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Abstract: Combination therapies against multiple targets are currently being developed to 

prevent resistance to a single chemotherapeutic agent and to extirpate pre-existing resistance in 

heterogeneous cancer cells in tumors due to selective pressure from the single agent. Gemcitabine 

(GEM), a chemotherapeutic agent, is the current standard of care for patients with pancreatic 

cancer. Patients with pancreatic cancer receiving GEM have a low progression-free survival. 

Given the poor response rate to GEM, cancer cells are known to develop rapid resistance to this 

drug. Metronomic chemotherapy using combinatorial and sequential delivery systems are novel 

developmental approaches to disrupt tumor neovascularization, reduce systemic drug toxicity, 

and increase the sensitivity of chemotherapeutics in cancer. Here, implantable double-layered 

poly(d,l-lactic-co-glycolic acid) (PLGA) cylinders were engineered to sequentially release GEM 

in combination with oseltamivir phosphate (OP) over an extended time. Double-layered PLGA 

cylindrical implants loaded with these active hydrophilic drugs were fabricated with minimal 

loss of drugs during the formulation, enabling extensive control of drug loading and establishing 

uniform drug distribution throughout the polymer matrix. OP is used in the formulation because 

of its anticancer drug properties targeting mammalian neuraminidase 1 (Neu1) involved in 

multistage tumorigenesis. OP and GEM encapsulated in inner/outer GEMin/OPout or OPin/GEMout 

implantable double-layered PLGA cylinders displayed sustained near linear release over 30 days. 

OP and GEM released from the double-layered PLGA cylinders effectively reduced cell viability 

in pancreatic cancer cell line PANC1 and its GEM-resistant variant for up to 15 days.
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Introduction
Implantable chemotherapeutic delivery systems are designed to provide sustained 

release of a drug at the tumor site, providing an optimal dosing for a continuous 

therapeutic effect while reducing adverse effects associated with systemic 

chemotherapy.1 Metronomic chemotherapy, which involves lower, more frequent dosing 

of drug, has resulted in reduced tumor volumes and fewer adverse effects than standard 

chemotherapy in murine models of pancreatic cancer.2–4 Furthermore, in patients with 

pancreatic ductal adenocarcinoma (PDAC), there is an elevated frequency of acquired 

chemoresistance, which has been linked to highly penetrant genetic mutations at various 

loci, including Kirsten ras (KRAS) oncogene, tumor suppressor p53, cyclin-dependent 
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kinase inhibitor 2A (CDKN2A), and mothers against decap-

entaplegic homolog-4/deleted in pancreatic cancer-4 (smad4/

DPC4).5 Gemcitabine (GEM) hydrochloride (20,20-difluoro-

20-deoxycytidine or dFdC) is a hydrophilic chemotherapeutic 

drug, which is used as the standard of care for patients with 

unresectable pancreatic cancer. However, cancer resistance to 

GEM is a major problem during patient treatment.6 Recently, 

we reported that oseltamivir phosphate (OP) is an effective 

anticancer agent capable of sensitizing GEM-resistant pan-

creatic cancer cells to GEM, thereby increasing the efficacy of 

the chemotherapeutic agent.7,8 In addition, we have reported 

that poly(d,l-lactic-co-glycolic acid) (PLGA)-loaded OP 

cylinders surgically implanted at the tumor site in a RAG2xCγ 

double mutant mouse model of human pancreatic cancer 

inhibited not only tumor growth but also tumor neovascu-

larization and metastasis to the liver and lungs compared  

with the untreated cohort over the 30 days release period.9 

The xenograft human pancreatic tumors from PLGA-OP-

treated cohorts also expressed significantly higher levels of 

E-cadherin with concomitant reduced N-cadherin and host 

CD31+ endothelial cells compared to the untreated cohort. 

