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ARTICLE INFO ABSTRACT

Keywords: Objective: To evaluate the long-term inhibition of malignant biliary tumor growth using paclitaxel
Drug eluting membrane (PTX)-covered polycaprolactone (PCL) electrospun membranes.

Electrospinning

Methods: A mixture of PCL, a material used to fabricate polymer stents, and PTX, a widely used
chemotherapeutic agent, was synthesized by electrospinning. After preparing the drug-eluting
membrane, drug release and fiber degradation were assessed in vitro under different pH condi-
tions. The QBC939 cholangiocarcinoma cell line was cultured to establish a xenograft nude mouse
model. Finally, the drug-eluting membrane was implanted into the mouse model, and the relative
tumor inhibition rate was evaluated.

Results: A new PTX-loaded PCL electrospun fiber membrane was developed. The drug release rate
was about 20-40% in the 32-day release cycle, and the release quantity was between 20 and 170
mg. As pH decreased, the release rate increased significantly. The degradation rate of the fiber
membranes in vitro was approximately 20-48%, and was positively correlated with the drug
loading rate. In animal experiments, the growth of tumors in mice was suppressed using drug-
eluting membranes.

Conclusion: The PTX-loaded PCL electrospun fiber membrane enhanced the long-term drug release
and exhibited excellent antitumor effects in vivo.

PTX
Malignant obstructive jaundice

1. Introduction

Malignant obstructive jaundice (MOJ) has recently been associated with various malignant and benign conditions, including
hepatomas, pancreatic cancer, cholangiocarcinoma, gallbladder cancer, and malignant lymphadenopathy. Rarely, it also occurs in
benign conditions, such as choledocholithiasis, chronic pancreatitis, and postoperative strictures. Owing to limitations in diagnostic
techniques, fewer than 20% of patients with distal or hilar malignant strictures are candidates for curative resection because they are
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poor surgical candidates or have unresectable diseases secondary to local spread and distant metastases [1]. Biliary obstruction de-
velops in 70-90% of these patients, resulting in jaundice, cholangitis, pruritus, malabsorption, coagulopathy, and hepatocellular
dysfunction. Therefore, most patients require palliative therapies, including percutaneous transhepatic cholangial drainage (PTCD)
[2] and endoscopic retrograde cholangiopancreatography (ERCP). Polymer and self-expandable metal stents (SEMS) are commonly
used for bile expansion and drainage [3]. However, stents can become occluded over time due to tumor ingrowth or overgrowth,
mucosal hyperplasia, biliary sludge, and food impaction, hindering patient recovery. To avoid restenosis, drug-eluting stents (DESs)
have emerged as a new treatment option for MOJ [4-7]. Electrospinning, a well-established strategy for constructing fibrous mem-
branes used for tissue regeneration [8] and loading functional agents [9], has been employed to develop functionalized membranes
capable of delivering therapeutic agents, and polycaprolactone (PCL)-based nanofibers are one of the most popularly used materials in
electrospinning applications [10].

This study aimed to develop a new nanofiber membrane that can cover bile stents, especially in terms of practicability and long-
term effects. It refers to a versatile stent that can mechanically expand the bile tract and serve as a carrier for local drug delivery with its
unique design and material. We fabricated polymer membranes made of a mixture of paclitaxel (PTX) and PCL by electrospinning,
which enabled the fibers to be fine enough to reach nanometer-scale dimensions with good biocompatibility.

2. Methods
2.1. Materials

The analytical grade chemical reagents were used as received without further purification. PCL was provided by the Institute of
Traumatology and Orthopaedics, Ruijin Hospital, affiliated with Shanghai Jiao Tong University School of Medicine. The experimental
protocol was established according to the ethical guidelines of the Helsinki Declaration and was approved by the Ethics Committee of
Ruijin Hospital affiliated with Shanghai Jiao Tong University (SYXK [SHANGHAI 2018-0027]).

