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A novel biodegradable ureteral stent with
antibacterial ability to inhibit biofilm formation
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¢ and Dongliang Chen*?
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Biodegradability and surface modification such as hydrophilicity have been crucial for the design of
materials for ureteral stents in recent years. To satisfy the above properties, more work has focused on
imparting more functionalities, such as antibacterial properties, to the material. In this work, the
influence and antibacterial effect of modification by blending with poly(L-lactide-co-5-amino-1,3-
dioxan-2-one) (P(LA-co-AC)) on the structure and properties of poly(L-lactide-co-g-caprolactone)
(PLACL) were investigated. Modified biodegradable PLACL was confirmed to have good hydrophilicity
which can resist protein adhesion, good biocompatibility and excellent antibacterial ability, which could
not only inhibit bacterial biofilm formation but also kill free bacteria in the substrate. The tensile
strength, anti-protein fouling and antibacterial properties were improved with the weight percentage of
P(LA-co-AC), while the degradation rate of the PLACL substrate was accelerated. This work provides a
new method to surmount the problems faced by urological surgery which comply with the future trend

rsc.li/materials-advances

Introduction

The ureteral stent is one of the most common surgical implants
used after urological surgery, and aims to provide temporary
urinary upper tract drainage and promote ureteral recovery.'™
Since Finney et al. designed the “Double J” ureteral stent in
1978,” it has been relatively stagnant in terms of engineering
design, but has continued to innovate in terms of materials.**™°

For example, in order to avoid secondary surgical intervention,
biodegradable ureteral stents have been widely studied.”'>"?
Unlike non-degradable materials such as metal or silicone, bio-
degradable ureteral stents can be either natural or synthetic
and can be eliminated via normal metabolic pathways. The U.S.
Food and Drug Administration (FDA) has already confirmed
polylactic (PLA), poly-e-caprolactone (PCL), polytrimethylene car-
bonate (TMC) and their copolymers such as poly(i-lactide-co-e-
caprolactone) (PLACL) as biomaterials,"® which can be used as
surgical implants or in the field of tissue engineering.'* As for
ureteral stents, the material not only needs to have good biocom-
patibility, but also needs to be relatively flexible.*'> Our group has
made a lot of progress in the field of biodegradable ureteral
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in biodegradable ureteral stent design.

stents."®™® PLACL is a relatively successful material for the next

generation of ureteral stents that can be synthesized into amor-
phous elastomers with good toughness and biodegradability.
Although ureteral stents have been a routine procedure in
urological surgery for decades, many problems remain. Infection
and encrustation were the main causes of stent failure in recent
studies.”*>'® When infection occurs, encrustation becomes
severe due to the urease-producing bacteria which elevate the
pH of the urine, resulting in a reduction in the solubility of
crystalline salts.*® Therefore, it is critical to solve the problem of
infection caused by bacteria. Microbial pathogens such as
Escherichia coli (E. coli), Proteus mirabilis, and Enterococcus
faecalis are ubiquitous in our urinary system, which seriously
hinders the use of ureteral stents, even threatening human
health.?! In addition, when bacteria attach to the stent surfaces,
they wrap themselves in a hydrated, self-secreted polymeric
matrix, forming a biofilm.?*>* This will be a breeding ground
for bacteria to grow, keeping them away from conventional
antibiotics and even evading host immune responses. As
consequence, it is extremely challenging for researchers to
surmount infection and bacterial biofilm formation.
Antibacterial or antibiofilm strategies for ureteral stents
involving hydrogel coating, antibiotic coating or coating with
antimicrobial agents are currently under investigation.'®*¢73°
However, the disadvantage of the coating is obvious: that is, it
easily fails with the degradation process. Therefore, we need to
design a ureteral stent that can overcome the degradation
process and be effectively antibacterial from beginning to end.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Obviously, this needs to be considered from the perspective of
the material itself. According to the literature, increasing the
hydrophilicity of the material can indirectly achieve the anti-
bacterial effect, due to reducing the adhesion of proteins, and
inhibiting the formation of the conditioning layer for bacteria to
grow.>'* Our group previously evaluated a novel type of ureteral
stent composed of methoxypoly(ethylene glycol)-block-poly(r-
lactide-ran-e-caprolactone) (MPEG-PLACL),"® and the results pro-
vided useful information that the hydrophilic polymers were
effective against protein adhesion and showed great promise as
a commercially available urinary biomaterial. Further, we found
that the introduction of bactericidal groups such as amino
cations, can not only improve the hydrophilicity, but also directly
endow the material with antibacterial properties.>*>>

