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Abstract 

Adjuvant systemic chemotherapy with gemcitabine (GEM) is recognized as the standard of care to improve 
the prognosis of patients with resected pancreatic cancer (PC); however, it is greatly limited by poor 
absorption of chemotherapy agents. Moreover, surgical site infection and Gammaproteobacteria-induced 
GEM resistance further decrease the chemotherapy efficacy and increase the risk of recurrence and even 
mortality. Here, we develop an implantable anti-bacterial and anti-cancer fibrous membrane (AAFM) to 
inhibit PC recurrence in a well- coordinated manner. Our AAFM can be readily prepared via simple co-
electrospinning of GEM and poly-L-lactic acid (PLLA) and subsequent tannic acid (TA)-mediated in-situ 
generation of silver nanoparticles (AgNPs). The resultant membrane presents highly porous fibrous 
morphology and appropriate mechanical performance. Most importantly, we find the surface-deposited 
TA/AgNP complexes can exert multiple therapeutic effects: (1) they can act as a fence to extend GEM 
diffusion route, achieving a sustained drug release; (2) they can fight the pathogenic microorganisms in the 
local microenvironment and prevent infectious complica- tions and alleviate Gammaproteobacteria-induced 
chemotherapy resistance; (3) they can combat residual cancer cells to synchronously strengthen the 
effectiveness of GEM-based chemotherapy. Altogether, our AAFM provides a proof-of-concept 
demonstration of the integrated anti-cancer and anti-bacterial strategy for enhanced therapeutic efficacy and 
will inspire the design of other high performance implants for prevention of tumor relapse. 

1. Introduction

Pancreatic cancer (PC), also known as pancreatic ductal adenocarcinoma, is one of the most lethal solid 
malignancies in the world, with an overall 5-year survival rate of less than 10% [1,2]. Currently, surgical 
resection, especially the pancreaticoduodenectomy, remains the only potentially curative strategy to improve 
the prognosis of patients with advanced PC, but approximately 80% of these patients after surgery will 
eventually undergo cancer recurrence [3]. Numerous studies have now revealed the post-operative residual 
tumor cells or micro-tumors in the surgical margins constitute the primary reason for local tumor relapse 
[4,5]. To reduce the incidence of tumor recurrence, current standard of care is to implement adjuvant 
chemotherapy immediately after PC resection [6]. However, these chemotherapy agents are often 
administrated systemically via intravenous injection, which may lead to serious side effects and 
complications, significantly compromising the clinical outcomes [7,8]. In this respect, new treatments that 
can reduce the detrimental adverse effects of adjuvant chemotherapy while improving the clinical outcome 
of cancer therapy are highly sought after. 

Nowadays, drug delivery systems that can release drugs in a controlled and sustained manner have been 
recognized as a favourable solution to enhance the efficacy of adjuvant chemotherapy [9]. In terms of the 
mechanisms and administration routes, such drug delivery systems can be roughly classified into two types: 
local and systemic treatments [4]. For systemic treatments, various cellular-based vehicles and synthetic 
nanocarriers are employed to load bioactive therapeutic molecules. Depending on the specific surface 
modification and the enhanced permeability and retention (EPR) effect, these systemic delivery systems can 
realize a targeted drug accumulation in tumor sites after intravenous injection [9]. Nevertheless, their 
preparation process is complicated, time-consuming, and difficult to control precisely, restraining the large-
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scale production. Moreover, the cost of functionalization of these delivery systems may be too high to fulfil 
the requirements of clinical applications. More importantly, PC is characterized by a low blood supply 
compared with other types of cancers, in which most blood vessels are crushed and shut [10]. In addition to 
the reduced microvascular density after curative resection, it is troublesome for the accumulation of 
chemotherapy drugs in the PC tumors by EPR effect. Therefore, local delivery systems stand out since they 
can be implanted to the surgical site, enhance the local drug dosage, facilitate the sustained drug release 
administration, and minimize the harmful side effects to organs/tissues [9]. To date, diverse formulations 
and devices have been proposed including wafers [11], hydrogels [12] and fibers [13,14]. Among them, 
electrospun fibers have attracted great research attention in the recent decade owing to their facile fabrication, 
high drug loading ability, large specific surface area and 3D porous structure. By adjusting the 
electrospinning parameters (e.g., material composition and drug dose) and drug-loading methods (e.g., 
surface modification, blending, coaxial or emulsion), the release behavior of the encapsulated drugs can be 
well controlled [15]. Unfortunately, these local treatments based on the electrospun fibers may only have a 
single biofunction and only focus on the clearance of tumor cells without considering the prevention of other 
surgery-related complications, failing to balance curative effects and side effects during the long-term 
adjuvant chemotherapy. To further strengthen the efficacy of the post- operative adjuvant chemotherapy, it 
is desirable to orchestrate a variety of therapeutic strategies according to the unique tumor microenvironment, 
synchronously enhancing the tumor-killing effect, reducing side effects and preventing related complications. 
It has been reported that pancreaticobiliary surgery has a high risk of surgical site infection reaching 20%–
40%, which is mainly due to the colonization of gut microorganisms during pancreatectomy [16,17]. Long-
term follow-up studies have demonstrated that such infectious complication is closely related with poor 
overall survival, high recurrence rate, in-hospital death, and healthcare costs [16]. Moreover, a recent study 
published in Science revealed that Gammaproteobacteria, the most prevalent bacteria in the PC 
microenvironment, could ad hoc diminish the efficacy of gemcitabine (GEM, one of the standard first-line 
chemotherapeutic agents) and increase the chemoresistance by secreting cytidine deaminase to convert GEM 
into its inactive form, 20,20-difluorodeoxyuridine [18–20]. Consequently, we speculate that it may be a 
promising strategy to develop a drug delivery platform with strong inherent antibacterial activity, which can 
fight bacteria in the local microenvironment to avoid surgical site infection and reduce the risk of 
Gammaproteobacteria-induced GEM resistance, while continuously deliver chemotherapeutic agents to kill 