2.2. Electrospinning

A PTX-loaded membrane consisting of PCL nanofibers was prepared by electrospinning under the following conditions: a voltage of
14 kV, flow rate of 0.04 mL/min, and receiving distance of 15 cm. This fiber membrane can be used to cover the metal stent. The drug-
eluting membrane was provided by our laboratory at the Institute of Traumatology and Orthopaedics, Ruijin Hospital, affiliated with
Shanghai Jiao Tong University School of Medicine. Four kinds of membranes were prepared using the fabrication method described
above for examination with varying PCL concentrations of 0%, 0.5%, 1%, and 2%.

2.3. Characterizations

The morphology of drug-eluting membranes were examined using scanning electron microscopy (SEM, FEI Quanta 200,
Netherlands). The sizes and thicknesses of the fibers were measured using a micrometer. The surface wettability of the fiber stents was
evaluated by measuring the water contact angles (WCA) using a Kruss GmbH DSA 100 Mk 2 goniometer (Hamburg, Germany). The
average diameters of the different drug-eluting fibers were measured using the ImageTool software.

2.4. Invitro drug release

To evaluate the in vitro release behavior of PTX, a mass of 20.0 mg of drug-eluting PCL fibrous scaffolds containing 0.5%, 1%, and
2% drug and non-drug-eluting PCL fibers were immersed in 25 mL of 154 mM phosphate-buffered saline (PBS, pH 7.4) and 25 mL
acetate-acetate buffer solution (pH 4.0). Each fibrous membrane in the buffer solution consisted of three parallel specimens. The
suspension was shaken at a speed of 100 rpm in a shaking water bath at 37 °C for 48 h. At each time node, 1.0 mL of the buffer was
removed for analysis, and 1.0 mL of fresh buffer was added to the rest of the incubation. The PTX release was measured using an
ultraviolet spectrophotometer (UV-vis; UNICAM, UV300, Thermo Spectronic, USA).

2.5. In vitro membrane degradation

The process of fiber degradation was evaluated based on the mass loss of the fibrous scaffolds. As mentioned above, accurately pre-
weighed drug-eluting membranes were divided into three groups according to PTX gradient concentrations. The specimens were
rinsed and dried to a constant weight at each time node. The remaining dry weight was compared with the initial weight. The fibers
underwent floating, suspension, and precipitation for ten weeks during this period. Therefore, the mass losses of the fibrous scaffolds
were measured.

2.6. In vitro QBC939 culture
The human cholangiocarcinoma cell line (QBC939), which was prepared to mimic the in vivo environment of a biliary malignant

tumor (BMT), was provided by the Institute of Surgical Research, Ruijin Hospital Affiliated to Shanghai Jiao Tong University School of
Medicine (Shanghai, China). The cell lines were cultured in DMEM with 10% fetal bovine serum (FBS, Sigma, U.S.A.) and 1% double-
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antibody in a humidified incubator at 37 °C with 5% CO». The culture medium was replaced every two days. Once QBC939s reached
80-90% confluence, they would be passed at a 1:2 ratio. As a result, a total of 1.56 x 108 QBC939s were prepared for tumor xenografts.

2.7. Tumor xenograft and treatment

A total of 112 female 4-week-old SPF C56BL/6 mice were purchased from the Shanghai Cancer Institute for subcutaneous xeno-
grafts and 1.4 x 10% QBC939 cells were suspended in 200 pL culture medium and injected subcutaneously into the right sub-axillary
region of the mice. The volumes were calculated using the following formula: 0.5 x length x width%. When the tumor volume reached
62.5 mm>, the mice were divided into five groups: control (group A), blank membrane (group B), intraperitoneal injection chemo-
therapy (group C), 2% PTX-loaded fibrous membrane (group D), and chemotherapy with 2% PTX-loaded fibrous membrane (group E).
Each group consisted of 21 mice divided into three subgroups. During the 4-week experiment, PTX was injected weekly into groups C
and E at a 10 mg/kg dose. Over that time, 2% PTX-loaded fibrous scaffolds, with a 4 g/kg dosage, were implanted surgically upon the
tumor in groups D and E. After recovery from the anesthesia, the mice were returned to their cages.

