 050 in 2050.3 In recent decades, the mid-urethral
sling procedure has become the standard treatment for
women with moderate to severe SUI or those with concomitant
pelvic floor functional disorders.4

The surgical implantation of synthetic slings has greatly
improved the cure rate for SUI patients. However, the medical
device reported from the United States, pointed out that long-
term follow-up investigations have revealed postoperative com-
plications such as vaginal erosion, urethral erosion, urethral
infection, and bladder perforation.5–7 In 2011, the U.S. Food
and Drug Administration officially emphasized the risks of
various complications, including vaginal erosion, associated
with the use of mesh implants in the treatment of pelvic organ
prolapse, while further evaluation is needed for the compli-
cations associated with synthetic mesh implantation in SUI
surgeries.8 With increasing global attention to the compli-
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cations of mesh implant surgeries, reducing postoperative
complications in SUI has become one of the current hot
topics.

With the continuous improvement in medical standards
and the quality of physicians, the physical properties of slings
and bacterial infections have become the main factors influen-
cing erosion.9–11 The most commonly used slings for clinical
implantation are lightweight and large-pored polypropylene
monofilament meshes, with a diamond mesh structure being
predominant.12 The most typical example is the TVT series
sling manufactured by Johnson & Johnson.13 As the pore size
increases and the mesh density decreases, the sling tightens
under intra-abdominal pressure. Its elongated structure makes
it prone to curling and wrinkling.14 Excessive deformation can
lead to a decrease in effective porosity.15 When the porosity
becomes less than 1 mm, the mesh can be filled with fibro-
blasts and collagen tissue, resulting in poorly healed hard scar
tissue. The overall increase in mesh stiffness will cause stress
shielding in the sling, leading to thinning and degeneration of
deep tissues. Consequently, sling products exhibit more severe
erosion issues after surgery compared to other mesh repair
materials.16–18 Knight et al. implanted contracted and col-
lapsed slings and flat slings separately in the vaginal canal of
rhesus monkeys. After 12 weeks, animals implanted with
deformed meshes showed significant complications.19 The
mesh led to vaginal epithelial exposure, fibroblast prolifer-
ation, and fibrosis, resulting in pain. This confirmed that sling
contraction and a decrease in effective porosity were key
factors in postoperative erosion. In addition to these factors,
the method of edge formation also affects the erosion of the
material on nearby soft tissues.20 Zdenek Rusavy et al. com-
pared the efficacy of mechanically cut and laser-cut tension-
free vaginal closure slings and found that mechanically cut
slings with lower hardness experienced relaxation within 2
weeks after implantation, while laser-cut slings with higher

hardness exhibited better stability.21 However, the edge for-
mation of the cut type resulted in a “sawtooth” appearance of
the sling edge, and the rough edge inevitably caused damage
to surrounding tissues. Further research is needed to explore
trauma-preventing methods for sling edge formation.

Bacterial infection is another important factor that triggers
sling erosion problems. Sling erosion caused by bacterial infec-
tion occurs in two main ways. Firstly, surface bacterial infec-
tions on the sling can lead to evident postoperative compli-
cations, such as acute urinary tract infections, cellulitis, necro-
tizing fasciitis, and osteomyelitis.10 Secondly, bacterial coloni-
zation on the sling’s surface can impede proper cell adhesion
and fibrotic reactions, potentially resulting in incompatibility
between the sling and the host, leading to erosion or com-
pression and severely impacting normal vaginal wound
healing.8 As a derivative of hernia repair meshes, the research
on the antimicrobial functionalization of slings can draw
lessons from patch-related studies.22 This is mainly achieved
by incorporating antimicrobial agents, such as antibiotics,
metal ions or nanoparticles, antimicrobial peptides, and cat-
ionic polymers, into the surface of the patch to form an anti-
microbial coating.23–26 For example, Labay et al. plasma-func-
tionalized PP slings and then coated the surface with nano-
scale polyethylene glycol as a drug delivery system, loading
ampicillin as an antibacterial drug.27 The drug loading
increased from 20.8% to 59.5%, demonstrating excellent anti-
bacterial activity and biocompatibility. However, compared to
the abdominal wall, the complex microenvironment of the
vagina imposes higher requirements on the antimicrobial per-
formance of sling surfaces.28 The vagina is considered a
“clean-contaminated” surgical area, with Staphylococcus aureus
(S. aureus), Staphylococcus epidermidis, and Escherichia coli
(E. coli) being part of the patient’s endogenous microbial flora,
which may reside in the vagina before or during surgery. Sling
implanted through the vagina inevitably experiences bacterial

Scheme 1 Scheme of the preparation of the sling. It has a smaller degree of wrinkling and better retention of effective porosity, and can reduce
bacterial infection through antibacterial and anti-adhesive effects and effectively avoid postoperative erosion.
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adhesion during the surgical process, and bacterial coloniza-
tion on the mesh can affect the accessibility of host cells to the
material surface, thereby interfering with normal cell adhesion
and tissue integration.29,30 This exacerbates foreign body reac-
tions, leading to premature erosion caused by sling-tissue sep-
aration and displacement. At the same time, antimicrobial
functionalized surfaces cannot prevent protein adsorption and
adhesion. Proteins adsorbed on the scaffold can serve as a
nutrient matrix for bacterial adhesion and proliferation, ulti-
mately leading to the failure of antimicrobial functionality.31

Therefore, surfaces with single antimicrobial functionality
are often difficult to meet the requirements of vaginal
implantation.

In this work, intending to reduce postoperative erosion
rate, we have designed a sling with a stable woven structure,
low contraction rate, and no edge-cutting effect, based on
being lightweight, large-pored, and having a high effective
porosity. The sling was then surface-modified to achieve dual
functionality of antibacterial and anti-adhesive properties
(Scheme 1). First, using polypropylene monofilaments as knit-
ting material, we fabricated a rectangular mesh self-locking
edge sling and compared it with a commercially available
diamond mesh sling with laser-cut edges. By examining the
basic structural parameters and conducting in vitro mechani-
cal property tests on the sling, as well as analyzing the defor-
mation mechanism of different tissues under stress induction,
we demonstrated the structural advantages of the sling in
reducing postoperative erosion. Subsequently, taking into
account the differences in surface characteristics of the
materials, inspired by the mussel-inspired biomimetic
materials, we oxidized and self-polymerized norepinephrine
(NE) to form poly-norepinephrine (PNE) on the surface of the
sling, and facilitated the interaction between HBPL and the
surface of the substrate to construct a strong, durable dual-
functional surface with antibacterial and anti-adhesive pro-
perties. This achieved a synergistic reduction of sling post-
operative erosion.

2. Materials and methods
2.1 Materials

Commercial Slings (PI 38) were purchased from Medprin
Regenerative Medical Technologies Co., Ltd. Medical grade
polypropylene monofilaments were supplied by Shanghai
Hongyu Medical Tech Co, Ltd (China). NE was purchased from
Aladdin Co., Ltd (China). L-Lysine hydrochloride was obtained
from Aladdin Co., Ltd (China). Tris(hydroxymethyl)amino-
methane, potassium hydroxide, sodium hydroxide, and
sodium dodecyl sulfate (SDS) were purchased from Sinopharm
Chemical Reagent Co., Ltd (China). ε-Polylysine (ε-PL) was
obtained from Zhengzhou Bainafo Bioengineering Co., Ltd
(China). The BCA protein concentration assay kit and total
antioxidant capacity assay kit were supplied by Shanghai
Biyuntian Biotechnology Co., Ltd (China). The S. aureus strain

and E. coli strain were provided by Shanghai Bioresource
Collection Center (China).