the residual cancer cells.

 
Fig. 1. Schematic illustration of the development of anti-bacterial and anti-cancer fibrous membranes (AAFM) 
for prevention of PC recurrence. (A) The preparation process of AAFM by co-electrospinning of GEM and PLLA 
and subsequent TA-mediated in-situ AgNP synthesis. TA forms a multi-functional coating on the PLLA fibers 
and then reduces the silver nitrate to AgNPs bound to the coating surface. (B) The resultant AAFM exhibits 
excellent anti-bacterial performances, which can prevent surgical site infection and combat Gammaproteobacteria 
to alleviate GEM resistance. Meanwhile, the release of AgNPs and GEM will synergistically eliminate the residual 
tumor cells, thereby effectively suppressing the local tumor recurrence after surgery. Figure created with 
BioRender.com. 
 
Here, we prepare an implantable anti-cancer and anti-bacterial fibrous membrane (AAFM) via facile 
combination of the electro- spinning technology and dipping approach. First, a GEM-loaded fibrous 
membrane is fabricated by feasible blending electrospinning of GEM and poly-L-lactic acid (PLLA) (Fig. 
1A). Subsequently, a simple tannic acid (TA)-mediated two-step dipping process is performed for in-situ 
synthesis of silver nanoparticles (AgNPs) onto electrospun fibers. Due to the superior good adhesive capacity, 
TA can form a multifunctional coating on the PLLA fibers and then reduce the silver nitrate to AgNPs tightly 
bound to the surface of TA coating [21]. The resultant electrospun fibers are expected to have multiple 
synergistic effects: (1) the surface- deposited TA/AgNP complexes work as an armour on the PLLA fibers, 
acting as a barrier to impede GEM diffusion and facilitate a sustained release pattern; (2) TA/AgNP 
complexes equip the system with excellent anti-bacterial performance, which is believed to reduce surgical 



site infection rate and alleviate the GEM resistance; (3) the delivery system itself (i.e., PLLA-TA-Ag) 
exhibits superior inhibitory effects on tumor cell growth both in vitro and in vivo, and can work together 
with GEM to enhance the anti-tumor efficacy (Fig. 1B). In terms of these unique features, we envision that 
our AAFM will effectively prevent PC recurrence and prolong survival of the resected patients, holding great 
clinical potential for local PC therapy. 
 
2. Material and methods 
 
2.1. Preparation of the anti-bacterial and anti-cancer electrospun fibrous scaffolds 
 
First, we prepared GEM-loaded PLLA electrospun membranes by blending GEM into the PLLA electrospun 
precursor solution prior to electrospinning. PLLA precursor solution at 20% (w/v) was obtained by adding 
0.6 g PLLA into 3 mL hexafluoroisopropanol followed by constant stirring until complete dissolution. Then, 
different weights of GEM (90, 180, 360 mg) were added into the asprepared PLLA solution to obtain the 
electrospun solutions (named GEM1@PLLA, GEM2@PLLA, and GEM3@PLLA, respectively). During 
the electrospinning, the voltage was set to 15–20 kV, the receiving distance between the injector and 
collector was 20 cm, and the feed rate of electrospun solution was stabilized at 1 mL/h. Here, PLLA without 
addition of GEM was used as control. Next, the TA-mediated in-situ AgNP generation on the surface of 
electrospun fibers was achieved by simple two-step dipping strategy. First, the asprepared electrospun 
membranes were immersed in the 60% (w/w) TA aqueous solution for 24 h with constant stirring to facilitate 
adequate infiltration of TA molecules. After drying, the TA- treated membranes were dipped into silver 
nitrate aqueous solution (20 mg/mL) at room temperature overnight to enable insitu production of AgNPs 
on the PLLA fiber surface. Then, the obtained GEM@PLLA-TA- Ag membranes were rinsed with deionized 
water to remove the excessive uncoated AgNPs and stored at 4 ◦C for further experiments. 
 