2.8. Anticancer effect analysis

The entire experiment lasted for three weeks. At the end of each week, a subgroup of the mice was sacrificed. Tumor volume was
measured.

2.9. Statistical analysis

Data are presented as mean + standard deviation (SD). Significance testing was performed using a one-way analysis of variance
(ANOVA), followed by Bonferroni’s post hoc test. *p < 0.05, **p < 0.01, and ***p < 0.001 were considered statistically significant.
After in vivo experiments, we calculated the tumor volume (TV), relative tumor volume (RTV), and relative tumor proliferation rate (T/
Q). If the T/C value was more than 60%, it was considered invalid; however, if the value was below 60% and there was a statistical
difference between the groups, we considered the result to be persuasive and valid. RTV=Vt/V0 (VO: tumor volume on day 0; Vt: tumor
volume after every week of measurement). T/C = TRTV/CRTV x 100% (TRTV: RTV of the treatment group; CRTV: RTV of the control
group).

3. Results
3.1. Standard PTX-releasing in vitro

The PTX-mixed membranes were placed in a standard solution (PBS), and the elution concentration was monitored for the curve.
The correlation coefficient R% was 0.99996. The line chart suggests that the linear relationship was strong when PTX range was 0.5-30
pg/mL (Fig. 1).

3.2. PTX-releasing curve in pH 7.4 solution

The first experiment was the nanofibers drug release in a solution of pH 7.4 to imitate normal tissue internal environment. It can be
concluded that in the first five days, the drug release presented a burst effect. Approximately 10-25% of the quantity was released in
the groups (Fig. 2). The follow-up release process was milder and more extensive. The drug release rates were also distinct for different
drug-loading rates of the stents. The greater the amount of drug loaded into the membranes, the higher the rate of drug release during
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Fig. 1. Concentration-area line chart.
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the experiment, which fluctuated between 17 and 40%. When the drug-load rate was 1.0%, the drug-release rates between the
electrospun nanofibrous membrane and the flux film were similar at approximately 25%. Consequently, the total drug release
increased as the drug concentration increased (Fig. 3).

3.3. PTX-releasing curve in pH 4.0 solution

As the experiment above imitates the internal environment of humans, the experiment below imitates the environment of the
human biliary tract, where the pH is approximately 4.0. The burst effect in the first five days is similar in Figs. 4 and 3. However, the
release rates were higher than those in pH 7.4 and could attain approximately 30-40%. The follow-up release process was milder and
more extensive. The greater the amount of drug loaded into the membranes, the higher the drug release rate during the experiment,
which fluctuated from 55 to 73%. When the concentration reached the maximum of 2.0%, the release rate reached the maximum of
73% among the four groups. When the drug loading rate was 1.0%, the drug release rate of the electrospun nanofibrous membrane was
higher than that of the flux film (p < 0.05). As the drug loading rate increased, the drug release rate also increased. Consequently, the
disparity in the total drug release between the different groups was greater (Fig. 5). The maximum amount released was approximately
320 pg.

3.4. Study on the degradation of PTX-loading membranes in vitro

The drug-loaded nanofibers were placed in PBS for ten weeks for the in vitro membrane degradation experiment. Weight loss and
molecular weight change curves of the different drug-loaded fiber membranes are shown in Fig. 6b and c, respectively. As seen from
the figure, the weight loss of the fiber gradually increased as drug loading increased. The maximum weight loss observed was 48%. The
molecular weight reduction of the fibers was less than 28%, indicating the performance of a typical surface degradation model.

3.5. The drug-eluting membrane reduced the growth of xenografted tumors in nude mice

The mice were divided into five groups: control, blank membrane, chemotherapy, 2% PTX membrane, and chemotherapy with 2%
PTX membrane. Tumor volumes at the beginning and end of the experiments were calculated separately. The results indicated a
significant decrease in tumor volume of the chemotherapy and 2% membrane groups (Table 1; Fig. 7).

