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1. Introduction

Ureteral stents are one of the most 
implanted devices in the treatment of 
benign and malignant urological dis-
eases. Nevertheless, conventional com-
mercial ureteral stents have two major 
shortcomings, i.e., all patients require a 
further surgery to extract the stents and 
are at risk of urinary tract infection (UTI). 
Ureteral stents are foreign objects, right 
after implantation, proteins produced 
by human metabolism and foreign bac-
teria will immediately accumulate on the 
stents.[1] According to relevant reports, 
the bacterial colonization rates in adults, 
in less than a week after stenting, ranged 
from 28% to 90%. Among them, UTI 
rates ranged from 7% to 34%.[2] Therefore, 
anti-biofilm and extraction-free functions 
are desired and critical performances for 
the ureteral stents.[3] Conventional strat-
egies to avoid bacterial film formation 
have included the introduction of antimi-
crobials to the surface of ureteral stents 

The biofouling of ureteral stents and subsequent urinary tract infections 
mainly come from the adsorption and adhesion of proteins and microor-
ganisms and their ensuing proliferation. Although general polycationic 
surfaces in implants have good antibacterial activities, they suffer from 
limited durability due to severe protein and bacterial adsorption. Here, 
a biodegradable and anti-biofilm fiber-membrane structured ureteral 
stent (FMBUS) with synergetic contact-killing antibacterial activity and 
antiprotein adsorption is described. The stent is prepared by generating 
hyperbranched poly(amide-amine)-grafted polydopamine microparticles 
(≈300 nm) on the surface of fibers by in situ polymerization and Schiff 
base reactions. The biomimetic surface endows the FMBUS with a positive 
charge (+21.36 mV) and superhydrophilicity (water contact angle: 0°). As a 
result, the stents fulfilled the following functions: i) reduced attachment of 
host protein due to superhydrophilicity (Lysozyme: 92.1%; human serum 
albumin: 39.4%); ii) high bactericidal activities against contact pathogenic 
bacteria (contact-killing rate: 99.9999% for both E. coli and S. aureus; anti-
adhesion rate: 99.2% for E. coli and 99.9999% for S. aureus); iii) biocompat-
ibility in vitro (relative growth rate of L929: >90% on day 3) and in vivo; and 
iv) gradient biodegradability to avoid a second surgery of stent extraction 
1–2 weeks after implantation.
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and construction of a drug-eluting system to kill adhered and 
adjacent bacteria.[4] However, the release of antibiotics or other 
bactericidal agents arouses the wider concern of bacterial resist-
ance, cytotoxicity, and the declined biocidal activity due to drug 
consumption and/or burst release.[5] Besides, this strategy 
cannot prevent protein adsorption and adhesion on the surface 
of the stent, the proteins adsorbed onto the stent can serve as 
a nutritional substrate for bacterial adhesion and proliferation 
and eventually lead to the failure of anti-biofilm function.[6,7]

An ideal anti-biofilm ureteral stent should possess two major 
characteristics to intervene in all stages of biofilm formation: 
a durable biocidal activity to kill microbial pathogens; and a 
self-cleaning surface to resist adhesion of the host protein and 
remove bacterial debris. To achieve such functions, a crucial 
step was the manipulation of the both interfacial forces of the 
material–protein and material–bacteria in order to make the 
repulsive interactions stronger than adhesive attractions.[8] At 
the material–protein interface, protein adhesion on biomaterials 
is the result of one or more interactions such as electrostatic 
interactions, hydrogen bonding, and hydrophobic interactions. 
As most of the proteins are charged, their adhesion behavior is 
significantly affected by electrostatic forces. It is also reported 
that proteins can form very strong adhesive interactions with 
nonpolar surfaces but have weak interactive energy with polar 
surfaces, because the polar surfaces of the protein are usu-
ally capable of forming hydrogen bonds with water molecules 
which reduces the hydrophobic interaction between the protein 
and polar surfaces.[9] Therefore, grafting negatively or neutrally 
charged macromolecule polymers with abundant polar groups 
onto the surfaces of stents is an extensively researched method 
to construct antiprotein polar surfaces. Zwitterions, carrying 
both cationic and anionic polar groups in a single molecule, 
were considered a good option because of their ability to form 
a hydration layer.[10] However, zwitterions are unable to pre-
vent biofilm formation caused by bacterial reproduction in vivo 
because of their lack of antibacterial activity. In terms of the 
material–bacteria interface, contact-killing surfaces have been 
prepared by polycationic polymer brush grafting and were con-
sidered as effective, robust, durable, and biocompatible due to 
no release of bactericidal agents. The most widely used polyca-
tionic polymers were polyethyleneimine, N-halamine, and qua-
ternary ammonium salts, which showed the desired bactericidal 
effects in vitro.[11] However, the in vivo anti-biofilm properties 
and durability were disappointing because the host protein, bac-
teria, and bacterial debris were prone to interact with the posi-
tively charged antibacterial surface due to electrostatic attraction. 
The resultant biofilm shielded the bactericidal groups providing 
a substrate for adjacent planktonic bacteria.[12] This eventually 
led to the failure of the contact-killing activity of the surface.[13]

As the positively charged antibacterial surface tends to attract 
protein adhesion, considerable research has been devoted to 
build pH- or temperature-responsive materials that can switch 
functions between contact-killing and releasing debris and pro-
teins.[14] However, these parameters change very little in vivo 
owing to the complex and accurate regulation systems in the 
human body. Taking the urinary system as an example, even if 
a UTI occurs, the pH values of the urine only fluctuate between 
6 and 7.[15] Therefore, these type of anti-biofilm design still has a 
long way toward practical clinical application.