2.2. Characterization of the anti-bacterial and anti-cancer electrospun fibrous scaffolds 
 
The morphology of electrospun membranes was examined by scanning electron microscopy (SEM) (Tescan 
VEGA3, Czech Republic). The samples were sputter-coated with gold before observation. Subsequently, the 
equipped energy dispersive X-ray spectroscopy (EDS) was used to assess their element composition. The 
specific chemical bonding was assessed by Fourier transform infrared (FTIR) (Thermo Nicolet iS5, US). In 
addition, we performed uniaxial tensile tests to analyse the mechanical performances of the fabricated 
membranes (50 mm length × 10 mm width × 0.2 mm thickness) using a mechanical tester (Instron, US). To 
obtain the stress-stain curve, the samples were subsequently stretched longitudinally at a speed of 5 mm/min 
until failure (n = 4). 
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2.3. In vitro GEM release 
 
The fibrous membrane samples with round shape (φ = 25 mm, total mass ≈70 mg) were immersed in a 15 
mL centrifugal tube containing 5 mL PBS (phosphate-buffered saline, pH 7.4). After incubation for different 
time periods (0, 2, 8, 12, 24, 36, 48 h, 4, 7, 10, 14, 18, 24 and 30 days), 1.0 mL supernatant was collected 
from the centrifugal tubes for analysis, while 1 mL fresh PBS was supplemented into the centrifugal tube. 
Then, high-performance liquid chromatography (HPLC) was adopted to measure the quantity of released 
GEM in the supernatant. The detailed parameters were showed as follow: a mixed solution of ammonium 
acetate buffer (0.05 mol/L) and methanol (90:10, v/v %) was used as the mobile phase, flow rate was fixed 
at 1 mL/min, the detection wavelength was 268 nm, C18 column (50 mm × 4.6 mm for length, 5 μm for 
filler size) was used in the test with temperature at 30◦C. 
 
2.4. Biocompatibility test 
 



The biocompatibility of PLLA, PLLA-TA, and PLLA-TA-Ag mem- branes were evaluated by live/dead 
staining. Briefly, leaching solutions of different samples were prepared by incubating them in the complete 
culture medium for 24 h at 37 ◦C. PANC-1 (human PC cell line, Chinese Academy of Sciences) or NIH/3T3 
cells (cell lines of mouse embryonic fibroblasts, ATCC® CRL-1658TM) were seeded at a cell density of 1 
× 104 cells/cm2 and cultured overnight, and then we added 1 mL extract to each well and cultured the cells 
for 1, 3 and 5 days. Subsequently, the live/dead staining (Thermo Fisher, Hong Kong) was performed 
following the manufacture’s protocol to evaluate cell viability. 
 
2.5. Cell morphology 
 
The cell morphology of PANC-1 and NIH/3T3 on the scaffolds was observed by F-actin staining. After 
complete sterilization of samples by ethanol and UV irradiation, the cells were seeded onto the membrane 
at a cell density of 1 × 104 cells/cm2. After culture for 1 day, samples were rinsed with PBS and fixed using 
4% paraformaldehyde for 20 min, followed by staining with intracellular filament F-actin (phalloidin, Alexa 
Fluor 488, Thermo Fisher, Hong Kong) and cell nuclei (4′,6-Diamidino- 2-phenylindole dihydrochloride, 
DAPI, Thermo Fisher, Hong Kong) according to the manufacturer’s instructions. Finally, the samples were 
observed using a confocal microscopy (Leica TCS SPE Confocal Microscope). 
 
2.6.  Anti-tumor effects of GEM-loaded membranes 
 
The tumor-killing ability of the GEM-loaded membranes was evaluated by live/dead staining.  Briefly, 
PANC-1 and NIH/3T3 were seeded at a cell density of 1 × 104 cells/cm2.  After 1-day culture, the extracts 
of different samples were added to each well and co-cultured for 1, 3 and 5 days.  Subsequently, cell viability 
was assessed by the live/dead staining (Thermo Fisher, Hong Kong).  To evaluate the long-term anti-cancer 
properties, we treated PANC-1 cells with the extracts from the samples after 30-day incubation in PBS.  
Briefly, after incubation in PBS for 30 days, the samples were rinsed thoroughly and added with complete 
culture medium to prepare leaching solution.  After co-culture of PANC-1 cells with leaching solution for 3 
days, live/dead staining was performed to evaluate cell viability.  The ratio of live cells to total cells, i.e., 
cell viability, was calculated via ImageJ software.  Furthermore, cell proliferation was revealed by cell 
counting kit-8 (CCK-8) analysis, following the manufacturer’s instruction.  In brief, CCK-8 solution was 
added at a 10% volume of culture medium.  After 4-h treatment, the absorbance at 450 nm was measured by 
a microplate reader. 
 