In this study, we synthesized a macromolecule with pendant
primary amine groups, named poly (i-lactide-co-5-amino-1,3-
dioxan-2-one) (P(LA-co-AC)), which mimicked antimicrobial
peptides (AMP).*® Based on reports in the literature, this AMP
structure could attach to the microbial membrane via electro-
static attractions between their cationic groups and the surface
of the anionic membrane. When this occurs, hydrophobic
chains intercalate into the microbial membrane to induce
membrane destabilization and subsequent leakage of cytoplas-
mic content, leading to lysis. Blending this AMP-mimicking
P(LA-co-AC) with the matrix PLACL in a certain proportion, a
novel biodegradable ureteral stent with antibacterial ability was
prepared. Compared to some polyhydroxy acid copolymers with
amino side-chain groups, P(LA-co-AC) and PLACL have good
compatibility due to the LA segment as the main body in their
chains, so they can be mixed homogeneously without destroy-
ing the mechanical property. The antibacterial properties of the
stent against Escherichia coli were characterized, and it was
found that it could not only inhibit the adhesion of bacteria on
the surface, but also effectively kill the bacteria in the medium,
due to the diffusion of small molecular segments of the cationic
polymer during the degradation process. In addition, the
stent still has good biocompatibility (cytotoxicity). The effects
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of hydrophilicity, anti-protein fouling, as well as the mechanical
properties and degradation properties in vitro were also studied.

Material and methods
Materials

t-Lactide (LA) was purchased from Huizhou Foryou Medical
Devices Co. Ltd. e-caprolactone and stannous octoate (Sn (Oct),)
were purchased from Sigma-Aldrich (U.S.A). Other chemical pro-
ducts were purchased from Aladdin, and used as received.

Polymer synthesis

Synthesis of P(LA-co-AC). The ring-opening polymerization
(ROP) of L-LA and 5-((2-nitrobenzyl) amino)-1,3-dioxan-2-one
(NBAC) with specified molar ratios was carried out in bulk at
120 °C, with Sn (Oct), as catalyst. A mass ratio of LA + NBAC
versus Sn (Oct), of 1000 was applied. The reaction was termi-
nated by cooling the flask to room temperature. The polymer was
dissolved in dichloromethane (DCM), precipitated by an amount
of ethanol, and isolated by filtration. The protected copolymer
P(LA-co-NBAC) was dissolved in CHCl;, and the solution was
stirred under a specific UV lamp (365 nm, 20 mW cm™ 2) for 10 h.
Then a large amount of ethanol/petroleum ether was dropped
into the polymer solution to precipitate the deprotected polymer
P(LA-co-AC) with free pendant amino groups. The synthesis
process is shown in Scheme 1. From our previous work, P(LA-
co-AC) stands for P(LA-co-10% AC) in this study, due to its
suitable molecular weight and degree of functionalization.

Synthesis of PLACL. PLACL was synthesized by ROP under
vacuum at 140 °C for 72 h using Sn (Oct), as the catalyst. The
copolymer was purified by dissolution in DCM and precipitation
into ethanol, washed with fresh ethanol, and dried at room
temperature under vacuum. The synthesis process is shown in
Scheme 2. From our previous work, PLACL stands for P(75% LA-
ran-25% ¢-CL) in this study, due to its suitable mechanical
strength and degradation rate.

O,N i 2
O=<Z:>—NH;© N \O)\:})\ Sn(Oct), i\”)\oﬂo/vo):
(0]

NBAC LA

P(LA-co-NBAC)

i\cfg\o}n;l\ o/:Nﬁof = (I(Loz‘élo/\hfo):

NO,

Scheme 1 Synthesis of poly(L-lactide-co-5-amino-1,3-dioxan-2-one).
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Scheme 2 Synthesis of poly(L-lactide-ran-g-caprolactone) (PLACL).