The limitation of surfaces with single or switchable func-
tions has encouraged researchers to construct antifouling sur-
faces possessing simultaneous antibacterial and antiprotein 
functions. Compared with other human organs like bone, 
skin, or dental, the urinary system is unique in its functions 
that produce, store, and eliminate urine. These features indi-
cated a strategy to further improve the hydrophilicity of surface 
materials and design a fluid-driven antifouling ureteral stents. 
Herein, surface amination showed unique advantages for the 
antifouling design because the amino groups are hydrophilic 
and could become cationic antibacterial agents at human physi-
ological pH.[16] However, aminated surfaces were also reported 
to be more conducive to protein adhesion and possess limited 
bactericidal activity. The reason is that the traditional use of 
linear amino polymers resulted in the uptake of many active 
amino groups by the mechanisms of intra- and intermolecular 
entanglement.[17] In theory, linear polycationic polar polymers 
have both antiprotein and antibacterial activity. In practice,  
these linear polymers usually show a protein adsorption 
behavior because many polar groups are concealed within poly-
mers. Hence, few polar groups are exposed to water, resulting 
in a greatly weakened hydration repulsion. Consequently, the 
preparation of antifouling surfaces of in vivo implants using 
linear polycationic polar polymers that integrate both antibacte-
rial and antiadhesion properties is often with limited effect.

Here, we designed an internally hydrophobic and externally 
hydrophilic amino-terminated hyperbranched poly(amide-
amine) (HBPAA) to avoid intra-/intermolecular entanglement. 
HBPAA spontaneously stretches to form a quasi-spherical 
structure due to the repulsion between the terminal hydrophilic 
cationic groups on the outer layer. This maintains a high degree 
of freedom and chemical activity. As a result, the HBPAA can 
form a much stronger and denser antibacterial hydrophilic 
layer. To further enhance hydration repulsion, we also prepared 
biomimetic superhydrophilic concave-convex (rough) surfaces 
by in situ generation of biocompatible polydopamine (PDA) 
microparticles (MPs) on the surface of a biodegradable ure-
teral stent. The subsequent chemical grafting of HBPAA onto 
the PDA MPs gave a superhydrophilic contact-killing surface 
with strong hydration repulsion of proteins, achieving both 
synergetic antibacterial and antiprotein adhesion activities. 
The designed anti-biofilm ureteral stent exhibits the following  
features: i) reduced attachment of host protein due to the 
superhydrophilicity; (ii) excellent contact-killing bactericidal 
activities toward pathogenic bacteria; iii) biocompatibility owing 
to the hydrophilic surface without leaching any chemicals; and 
iv) gradient biodegradability to avoid a second surgery of stent 
removal 1–2 weeks after implantation.

2. Results and Discussion

2.1. Fabrication and Characterization of Fiber-Membrane  
Structured Ureteral Stent (FMBUS)

Unlike traditional nondegradable stents, for which the dura-
bility is determined mainly by their antifouling performance, 
biodegradable stents must overcome the challenge of main-
taining structural performance and antifouling functionality. 
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Biodegradation of stents will unavoidably influence their struc-
tural longevity because of the gradual loss of mechanical per-
formance. This requires that the degradation rate of the main 
mechanical structure in the stent should be slow enough to 
maintain mechanical performance during the early stages 
of implantation while maintaining an optimum antifouling 
function over the entire degradation process. Based on the 
anatomical structure of the human urinary tract, an extraction-
free biodegradable ureteral stent (FMBUS) should possess 
two important properties: degradation products should not 

exceed a maximum volume (<1 mm3) to permit excretion via 
the narrow urethral system; and a gradient degradation char-
acteristic that prevents premature loss of mechanical proper-
ties.[18] To meet these requirements, a poly(glycolic acid) (PGA) 
and poly(glycolide-co-lactide, GA/LA ratio 9:1) (PGLA) filament 
braided heterogeneous stent tube was prepared (Figures  1 
and  2a). The PGA fiber–PGLA fiber structured biodegradable 
ureteral stents were then transformed to PGA fiber–PGLA 
membrane structured ureteral stents (FMBUS) by a simple hot 
melting treatment. The regularly braided tube structure divided 

Figure 1. Schematic illustration of HBPAA-PDA-FMBUS: a) preparation process, b) chemistry and morphological structure transformation, and  
c) anti-biofilm mechanism.
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the stent materials into rectangular units of ≈0.5 ×  ≈1  mm. 
Figure  2a shows that after thermal treatment, the adjacent 
PGLA yarns in FMBUS melted to form an apparent woven 
membrane, which divided the PGA yarns into separate parts. 
Our previous research showed that the FMBUS possessed the 
ability to control the size of degraded fragments (<1 mm3). The 
PGA fiber and PGLA membrane in FMBUS were responsible 
for different mechanical properties: the PGA fibers mainly 
provided axial strength and flexibility; the PGLA membrane 
mainly provided radial resistance.[19] The FMBUS also showed 
a gradient degradation performance, because the PGA fibers 
had a higher chemical stability than PGLA membrane. During 
the degradation process, the FMBUS retained the stent struc-
ture ensuring that mechanical support and drainage functions 
would be maintained.

Compared with antibacterial linear amino-containing poly-
mers, which have severe intramolecular entanglement and high 
steric hindrance, amino-terminated HBPAA can integrate anti-
bacterial activities and antiadhesion ability by forming a dense 
antibacterial spheroidal hydration shell. To further enhance the 
antiadhesion effect, we prepared a Ruellia devosiana-biomimetic 
superhydrophilic surface structure. As illustrated in Figure 1b,c, 
the biomimetic concave-convex structure was prepared by dip-
ping the ureteral stent in alkaline dopamine hydrochloride, 
triggering in situ polymerization to form PDA MPs on the 
stent surfaces. These highly active MPs were then grafted with 
HBPAA to give the stents superhydrophilic and underwater 
superoleophobic properties. The biomimetic structures of PDA-
FMBUS were observed using field emission scanning electron 
microscopy (FESEM) (Figure  2). Compared with the smooth 
surface of FMBUS (Figure 2a–d), the surface of PDA-FMBUS 
showed a coarse structure composed of high-density MPs, 

indicating the attachment of PDA. These PDA MPs had average 
diameters of 0.34 ± 0.15 µm on the PGLA membrane and 0.28 ± 
0.12 µm on the PGA fibers (Figure 2e–h). With the introduction 
of HBPAA, the diameters of the HBPAA-PDA MPs increased 
to 0.53 ± 0.19 and 0.48 ± 0.32 µm on the membrane and fibers,  
respectively (Figure  2i–l). The additional increase of particle 
sizes resulted from the grafting of HBPAA onto the PDA MPs.