Human skin fibroblasts (HFF) were supplied by the Chinese
Academy of Sciences’ Cell Bank (Shanghai, China). Fetal
bovine serum (FBS), penicillin–streptomycin solution (PS),
Trypsin (EDTA), sodium pyruvate, and L-glutamine were pur-
chased from Gibco (USA). Cell Counting Kit-8 (CCK-8) was pro-
vided by Shanghai Yisheng Biotechnology Co., Ltd.

2.2 Slings knitting stitch design

All slings were fabricated on a raschel machine, RS4EL
(Runyuan Medical Supplies Technology Co., Ltd, Changzhou,
Jiangsu, China), gauge E12 with an electronic guide bar
control system. The knitting schemas and chain notation of
newly designed meshes are presented in Table 1.

The images of the slings were captured by a stereoscopic
microscope (Shanghai Cewei Photoelectric Technology Co.,
Ltd, China). The pixel values of the images are counted to find
the porosity and effective porosity.

2.3 Mechanical properties of slings

2.3.1 Constant load tensile property test. Uniaxial tensile
testing used a YG(B)026G electronic fabric strength tester
(Wenzhou Darong Textile Instrument Co., Ltd, China). The
clamping length was 20 mm, and the stretching speed was
100 mm min−1.32,33 After that, the specimens were loaded to
2.5 and 16 N cm−1 with the same clamping length and stretch-
ing speed, held for 60 s, and then returned to the initial state
and relaxed for 180 s. The tension was repeated 3 times and
the force and deformation of the sling were recorded.

2.3.2 Three-point beam bending test. Concerning the
normal position of the sling material in the physiological
structure of the pelvis and the predicted force, the sling is sub-
jected to a three-point bending test with a fixed load using a
textile stiffness tester (Suzhou Shengte Intelligent Technology
Co., Ltd, China) to realize an in vitro test of the in vivo force
simulation of the sling.

Briefly, the motor is controlled to move the needle down to
the initial position of the urethra, i.e. 40 mm below the speci-
men table, and the specimen table spacing is set to 40 mm
and 80 mm, respectively. Subsequently, the sling was cut into
specimens with a size of 40 cm × the forming width, passed
through the press pin in a tension-free state, and placed on
the horizontal surface of the specimen table. The ends were
fixed using long-tail clips instead of collets to simulate the
intraoperative fixation of the sutures at both ends. During the
test, 200 cN was used as the bending force and 60 mm min−1

as the vertical movement speed of the compression needle.
The force-displacement curve of the specimen was also
extracted, and visual images of the contact area between the
sling and the compression needle before and after com-
pression were taken to calculate the transverse crumpling rate.
The porosity and effective porosity were tested in the same way
as before.
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2.4 Preparation and characterization of functionalized slings

2.4.1 Preparation of HBPL. L-Lys (27.3 g) was dissolved in
30 mL of ultrapure water and neutralized with 1 : 1 KOH (8.4 g)
in a three-necked round-bottom flask. The flask was connected
to a nitrogen stream and stirred with a sealed overhead elec-
tronic stirrer at 150 °C for 48 h. At the end of the reaction, the
product was fully dissolved with 30 mL of dilute HCl at 0.06 N,
transferred to a dialysis bag, and immersed in 1 L of deionized
water for two days, with water changes every 12 h. The polymer
HBPL was freeze-dried and stored at −20 °C.

A Fourier transform infrared (FTIR) spectroscopy
(PerkinElmer, USA) with an attenuated total reflectance (ATR)
attachment was used to scan the powdered samples of the
reaction monomer L-Lys and the polymerization product HBPL
over the scan range of 500–4000 cm−1.

The composition, molecular structure, and branching of
HBPL were tested using NMR spectroscopy. The degree of
branching (DB) is an important indicator of the degree of
branching of HBPs, defined as the ratio of the molar fraction
of branched chains and terminal units associated with the
total number of possible branching sites. The DB values were
calculated according to eqn (1) proposed by Hawker et al.34

DB ¼ Dþ T
Dþ Lþ T

ð1Þ

The number of branches (ANB) was calculated according to
eqn (2) proposed by Hölter et al.35

ANB ¼ D
Dþ L

ð2Þ

where D, T and L are the molar fractions of the dendritic, term-
inal and linear units of the HBPLs, respectively, which were
obtained by integrating the corresponding peaks of the 1H-NMR
spectra to obtain the molar fractions of the structural units
using the Mestrelab Research (Spain) Mestre nova software.

The commercial poly(lysine) ε-PL and the synthetic HBPL
were prepared into 1 mg mL−1 solution using 5 mM NaCl solu-
tion, and the particle size, PDI, and surface zeta potential of

the polymers were measured using a zeta-potential analysis
and particle size analyzer (Malvern Panalytical, UK).

2.4.2 Preparation of HBPL- and PNE-functionalized slings.
A Tris-HCl buffer solution (0.1 M pH 8.5) was used as the solvent
to prepare 2 mg mL−1 of NE solution, and clean PP slings were
completely submerged in NE solution and oxidized and self-poly-
merized for 24 h in a constant temperature shaker (37 °C, 60
rpm) and in an aerobic environment. At the end of the process,
the surface of the specimens was washed well with deionized
water and dried. The untreated sling samples were labeled as PP,
and the treated sling samples were labeled as PNE-PP.

HBPL solution (ultra-pure water as solvent) was prepared at
5 mg mL−1, 10 mg mL−1, 20 mg mL−1, and 30 mg mL−1. And
PNE-PP was impregnated in it and shaken in a shaker at 50 °C
for 5 h for grafting with different concentrations of HBPL solu-
tion. After the reaction, the treatment was shade dried at room
temperature. The resulting modified sling samples were
labeled as 5HBPL-PNE-PP, 10HBPL-PNE-PP, 20HBPL-PNE-PP,
and 30HBPLPNE-PP, respectively.

2.4.3 Characterization of HBPL- and PNE-functionalized
sling. To analyze the type and distribution of chemical groups
on the surface of the samples, the sling samples were tested
and analyzed by Fourier transform infrared spectroscopy.
Surface chemistry and elemental analysis were characterized
using X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific, USA). The water contact angle was measured to
compare the wettability of all samples by a static water contact
angle measurement system (DataPhysic, Germany).

The area of the sling discs with d = 3.5 mm was calculated
and weighed, and the increment of the modified gram weight
of the sling with respect to the blank control PP was used as
the grafting amount of the coating. A 25 mL solution of 0.01 M
HCL was prepared in a centrifuge tube, and the samples were
placed in a shaker at 25 °C for 2 h. After the reaction, the graft-
ing amount was calculated as the grafting amount.

After the reaction, 120 μL of 0.1% phenolphthalein indi-
cator was added dropwise to the solution, and the titration was
neutralized with 0.01 M NaOH solution, and the titration was
completed when the phenolphthalein changed from colorless

Table 1 The knitting schemas and chain notation of two types of slings

Sample Chain notation Density (g mm−2) Large pore size (mm) Porosity (%) Effective porosity (%) Knitting schemas

PI 38 GB1: 1-0/1-2/2-1/2-3/2-1/1-2// 4.64 × 10−5 1.55 ± 0.08 67.82 ± 0.70 55.62 ± 0.12
GB2: 2-3/2-1/1-2/1-0/1-2/2-1//

PP GB1: 0-2/2-0//4// 4.0 × 10−5 1.88 ± 0.06 73.55 ± 2.50 57.17 ± 1.00
GB2: 4-4/2-2/4-4/0-0/2-2/0-0//
GB3: 0-0/2-2/0-0/4-4/2-2/4-
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to light pink and did not fade after 5 min. The amino content
in samples was calculated as follows:

A ¼ CNaOH V0 � Vð Þ
g

ð3Þ

where A is the amino content (μmol mg−1), CNaOH is the
sodium hydroxide concentration (mol L−1), V0 is the volume of
sodium hydroxide solution consumed in the blank control
sample (mL), V is the consumption volume of sodium hydrox-
ide solution (mL), and g is the weight of the sample (mg).