Preparation of polymer blending

Specified mass ratios of P(LA-co-AC) and PLACL were dissolved
in DCM and precipitated with an amount of ethanol, washed
with fresh ethanol, and isolated by filtration. Here, 5%, 10%,
and 20% mass ratios of P(LA-co-AC) were selected for blending
with PLACL. The purified blends were compression-molded at
150 °C using 4 mm thick stainless steel molds using an XLB
press plate vulcanizer (Haimen Jinma, China).

Mechanical properties

All mechanical tests were performed on compression-molded
films. The tensile tests were carried out on a Model CMT
4503 type SANS tensile tester (China) with a drawing speed of
100 mm min " at 25 °C. All samples were cut into 50 mm x
5 mm and immobilized between fixings. The tensile strength
and extension at break were obtained from the stress-strain
diagram. Each reported value was the mean and standard
deviation of three parallel samples.

Degradation properties

All samples were selected for both artificial urine (Table 1) and
deionized water degradation in vitro and degraded for 40 days at
a constant temperature of 37 °C. The ratio of artificial urine to
sample was 50:1 (v/w, mL g~ '). The dimensions of the samples
were the same as those in the mechanical test. The samples were
divided into five groups corresponding to 5D, 10D, 20D, 30D and
40D, respectively, with three parallel samples per set. The weight
loss ratio was calculated according to eqn (1):
Weight loss(%) = Wo— Way (D
W

where W, is the original dry weight of the sample and W,y is the
dry weight of the sample after degradation for different periods.

Table 1 Artificial urine for degradation

Reagent Concentration (g L)
CaCl,-2H,0 0.65
MgCl,-6H,0 0.65
NacCl 4.60
Na,SO0, 2.30
KCl 1.60
NH,CI 1.00
KH,PO, 2.80
Sodium citrate-dihydrate 0.65
Sodium oxalate 0.02
Urea 25.0
Creatinine 1.10
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Water contact angle (WCA) and anti-protein adsorption
performance analysis

After the water droplet had been in contact with the sample for
30 s, the water contact angle was measured on the air surface
of the sample at 25 + 0.5 °C using a contact angle system
(J€2000D1, Shanghai, China).

In order to evaluate the anti-protein adsorption performance
of the stent surface, the Coomassie blue staining (Bradford)
method was carried out. First, different concentrations of
bovine serum albumin (BSA) (20-100 pug mL™')/PBS solution
were mixed with Coomassie blue (G-250), and an ultraviolet-
visible spectrophotometer was used to measure the absorbance
of the solution at 595 nm to draw a protein (BSA) adsorption
standard curve. After that, BSA/PBS solution with a 50 ug mL ™"
concentration was prepared to immerse and incubate the
samples for 4 h, 8 h, 16 h, 24 h, and 48 h. The dimensions of
the samples were the same as those in the mechanical test.
At each time point, a certain volume of BSA/PBS solution was
taken out and mixed with Coomassie blue; then the UV spectro-
photometer was used to measure the absorbance. The concen-
tration could be calculated from the standard curve. The results
were calculated according to Equation (2):

Mads =Vx (CO - C) (2)

where ¢, (mg mL ") is the concentration of the solute without
immersion of sample, ¢ (mg mL ") is the concentration of the
solute in the BSA/PBS solution after adsorption at each time
point, and V(L) is the volume of the BSA/PBS solution.

Assessment of antibacterial performance of ureteral stents

Escherichia coli was selected for this assessment, and this test
was divided into two parts. The first part was bacteriostasis
(preventing bacteria from adhering to the surface of the material),
and the second was the bactericidal effect (killing of bacteria in
the medium by the material). 1 mL of Luria-Bertani (LB) medium
was added to bacterial suspension, and cultivated at 37 °C for
24 h. Then LB medium was used to dilute the bacterial solution
10° times. All samples were immersed in 1 mL of bacterial
solution and cultured at 37 °C for 48 h.

(a) After the sample was taken out, it was immersed in sterile
PBS solution 3 times to remove non-adherent bacteria. Finally,
the adhered bacteria were eluted from the surface by 40 kHz
sonication into 1 mL of sterile LB, and plated to count the
colony.