The grafting of HBPAA to PDA MPs on the stent surfaces 
was confirmed by Fourier transform infrared (FTIR) spectros-
copy (Figure 3a,b). The assignment of characteristic absorption 
peaks for PGA and PGLA were: methyl groups at 2964, 2916, 
2850, and 1420 cm−1; ester (CO) at 1740 cm−1; and saturated 
ester (CC(O)O) band at 1156 and 1081 cm−1. The two addi-
tional peaks at 1580 and 1305 cm−1 were attributed to the sec-
ondary and tertiary amine groups in PDA-FMBUS, consistent 
with the attachment of PDA. For HBPAA-PDA-FMBUS-4, the 
peak intensity of the methyl and amine groups increased sig-
nificantly, and a new strong peak emerged at 1629 cm−1. This 
was assigned to the CN band, indicating that amino-termi-
nated HBPAA was grafted to PDA by the Schiff base reaction 
(Figure  1b). X-ray photoelectron spectroscopy (XPS) analyses 
were also performed to confirm the surface chemistry of 
FMBUS. The inset table in Figure  3c shows that, compared 
with FMBUS, the carbon to oxygen ratio (C/O) increased for 
PDA-FMBUS but decreased for HBPAA-PDA-FMBUS-4. The 
step change associated with the C/O ratio suggested that PDA 
and HBPAA were coated on the FMBUS because the C/O ratio 
of PDA was higher than FMBUS and HBPAA. Similarly, the 
intensity of the N1s peak at 398  eV increased with sequential 
attachment of PDA and HBPAA because the N content of 
HBPAA was >PDA>FMBUS (Figure  3c). The high-resolution 
XPS spectra for the region of the C1s for FMBUS (Figure 3d) 

Figure 2. FESEM images of: a–d) FMBUS, e–h) PDA-FMBUS, and i–l) HBPAA-PDA-FMBUS-4. HBPAA-PDA-FMBUS-1, HBPAA-PDA-FMBUS-2, and 
HBPAA-PDA-FMBUS-4 refer to PDA-modified FMBUS treated with 1%, 2%, and 4% of HBPAA solution, respectively.
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showed four overlapping peaks of CC, CO, CO, and 
OCO located at 284.8, 286.5, 287.1, and 289.1 eV, respectively. 
For PDA-FMBUS, an additional CN peak at 288.0 eV appeared 
together with an enhanced CC peak due to the superposition 
of peaks for PDA and FMBUS. The increased NH2 signals 
and appearance of OCN in the N1s XPS of HBPAA-PDA-
FMBUS-4, together with amide bands in the FTIR spectra, were 
consistent with the successful grafting of HBPAA to PDA as 
HBPAA was rich in amide groups (Figure 3a,e).

The unique fiber-membrane structure of FMBUS showed 
good mechanical performance and could support the ureter, 
providing enough radial resistance to ensure the drainage func-
tion. Because the molecular chain contains many ester groups, 
the mechanical properties and biodegradation behavior were 
particularly susceptible to temperature and pH. Therefore, the 
entire functionalization process of FMBUS was carried out in 
a mild environment at room temperature (20  °C)  and weak 
alkaline (pH: 7–9) conditions. The as-prepared FMBUS pos-
sessed similar radial resistance to clinically used polyurethane 
(PU) ureteral stents (PUUS) (Figure 4b–d) and, after modifica-
tion with PDA and HBPAA, there was no obvious decline in 
mechanical properties.

2.2. Antifouling Properties of the Samples

The protein repellency and antibacterial functions of HBPAA-
PDA-FMBUS were achieved by constructing a biomimetic anti-
bacterial, superhydrophilic, and underwater superoleophobic 
concave-convex surface. The antibacterial and superhydrophilic 
properties were mainly dependent on active amino groups on 
the FMBUS surface. The density of amino groups was quan-
titatively determined using the thymol blue indicator method. 
Because FMBUS is composed of PGA and PGLA with no 
amino groups, the method could provide a measure of the NH2 
groups in PDA-FMBUS and HBPAA-PDA-FMBUS (Figure 5a). 
The NH2 content increased from 0.72 ± 0.11 µmol cm−2 in PDA-
FMBUS to 1.59 ± 0.03 µmol cm−2  for HBPAA-PDA-FMBUS-1. 
By further increasing the concentration of HBPAA solution 
from 1% to 4%, the content of NH2 increased from 1.59 ± 0.03 to 
6.8±0.12  µmol cm−2,  which was almost ten times higher than 
that of PDA-FMBUS, demonstrating a high grafting efficiency 
of HBPAA to PDA. To the best of our knowledge, the content 
of NH2 groups in HBPAA-PDA_FMBUS was ≈30 to 106 times 
higher than that reported for other studies using hexamethyl-
enediamine (0.14–0.2 µmol cm−2),[20] (3-aminopropyl) dimethyl 

Figure 3. Characterization of FMBUS (i), PDA-FMBUS (ii), and HBPAA-PDA-FMBUS-4 (iii): a,b) FTIR, c–e) wide-scan, C1s, and N1s XPS spectra.
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ethoxy silane, Jeffamine, chitosan ((4–13) × 10−6 µmol cm−2),[21]  
and polyamidoamine ((0.8–1) × 10−4 µmol cm−2).[22]