For the quantitative characterization of the material surface
charge properties, a solid surface zeta potential tester was
used for the determination by the flow potential method. The
samples (1 × 2 cm) before and after modification were tested
in 1 mM KCl solution at pH 6.5. The surface morphology of
the samples was observed by scanning electron microscopy
(Hitachi, Japan) at an acceleration voltage of 15 kV.

2.5 Antibacterial performance

2.5.1 Antibacterial rates. Gram-negative bacteria E. coli
(ATCC 25922) and Gram-positive bacteria S. aureus (ATCC
29213) were cultured in LB medium at 37 °C overnight and
adjusted to (1 × 108 CFU mL−1) in 0.1 M PBS (pH = 7.4). Before
testing, the stent samples were cut into small round pieces
(d = 1.4 cm) and sterilized with 75% ethanol. Each test group
comprised three specimens. All tests were carried out at 37 °C.

Samples were immersed in test tubes containing 100 µL of
diluted bacterial suspension (105 CFU mL−1 of the bacterium)
and shaken at 120 rpm for 15 h. After incubation, the suspen-
sion was harvested and the bacteria enumerated.

2.5.2 Bacterial morphology. The morphology of the bac-
teria on the surface of two different samples was observed by
FE-SEM. In brief, 300 μL of bacterial suspension (106 CFU
mL−1) was co-cultured with each sample in a 24-well plate at
37 °C for 4 h. At the end of the reaction, the samples were
sonicated and the obtained bacterial suspension was centri-
fuged at 8000 rpm for 5 min to collect the cell precipitate, after
which 4% paraformaldehyde was added to fix it for 4 h. The
bacteria were then dehydrated by gradient ethanol (30%, 50%,
70%, 80%, 90%, and 100% v/v) in sequence, each for 15 min.
Finally, the bacteria were dried in a vacuum oven and sput-
tered with gold for FE-SEM observation.

2.6 Anti-adhesion properties

2.6.1 Antibacterial adhesion activity. For the bacterial
adhesion test, the samples were placed in test tubes and
covered with 1 mL of diluted bacterial suspension containing
108 CFU mL−1 of each bacterium under aseptic conditions.
The samples were incubated for 4 h with continuous shaking
at 120 rpm. After 4 h each sample was rinsed several times
with PBS solution to remove any nonadherent bacteria and
sonicated in PBS solution for 15 min to detach the adherent
bacteria. An aliquot of the suspension (100 µL) was harvested
and serially diluted (×101, ×102, and ×103) for plating on the
LB agar for bacterial enumeration.

2.6.2 Antiprotein adsorption activity. The slings were cut
into small discs of d = 1.4 cm, fixed in 2 mg mL−1 of BSA/PBS
solution, and adsorbed in a shaker at 37 °C and 60 rpm for
6 h.

After the reaction, multiple washes with PBS were used. A
2% SDS solution was prepared and 100 μL of each well was
added to the washed specimens, and the adsorbed proteins
were eluted in a constant temperature shaker at 37 °C and 60
rpm. After elution, the eluate and BCA working solution were
added to the wells at a ratio of 1 : 10 and incubated for 0.5 h.
The OD values were then measured.

2.7 The coating stability of HBPL-PNE-PP

2.7.1 Static stability. The in vitro degradation was con-
ducted in the sterilized PBS under 37 °C and samples were
harvested at 1, 3, 5, and 7 d. The SEM images of the samples
at each period were observed respectively.

2.7.2 Dynamic stability. Wet samples (soaked in PBS for
2 h) were stretched to the constant load of 16 N cm−1 circularly
using a YG(B)026G-500 tensile strength tester (Wenzhou
Darong Textile Instrument Co., Ltd, China). The coating mor-
phology of the most severely stressed part was observed by
SEM. After that, the antibacterial test of the sample was
carried out according to the experimental steps of 2.6.

2.7.3 Anti-oxidation property. The sling samples were cut
into 1 × 1 cm squares, placed in a 24-well plate, and 1 mL of
sterilized PBS buffer solution (pH 7.4) was added dropwise to
three of the parallel samples. (pH 7.4), and the reaction was
carried out at 37 °C for 24 h in a constant temperature shaker
at 60 rpm. When finished, wash and dry. Add FRAP working
solution (180 μL) was added dropwise to each well to comple-
tely infiltrate the specimen, and incubated in a 37 °C water
bath for 5 The OD value was also read. The standard curve
equation was used to calculate the antioxidant value of each
specimen and the average value was taken.

2.7.4 Friction stability. In order to observe the frictional
stability of the coating, transparent adhesive tape was used for
the adhesion treatment, and the coating morphology was
observed. The shape of the coating was observed under a scan-
ning electron microscope before and after the test. Three
pieces of 2 × 2 cm tapes were cut and gently attached to the
adhesive side of the tape using tweezers. The tape was gently
attached to the adhesive side of the tape with tweezers, folded,
and glued for 10 s. The tape was then gently torn along the
edge of the tape. After 10 s, the tape was gently peeled off
along the edge, and then the tape was lifted with forceps. The
samples were observed by SEM and compared with the
untaped group. The samples were compared with the unad-
hered group.

2.8 Cell viability and proliferation

After leaving human skin fibroblast cells (HFF, density = 4 ×
104 cells per well) to complete attachment in a 24-well plate,
test samples were placed in the medium; a group without
samples was set as the blank control (BC). After co-incubation
for 1, 3, and 7 d, cells were re-cultured in Dulbecco’s modified

Paper Biomaterials Science

6508 | Biomater. Sci., 2023, 11, 6504–6523 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 0
9 

au
gu

st
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

0.
02

.2
02

5 
11

.0
3.

35
. 

View Article Online

https://doi.org/10.1039/d3bm00943b


Eagle’s medium (DMEM, Life Technologies, USA) containing
cell counting kit-8 reagent (CCK-8, 10% v/v, Yusheng
Biotechnology, China) for 2 h. The optical density (OD) values
at 450 nm were read using a microplate spectrophotometer
(n = 3 for each group).

3. Results and discussion
3.1 Design and performance characterization of slings

Regarding the design of slings, the traditional commercial
sling PI 38 adopts a diamond-shaped structure, as shown in
Fig. 1a. This organizational structure is woven by two sets of
combs in a variable warp satin weave pattern, with one set
passing through while the other set remains empty. The two
sets of combs form a closed diamond-shaped mesh with a
staggered arrangement through symmetrical weft padding.
Additionally, edge shaping is achieved through laser cutting to
minimize fraying.

For our designed PP sling, we chose a large aperture rect-
angular mesh, as shown in Fig. 1b. This organizational struc-
ture is formed by combining the warp chain organization with

the lining weft through three sets of combs. The open chain
serves as the ground organization to reduce the longitudinal
extensibility of the mesh. The other two sets of combs weave
the lining weft, forming interlaced long lining weft in the
basic unit mesh loops, providing both transverse connection
and longitudinal reinforcement. This increases the stability of
the square mesh structure, making it more effective in redu-
cing the longitudinal stretching of the sling under load and
minimizing transverse wrinkling. Furthermore, leveraging the
organizational advantages of the PP sling, we obtained a self-
locking edge strip by drawing yarn from the finished fabric.