(b) A 50 pL diluted bacterial suspension was inoculated in a
plate of LB-agar medium, and the colony count of each

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 'H NMR spectra of (a) P(LA-co-AC) and (b) PLACL.

bacterial sample formed on the LB-agar plate was determined
after 24 h of incubation at 37 °C.

Results and discussion
"H NMR analysis

Fig. 1 shows the "H NMR spectra of copolymer P(LA-co-AC) and
PLACL. 5%, 10%, and 20% mass ratios of P(LA-co-AC) were
selected to blend with PLACL. The molecular weight data are
shown in Table 2.

Tensile strength

The tensile strength and extension at break of samples with
different blends of components are shown in Fig. 2. With an
increase in blending ratio, the tensile strength and extension at
break showed opposite trends. Tensile strength is positively
correlated with the proportion of P(LA-co-AC). In the 20% P(LA-
co-AC) group, the tensile strength reached 15.6 MPa, a 25%

© 2022 The Author(s). Published by the Royal Society of Chemistry

Table 2 Molecular weight data of P(LA-co-AC)? and PLACL?

Polymer M, (10%)° M,, (10%° M, /M,°
P(LA-c0-AC) 1.74 2.23 1.23
PLACL 10.1 20.9 2.07

“ P(LA-c0-AC) stands for P(LA-c0-10% AC).” PLACL stands for P(75%
LA-ran-25% &-CL). © Apparent molecular weight determined by GPC
(CHCI; as eluent).

increase compared to the control PLACL. The amino is a polar
group, which enhances the interaction force between the
molecular chains. As a result, the tensile strength increases at
the macro level. However, due to the enhanced intermolecular
force, the relative slippage of the molecular chains becomes
difficult and the extension at break decreases. At 5%, 10% and
20% blending contents, the extension at break of the material
decreased by 18%, 9% and 25%, respectively.

Mater. Adv,, 2022, 3, 8276-8287 | 8279
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Fig. 2 The results of tensile strength and extension at break.
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Water contact angle (WCA) and anti-protein adsorption
performance analysis

In order to measure the influence of different components of
P(LA-co-AC) on the hydrophilicity of the material, water contact
angle measurements were carried out and are shown in Fig. 3.
In the groups with 10% and 20% P(LA-co-AC), the contact
angles dropped below 60°, and a drop of more than 20°
compared with PLACL strongly demonstrated an enhancement
in hydrophilicity. The 20% P(LA-co-AC) group has more amino
groups than the 10% P(LA-co-AC) group, due to the saturation
of the functional groups exposed to the air at the interface and

Extension at break (%)

the enhanced non-covalent bonding between the amino
groups, so the interaction with water may be reduced, resulting
in the phenomenon where the contact angles are not signifi-
cantly reduced but are slightly increased.

Amino as a polar group can effectively improve the hydro-
philicity of the polymer chains and form a hydration layer
against protein adhesion. Previous studies have shown that

100

90

80 +

70 4

WCA ©)
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50
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40

the hydration layer formed by cationic polymer through the
strong hydration of the ions is superior to that of the PEG
chains, so it can have higher anti-protein fouling performance.
When the protein content is in the range of 0-1000 ug mL ™",
the absorbance of the BSA-Coomassie blue complex at 595 nm is
proportional to the concentration. The standard adsorption curve
of BSA concentration and absorbance is shown in Fig. 4(a). As
shown in Fig. 4(b), the group with 20% P(LA-co-AC) has better

/ \}
‘ anti-protein adhesion property, which was reduced by over 50%
compared to the control PLACL. Adsorption of the protein

increased significantly within 12-24 hours, but moderated after
24 hours, nearly reaching adsorption equilibrium.