2.7. Ant-bacterial test 
 
In vitro anti-bacterial assessment of different samples was assessed against Citrobacter freundii (C. freundii, 
CGMCC 1.12847) using the colony counting method. C. freundii is a representative member of the 
Enterobacteriaceae family in the class of Gammaproteobacteria, which is a known cause of significant 
opportunistic infections and highly correlated to poor prognosis and immune dysregulation of patients with 
PC [22,23]. Briefly, bacterial cells were cultured in Mueller-Hinton broth for 24 h in a 37 ◦C incubator with 
100 rpm in a shaker. Then, 0.5 mL of bacterial suspension (1 × 106 CFU/mL) were spread onto the samples 
and incubated for another 24 h at 37 ◦C. The bacterial suspension without treatment with samples was set as 
the control group. Then, 2 mL PBS was added to each group and kept shook for 20 min to resuspend the live 
bacteria. After a series of dilution, the bacterial suspension was spread onto the Luria-Bertani agar plates. 
The number of colonies on the Luria-Bertani agar plates was finally counted after 24-h culture. 
 
2.8. In vivo inhibition effect of tumor recurrence 
 
All animal experimental protocols were approved by the Ethics Committee of the Hong Kong Polytechnic 
University and Southwest Jiaotong University. Tumor model was established by subcutaneously inoculated 



approximately 1 × 107 PANC-1 cells into the left side of the nude mice’s back (n = 4) [14]. Mice were 
randomly divided into four groups including control, GEM, PLLA-TA-Ag and GEM2@PLLA-TA-Ag 
groups. When the tumor volume increased to 100 mm3, a small inci- sion was made on the mice skin and 
removed three-quarters of the tumor. For PLLA-TA-Ag and GEM2@PLLA-TA-Ag groups, 1 × 1 cm 
electrospun fibrous membranes were implanted into the residual tumor site after surgery. For the control and 
GEM groups, saline and GEM (100 mg/kg) were intraperitoneally injected respectively twice a week. 
Afterwards, the mice weight and tumor size were recorded every two days. The tumor size (V) was calculated 
following the equation: V = (length × width2) / 2. 
 
2.9. Histological examination 
 
At day 14, all mice were euthanized, and the residual tumor tissues were collected, scaled, and photographed. 
Then, these tumor tissues were fixed in 4% formaldehyde, dehydrated with gradient ethanol, embedded in 
paraffin blocks, cut into sections with 5-μm thickness, and stained with hematoxylin and eosin (H&E) 
(Beyotime, China) for microscopic observation. To better understand the anti-tumor efficacy of our 
membrane, immunohistochemical analysis was then conducted by incubating tumor slices with the rabbit 
polyclonal antibodies such as Ki- 67, B-cell lymphoma-2 (Bcl-2), and cleaved caspase-3 (Abcam, UK). After 
staining, an optical microscope (Olympus, Japan) was used to observe and photograph. Semi-quantitative 
analysis of immunohistochemical staining results was carried out according to previously published 
literature [14,24]. 
 
2.10. Statistical analysis 
 
All experiments were conducted in triplicate if not specified. Data were displayed as mean ± standard 
deviation (SD) and analyzed by SPSS Statistics 17.0. (IBM Corp., USA). The one-way analysis of variance 
(ANOVA) test followed by Tukey’s multiple comparison was carried out to identify between-group 
difference. Statistically significant differences were indicated by *p < 0.05, **p < 0.01 and ***p < 0.001. 
 
3. Results and Discussion 
 
3.1. Preparation and characterization of electrospun fibrous scaffolds 
 
To prepare AAFM, we firstly fabricated the GEM-loaded PLLA electrospun fibrous scaffolds by blending 
electrospinning. As showed in Fig. 2A, all membranes showed continuous, uniform and smooth fibrous 
morphology, resembling the structure of native extracellular matrix (ECM). EDS analysis further confirmed 
the successful incorporation of GEM in the PLLA fibers. Additionally, we found although the addition of 
GEM significantly decreased the average fiber diameter of the membranes, no significant difference was 
found among GEM-containing membranes (Fig. 2B). Next, we used TA as the reducing agent stabilizer to 
modify the fiber surface, which endowed the membranes with excellent anti-bacterial performance by in-
situ synthesis of AgNPs on the fibers. Due to the high specific surface area of electrospun fibers, our prepared 
membranes were believed to facilitate the TA-mediated AgNP reduction process. As expected, SEM 
observation and EDS analysis revealed a large number of AgNPs anchored on the fibers, both on the 
membrane surface and in the inner layer of membranes (Fig. 2A). Moreover, the fiber structure of 
GEM2@PLLA-TA-Ag was similar to that of GEM2@PLLA, indicating such two-step modification process 
did not compromise the fiber morphology. Most importantly, the highly porous structure remained in the 
resultant membranes after modification, which was beneficial for adequate cell contact. Later, the surface 
chemical composition of our prepared AAFM was analyzed by FTIR. As illustrated in Fig. 2C, the FTIR 
spectrum of GEM-containing samples exhibited the stretching vibration peaks of C– O at 1636 cm− 1 and 
1750 cm− 1. With increase of the GEM content, the intensity of absorption peak at 1636 cm− 1 was enhanced, 
which suggested the feasibility of GEM encapsulation by blending electrospinning. In addition, compared 