Currently, the development trend in clinical applications of
slings is lightweight, large mesh openings, and high effective
porosity of warp-knitted mesh.14 While meeting the mechani-
cal performance requirements for implantation, a higher
effective porosity in the mesh is more conducive to the favor-
able integration of the sling with the vagina. The measurement
of sling porosity is shown in Fig. S1,† indicating that both
types of slings are large-aperture meshes with an effective
porosity exceeding 55% under static conditions. The PI 38
sling has a maximum aperture length of 1.55 mm, with a poro-
sity of 67.82%, and an effective porosity of 55.62%. On the
other hand, the PP sling has a maximum aperture length of
1.88 mm, with a porosity of 73.55% and an effective porosity of
57.17%. Both the aperture size and effective porosity of the PP
sling slightly outperform the commercially available PI 38
sling.

Under a width of 1 cm, the highest load the sling experi-
ences in the body when the bladder is full does not exceed the
force exerted by the intravesical pressure, which is 16 N. The
ideal tensile strength of a sling should be greater than or equal
to 2 N.32,36

The stress–strain curves of the slings are shown in Fig. S2.†
The rupture strengths of PI 38 and PP are 38.95 N cm−1 and
38.49 N cm−1, respectively, which are significantly higher than
the required strength, meeting the stress–strain requirements
for implantation. The elastic modulus of PP is 20.24 MPa,
noticeably higher than the 7.09 MPa of the PI 38 sling, indicat-
ing that our designed PP sling exhibits better dimensional
stability.

Due to the unique ribbon-like slender structure of the
slings, after implantation in the human body, they may curl,
fold, and wrinkle, thereby reducing the effective porosity.
When the pore size is too small, the woven threads are prone
to be filled with fibroblasts and collagen tissue, forming scar
plates and inducing adverse integration through bridging
encapsulation. This results in more severe erosion issues for
sling products compared to other mesh repair materials.18,19

Therefore, examining the pore and deformation conditions of
the sling under a certain tensile load can effectively reflect its
mechanical performance. Generally, intravesical pressure is
used to evaluate the pressure exerted on materials in the ure-
thral area.

The deformation of both slings under different tensile
forces is shown in Fig. 2a. From Fig. S2b and 2c,† it can be
observed that when not under tension, the porosity and

Fig. 1 Mesh characteristics and edge molding types for PI38 (a) and
PP (b).
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effective porosity of PI 38 are 67.82% and 55.62%, respectively,
while for PP, they are 73.55% and 57.17%, respectively. Under
a force of 2.5 N, the porosity of PI 38 and PP decreases to
57.67% and 67.38%, respectively, with effective porosities of
38.8% and 47.87%. Under a force of 16 N, the porosity of PI 38
and PP is 45.85% and 59.68%, respectively, with effective por-
osities of 14.23% and 43.46%. It is evident that compared to
PI 38, PP maintains a higher effective porosity under different
tensile forces. The transverse wrinkling rates of PI 38 and PP
under a force of 2.5 N are 9.44% and 4.97%, respectively, while
under a force of 16 N, they are 35.56% and 37.28%, indicating
that the organizational structure of the PP sling with warp-
knitted rectangular mesh has an advantage in reducing wrink-
ling (Fig. 2d).

Furthermore, the wrinkling of the sling is not only related
to fabric dimensional stability but also to elasticity. Due to
variations in surgeons’ experience, excessive stretching of
elastic slings can lead to pore failure and even transverse ure-
thral incisions. The elastic recovery rates of the PP sling under

2.5 N and 16 N forces are 77.87% and 57.30%, respectively,
both higher than those of the commercially available PI 38
sling (73.94% and 56.25%) (Fig. 2e). PP exhibits better elas-
ticity, which is advantageous in reducing the decrease in sling
pore size caused by surgical traction.

After implantation, the sling exists in a “hammock” form.
The flexural rigidity can represent the flexibility of the mesh. If
the flexural rigidity is too low, it may affect the suspension of
the sling due to excessive softness or cause curling and create
a “cutting effect” on the tissue under compression. On the
other hand, if the flexural rigidity is too high, it may affect the
mechanical compatibility with adjacent tissues and lead to
erosion. As an implantable material, two-dimensional analysis
of forces cannot accurately represent the three-dimensional
forces experienced by the sling inside the body, and it does
not align well with the bending forces acting on the sling
within the body. Therefore, by borrowing the three-point
bending test function of a textile stiffness tester and consider-
ing different surgical procedures and initial positions, an

Fig. 2 Sling elongation performance at constant load. (a) Photos after stretching. (b) Porosity of two types of slings before and after stretching. (c)
Effective porosity of the two types of slings before and after stretching. (d) Lateral shrinkage rate of two types of slings after stretching. (e) Elastic
recovery rate of two types of slings after stretching.
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in vitro three-dimensional force testing model was established
to simulate the sling’s internal forces in the human body.37,38

In the classic TVT procedure, a tension-free sling is posi-
tioned at approximately 20 mm from the midline on both
sides of the urethra, utilizing small incisions of about 5 mm
each. On the other hand, the TVT-O procedure involves the
sling passing 40 mm laterally from the midline on each side,
forming a 90° angle after fixation. Considering the diameter of
the urethra, in TVT, the distance between the lower end of the
sling and the abdomen is approximately 40 mm, and the dis-
tance between the two fixed points of the sling is also 40 mm.
While in TVT-O, these distance increases to 80 mm.

In the context of pelvic organ support, the tension-free
sling is anchored at both ends to fixed points on each side,
while the middle portion experiences forces and bending due
to contact with the surrounding organ. Brandão et al.39 con-
ducted finite element simulations to compare the corrective
capabilities of lower stiffness MeshLS and higher stiffness

MeshHS slings on the urethra. Assuming a scenario with com-
bined damage to the anal sphincter and pubourethral liga-
ment, both types of slings reduced the displacement of the
bladder, urethra, and bladder neck from rest to maximum
Valsalva maneuver. The forces exerted by MeshHS were higher
(2.3 N and 3.4 N, respectively) than those exerted by MeshLS.
However, due to the higher forces applied by MeshHS on the
urethral wall, there is a possibility of increased risks of vaginal
erosion and urinary retention. Consequently, it is speculated
that the tension forces acting on the full-length tension-free
vaginal sling in the female pelvic structure are approximately
2 N or greater. Therefore, a maximum applied force of 2 N is
used to load the sling in the body, and the subsequent obser-
vations include the sling’s wrinkling and changes in effective
porosity.

The testing methods for both procedures are shown in
Fig. 3a. From the displacement-flexural force curve of the sling
in Fig. 3b, it can be observed that under the TVT-O procedure,

Fig. 3 Sling bending force simulation in vitro (a) sling force simulation under TVT, TVT-O technique. (b) Displacement–bending force curve. (c)
Lateral shrinkage rate of the slings in the bending test (d) porosity rate of two types of slings after stretching. (e) Effective porosity rate of the slings
in the bending test.
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both PI 38 and PP exhibit smaller displacement and bending
deformation compared to the TVT procedure. This is because
the TVT-O procedure has a larger relative angle of implan-
tation, and after the vertical force of the urethra is distributed
along the sling, the forces reaching the sides of the sling
gradually decrease. Furthermore, whether under the TVT or
TVT-O procedure, the displacement of PI 38 is greater than
that of PP, indicating that PI 38 has lower flexural rigidity and
is more flexible.