Degradation properties

PLACL

Fig. 3 Water contact angle of the blends.
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In artificial urine formula, the concentration of inorganic salts
is quite high, leading to deposition and encrustation on the
surface of materials during degradation, which is why the
weight loss can be negative in Fig. 5(a). Therefore, deionized
water was used for degradation to compare with artificial urine

(b)
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Fig. 4 Anti-protein adsorption performance analysis: (a) BSA adsorption standard curve; (b) protein adsorption behavior.
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Fig. 5 Degradation properties: (a) weight loss in artificial urine; (b) weight
strength; and (f) extension at break.

in weight loss of the samples. Apart from weight loss, the rest of
the data reflected the degradation process in artificial urine.
From Fig. 5(a) and (b), it can be seen that the weight loss of the
samples within 40 days is not significant. A relatively high
(around 4.5%) weight loss of PLACL in 5 day degradation in
artificial urine may be due to the diffusion of small molecular

© 2022 The Author(s). Published by the Royal Society of Chemistry

loss in deionized water; (c) intrinsic viscosity; (d) WCA change; (e) tensile

chains in the material, and the fact that the weight loss was not
obvious in the blended groups may be due to the increased
intermolecular force making it difficult for small segments to
diffuse out. Blending with P(LA-co-AC) resulted in higher weight
loss in deionized water, but only up to 1.5% in the 20% P(LA-co-
AC) group.
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After blending with P(LA-co-AC), the intrinsic viscosity of
the material decreased in Fig. 5(c). In the groups with 10% and
20% P(LA-co-AC), the intrinsic viscosity decreased by 0.58 and
0.61, respectively, compared with PLACL. Due to the low
molecular weight of P(LA-co-AC), it could act as a plasticizer
after blending with PLACL, so the flow time is shortened
and the intrinsic viscosity of the material is reduced. After
40 days of degradation in vitro, the intrinsic viscosities of
PLACL, 5% P(LA-co-AC), 10% P(LA-co-AC) and 20% P(LA-co-
AC) decreased by 1.27, 1.27, 1.18 and 1.13, respectively, and
the significant decrease in intrinsic viscosity reflected the
rapid degradation process of the material. The above
results indicate that the degradation of PLACL and its blends
occurred in the form of bulk degradation, which is why the

10D

10% P(LA-co-AC) 5% P(LA-co-AC) PLACL

20% P(LA-co-AC)

View Article Online

Paper

weight losses were not obvious but the molecular weight
dropped sharply.

Using the water contact angle (WCA) to characterize the
change in the hydrophilicity of the material can also reflect the
degradation process. Degradation could generate a large number
of polar end groups, such as carboxyl, improving the hydro-
philicity of the surface. In Fig. 5(d), after 40 days of degradation
in vitro, the contact angles of PLACL, 5% P(LA-co-AC), 10%
P(LA-co-AC) and 20% P(LA-co-AC) decreased by 38.7°, 47.1°,
34.09° and 41.67°, respectively, and the changes in hydrophili-
city also reflected the process of rapid degradation. Among
them, the contact angle results of the 5% P(LA-co-AC) and
20% P(LA-co-AC) groups decreased by more than 40°, indicating
that the blending of P(LA-co-AC) had a huge impact on the

30D

Fig. 6 SEM micrographs of sample surfaces in different degradation periods.
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Fig. 7 Cell viability test of samples by CKK-8 assay.

degradation process, so there is a tendency to accelerate
degradation.

Fig. 5(e) and (f) characterize the changes in mechanical
properties during degradation. At the end of degradation, the
tensile strengths of PLACL, 5% P(LA-co-AC), 10% P(LA-co-AC)
and 20% P(LA-co-AC) were reduced by 72%, 64%, 61%, and 61%,

1D

5% P(LA-co-AC) PLACL
W
=)

10% P(LA-co-AC)

20% P(LA-co-AC)

Fig. 8 Fluorescence microscopy of the samples on HEK-293 cells.
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respectively. And after 40 days of degradation, the tensile
strengths of the blends were still higher than that of PLACL.
The degradation trends reflected by the tensile strengths were
basically the same as before, but the extension at break at
around 10 days of degradation increased to a certain extent.
After ten days of immersion in artificial urine, large amounts of
water entered into the materials and interacted with the molecular
chains, which may enhance the toughness. In addition, the sam-
ples may also spontaneously undergo an annealing-like process in
which the molecular chains are stretched and the extensions at
break are enhanced. It was found that, although the blending
of P(LA-co-AC) improved the tensile strength, it accelerated the
embrittlement of the material during the degradation process. At
the end of degradation, the extension at break of 20% P(LA-c0-AC)
was reduced by 95%, while that of PLACL decreased by only 45%.
Therefore, from the point of view of mechanical properties, it is not
the case that the higher the ratio of P(LA-co-AC), the better.