with original PLLA fibers, neither new peak nor peak shift was found in the FTIR spectra of PLLA-TA 
fibers (Fig. 2D). However, after the in-situ AgNP synthesis, the intensity of broad -OH band at around 3100–
3600 cm− 1 was increased in the PLLA-TA-Ag group, which might be due to the formation of hydrogen 
bonding between TA and AgNP and/or between PLLA and AgNP. In addition, the van der Waals and 
electrostatic interactions between AgNP (positive charge) and the hydroxyl groups of PLLA (negative charge) 
might be another reason causing the increased peak intensity [25]. Moreover, we observed an obvious 
carbonyl peak shift from 1746 cm− 1 in PLLA to 1752 cm− 1 in PLLA-TA-Ag, which indicated the 
interaction of AgNPs with carbonyl groups in PLLA or oxidized TA. Altogether, these results demonstrated 
our AAFM were prepared successfully by facile blending electrospinning and TA- mediated two-step 
dipping. 
As an artificial graft for in-situ implantation to suppress tumor recurrence, our proposed AAFM should 
possess appropriate mechanical performance, which can avoid unintended damage to surrounding tissues 
while facilitating the surgical operations. Thus, we evaluated the mechanical properties of different PLLA 
electrospun membranes via tensile stress-strain measurements. Our results revealed that after incorporation 
of GEM into PLLA, the mechanical properties such as tensile strength, extensibility and tensile modulus 
significantly decreased (Fig. 2E and F). Moreover, we found the mechanical properties of GEM2@PLLA-
TA-Ag were slightly inferior to those of GEM2@PLLA, indicating that the TA-mediated two-step surface 
modification could potentially compromise the mechanical performances of the membranes possibly due to 
the influence of in situ reduction of AgNPs during the dipping process. However, the physical strength and 
stretchability of GEM2@PLLA-TA-Ag were still strong enough to satisfy the requirements of clinical 
applications that were served as a tissue filler after local resection of the PC tissue. 
Subsequently, we investigated the GEM release from the PLLA electrospun fibers containing different 
content of GEM. It was revealed that the GEM release rate significantly increased in the PLLA fibers 
incorporating higher amount of GEM, indicating a controllable release profile (Fig. 2G). In addition, despite 
a remarkable burst GEM release at initial 36 h in GEM1@PLLA (37.33 ± 5.07%), GEM2@PLLA (47.08 ± 
6.61%) and GEM3@PLLA (53.17 ± 6.13%) groups, a long-term GEM release pattern over two weeks was 
found among these groups thereafter. The GEM release from PLLA fibers was mainly through free diffusion 
along with the bulk degradation of PLLA. The initial burst GEM release was possibly due to the rapid GEM 
diffusion from the PLLA fibers upon immersing them in water, while the long-term release behavior might 
be attributed to the hydrophobic nature and slow degradation rate of PLLA [15]. Moreover, we found after 
TA-mediated surface modification, the GEM release rate was further decreased. The total cumulative GEM 
release amount of GEM2@PLLA-TA-Ag was 21.2 ± 5.45% within the initial 36 h, markedly lower than that 
of the GEM2@PLLA group. The further extended GEM release for GEM2@PLLA-TA-Ag might be 
resulted from the formation of TA-Ag complexes on PLLA fibers, which could act as a physical barrier to 
increase the GEM diffusion route into the surrounding solution. In short, the rapid GEM release from AAFM 
(i. e., GEM2@PLLA-TA-Ag) may be advantageous for the elimination of locally residual tumor cells after 
surgery, while the subsequent prolonged drug release pattern may mitigate the risk of later-stage cancer 



recurrence.

 
Fig. 2. Morphology and characterization of AAFM. (A) Representative SEM images and EDS results of different 
GEM-loaded electrospun scaffolds. (B) Corresponding average fiber diameter obtained based on the SEM images. 
FTIR spectra of (C) GEM-loaded fibrous membranes and (D) PLLA membranes with TA-mediated two-step 
modification treatment. (E) Representative tensile stress-strain curves and (F) corresponding tensile modulus of 
different electrospun fibers obtained by uniaxial tensile test. (G) Cumulative GEM release percentage. Data were 
expressed as mean ± SD (*p < 0.05, **p < 0.01 and ***p < 0.001). 
 