Under both procedures, the transverse wrinkling rates of PP
are only 1.44% and 6.04%, respectively (Fig. 3c), further con-
firming that in the pelvic force environment inside the body,
when the bladder is full, the transverse wrinkling of the sling
is smaller for PP, effectively avoiding wrinkling. Conversely,
the wrinkling rate of PI 38 reaches 12.30% and 26.93%,
respectively. This is because the diamond mesh structure of PI
38 is more prone to elongation, and the inclined warp-knitted
loops in the structure are more likely to stretch inward and
upward. Additionally, the porosity and effective porosity of PI
38 are correspondingly smaller (Fig. 3d and e). Under the TVT
procedure, both slings achieve an effective porosity of over
45%, with PP slightly higher than PI 38. Under the TVT-O pro-
cedure, PP still maintains an effective porosity of 35.05%.
Thus, in terms of maintaining a good effective porosity, PP has
a greater advantage compared to PI 38 in the simulated in-
body force conditions.

In conclusion, the mechanical properties of the commercial
PI 38 and PP slings both meet the requirements for in-body
implantation. The rectangular mesh structure of PP and its
edge self-locking design make it superior in terms of wrinkle
resistance and resistance to pore failure, thus reducing sling
erosion issues.

3.2 Construction of antibacterial-anti-adhesive
functionalized sling

Based on the previous testing, PP slings have greater structural
advantages in reducing the probability of postoperative
erosion compared to commercially available PI 38 slings.
Furthermore, to address the issue of sling erosion caused by
bacterial infection, an interface-repellent-driven antibacterial-
anti-adhesive coating was successfully constructed on the
surface of inert PP material using mussel-inspired adhesive
PNE assist hyperbranched HBPL modification.

The synthesis process of HBPL is shown in Fig. 4a. HBPL
was prepared through “thermally initiated” polymerization.
During the polymerization process, the clear transparent solu-
tion gradually turned yellow. As a result of the thermally
initiated dehydration condensation forming peptide bonds,
the solution gradually became viscous. After a continuous reac-
tion for 48 hours, a brownish-yellow viscous liquid was
obtained, which was then dialyzed and freeze-dried to obtain
the bright yellow solid shown in Fig. 4a.

Fig. 4b shows the FTIR spectra of the monomers Lys and
HBPL. The peak at 3280 cm−1 in the HBPL spectrum indicates
the presence of N–H, which comes from the primary and ter-
tiary amines in the molecular structure. The peak at 2930 cm−1

is related to the asymmetric and symmetric stretching
vibrations of methylene in HBPL. The strong peaks at
1637 cm−1 and 1535 cm−1 (amide I and II bands) are caused
by the stretching vibrations of amide, proving the formation of
peptide bonds. Compared to the Lys spectrum, HBPL contains
all the characteristic peaks of Lys, and the absorption peaks in
the amide I and II bands are blue-shifted, indicating the con-
version of primary amines to secondary amines.

To further confirm the successful polymerization of Lys
into HBPL, 1H-NMR was used to determine the molecular
structure of the polymerization product, calculate the degree
of branching and average branching number. From the
1H-NMR spectrum in Fig. 4c, the chemical shifts at δ = 4.17
correspond to the dendritic unit (D) in the HBPL molecular
structure, 3.89 corresponds to the α-linear unit (α-L), 3.37
corresponds to the terminal unit (L), and 3.28 corresponds to
the ε-linear unit (ε-L).35 Generally, the OB value of linear poly-
mers is 0, the OB value of dendritic polymers is 1, and the OB
value of HBPs is usually between 0.4 and 0.6. A higher OB
value indicates better branching, and the molecular structure
is closer to a perfect three-dimensional dendritic polymer.34

The integrated moles of the corresponding units were obtained
as 5.38, 1.00, 3.06, and 10.23, respectively, resulting in an OB
value of 0.429 and an ANB of 0.324, which falls within a
reasonable range, indicating that the synthesized polymeriz-
ation product has a well-formed hyperbranched structure.

Fig. 4d shows the comparison of particle size and polydis-
persity index (PDI) between commercial ε-PL and HBPL. By
comparing the results, it can be seen that the molecular size
of HBPL is 66.61 nm with a PDI of 0.466, which is much
smaller than the size of ε-PL (2566 nm) and its PDI (1.000).
This indicates that the synthesized HBPL particles have a
smaller size and a more uniform molecular distribution in the
solution system. Furthermore, as shown in Fig. 4e, the surface
potential of HBPL molecules is 19.07 mV, exhibiting a positive
charge that is approximately three times higher than that of ε-
PL (3.55 mV). Therefore, it can be inferred that if PNE-PP
slings are treated with an equivalent reaction concentration,
HBPL polymer with a smaller size and higher zeta potential
would have an advantage in achieving higher grafting density
and improving the material’s surface positive charge within a
unit area.

NE is a neurotransmitter derivative, similar to dopamine,
that can undergo oxidative self-polymerization on the majority
of material surfaces under weak alkaline conditions, leading
to the formation of a nanoscale PNE coating. This PNE coating
creates a biomimetic interface with robust hydrophilicity,
chemical stability, and abundant functional reaction sites,
resulting in a highly adhesive biomimetic interface.

Leveraging the strong adhesiveness of PNE, we adopted a
simple and environmentally friendly one-step method to acti-
vate and modify the inert PP sling, forming a dense and super-
smooth biomimetic film on the sling’s surface. Subsequently,
by utilizing the Schiff base reaction between the terminal
amino groups of the HBP linker and the surface oxidized
quinone groups, we guided HBPL grafting onto the sling’s
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surface through mild chemical treatment, resulting in the fab-
rication of HBPL-modified sling.

The preparation process of the antibacterial–antiadhesive
HBPL-PNE-PP sling is shown in Fig. 5a. Fourier transform
infrared spectroscopy (FTIR) confirmed the grafting of PNE
and HBPL on the surface of the sling (Fig. 5b). The character-
istic peaks of the typical C–C and C–H groups in the saturated
carbon chains appeared on the surface of the PP sling. Clearly,
PNE-PP exhibited a broad absorption peak in the range of
3700–3300 cm−1, corresponding to the stretching vibrations of
N–H and O–H bonds, originating from the phenolic hydroxyl,
amino groups, and hydroxyl groups on the hydrocarbon
chains of PNE. A new absorption peak appeared at 1646 cm−1,
corresponding to the CvC and C–N bonds in PNE, demon-
strating the successful polymerization of PNE on the PP
surface.40 Compared to the infrared spectrum of PNE-PP, after

grafting HBPL, 5HBPL-PNE-PP, 10HBPLL-PNE-PP,
20HBPLL-PNE-PP, and 30HBPLL-PNE-PP showed enhanced
characteristic absorption peaks in the range of
3700–3300 cm−1, resulting from the abundant –NH2 groups in
the HBPL molecular structure. The peak intensity increased in
the range of 1690–1640 cm−1, corresponding to the –NH2 and
–CvO groups in HBPL, which underwent Schiff base reactions
to form –CvN– double bonds. A new characteristic peak
appeared in the amide II region, corresponding to the abun-
dant peptide bonds in the HBPL structure, confirming the suc-
cessful grafting of HBPL on the PNE-PP surface.

Further analysis of the relative content of chemical
elements and chemical states of surface functional groups was
carried out using XPS. Fig. 5c shows the XPS spectra of PP,
PNE-PP, and 20HBPL-PNE-PP. It can be observed that the N 1s
peak appeared in the spectra of PNE-PP and 20HBPL-PNE-PP,

Fig. 4 Preparation and characterization of HBPL. (a) Synthesis process of HBPL. (b) FTIR of Lys and HBPL. (c–e) 1H-NMR, particle size and PDI, and
zeta potential of HBPL.
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along with a noticeable enhancement of the N 1s and O 1s
peaks, confirming the successful grafting of PNE and HBPL on
the surface of the PP sling. Combined with Table S1,† it can be
seen that after grafting HBPL onto PNE-PP, the surface nitro-
gen content increased from 6.29% to 11.13%, and the C/N
ratio decreased from 11.01 to 6.29. This is mainly attributed to
the higher nitrogen content in the HBPL molecular structure
compared to PNE and PP, further indicating the successful
grafting of HBPL with the assistance of PNE.