The polarized superhydrophilic surface of HBPAA-PDA-
FMBUS was unfavorable for protein adhesion because water 
molecules could preemptively occupy the amino group adsorp-
tion sites, forming a physical barrier (hydration layer) to pro-
tein adsorption on the stent materials in the aqueous ureteral 
environment. The hydrophilicity of the surfaces was confirmed 
by the low water contact angles (WCA) shown in Figure  5b. 
FMBUS had a WCA angle of 102.7 ± 1.51°, indicating a typical 
hydrophobic surface. After PDA treatment, the contact angle 
of the PDA-FMBUS decreased to 76.4  ± 2.54° owing to the 
hydrophilicity of PDA. After treatments with 1%, 2%, and 4% 
of HBPAA solution, the WCA values decreased to 45.2 ± 2.32°, 
15.5 ± 1.25°, and 0°, respectively, indicating superhydrophilicity. 
These data suggested that both PDA and HBPAA were respon-
sible for superhydrophilicity of the surfaces, and HBPPAA 
was the dominant moiety. To further study the hydration of 
the FMBUS stents, the water retention rates were measured. 
After immersion in phosphate-buffered saline (PBS) for 1 min, 
the HBPAA-PDA-FMBUS-4 exhibited a maximum water reten-
tion rate of 16.2 ± 0.7%,  demonstrating good hydrophilicity 
(Figure  5c). As a result, HBPAA-PDA-FMBUS-4 could remain 
submerged in deionized water compared with FMBUS which 
floated on the surface. The superhydrophilicity properties of the 
stents could also be demonstrated by their oil repelling func-
tion underwater. Figure  5d shows the increase in oil contact 
angle from 108.5° (FMBUS) to 157.2° (HBPAA-PDA-FMBUS-4), 
demonstrating the enhanced competitiveness of water versus 

oil in occupying the binding sites on the stents. Notably, wetta-
bility represents an essential property of ureteral stent materials 
because hydrophilic surfaces usually showed better drainage 
ability and compatibility with ureter mucosa than hydrophobic 
surfaces.

The surface charge on FMBUS has a very complex influ-
ence on the biofilm formation process. On the one hand, a 
positively charged surface can damage the negatively charged 
bacteria cell membrane. This affects normal metabolism and 
material transfer by interfering with the bacteria ion channels, 
resulting in good antibacterial activities.[11a,d,23] On the other 
hand, the charge determines the direction of the electrostatic 
force between bacteria and proteins. Positively charged sur-
faces are prone to electrostatically adsorb protein and bacteria. 
This results in severe protein adhesion because the protein or 
bacteria normally possess negative charges at the physiological 
pH of urine (pH range 5.5–7.4).[8a] In theory, antibacterial linear 
cationic amino polymers also have protein repellent abili-
ties resulting from the generation of a hydration layer formed 
from the hydrogen-bonding interaction between amino groups 
and water. In practice, this ability is greatly weakened because 
of steric hindrance between amino groups and water and/or  
intra-/intermolecular entanglement, and they are unable to 
overcome the electrostatic attraction. Conversely, the amino- 
terminated HBPAA was able to overcome these inherent molecular 
defects and showed good protein repellent ability, as hydration  
predominated over electrostatic adsorption. The results of the 
surface charge measurements (zeta potential) for each stent 
material are shown in Figure  5e. The FMBUS surface, which 

Figure 4. Mechanical properties of stent materials: a) Illustration of compression test, b) typical load–deformation curves for cyclic compression tests, 
c) radial compression, and d) elastic recovery rate.
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contained abundant acid functional groups, showed the lowest 
zeta potential (−35.58  ± 0.6  mV), indicating that the sur-
face had a high negative charge at physiological pH. Applica-
tion of PDA decreased the zeta potential to −18.25  ± 1.2  mV,  
owing to its weak positive charge characteristic. Further treat-
ments with 1%, 2%, and 4% HBPAA progressively increased 
the zeta potential to −8.83  ± 1.4, +2.22  ± 0.47, and +21.36  ± 
1.36 mV, respectively, gradually generating a positively charged 
surface on the materials at physiological pH. Consequently, the 
surface charge of FMBUS could be manipulated by the level of 
addition of HBPAA.

The protein adsorption behavior of each material assessed 
using two representative proteins, i.e., human serum albumin 

(HSA, pI = 4.9) and lysozyme (LZ, pI = 11.0), is shown in 
Figure 5f. For LZ, which has a net positive charge under physi-
ological conditions, HBPAA-PDA-FMBUS exhibited a trend 
toward decreasing adsorption with increasing amino group 
content. In this instance, the hydrophilic surface and positive 
charges, which were dependent on the physical barrier of the 
hydration layer and electrostatic repulsion, co-contributed to 
repel the protein. However, the protein adsorption behavior 
of HSA was more complex. The pure FMBUS showed a 
strong hydrophobic adsorption toward HSA (≈3.336  µg cm−2) 
even though it possessed a relatively high negative charge 
(−35.58 mV). After treatment with hydrophilic PDA, the hydro-
phobic affinity of PDA-FMBUS to HSA weakened significantly 