Fig. 7 illustrates that treatment in Groups C, D, and E yields favorable effects in reducing tumor volume, thereby highlighting the
anti-tumor properties of the drug-loaded fibrous membranes. Remarkably, Group E exhibited the lowest tumor volume on both days 14
and 21, suggesting that the addition of local chemotherapy to systemic chemotherapy exerts a stronger inhibitory effect on tumor
growth. This outcome can be attributed to a higher local drug concentration achieved through the dual drug delivery pathways rather
than administration via a single route.

Groups C and E exhibited further decreases in tumor volume on day 14, while Group D experienced a slight rebound. Notably, the
tumor volume in Group E remained lower than that in Group C. These findings suggest that the drug-loaded fibrous membrane
continues to release drugs between days 14 and 21, exerting a certain inhibitory effect on tumor growth. However, the diminishing
inhibitory effect may be attributed to insufficient local drug concentration within the tumor.

50
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Fig. 2. Relationship between PTX release percentage and incubation time in pH 7.4 solution. There were four kinds of groups. Group A was PCL-0.5-

fiber (M), whose concentration was 0.5%. Group B, whose concentration was 1.0%, was marked as PCL-1.0-fiber (@®). Group C was marked as PCL-
2.0-fiber (a). Group D was a traditional flux film membrane PCL-1.0-film (v) used as the control group.
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Fig. 3. Cumulative drug release of PTX-mixed membrane (net weight: 20 mg) in the pH 7.4 solution. The four groups were the same as in the figure
above. They were respectively PCL-0.5-fiber (ll), PCL-1.0-fiber (@), PCL-2.0-fiber (a), PCL-1.0-film (v).
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Fig. 4. Relationship between PTX release percentage and incubation time in pH 4.0 solution. There were four groups: group A. PCL-0.5-fiber (), B.
PCL-1.0-fiber (@), C. PCL-2.0-fiber (a), D. PCL-1.0-film (v).
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Fig. 5. Cumulative drug release of PTX-mixed membrane (net weight: 20 mg) in pH 4.0 solution. The four groups were group A. PCL-0.5-fiber (H),
group B. PCL-1.0-fiber (@), group C. PCL-2.0-fiber (a), group D. PCL-1.0-film (v).
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Fig. 6. aRelationship between incubation time and pH value
Fig. 6bRelationship between incubation time and mass residual
Fig. 6¢cRelationship between incubation time and molecular weight (Mw) residual.

Table 1

Time (week)

Influence on cholangiocarcinoma-xenograft nude mice (QBC939) after different treatments.

Incubation Time (week)

TV (mm3)

Group RTV T/C (%)
day O day 14 day 21 day 14 day 21 day 14 day 21
A 62.5 1012.1 + 466.7 1854.7 + 582.7 16.19 + 7.45 29.68 + 8.07 / /
B 62.5 657.3 + 454.6 / 9.72 +£ 4.27 / 60.1 /
C 62.5 146 + 80.8 177.3 + 85.7 2.34 £+ 1.29* 2.83 +£1.37* 14.4 9.5
D 62.5 97.2 £51.3 209.4 +£112.5 1.56 + 0.82* 3.35 + 1.80* 9.6 11.2
E 62.5 77.4 +£37.3 138.7 + 69.7 1.36 + 1.00%* 2.62 + 1.31** 8.4 8.8

Group A represents the control group. The mice were fed regularly. Group B was the blank membrane group. Mice were implanted with blank
membranes that did not carry PTX, and Group C was the intraperitoneal injection chemotherapy group. Mice received PTX solution, (concentration of
1 mg/mL) injected into the abdomen every week; Group D was the 2% PTX-loaded fibrous membrane group. Mice were implanted with fixed PTX-
mixed membranes (2% PTX) under their dorsal skin; mice in group E received PTX solution, (concentration as 1 mg/mL) injected into the abdomen
every week as in group C, and PTX-mixed membranes (2% PTX) were implanted and fixed under their dorsal skin membranes as in group D.
Compared with group A, *P < 0.05, **P < 0.01.

Group E compared with groups C and D, P < 0.05.