The C 1s spectrum of 20HBPL-PNE-PP can be fitted into
three peak curves at 284.8 eV, 286 eV, and 287.9 eV (Fig. 5d),
corresponding to –C–C, –C–N/–C–O, and –CvO functional
groups, respectively. New characteristic peaks of –C–N/–C–O
and –CvO appeared in PNE-PP, attributed to the catechol and
quinone structures in PNE. Compared to PNE-PP, the spec-
trum of 20HBPL-PNE-PP exhibited an enhanced peak of
–CvO, indicating the abundance of amide groups in the
HBPL structure. In the N 1s spectrum (Fig. 5e), C–N and NH2

peaks can be fitted at 400.7 eV and 399.8 eV for PNE-PP,
respectively. In 20HBPL-PNE-PP, the NH2 peak area signifi-
cantly increased, and a new OvC–N peak appeared at 401.3
eV. This is attributed to the abundant amino groups at the
ends of the HBPL hyperbranched three-dimensional structure

and the amide groups in the side chains. It indicates the suc-
cessful activation and grafting of HBPL particles on the
surface of the PP sling through PNE modification.

Fig. 6a shows the macroscopic surface morphology of the
original PP sling before and after modification under a biologi-
cal microscope. After the surface oxidation and self-polymeriz-
ation of NE to form PNE, the PP monofilament turn into a
brown color, which appears uniformly on the front and back
side. This color change is attributed to the oxidation of qui-
nones in the aggregated epinephrine particles on the surface.
After HBPL grafting, the sling surface remains brown without
significant changes.

Fig. 6b presents the microscopic surface coating mor-
phology of the original PP sling, PNE-PP sling, and slings
treated with different concentrations of HBPL under SEM. It
can be observed that the untreated PP surface is smooth and
glossy, while after PNE deposition, a layer of uniformly distrib-
uted micro–nano particles attaches to the surface. Under weak
alkaline conditions, the phenolic hydroxyl groups of the NE
monomer are oxidized and deprotonated to form quinones,
which then undergo a reversible Schiff base reaction with the
intermediate 3,4-dihydroxybenzaldehyde (DHBA) to produce
DHBA-NE through reduction of the imine bond. This sub-

Fig. 5 Construction of coating on sling surface. (a) Preparation process of functionalized sling (b) FTIR. (c–e) XPS survey spectrum, C 1s, and N 1s
XPS spectra.
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stance slows down the rate of PNE polymerization, allowing
the formation of a well-distributed, smooth, and thin PNE
coating on the PP surface. The Schiff base reaction between
the primary amine groups of HBPL and the quinone groups on
the PNE surface introduces antibacterial active molecules of
HBPL.41,42 When treated with different concentrations of
HBPL, the number, and density of particles on the modified
PNE-PP surface increase with increasing HBPL concentration.
The deposition morphology of the polymer at the coil sleeve
and draw line locations vary. At a lower grafting concentration
of 5 mg mL−1, HBPL particles grafted at the drawn line are
sparsely distributed, and the coating at the coil sleeve is rela-

tively uneven due to the uneven three-dimensional hyper-
branched structure of HBPL. With increasing concentrations
at 10 mg mL−1 and 20 mg mL−1, both the coil sleeve and draw
line locations exhibit densely packed and relatively uniform
particles on the monofilament surface. When the grafting con-
centration reaches 30 mg mL−1, the polymer coating at the coil
sleeve becomes rough, gradually accumulating and blocking
the mesh pores. Under the deformation of the sling due to
stress on the pores, the coating is prone to splitting and
detachment.

The HBPL-PNE-PP with the antibacterial and anti-adhesive
functionalized coating is mainly achieved through a highly
hydrophilic, dense, and uniform surface with cationic bacteri-
cidal properties. After HBPL grafting, the polar –NH2 groups
anchored on the PP material surface undergo hydrogen
bonding with water in the aqueous environment, gradually
altering the surface wettability. Studies have shown that when
the end-capped HBPs accumulate on the surface to form a
dense structure, the stable interfacial water layer formed by
the preferential binding with water molecules acts as a physi-
cal barrier against proteins and microorganisms.43 The investi-
gation of surface wettability changes was conducted, and the
test results are shown in Fig. 7a. The surface of PP coated with
PNE shows an 85.41° decrease in water contact angle (WCA),
indicating excellent hydrophilicity of the hydrophobic PP
surface, mainly attributed to the presence of amino groups,
phenolic hydroxyl groups, and additional hydroxyl groups in
PNE. HBPL grafting further affects the surface wettability, with
the WCA decreasing to 38.10°, 35.06°, 29.77°, and 27.59° for
XHBPL-PNE-PP (X = 5, 10, 20, 30) as the HBPL concentration
increases. This decrease is likely attributed to the aggregation
of surface particles and an increase in the content of the
hydrophilic group –NH2.

Further quantitative analysis was performed on the surface
weight change and grafting amount before and after sling
modification, as shown in Fig. 7b. The relative weight incre-
ment of the modified sling compared to the original PP
material represents the deposition and grafting amount on the
surface. It can be observed that the surface grafting amount
increases with increasing grafting concentration. Additionally,
when the HBPL reaction concentration is 5 mg mL−1 and
10 mg mL−1, the slope of the grafting amount is significantly
higher than the two higher concentrations of 20 mg mL−1 and
300 mg mL−1. This suggests that the grafting rate on the
surface decreases as the reaction system transitions from low
to high concentrations.

The active –NH2 content on the sling surface not only
affects the surface charge, which in turn influences the anti-
bacterial effect but also affects the surface’s binding ability
with water molecules, thereby influencing bacterial adhesion.
Titrations were conducted, and the calculation was based on
the difference in NaOH consumption between the experi-
mental samples and the original PP (Fig. 7c) since the PP
material surface does not contain active –NH2 groups. The
PNE-PP surface has very few –NH2 groups and contains a sig-
nificant amount of quinone and hydroxyl groups, leading to a

Fig. 6 Characterization of the surface morphology of the samples. (a)
Macroscopic morphology of sling after PNE and HBPL modification (b)
SEM of slings before and after modification with different HBPL
monomer concentrations.
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different trend in –NH2 content compared to the grafting
amount test results. Specifically, from PNE-PP to
5HBPLE-PNE-PP, the latter has a grafting amount 1.5 times
that of the former, while the –NH2 content is more than 2.5
times higher. Furthermore, at the low grafting concentrations
of 5 mg mL−1 and 10 mg mL−1, the slope of the –NH2 content
is also higher than the latter two groups, exhibiting a similar
trend to the grafting amount results. Overall, as the HBPL con-
centration increases from 5 mg mL−1 to 30 mg mL−1, the –NH2

content increases from 0.074 ± 0.016 µmol mg−1 to 0.150 ±
0.024 µmol mg−1, more than five times that of PNE-PP.