Figure 5. Protein adhesion properties of FMBUS, PDA-FMBUS, HBPAA-PDA-FMBUS-1, HBPAA-PDA-FMBUS-2, and HBPAA-PDA-FMBUS-4 character-
ized by: a) amino group content, b) water contact angle, c) thickness of combined water, d) submersion/flotation in water and contact with hexadecane 
underwater (FMBUS and HBPAA-PDA-FMBUS-4), e) zeta potential, and f) amount of adsorbed proteins.
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and thus exhibited much lower HSA adsorption (≈1.852 µg cm−2,  
a decrease of 44.5% compared with FMBUS). However, the 
adsorption content of HSA recovered to ≈4.366  µg cm−2 for 
HBPAA-PDA-FMBUS-1. This is because of the enhanced 
electrostatic adsorption of the PDA MPs toward HSA after 
the grafting of HBPAA to PDA. At this stage, the electrostatic 
adsorption exceeds the hydrophilic repulsion. This condition is 
reversed rapidly with the further increase in amino content. As 
the amino content increased from ≈1.59 to ≈3.42 µmol cm−2 and 
then to ≈6.84 µmol cm−2 on the surface of HBPAA-PDA-FMBUS,  
the amount of adsorbed HSA deceased to 3.536  µg cm−2  
and finally to 2.04 µg cm−2. This was almost half that obtained 
for FMBUS, mainly owing to the improved physical barrier 
of the hydration layer associated with the HBPAA units. The 
improved hydrophilicity of the surfaces could provide enough 
repulsion to overcome the electrostatic attraction of the sur-
faces to protein molecules, and this was consistent with obser-
vations elsewhere.[24]

Gram-negative E. coli, the most common pathogen in human 
UTI,[25] and gram-positive S. aureus were selected for the anti-
bacterial tests. To evaluate the bactericidal effects of samples, 
the stents were co-cultured with 1  mL of bacteria suspension 
prior to enumeration. Figure  6a shows that compared with 
FMBUS and PDA-FMBUS, all HBPAA-PDA-FMBUS samples 
showed a bacterial inhibition rate of 99–99.9999% (p <  0.001). 
Notably, no CFU counts were observed for both E. coli and S. 
aureus on HBPAA-PDA-FMBUS-2 and HBPAA-PDA-FMBUS-4, 
indicating almost complete inactivation of the microorganisms. 
Interestingly, the antibacterial effect for HBPAA-PDA-FMBUS-1 
against S. aureus was better than that against E. coli. This was 
attributed to the membrane differences between S. aureus and  
E. coli.[26] The double-layer membrane structure of gram-negative  
E. coli possesses a higher isoelectric point and less acidic com-
ponents compared with that of the gram-positive S. aureus.

For the bacterial adhesion tests, the stent samples were 
immersed in Luria-Bertani (LB) solution with a bacteria con-
centration of 108 CFU mL−1 for S. aureus and E. coli. Contrary 

to the bactericidal experiment, the environment was rich in 
protein and glucose, which was conducive to bacterial growth. 
Figure 6b shows that compared with FMBUS and PDA-FMBUS,  
the count of S. aureus on HBPAA-PDA-FMBUS was three to 
five orders of magnitude lower and gradually decreased with 
increasing HBPAA concentration. Similar results were also 
obtained with E. coli, which showed a decrease of two to three 
orders of magnitude. Overall, the introduction of HBPAA was 
>99.9% effective at preventing surface adhesion of both S. 
aureus and E. coli. In addition, the number of adhered E. coli 
was less than S. aureus, attributed to the tendency of S. aureus to 
secrete more adhesive proteins.[27] With the introduction of the 
HBPAA bactericidal agents, the count of the adhered S. aureus 
decreased sharply to a level lower than E. coli. These results 
suggested that the reduced adhesion property of HBPAA-PDA-
FMBUS was a combination of protein repellence and contact-
killing effects.

2.3. Cytotoxicity of the Samples

Ureteral stents are intended to be implanted in ureters, and in 
close contact with its vascular system, for two weeks. Therefore, 
cytotoxicity is an important indicator of biocompatibility to be 
evaluated. The results of the cellular toxicity tests for the stent 
samples, measured by the cell counting kit-8 (CCK-8) assay, are 
given in Figure 7. PGA and PGLA were both biocompatible mate-
rials approved by the FDA. Therefore, FMBUS gave cell growth 
rates of 93.3% and 93.4% on day 1 and 3 (Figure 7a,b), i.e., much 
higher than the nontoxic threshold of 80%, demonstrating good 
biocompatibility. PDA-FMBUS gave cell growth rates of 68% for 
day 1 and 82.7% for day 3, indicating that PDA had weak cytotox-
icity. On day 1, the cell viability with HBPAA-PDA-FMBUS-4 was 
≈80%, which was >PDA-FMBUS but <FMBUS. By day 3, the 
cell viability with HBPAA-PDA-FMBUS-4 was >95%, i.e., higher 
than both FMBUS and PDA-FMBUS, indicating improved bio-
compatibility of HBPAA compared with PDA. Additionally, the 

Figure 6. Bacterial effects of stent materials toward E. coli and S. aureus: a) bactericidal tests and b) adherence tests. *p < 0.05, **p < 0.01, ***p < 0.001.
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cytotoxicity was further examined by analyzing cellular mor-
phology under an optical microscope. No toxic responses, such 
as cell detachment, lysis, and extensive vacuolization, were 
observed in all FMBUS samples (Figure 6c).[28]

2.4. In Vivo Anti-Biofilm and Degradation Test

The in vitro experiments demonstrated the potential of 
HBPAA-PDA-FMBUS to prevent biofilm formation on the stent 
materials. However, the in vivo formation of biofilms on ure-
teral stents is a complex process that can be greatly affected by 
foreign body reactions and immune response behavior. Conse-
quently, in situ anti-biofilm testing was essential for the reliable 
evaluation of the anti-biofilm performance of HBPAA-PDA-
FMBUS. The in vivo evaluation was performed using a porcine 
model of biofilm formation (Figure 8a) because of its similarity 
to human anatomy, physiology, and immune system. Conse-
quently, the size of the kidney, ureter, and bladder of an adult 
female pig used in this study (30–33.5 kg) was comparable to 
that of an adult human. FMBUS and commercial PUUS were 
used as controls. To mimic the associated UTI, the stents were 
immersed in a bacterial suspension of E. coli (108 CFU mL−1) 
before implantation. Figure 8b shows that after immersion for 
30 min (day 0), the bacterial counts on HBPAA-PDA-FMBUS-4 
were significantly lower than those on both FMBUS and PUUS, 
indicating an effective protein repellent behavior against  
E. coli. The FMBUS material also showed less bacterial adhesion 
than PUUS, probably owing to the negatively charged PLA and 
PGLA which did not favor protein adhesion. On days 4 and 7, 
the bacteria had grown rapidly on PUUS and FMBUS to reach 
six orders of magnitude. At this stage, the initial differences in 
CFU counts between PUUS and FMBUS resulting from the 

slight differences in surface properties had disappeared, indi-
cating that the modified surface features were unable to pre-
vent biofilm formation within this limited period. By contrast, 
HBPAA-PDA-FMBUS-4 demonstrated inhibition rates of >99% 
on day 4 and >90% on day 7 until day 14, when neither biode-
gradable stent was detectable.