Control

Blank

Chemotherapy

2% Membrane
Chemo+2% Membrane

¢ 4t m

Tumor Volume(mnf‘)

Days

Fig. 7. Tumor volumes in different groups of cholangiocarcinoma-bearing mice (QBC939). The five groups were distinctively: control group (l),
blank membrane group (a), chemotherapy group (4), 2% PTX membrane group (v), and chemotherapy with 2% PTX membrane group (@).

4. Discussion

Malignant obstructive jaundice is particularly difficult to treat. In recent years, the incidence and mortality rates of this disease
have significantly increased, attracting widespread attention worldwide. Among the principal treatment options including surgical,
endoscopic, and PTCD interventions as well as pharmacological therapy, endoscopic PTCD stent drainage is the primary treatment
selected by 80% of patients. Regrettably, the primary plastic and metal stent materials available have evident problems, including
adherence to granulation tissue, biliary silt, and tumor invasion. In comparison, stents loaded with chemotherapy or Nonsteroidal Anti-
inflammatory Drugs (NSAIDs) can inhibit tumor development or inflammation [4,6,11]. PTX is a natural substance frequently used in
therapeutic applications [12-14].
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In addition to metals, other materials, such as electrospinning and 3D printing, can be employed to fabricate stents [7]. Electro-
spinning utilizes electrohydrodynamics to create unique fibers. The utility model has a large surface area, high porosity, and involves a
simple, low cost manufacturing process. Simultaneously, the polymer fiber membrane properties may be altered by incorporating
nanoparticles, such as organic and inorganic components, enabling more precise control of drug and antibiotic release [10,15].

After charging with a high electric field, the polymer solution overcame the surface tension of the liquid. The nanofibers were
collected on the receiver as the solution evaporated after being sprayed from the capillary nozzle. PTX was prepared by dissolving or
dispersing it in PCL. When these stents were implanted, PTX was gradually released into the tumor tissue to achieve a long-term,
relatively high concentration of local delivery; however, stents were degraded in the human body.

PTX is a frequently used anticancer drug that inhibits cell growth and activates the mitochondrial pathway for apoptotic molecular
signaling [11,16]. PTX also exhibits antiangiogenic and antimetastatic properties. Furthermore, PTX is advantageous for locoregional
cancer therapy because of its favorable pharmacokinetic properties (e.g., lipophilic and rapid cellular uptake) [16-18]. PTX-eluting
covered bile stents, may represent a potential strategy for preventing occlusion due to tumor growth and further inhibiting tumor
development. The biosafety of metal stents covering PTX has been reported in recent years [14,19]. Yuan et al. [20] compared the
efficacy and safety of PTX-eluting metal stents (PECMS), metallic stents covered with a PTX-incorporated membrane (MSCPM), and
conventional covered metal stents (CMS) in the treatment of malignant biliary obstruction. The findings revealed no significant
changes in stent dysfunction, survival rate, biological safety, or stent stenosis caused by inward tumor growth, stent movement, or
cholestasis. In terms of symptoms such as bile duct inflammation, patients with PECMS/MSCPM had a greater risk than those with
CMS. Mohan et al. [21] showed that drug-eluting stents (DES) were more favorable in terms of stent opening and survival rates than
those of self-expanding metal stents (SEMS) in patients with malignant bile obstruction (MBO). In the final two publications, research
on PTX-eluting stents in animal tests did not describe concrete tumor growth. In our study, antitumor effects parameters in the
transplanted tumor model included tumor volume, tumor volume rate, and mouse weight at different time points. During the trial
period, the antitumor effect of the drug fiber membrane is described in further detail.

We used a PCL nanofiber loaded with PTX, which our laboratory provided at Ruijin Hospital, affiliated with Shanghai Jiao Tong
University School of Medicine. The material used in this study possesses several advantageous properties, including excellent
biocompatibility, high rate of drug loading, and mechanical properties. When combined with PTX, the copolymer exhibited additional
antibacterial, bile stabilizing, and antitumor properties. Additionally, we evaluated the nanofibrous membrane drug loading rate and
antitumor effects using in vitro and in situ experiments.