Compared to the inert PP material surface, the surface
potential of the modified sling is primarily associated with the
surface-active functional groups and the physiological pH
environment in which it is located. In the human body, the pH
of the pelvic compartment is approximately 7.4. When the
implanted sling is in the physiological environment, consider-
ation must be given to the site of placement and the implan-
tation pathway. The normal pH of the female vagina ranges
from 4.0 to 5.0, while during estrogen fluctuations or bacterial
overgrowth, the pH ranges from 5.0 to 6.5. For postmenopau-
sal women, the vaginal pH is above 6.0. Under physiological
conditions, the surface zeta potential of the sling before and
after modification was tested, as shown in Fig. 7d. The test
results indicate that the zeta potential of the original PP sling
surface is −120.41 mV, exhibiting a negative charge. After
surface modification with PNE, the zeta potential increases to
−115.56 mV, attributed to the presence of a small amount of
–NH2 groups on the surface. The abundant –NH2 groups on
the HBPL surface gradually increase the surface zeta potential

of XHBPL-PNE-PP, which are 6.89 mV, 8.15 mV, 12.17 mV, and
17.59 mV, showing a positive charge.

3.3 Antibacterial performance of the sling

Common pathogenic bacteria associated with vaginal mesh
infection, such as E. coli and S. aureus, were selected as repre-
sentative strains to quantitatively analyze the antibacterial
efficacy of the samples. Studies have shown that after the
implantation of synthetic materials, the threshold concen-
tration for S. aureus infection is reduced to 102–104 CFU
mL−1.44,45 Merritt et al. indicated that S. aureus concentrations
below 106 CFU mL−1 can already lead to implant-associated
infections.46 Xu et al. pointed out that the threshold for E. coli
infection in PP mesh is 104 CFU mL−1.47 To achieve effective
antibacterial coating and prevent bacterial proliferation caused
by the mesh, a bacterial suspension concentration higher than
the critical threshold of 105 CFU mL−1 was chosen as the
evaluation criterion. The antibacterial effects of the sling
before and after modification are shown in Fig. 8a–c.
Compared to the original PP, the antibacterial rates of PNE-PP
against E. coli and S. aureus are 26.72% and 65.23%, respect-
ively, indicating that PNE-PP does not possess significant anti-
bacterial effects. The antibacterial rates of 5HBPL-PNE-PP
against E. coli and S. aureus are 67.24% and 78.57%, respect-
ively, demonstrating moderate antibacterial efficacy against
S. aureus but not against E. coli. In contrast, when the grafting
concentration increases from 10 mg mL−1 to 30 mg mL−1, the
antibacterial rates reach 99.99%, showing excellent antibacter-
ial effects and effective inhibition of bacterial growth. This can
be attributed to the gradual increase in surface positive

Fig. 7 (a) Water contact angle. (b) Porosity of two types of slings before and after stretching. (c) Amino group content. (d) Zeta potential.

Paper Biomaterials Science

6516 | Biomater. Sci., 2023, 11, 6504–6523 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 0
9 

au
gu

st
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

0.
02

.2
02

5 
11

.0
3.

35
. 

View Article Online

https://doi.org/10.1039/d3bm00943b


charge. Therefore, 10HBPL-PNE-PP, 20HBPL-PNE-PP, and
30HBPL-PNE-PP, which exhibit excellent antibacterial effects,
were further investigated for their surface anti-adhesive pro-
perties. It is worth noting that the antibacterial effect of the
coating against S. aureus is superior to that against E. coli, pri-
marily due to differences in bacterial cell membrane compo-
sition. Compared to the Gram-negative bacterium E. coli, the
double-layered membrane structure of the Gram-positive bac-
terium S. aureus has a higher isoelectric point and fewer acidic
components.48

The morphology and integrity of surface bacteria were
observed by SEM. Fig. 8d shows the morphology of surface
bacteria before and after sling modification. The results indi-
cate that after co-cultivation with the original PP sling, E. coli
maintains its intact and elongated rod-like structure, while
S. aureus exhibits a rounded spherical structure. However, after
co-cultivation with the antibacterial surface, the bacteria show
wrinkling, deformation, and cell membrane damage. This
phenomenon is attributed to the positive surface charge of
HBPL, which interacts with the negatively charged bacterial

Fig. 8 Antibacterial assessment in vitro. (a) E. coli and S. aureus colonies on different plates. Quantitative numbers of E. coli (b) and S. aureus colo-
nies (c) on different samples (d) morphology of the adherent E. coli and S. aureus.
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cell membrane through electrostatic interactions at physiologi-
cal pH. This interference disrupts the permeability of the
biofilm, leading to membrane collapse and leakage of cellular
contents.49

3.4 Anti-adhesive performance of the sling

To compare the anti-adhesive properties of the polymer coat-
ings before and after different grafting concentrations, bovine
serum albumin (BSA) was used as a model, and surface
protein adsorption was preliminarily evaluated using a BCA
protein concentration assay kit. The standard curve for BSA is
shown in Fig. S3.† Fig. 9c illustrates the anti-BSA adhesion
effect of the sling before and after modification. It can be
observed that the protein adsorption on the coating surface is
relatively complex. The protein adsorption rate on the PNE-PP
surface is 80.12%. This is mainly due to the weak adhesion
force and low adhesion energy between BSA and the PNE
coating, weakening the intermolecular adhesion.49 After treat-
ment with 5 mg mL−1 HBPL, the surface BSA adsorption
increases compared to the original PP surface, as the positively
charged surface promotes electrostatic protein and bacterial
adsorption. As the HBPL concentration increases, the surface
BSA adsorption gradually decreases. When the concentration
is 10 mg mL−1, the surface protein adsorption decreases to
48.87%. At this stage, the increased number of hydrogen bond
acceptor –NH2 groups on the surface enhances its ability to
bind with water molecules. In this case, hydrophilic exclusion
from the interface water greatly reduces surface protein
adsorption. Long-chain cationic polymer molecules tend to
coil, and entanglement between polymer chains reduces the

actual anti-adhesive effect. On the other hand, the three-
dimensional hyperbranched molecular structure contains
large cavities internally and is less prone to entanglement
between molecules. The abundant exposed hydrogen bond
acceptors on the surface make the binding with water superior
to electrostatic adsorption.50 Surprisingly, when the concen-
tration is 30 mg mL−1, the opposite effect occurs, and the
protein adsorption rate increases to 54.94%. Studies have
shown that under low-concentration conditions, polyelectro-
lytes deposit on the surface in an extended and stretched
manner, resulting in a surface membrane with small rough-
ness and strong hydrophilicity after assembly. In contrast,
under high-concentration conditions, polyelectrolytes deposit
in an aggregated, increasing the roughness of the surface
membrane and affecting its hydrophilicity.51 Therefore, it is
speculated that when the HBPL grafting concentration reaches
30 mg mL−1, cationic polyelectrolytes deposit on the PP
surface in an aggregated. Additionally, as shown in Fig. 6b,
deposition is better at locations with good flatness, such as the
extension lines, while clogging occurs in the loop winding
area. Furthermore, the presence of micro–nano protrusions on
the material surface can promote the formation of adhesive
plaques, and the rough and uneven surface in the loop
winding area actually enhances protein adhesion.

To further evaluate the surface anti-bacterial adhesion
effect before and after sling modification, the original PP was
compared with the three groups exhibiting excellent antibac-
terial effects. From Fig. 9a and b, it can be seen that compared
to PP and PNE-PP, HBPL-PNE-PP shows a similar trend in
terms of the anti-bacterial adhesion effect for both E. coli and

Fig. 9 Anti-bacterial adhesion assessment in vitro. (a) E. coli and S. aureus colonies on different plates. (b) Quantitative numbers of E. coli and
S. aureus colonies on different samples. (c) Anti-protein adsorption amount.
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S. aureus. Both 10HBPL-PNE-PP and 20HBPL-PNE-PP exhibit
surface anti-adhesive efficiency of over 99.9% for the two bac-
teria. The results show that S. aureus adheres to the surface
more than E. coli, which is attributed to the secretion of more
adhesive proteins by S. aureus. Taking into account the anti-
bacterial effect, 20 mg mL−1 was selected as the optimal HBPL
reaction concentration for preparing the antibacterial and
anti-adhesive coating on the sling.