Figure  8c shows the confocal laser scanning microscopy 
(CLSM) and scanning electron microscopy (SEM) images from 
the live/dead assay revealing the bacterial distribution and mor-
phology on the surfaces of stents. On day 4, the bacteria on all 
samples were relatively scattered. However, a few bacteria were 
observed for HBPAA-PDA-FMBUS-4 where there were clear 
deformation and the collapse of cells, indicating effective pre-
vention of bacterial contamination induced by bactericidal and 
protein repellent effects. By day 7, the SEM images showed that 
the bacteria exhibited confluency and multilayer morpholo-
gies on the PUUS implants. The corresponding CLSM image 
showed that the biofilm was intact with higher viability, as evi-
denced by the stronger green fluorescence. The SEM images 
of the FMBUS group showed that the surface of the stents had 
become rough and cracked from the biodegradation of the sub-
strate, giving an unstable interface for bacterial adhesion. As a 
result, more dead cells were observed by CLSM, while many 
aggregated bacteria were still evident from the SEM images. 
Also, the CFU counts of PUUS and FMBUS were not signifi-
cantly different, indicating that degradation alone had little 
effect on the inhibition of biofilm formation. The biodegrada-
tion of HBPAA-PDA-FMBUS-4 also leads to unstable interfaces 
and a decrease in antibacterial function by day 7. However, as 
shown in the CLSM and SEM images, the density of the bac-
teria on HBPAA-PDA-FMBUS-4 was less than that on FMBUS 
and without bacterial aggregation, demonstrating the suc-
cessful resistance of the biofilm.

Figure 7. Biocompatibility of stent materials by cytotoxicity test: a) UV absorbance of CCK-8 assay, b) cell viability, and c) L929 cell morphology after 
direct contact. *p < 0.05.
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Figure  9a shows a B-mode ultrasound scan of the porcine 
urinary system. On day 7, all stents were found in good phys-
ical form in bladder, ureter, and kidney. By day 14, the degra-
dable stents were no longer observed, confirming that the in 
vivo biodegradation of FMBUS and HBPAA-PDA-FMBUS-4 
had occurred 7–14 d after implantation consistent with clinical 
requirements. On day 14, the animals were sacrificed by exces-
sive anesthesia for anatomical examination of the bladder, 
ureter, and renal pelvis. Figure  9b shows that no degraded 
debris remained in the renal pelvis or bladder, which agreed 
with the B-scan ultrasound results.

As mild biofilm formation does not always cause infec-
tion,[29] attention was focused on the inflammatory reactions of 
the urinary tract system to verify the histocompatibility of the 
indwelled stents. Figure 9c shows the images of bladders cap-

tured using a flexible cystoscope. On day 7, animals indwelled 
with PUUS stents showed severe UTI with obvious mucosal 
swelling and exfoliated vesicle tissue. PUUS are proven bio-
compatible, whereas FMBUS and HBPAA-PDA-FMBUS-4 are 
suspected tissue irritants owing to the degradation of PGA 
and PGLA. The inflammation caused by PUUS was therefore 
mainly attributed to significant biofilm formation on PUUS. 
The hematoxylin and eosin (H&E) staining tests provided more 
specific and direct evidence for this. As shown in Figure  9d, 
after 14 d of stent implantation and bacterial challenge, the uri-
nary system of all animals showed some degree of inflammatory 
response, which manifested mainly as swelling of the epithelial 
tissue and the infiltration of inflammatory cells. Still, compared 
with the other groups, a clear difference was observed in the tis-
sues from the indwelling HBPAA-PDA-FMBUS-4 stent which 

Figure 8. In vivo anti-biofilm and degradation test: a) Schematic diagram of the implantation method, b) CFU bacterial count on the stents before and 
after extraction from the animal bladder, and c) live/dead assay CLSM and SEM images of the extracted stents. *p < 0.05, **p < 0.01, ***p < 0.001.
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showed a lower level of edema, ballooning degeneration, and 
inflammatory cell infiltration. CD68 and CD3 has been widely 
used as a pan-macrophage marker and T cell marker, respec-
tively. Figure  9e demonstrated the infiltration of T cells and 
macrophages on the ureteral tissue in HBPAA-PDA-FMBUS-4 
group was obviously lower than that of PUUS and FMBUS 
group. The infiltration of lymphocytes was the result of a 
combination of bacterial infection and immune rejection. The 
lower level of T cell and pan-macrophage suggested the con-
clusion that the HBPAA-PDA-FMBUS-4 escaped from a strong 
immune rejection of the urinary tract system. The results also 
strongly supported the hypothesis that limiting the formation 
of biofilm can effectively reduce immune response of urinary 
system. Hence, HBPAA-PDA-FMBUS-4 was demonstrated to 
be efficient at preventing biofilm and stent associated UTI.