3.2.  In vitro cytotoxicity and anti-bacterial performance 
 
In the PC microenvironment, cancer-associated fibroblasts (CAFs) are the most abundant population of 
stromal cells [26,27].  They play critical roles in PC progression such as promoting tumor cell proliferation 
and metastasis and secreting a large amount of ECM proteins to serve as a barrier to the penetration of 
chemo- and immuno-therapeutics [28–31].  Consequently, it might be a promising strategy to enhance the 
therapeutic effects by simultaneously eliminating CAFs and tumor cells.  To preliminarily explore whether 
our delivery system (i.e., non-GEM 
loaded membranes) could influence the growth of CAFs and tumor cells, we used NIH/3T3 (a cell line of 
mouse embryonic fibroblasts) and PANC-1 (a human PC cell line) as the model cells.  Live/dead staining 
was first performed to investigate their in vitro cytotoxicity.  Our results showed that there were many living 
NIH/3T3 and PANC-1 cells (stained green with calcein-AM) in the control, PLLA and PLLA-TA groups 
(Fig. 3A and B). Quantitation analysis further confirmed that the cell viability was similar among these three 
groups, which suggested their excellent in vitro biocompatibility (Supporting Information Fig. S1 and S2).  
However, in the PLLA-TA-Ag group, both NIH/3T3 and PANC-1 exhibited a significantly reduced cell 
viability during culture.  Almost all NIH/3T3 and PANC-1 cells died (stained red with ethidium homodimer-



1) at day 3 and day 5, respectively (Fig. 3A and B). These results demonstrated the PLLA-TA-Ag displayed 
remarkable detrimental effects on the growth of NIH/3T3 and PANC-1 cells, indicating its synergistic 
cytotoxicity in tumor cells and CAFs.  Since our facile two-step modification strategy was conducted in 
aqueous solution at room temperature without involvement of any organic solvent, such phenomenon might 
be attributed to the oxidative stress induced by AgNPs, which may induce cell damage by generation of 
reactive oxygen species (ROS).  In addition, autophagy and apoptosis might be involved in this progress. 
Cell morphology change was associated with cell function, and thus we further evaluated the cell 
morphology adhered onto different elecrospun membranes by actin/DAPI staining.  As revealed in Fig. S3, 
cells on the PLLA and PLLA-TA groups showed similar morphology;  that is, the NIH/3T3 showed a shuttle 
shape while PANC-1 exhibited a polygonal shape.  However, compared with PLLA group, much more cells 
were attached on the PLLA-TA and cells showed slightly larger spreading area. This better cell adhesion in 
PLLA-TA could be explained by the increased hydrophilicity of TA modification. Moreover, the increased 
protein adsorption mediated by TA as well as the direct interaction between cell membrane and TA coating 
might be other potential reasons [32]. Notably, few cells were adhered onto PLLA-TA-Ag, and both NIH/ 
3T3 and PANC-1 were not fully outspread with less pseudopodia extension. This result was consistent with 
that of the above live/dead staining, indicating that the generated AgNPs can inhibit cell growth. In terms of 
these unique performances of PLLA-TA-Ag, it could be hypothesized that after in vivo implantation into 
tumor resection site, the modified TA on PLLA-TA-Ag could rapidly recruit the surrounding residual cancer 
cells or fibroblasts to the scaffolds, and then the reduced AgNPs would efficiently suppress or even kill these 
cells, which coordinately enhanced the anti-cancer effects. Taken these results together, our PLLA-TA-Ag 
delivery platform could work synergistically with the cargoes (GEM)-dominated chemotherapy to 
effectively improve the postoperative outcomes following PC surgery. 

 
Fig. 3. In vitro biocompatibility and anti-bacterial performance of GEM delivery system (i.e., PLLA-TA-Ag). 
Live/dead staining of (A) NIH/3T3 and (B) PANC-1 cells by co-culture with the scaffold leaching solution for 1, 
3 and 5 days. Green and red fluorescence indicate the live cells and dead cells, respectively. (C) Photographs of 
plates showing the anti-bacterial effects of different electrospun membranes against Citrobacter freundii. (D) 
Relative bacterial viability of Citrobacter freundii after contact with different electrospun membranes for 24 h. 
Scale bar = 1 cm. Data were expressed as mean ± SD (*p < 0.05 and ***p < 0.001). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
 
Surgical site infection, caused by the common Gram-negative bacteria (e.g., E. coli) and Gram-positive 
bacteria (e.g., Enterococcus faecal), is highly related with the increased morbidity and mortality rate after 



pancreatoduodenectomy [16,33]. Since the broad-spectrum antibacterial activities against E. coli and 
Enterococcus faecal by AgNPs or TA have been extensively documented in previous research [34–38], we 
have reasons to believe that our PLLA-TA-Ag could combat these bacteria and prevent the postoperative 
infection. Besides, previous studies have re- ported the Gammaproteobacteria, the most prevalent bacteria 
in the tumor microenvironment of PC, could diminish the chemotherapeutic efficacy of GEM by secreting 
cytidine deaminase to convert GEM into inactive form, 20,20-difluorodeoxyuridine [18]. Here, we used C. 
freundii., a representative member of the Enterobacteriaceae family in the Gammaproteobacteria class, as 
the model bacteria with a focus on investigating the ability of PLLA-TA-Ag to inhibit Gammaproteobacteria 
growth and teliminate Gammaproteobacteria-induced GEM resistance. It was revealed that colonies of 
Citrobacter freundii on agar plates of PLLA- TA-Ag and GEM2@PLLA-TA-Ag groups were significantly 
less than that of PLLA and PLLA-TA group after direct contact with different membranes for 24 h (Fig. 3C). 
Quantitative analysis further verified that GEM2@PLLA-TA-Ag group exhibited the most excellent anti-
bacterial effects as compared with other groups (Fig. 3D). We speculated such outstanding anti-
Gammaproteobacteria capacity could be mainly ascribed to the inherent antibacterial activity of the in-situ 
synthesized AgNPs, which have been demonstrated to combat bacteria by inducing denaturation of cell 
membranes or generating the ROS [39,40]. These results implied that the PLLA membrane modified with 
TA/AgNP deposition could prevent surgical site infection and improve the effectiveness of GEM-based 
chemotherapy by suppressing the Gammaproteobacteria growth. 
 