According to Figs. 2 and 3, a burst effect was observed in less than five days. In these two-line charts, the release percentage and
quantity increased rapidly in the early stage but were relatively gentle in the late range. The release behaviors of the fiber and film
membranes were similar, with similar release percentages at each time stage, eventually approaching 25%.

As shown in Fig. 3, the cumulative drug release percentage increased as the quantity increased. Consequently, the total sum of the
releases increases simultaneously. Increasing the drug concentration may improve its release ability within a certain range. As an
implant material, it enhances the cytotoxicity and therapeutic effects of local drug delivery.

Burst drug release was also monitored (Figs. 4 and 5). The release behavior varied between membranes containing varying amounts
of the drug. The greater the drug quantity, the greater the ultimate release percentage. The total amount released ranged from 55 to
73% and the release behavior varied between the fibers and film. In the early stage, the film membranes released more drugs than the
fiber membranes; however, the film membranes released almost no drugs during the late stage. The release curve progressed gradually,
eventually reaching 48%. However, the drug release percentage of the fibers exceeded that of the films, eventually reaching 60%. In
comparison to the pH 7.4 experiment, it can be concluded that the drug release rate and nanofibers amount were greater in an acidic
environment such as the biliary duct.

Human bile is mildly alkaline under normal conditions, but an increase in the infiltration of acidic metabolites in local tumors
lowers the pH, promoting the release of medication to boost the local effect. Therefore, we experimented both at pH 7.4 and 4.0 to
simulate a biliary pH environment. The data demonstrated that the material was better released at low pH, implying that local tumors
would infiltrate and create acid metabolites, resulting in a low pH condition that could be more favorable for drug release. The in vitro
release studies conducted by Huang et al. [22] were similar to that of ours. Human bile was extracted in their experiment on the
dissolution of biliary stones in flowing bile in vitro. However, membrane degradation was not investigated in that study. In future
studies, we will focus on this issue and attempt to imitate the body’s situation as much as possible.

After being placed in PBS, the PTX-mixed membranes floated, were suspended, and finally sank to the bottom, shrinking and
expanding in the solution. Fig. 6b and c indicate that the greater the amount of drug, the greater the amount lost. Our study found that
the highest quantity of loss occurred at 48%. This result indicates that small-fragment polymers are easily dissolved in the solution
when membranes contain a high concentration of PTX. The fiber membranes’ molecular weight loss was less than 28%, indicating that
they behaved similarly to a typical surface corrosion model. We can define the loss of polymer structures as a decrease in polymer
structures with increased drug content; however, the overall loss was less than 50%. In addition, when the molecular weight loss was
less than 20%, the membranes performed similarly to the surface corrosion model. The molecular weight losses were less than 6% for
the blank PCL electrospun fiber membranes, similar to the typical surface corrosion model.

To summarize these line charts and analyses, the membranes of different materials demonstrated varying degradation degrees.
Regular drug-eluting membranes were used as the bulk-degrading model, whereas drug-mixed fiber membranes were used as the
surface corrosion model. The degradation mechanism of most polymers is determined by the breakage of chemical bonds and the rate
at which water molecules enter the polymers. When water molecules slowly penetrate the fiber bodies, the membrane acts as a surface
corrosion barrier. A previous study discovered that PCL and drug-eluting electrospun fiber membranes made of PCL had low surface
wettability, indicating that water molecules could not deeply penetrate the fiber bodies. Meanwhile, PLGA drug-eluting electrospun
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fiber membranes exhibited the same degradation behavior, which could be exploited to extend the degradation time of the polymer
and thus the release time of drugs such as anticancer and NSAIDs.

The drug-eluting electrospinning membrane demonstrated favorable release properties, exhibiting sustained release for a duration
of one month along with a relatively smooth release profile. Moreover, in our mouse experiments, the PTX-releasing electrospinning
membranes effectively suppressed the growth of tumor volume, thereby demonstrating significant in vivo anti-tumor efficacy.
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