3.5 Coating stability

The stability of the coating is crucial for maintaining its com-
posite functionality in the body. A degradation test of the
20HBPL-PNE-PP coating was conducted in PBS (pH 7.4) for
7 days to simulate the effects of body fluids. Fig. 10a shows the
SEM images of the modified sling after 1, 3, 5, and 7 days of
immersion in PBS. It can be observed that the surface coating
of the samples remained intact without any cracking or
peeling, demonstrating strong static stability in PBS.
Therefore, the coating is minimally affected by the physiologi-
cal environment, which can be attributed to the stable covalent
bonding between HBPL and PNE.

Furthermore, the 20HBPL-PNE-PP sling underwent cyclic
tensile testing with a constant load of 16 N cm−1 along the
traction direction. Afterward, the surface coating morphology
was observed, and the antibacterial test was repeated. The
results, as shown in Fig. 10b, indicate that despite slight
plastic deformation of the modified sling, the uniformity and
density of the polymer nanoparticles on the surface coating at
the coil and extension line remained similar to the surface
morphology before cyclic stretching, maintaining a uniform
and intact coating. Additionally, the antibacterial coating
retained excellent antibacterial properties against E. coli and
S. aureus, with antibacterial rates exceeding 99.99% (Fig. S4†).

Considering that the antibacterial and anti-adhesive
coating needs to remain stable during the initial stages of
wound healing, the oxidative resistance of the coating was
investigated. Fig. 10c presents the results of the total anti-
oxidant capacity test before and after sling modification. It can
be observed that the PP sling lacks antioxidant capacity, while
PNE-PP exhibits antioxidant capacity equivalent to a solution
of 11.72 mmol L−1 FeSO4/cm2, primarily due to the polypheno-
lic structure of the PNE surface. After grafting HBPL, the

Fig. 10 Coating stability test. (a) In vitro degradation test. (b) Tensile stability of the coating. (c) Anti-oxidation. (d) Frictional stability.
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surface exhibited reduced antioxidant capacity, corresponding
to a solution of approximately 3.26 mmol per L FeSO4 per cm2.
This reduction could be attributed to the oxidation of a sub-
stantial portion of the polyphenolic structure, which covalently
binds with HBPL.40 After immersing the 20HBPL-PNE-PP in
PBS for 24 hours to simulate the physiological environment,
the antioxidant capacity decreased by 38.83% compared to the
initial value. This decrease may be attributed to the oxidation
of polyphenolic structures facilitated by oxygen and salt ions
in the solution at body temperature. Nonetheless, the coating
retained an antioxidant capacity of 2 mmol per L FeSO4 per
cm2 after 24 h, which is expected to partially mitigate the
damage caused by reactive oxygen species (ROS) during the
early stages of wound healing when bacterial death occurs.

During surgery, it is inevitable that the sling will undergo
bending and folding by the surgeon. As shown in Fig. S5,† the
polymer coating does not affect the sling’s flexibility during
arbitrary bending. Some surgical practices involve using a pro-
tective sheath to cover the mesh wings of the sling, removing
the protective sheath only after securing the pelvic region. This
minimizes friction during the surgical procedure. However,
the portion near the vaginal mucosa remains exposed and may

experience friction from the surgeon’s gloved hand or friction
between body tissues during the stress response. By following
the steps shown in Fig. 10d, using adhesive tape to adhere to
the modified sling, it was observed under SEM that the
coating remained intact without detachment, and the surface
polymer particles were still densely distributed. This demon-
strates the excellent stability of the modified sling’s coating
under conditions of stronger adhesion than tissue adhesion,
indicating that the modified sling’s coating stability meets the
requirements when in contact with body tissues.

3.6 Cell toxicity

Considering that the sling will be implanted in the pelvic
region and come into contact with the human body for a long
period, the cell toxicity and proliferation of the multifunctional
polymer coating were evaluated using the CCK-8 assay. As
shown in Fig. 11a, the absorbance in both the blank wells and
test wells increased significantly with the increase in culture
days, indicating that cells in the samples before and after sling
modification could proliferate normally. The calculation of
relative cell viability, as shown in Fig. 11b, revealed that the
relative cell viability of all samples exceeded the non-toxic

Fig. 11 Cytotoxicity test. (a) UV absorbance of CCK-8 assay. (b) Cell viability. (c) Cell morphology after direct contact.

Paper Biomaterials Science

6520 | Biomater. Sci., 2023, 11, 6504–6523 This journal is © The Royal Society of Chemistry 2023

Pu
bl

is
he

d 
on

 0
9 

au
gu

st
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

0.
02

.2
02

5 
11

.0
3.

35
. 

View Article Online

https://doi.org/10.1039/d3bm00943b


threshold of 80%, indicating good biocompatibility. The cell
viability of the PP sample slightly increased from 94.13% on
the first day to 96.65% on the seventh day. The PNE-PP sample
exhibited the least increase in cell viability, from 83.37% on
the first day to 85.69% on the seventh day. The cell viability of
the 20HBPL-PNE-PP sample increased from 81.80% on the
first day to 106.73% on the seventh day, surpassing that of PP
and PNE-PP. This indicates that the biocompatibility of the
sample improved and cell proliferation was promoted after
grafting HBPL. Furthermore, microscopic observation revealed
that cells in the experimental samples proliferated normally,
exhibiting elongated and swirling shapes. No extensive cell
vacuolization or clustering of circular dead cells was observed
(Fig. 11c).52

4. Conclusions

To address the two main factors influencing postoperative
erosion, namely mesh contraction and pore failure, as well as
surface bacterial adhesion and colonization, we have devel-
oped a lightweight, large-pored, high effective porosity, low
contraction rate, and low edge cutting effect sling with antibac-
terial and anti-adhesive properties. First, from the perspective
of textile structure and forming method, we designed a rec-
tangular mesh self-locking edge PP sling and compared it with
a commercially available PI 38 sling. Both slings meet the
requirements of being lightweight, large-pored, and having a
highly effective porosity while ensuring mechanical effective-
ness within the body. The PP sling, with its unique structure
achieved through the introduction of warp chain organization
and weft-inlay yarn, features a rectangular mesh and self-
locking edges. This design advantage results in a sling with
more stable effective porosity and reduced contraction under
TVT and TVT-O procedures, making it potentially achieve a
lower erosion rate compared to the commercially available PI
38 sling. Next, based on PP, we performed modification by
grafting HBPL onto the inert PP surface using PNE as a med-
iating layer. By using a grafting concentration of 20 mg mL−1,
we successfully prepared a modified PP sling
(20HBPL-PNE-PP) with significant antibacterial and anti-
adhesive effects. The surface of 20HBPL-PNE-PP is rich in
amino groups and positively charged, which exhibits efficient
bacterial killing properties. Additionally, the strong hydrophili-
city generated by the abundant hydrogen bond acceptors of
HBPL creates an interface water-repelling effect, demonstrating
excellent resistance to bacterial adhesion in vitro. Furthermore,
20HBPL-PNE-PP shows good coating stability, ensuring stable
antibacterial and anti-adhesive effects against bacterial growth
and adhesion. The coating exhibits excellent biocompatibility
and can serve as an effective strategy for constructing antibac-
terial slings that meet the requirements of vaginal implan-
tation devices, thus potentially contributing to the improve-
ment of postoperative erosion complications. However, in
order to further validate the efficacy and safety of our designed
sling, future studies using in vivo animal models are necessary

to more fully evaluate the effectiveness of the sling for the
treatment of stress urinary incontinence in a physiologic
setting.
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