3. Conclusions

The successful preparation of a biodegradable ureteral stent 
with a fluid-driven antifouling feature was demonstrated. 
These features were achieved by grafting PDA onto the sur-
face of FMBUS followed by incorporation of an HBPAA 
structure, which provided the surfaces with large number of 

cationic amino groups for increased hydrophilic and bacteria-
killing functions. The stent showed robust repellence to both 
negatively and positively charged proteins, a high degree of 
antifouling, and was bactericidal to gram-positive and gram-
negative bacteria. The in vivo experiment using a porcine bio-
film model indicated that the as-produced stent could prevent 
biofilm formation and eliminate inflammation of the ureteral 
tract. The results may also provide clinical potential in the pre-
vention of ureteral stent induced UTI and free patients with 
ureteral stents from the discomfort of stent extraction surgery.

4. Experimental Section

Materials: If not otherwise indicated, all chemicals were purchased 
from Sinopharm Chemical Reagents Co., China, and used as received. 
HBPAA was synthesized according to a previously reported method.[30]

Fabrication of Biodegradable Ureteral Stents: PGA (30 dtex/12 f (dtex: 
gram/1000 m, f: number of filaments)) and poly(glycolide-co-lactide GA/
LA = 9:1) (PGLA, 30 dtex/24 f) multifilament yarns (Tianqing Biomaterials 
Co., Ltd., China) were braided around a polytetrafluoroethylene central 
core measuring 1.6  mm in diameter on a 24-bobbin braiding machine 
(Biomedical Textiles Lab, Donghua University, Shanghai). The braided 
tube was immersed in a 50% ethanol aqueous solution for 20 min with 
sonication, air-dried, heat-treated in a GN-123A oven (Galainer, Germen) 

Figure 9. Anatomical and histological evaluation: a) B-scan ultrasound of renal pelvis, ureter, and bladder of animals on day 7 and day 14; b) anatomical 
examination of the bladder and renal pelvis; c) cystoscopic images of bladders implanted with PUUS, FMBUS and HBPAA-PDA-FMBUS-4 on day 7; 
d) hematoxylin and eosin stained histological samples from the renal pelvis, ureters, and bladder; and e) immunohistochemical analysis of ureters 
(scale bar: 100 µm).
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at 200  °C for 100 s and the central core removed. All stents were 
fabricated to the same dimensions: 20 cm × 1.6 mm i.d. × 2 mm o.d.

Preparation of HBPAA- and PDA-Functionalized FMBUS: PDA 
immobilization was achieved by incubating FMBUS in 0.01  mol L−1  
tris buffer with 0.2  mol L−1 dopamine hydrochloride (Sigma, USA) at 
20 °C  for 24 h. The FMBUS was then removed, washed and sonicated 
with deionized water for 15  min to detach the free component. 
Samples were immersed in HBPAA solution at various concentrations  
(1, 2, 4 wt%) and heated in a water bath at 60 °C for 2 h. The FMBUS was 
then removed and washed with deionized water. For both immersion 
steps, the solution was pumped throughout the inner surface of the 
stents at a flow rate of 1 mL min−1.

Characterization of HBPAA- and PDA-Functionalized FMBUS: The 
surface morphology of the samples was observed by SEM on an S-4800 
FESEM (Hitachi, Japan) at an acceleration voltage of 15  kV. The surface 
chemical compositions were determined by FTIR using a Nicolet Nexus 
670 spectrometer (Thermo Fisher Scientific, USA) and XPS on an ESCALAB 
250 XI (Thermo Fisher Scientific, USA). Surface zeta potential values of 
samples were determined in 10−3 mol L−1 KCl solution at pH 6.5 using a 
SurPASS 3 Zeta potential tester for solid surfaces (Anton Paar, Austria).

The mechanical behavior of samples was measured on an LLY-06D 
customized radial compression device (Laizhou Electron Instrument Co., 
Ltd., China). According to a previous report, the following experimental 
conditions were set: sample length, 5  cm; displacement velocity,  
10  mm min−1; presser foot diameter, 2  cm; maximum compression 
distance, 1 mm (D/2). The presser foot was programmed to compress the 
sample to 1 mm and hold for 1 min, then retract to the initial position for 
1 min, and the final diameter of the samples (d) was measured. The elastic 
recovery rate (R) of samples was determined according to Equation (1)

= ×R d
D

100%
 

(1)

All tests were performed under standard environmental conditions  
(20 ± 1 °C, RH 65% ± 2%), and five specimens were tested from each 
stent sample.

The amino content of samples was determined as follows: the sample 
(100  mg) was immersed in ethanol (1  mL) with thymol blue indicator 
(15 µL); the solution was titrated with hydrochloric acid (1 × 10−3 m) until 
the observed color changed from light yellow to pink; the endpoint of 
the titration was taken as the point at which the pink color did not fade 
after 4 min with sonication. 100 mg of untreated FMBUS was used as a 
blank sample. The amino content in samples was calculated as follows

( )=
− −

A
C V V x

S
*101 0

3

0

 (2)

where A is the amino content (mmol cm−2), C is the hydrochloric acid 
concentration (mol L−1), V1 is the consumption volume of hydrochloric 
acid solution (µL), V0 is the volume of hydrochloric acid solution 
consumed in the blank control sample (µL), and S0 is the surface area 
of the sample (cm2).

Hydrophilicity: Water contact angle and underwater oil contact 
angle were measured on an OCA 15EC static contact angle measuring 
machine (DataPhysics, Germany) equipped with a CCD video camera as 
follows: for the water contact angle test, 2  µL of ultrapure water was 
dropped onto the surface of the test samples; for the underwater oil 
contact angle test, the test sample was suspended over ultrapure water, 
and 2  µL of hexadecane was injected onto the film via a needle. The 
images of water or oil drops were captured by the CCD camera. For each 
condition, three separate measurements were made on each of three 
different membranes.

For the water retention rate, 2 cm of the stent was dried in an oven at 
60 °C for 15 min before immersing in PBS solution for 1 min. The weight 
of the stent was measured before and after immersion and the water 
retention rate calculated as follows

( ) = − ×R
M m

m
% 100  (3)

where R is the water retention rate (%), m is the weight of stent after 
drying (mg), and M is the weight of stent after immersion (mg).