3.3. In vitro anti-tumor activity 
 
To assess the anti-tumor effects of different GEM-loaded fibrous membranes, we detected their in vitro 
inhibitory effects on the growth of tumor cells and fibroblasts via live/dead staining. As displayed in Fig. 4A 
and B, there were some live NIH/3T3 and PANC-1 cells in the GEM1@PLLA group after culture for 1 day. 
However, almost all cells died at day 3 and day 5. For GEM2@PLLA, GEM3@PLLA and GEM2@PLLA-
TA-Ag, a large number of dead cells was found even after only 1-day culture, suggesting their superior 
potential for rapid removal of residual tumor cells and surrounding fibroblasts. Such excellent tumor-killing 
effects for GEM-loaded PLLA membranes could be attributed to the rapid GEM diffusion from fibers that 
caused the transient high drug concentration in the local cell microenvironment. For GEM2@PLLA-TA-Ag, 
the synergetic inhibition ability against NIH/3T3 and PANC-1 cells by TA/AgNP complexes on fiber surface 
could be another mechanism for the amplified anti-cancer effects. Subsequently, we evaluated the long-term 
inhibition effects of these GEM-loaded membranes on tumor cell growth. Different membranes were incu- 
bated in PBS solution for 30 days, and then their leaching solution was prepared to treat PANC-1 cells. After 
treatment for 3 days, we performed live/dead staining assay to examine the cell viability. Our results showed 
that compared with the control group, more red-labelled dead cells appeared in the GEM-loaded groups, and 
their PANC-1 cell viability was relatively reduced (Fig. 4C and D). Of note, GEM2@PLLA-TA-Ag 
exhibited lowest cell viability among these groups, indicating its superior inhibitory effect on PANC-1 cells. 
Then, we further assessed cell proliferation of PANC-1 cells after treatment with different membranes for 3 
days by CCK-8 assay. Similarly, the results revealed more obvious inhibition effect of GEM2@PLLA-TA-
Ag on PANC-1 cell proliferation (Fig. 4E). Altogether, these results collectively demonstrated our AAFM 
possessed a combined short- and long-term anti-cancer ability, showing great potential in suppressing cancer 
recurrence. 



 
Fig. 4. In vitro anti-cancer efficiency of AAFM. Cytotoxicity evaluation of different electrospun membranes by 
co-culture of (A) NIH/3T3 and (B) PANC-1 cells with scaffold leaching solution for 1, 3 and 5 days. (C-E) 
Assessment of long-term anti-cancer performance of different electrospun membranes. (C) Live/dead staining of 
PANC-1 cells after treatment with the extracts from the samples after 30-day incubation in PBS. (D) 
Corresponding cell viability of PANC-1 cells quantitatively analyzed according to live/dead staining. (E) 
Proliferation analysis of PANC-1 cells by CCK-8 assay. Data were expressed as mean ± SD (*p < 0.05 and **p 
< 0.01). 
 