SEM micrographs of the sample surfaces in different
degradation periods are shown in Fig. 6, reflecting the surface
morphologies at different periods. As the degradation time
increased, the inorganic salts in the artificial urine would be
precipitated, and these substances would interact with the
surface. The blended groups contained more polar groups, so

5D
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Fig. 9 Assessment of the bacteriostasis properties: (a) photographs of E. coli colonies; (b) colony counts.

the surfaces were more likely to produce crystals. Therefore,
from the perspective of anti-encrustation, it is not the case that
the higher the ratio of P(LA-co-AC), the better. At the same time,
there was no obvious corrosion on the surface of the samples,
which also proved that the material did not undergo surface
degradation.

Cytotoxicity

As an implant material, it should have good biocompatibility,
and human embryonic kidney cells (HEK-293) were used to
assess the cytotoxicity of the samples. A 96-well plate (5000 cells
per well) was used and all samples in the cells were incubated at
37 °Cwith 5% CO, for 1 d, 3 d, and 5 d. Cytotoxicity was assessed
by a CKK-8 assay and fluorescence microscopy (Nikon Ti E), as
shown in Fig. 7 and 8. No significant negative effects on cell
growth were observed with the blends. The CKK8 assay showed
that cell viability in each group was over 85% and more fluores-
cence was observed on the surface, indicating that cell prolifera-
tion was enhanced on the fifth day, proving that the material has
good biocompatibility and is suitable for ureteral stents.

8284 | Mater. Adv, 2022, 3, 8276-8287

Assessment of antibacterial performance

The antibacterial property was tested against E. coli, a common
bacterium when urinary tract infections occur. The bacterio-
stasis properties (preventing bacteria from adhering to the
surface of the material) are shown in Fig. 9, and the results of
the bactericidal effect (killing of bacteria in the medium by the
material) are shown in Fig. 10.

When bacteria attach to the stent surface, they will secrete a
polymeric matrix and form a biofilm to protect themselves.
Therefore, reducing the adsorption of proteins and adhesion of
bacteria will effectively inhibit the formation of biofilms. Resistance
to protein adsorption has been demonstrated previously, and the
role of cationic polymers in preventing bacterial adhesion will be
demonstrated here. In Fig. 9, an enhancement in the antibacterial
performance with increased content of P(LA-co-AC) was observed.
Compared with PLACL, the bacteriostatic effect of the 20%
P(LA-co-AC) group was approximately three times greater, which
proved its excellent bacteriostatic performance.

As a degradable material, the amino-cation polymer frag-
ments will diffuse into the medium with the degradation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Assessment of the bactericidal effect: (a) photographs of E. coli colonies; (b) colony counts.

process, and this AMP-like structure will have a bactericidal
effect. These hydrophilic-hydrophobic chains can interact with
bacteria through electrostatic attraction, disrupting the bacterial
membrane and killing it. By culturing the bacterial suspension
of the cultured samples, it is found that the number of colonies
of E. coli decreased significantly with an increase in P(LA-co-AC)
content in the samples. This novel ureteral stent material with
both antibacterial and bactericidal effects can not only effectively
inhibit the formation of biofilms, but also solve infections
caused by bacteria to a certain extent.

Conclusion

A PLA-copolymer, named P(LA-co-AC), with primary amine
groups was successfully synthesized by ring-opening polymeriza-
tion, which not only improved the hydrophilicity of the chains,
but also endowed the polymer with antibacterial properties.

© 2022 The Author(s). Published by the Royal Society of Chemistry

By blending this polymer with PLACL, a novel biodegradable
material was prepared with antibacterial ability which inhibits
biofilm formation and can be used for ureteral stents. By studying
its mechanical properties, anti-protein adsorption performance,
degradation properties, biocompatibility and antibacterial proper-
ties, the material showed it will have great potential in the field of
biodegradable ureteral stents.
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