Protein Adhesion Test: HSA (pI = 4.9) and LZ (pI = 11.0) (Sangon 
Biotech Co., Ltd., Shanghai, China) were selected as model proteins to 
evaluate the protein resistance of the surfaces in this study. Samples 
were immersed in 1  mg mL−1 HAS or LZ for 1 h, respectively, washed 
with ultrapure water to detach the unadsorbed proteins, and then 
transferred into 500  µL sodium dodecyl sulfate (1% w/w) at 37  °C for 
2 h with agitation (100  rpm) to desorb the adherent protein. A micro 
bicinchoninic acid protein assay kit (Sangon Biotech Co., Ltd., Shanghai, 
China) was used to measure the amount of adsorbed protein using an 
Evolution 220 UV spectrophotometer (Thermofisher, USA) at 562 nm.[31] 
A calibration curve was prepared according to the manufacturer’s 
instructions.

Bacterial Adhesion and Bactericidal Test: 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 (1–2 × 108 
CFU mL−1) in 0.1 m PBS (pH, 7.0). Before testing, the stent samples 
were cut into equal sections (10 mm × 2 mm o.d.) and sterilized with 
75% ethanol. Each test group comprised three specimens. All tests were 
carried out at 37 °C.

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 of suspension (100  µL) was 
harvested and serially diluted (×101, ×102, and ×103) for plating on the LB 
agar for bacterial enumeration.[11a]

For the bactericidal test, samples were immersed in test tubes 
containing 1  mL of diluted bacterial suspension (104 CFU mL−1 of 
the bacterium) and shaken at 120  rpm for 15 h. After incubation, the 
suspension (100 µL) was harvested and the bacteria enumerated.[32]

Cytotoxicity: Cytotoxicity tests were conducted according to ISO10993-
5-2009. Stent samples were extracted by rinsing with PBS solution three 
times prior to impregnating with Dulbecco’s modified eagle medium 
(DMEM, Gibco, USA) for 24 h. DMEM mixed with 5% dimethyl sulfoxide 
and pure DMEM solutions were set as the positive and negative control 
groups. L929 cells (the cell bank of Chinese Academy of Science, China) 
were fixed in a 96-well plate at a density of 3000 cells mL−1 and placed in 
a 5% CO2 incubator at 37 °C for 24 h. Then, 100 µL of solution from the 
different groups was added to each well, and the medium was changed 
every 24 h. On days 1 and 3, the viability of L929 was determined by the 
CCK-8 assay using WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt) (Sangon 
Biotech Co., Ltd., Shanghai, China).

In Vivo Experiment: FMBUS and HBPAA-PDA-FMBUS-4 were prepared 
as described. Clinically used PUUS was set as a contrast sample. All 
samples were prepared as double-J (D-J) stents to prevent dislocation in 
the renal pelvis and bladder. Truncated versions of each stent (8 cm) were 
prepared for implantation in the bladder. All samples were sterilized with 
ethylene oxide.

All animal experiments were conducted by an authorized contractor 
(Gateway Medical Innovation Center, Shanghai, China) following the 
animal welfare requirements of ISO 10993-2:2006 and ethical committee 
approval (Approval No. Gateway 2019-06002). Six female farm pigs  
(30–33.5  kg) were randomly divided into three groups: PUUS group, 
FMBUS group, and HBPAA-PDA-FMBUS-4 group. On day 0, bilateral 
flexible ureteroscopy (Innovation, China, 8.7 F, 65  cm, disposable, 
digital) and D-J stenting using a guidewire under general anesthesia 
were performed on each animal. The four short stents were implanted 
in the bladder using a rigid cystoscope (Hawk, China, 16 F, 22 cm, 30°). 
B-mode ultrasound scans were used to confirm the position of the D-J 
stents and determine their degradation at 0, 4, 7, 14, and 21 d.

The short stents were removed from the bladder using forceps 
under cystoscopy at days 4 and 7 and kept in saline at 4  °C prior to 
characterization.For bacterial enumeration, three 1  cm specimens, cut 
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from the upper, middle, and lower parts of short stent, were immersed 
in 1  mL PBS solution and sonicated (130 W/50  Hz) for 15  min. The 
suspension was harvested, vortex mixed, and serially diluted for agar 
plate counting.For the live/dead assay, 2 cm portions of the stents were 
rinsed with deionized water for 5  min and stained with LIVE/DEAD 
Backlight Bacterial Viability Kit (L7007, Invitrogen, USA) for 15  min in 
darkness. The bacteria were observed by CLSM on an LSM 700 laser 
scanning microscope (Carl Zeiss, Germany). The green fluorochrome 
(SYTO 9) can penetrate intact membranes. The live bacteria emit 
green fluorescence while the larger red fluorochrome (propidium 
iodide) penetrates only the disrupted walls of dead bacteria, resulting 
in red fluorescence.For SEM observations, the stents were fixed with 4% 
paraformaldehyde, stored at 4 °C for 12 h, rinsed in demineralized water 
for 10 min, dehydrated in ethanol (10 min in 30%, 10 min in 50%, 10 min 
in 70%, 10 min in 90%, and 20 min in 100%), and finally air-dried for 1 h 
prior to sputter coating with gold.

On day 21, all animals were euthanized to harvest the renal 
pelvis, ureter, and bladder for histological evaluation. The harvested 
specimens were then fixed in 4% paraformaldehyde, decalcified in 
ethylenediaminetetraacetic acid (EDTA, Gibco, USA) dehydrated with 
ethanol, embedded in paraffin, stained with H&E (Gibco, USA), CD3 
antibody, CD68 monoclonal antibody (Thermo fisher, USA) and finally 
observed with a transmission light microscope. Histopathological 
scores were applied to assess the level of inflammation and necrotic 
cells, i.e., from Grade 0 (no inflammation) to Grade 3 (severe edema, 
hyperemia, and inflammation).[33]
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