3.4. In vivo anti-tumor recurrence ability 
 



With the in vitro anti-bacterial and anti-cancer properties established, we proceed to evaluate the in vivo 
anti-tumor recurrence capability of our AAFM. In this study, a residual xenograft tumor model was created 
by subcutaneously injecting PANC-1 cells in nude mice. Then, normal saline (control) group, systemic GEM 
administration group, PLLA-TA-Ag implanted group and GEM2@PLLA-TA-Ag implanted group were set. 
As showed in Fig. 5A, our prepared electrospun membrane could be readily implanted onto tumor resection 
bed during surgery, indicating its feasible clinical application. After treating for 14 days, the photographs of 
the residual tumor from sacrificed mice showed that the size of solid tumor was smallest in GEM2@PLLA-
TA-Ag, indicating its superior anti- tumor efficacy over that of other three groups (Fig. 5B). The variation 
of tumor volume also revealed that the recurrent tumor volume of the systemic GEM administration group 
was inhibited to some extent owing to the good anti-tumor activity of GEM (Fig. 5C). Surprisingly, we found 
the PLLA-TA-Ag exhibited better tumor inhibition effect than the systemic GEM administration group, 
possibly due to the cytotoxic effects of the anchored AgNPs. Of particular note, GEM2@PLLA-TA-Ag 
group achieved the most effective inhibition effect on tumor recurrence (mean tumor volume ≈52 mm3 at 
day 14), which attributed to the synergistic multi-step cell growth inhibition and local anti-bacterial therapy. 
Similarly, the average weight of the residual tumor also confirmed the excellent anti-recurrence efficiency 
of GEM2@PLLA-TA-Ag (Fig. 5D). It was also found that there was almost no significant change in the 
body weight of mice in GEM2@PLLA-TA-Ag, suggesting a low systemic toxicity caused by local and 
sustained drug release. Subsequently, the anti-recurrence performance of different treatments was further 
assessed by the histological analysis of the excised tumor tissues. As observed in H&E staining images, 
tumor slices of GEM and PLLA-TA-Ag groups showed more obvious nuclei fragmentations and void spaces 
as compared to the control group. Among these groups, GEM2@PLLA-TA- Ag presented most significant 
cell nuclei lysis and membrane destruction, suggesting that tumor tissue has undergone apoptotic and 
necrotic changes. 
 
Additionally, we performed the immunohistochemical analysis of tumor region to investigate the underlying 
mechanism of tumor killing effect (Fig. 6). Bcl-2 is a cell survival protein that plays a key role in inhibiting 
programmed cell death and apoptosis and is closely correlated to chemoresistance [41,42]. Ki-67 is a cell 
proliferation index associated with the prognostic outcomes in PC [43], while cleaved-caspase3, the activated 
form of caspase3, is a pro-apoptosis protein that manipulates stress-related cell death [44]. Here, we 
evaluated the expression levels of these three markers in tumor tissues by immunohistochemical staining. 
As expected, Bcl-2 and Ki-67 expressions were significantly reduced but cleaved-caspase3 was remarkably 
increased in systemic GEM adminis- tration and PLLA-TA-Ag groups, compared with the control groups 
(Fig. 6A and B). The GEM2@PLLA-TA-Ag-treated tumor section exhibited the lowest Bcl-2 and Ki-67 
levels and the highest cleaved- caspase3 level. All these results validated that our AAFM could effec- tively 
suppress the tumor growth by inducing tumor cell apoptosis and hampering cell proliferation in vivo. We 
speculated that the sustained GEM delivery from AAFM to the surgical site could rapidly kill the re- sidual 
tumor cells to ensure long-term therapeutic efficacy while avoiding the side effects resulted from GEM burst 
release. Meanwhile, the GEM delivery platform (i.e., PLLA-TA-Ag) could exert synergistic anti-tumor 
effect in vivo by its surface-attached TA/AgNP complexes, thereby markedly inhibiting tumor recurrence. 
 



 
Fig. 5. In vivo anti-recurrence effect of AAFM in PANC-1 cell tumor-bearing mice. (A) Photographs showing 
the implantation of GEM2@PLLA-TA-Ag in residual tumor of nude mice for local therapy. (B) Photographs of 
residual tumor of PC (n = 4). (C) Changes of the tumor volume after treatment with different material formulations 
for 14 days. (D) Residual tumor weight of different groups. (E) Mouse weight of different groups. (F) H&E 
staining of the residual tumor after different treatment. Data were expressed as mean ± SD (*p < 0.05 and **p < 
0.01). 



 
Fig. 6. (A) Immunohistochemical staining of Bcl-2, Ki-67 and cleaved-caspase3 of tumor sections at day 14. (B) 
Semi-quantitative analysis of the expressions of Bcl-2, Ki-67, and cleaved-caspase3. Data were expressed as mean 
± SD (*p < 0.05 and ***p < 0.001). 
 
 
4. Conclusion 
 
In summary, we have successfully prepared an electrospun fiber, AAFM, with anti-cancer and anti-bacterial 
performance by blending electrospinning of GEM and PLLA and subsequent TA-mediated two-step in-situ 
AgNP deposition. This facile but delicate design not only harmonized favourable fibrous architecture and 
appropriate mechanical equipped it with multiple synergistic anti-tumor effects; that is, the surface modified 
TA/AgNP complexes could (1) prolong the GEM release to facilitate long-term inhibition of cancer 
recurrence, (2) combat the pathogenic microorganisms to prevent surgical site infection and mitigate 
Gammaproteobacteria-induced GEM resistance, and (3) kill the cancer cells to strengthen the efficacy of 
GEM-based adjuvant chemo- therapy. Compared with other systems for post-surgical cancer therapy [4,14], 
our AAFM possesses many unique advantages including facile and labour-saving preparation process, low-
cost component materials, easy storage, and ready-to-use nature without involvement of any biological 
agents, etc. Taken together, this study provides a proof-of- concept demonstration of the combined anti-
cancer and anti-bacterial strategy to effectively enhance the efficacy of postoperative adjuvant chemotherapy 
and prevent cancer recurrence. 
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