We also reported sustained release of OP over 30 days from 

the implantable PLGA-OP cylinder.9 Despite difficulties with 

the encapsulation of small hydrophilic drugs, particulate OP 

encapsulation within polymeric PLGA cylinders using the 

formulation method described in these studies resulted in full 

retention of the drug. These results clearly indicated that OP 

delivered from PLGA cylinders surgically implanted at the 

tumor site shows promise as an effective treatment therapy for 

pancreatic cancer. To this end, we defined the optimal combi-

nations and/or sequences of GEM with the novel OP therapy, 

which may be a more effective treatment regimen than with 

GEM alone in preventing acquired chemoresistance.

One of the important challenges in drug delivery is the 

difficulty inherent in the full encapsulation and retention, fol-

lowed by long-term and targeted delivery of small molecular 

weight, hydrophilic therapeutics at a tumor site. PLGA is a 

copolymer composed of lactic and glycolic acid monomers 

and has been used as a drug delivery vehicle. PLGA is sus-

ceptible to hydrolytic degradation of the ester linkage on the 

polymer backbone, which results in release of the encapsu-

lated drug.10 PLGA has been used to encapsulate a wide range 

of therapeutics, and several PLGA drug delivery applications, 

such as Lupron Depot, Risperdal Conta, and Zoladex, have 

been approved by the US Food and Drug Administration, 

European Medicine Agency, and Health Canada.11 However, 

therapeutics demonstrating extended term, sustained release 

(weeks or longer) from PLGA polymer are hydrophobic in 

nature with molecular weights of at least 400 g/mol, with 

most being .1,000 g/mol. Extended term, sustained release 

of small molecular weight hydrophilic chemotherapeutics 

from PLGA is thus a challenge to achieve.

In the present study, double-layered PLGA GEM and 

OP-loaded cylindrical implants were designed and engi-

neered to provide an optimal combinatorial and sequential 

sustained release of the hydrophilic drugs for 30 days. This 

report describes the efficacy of this unique delivery system 

in the treatment of pancreatic cancer cells and its ability to 

disable the survival mechanism of pancreatic cancer with 

acquired chemoresistance. Here, OP and GEM encapsulated 

in distinct inner/outer layers of implantable double-layered 

PLGA cylinders disabled pancreatic cancer cell survival 

and increased sensitivity to therapy involving combinato-

rial and sequential delivery of two small molecular weight 

hydrophilic chemotherapeutics.

Materials and methods
reagents
GEM hydrochloride was obtained from Sigma-Aldrich Co. 

(St Louis, MO, USA). OP with 98% purity was obtained 

from Hangzhou DayangChem Co., Ltd (Hangzhou, China). 

PLGA (50/50) was obtained from Purac Biomaterials 

(Gorinchem, the Netherlands). The molecular weight was 

determined by gel permeation chromatography (Viscotek 

GPCmas VE 2001; Malvern Instruments, Malvern, UK) 

and calibrated with poly(ethylene oxide) standards. PLGA 

was determined to have a molecular weight (M
W

) of 16,400 

(M
W

/M
n
 =1.58).

cell lines
PANC1 (human epithelioid carcinoma, epithelial-like, 

ATCC® CRL-1469™) was purchased from the American 

Type Culture Collection (ATCC) (Manassas, VA, USA). 

Cells were grown at 37°C with 5% CO
2
 and cultured with 1× 

Dulbecco’s Modified Eagle’s Medium (DMEM) containing 

10% fetal bovine serum (FBS) and 5 μg/mL Plasmocin™. 

PANC1 cells resistant to GEM (PANC1-GEMR) were devel-

oped by culturing PANC1 cells in 1× DMEM containing 10% 

FBS and 5 μg/mL Plasmocin and gradually increasing the 

concentrations of GEM up to 0.01 μM. PANC1-GEMR cells 

are stable and have been cultured in conditioned medium 

containing 0.01 μM GEM for .3 years.

OP and geM detection
A 1260 Infinity high performance liquid chromatography 

(HPLC) and a Poroshell 120 SB-C18 threaded column (Agilent 
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Technologies, Santa Clara, CA, USA) 4.6×50 mm (2.7 μm) 

were used. OP (Hangzhou Dayang Chem Co., Ltd) and GEM 

were dissolved in HPLC grade methanol. The mobile phase 

was 60% HPLC grade methanol and 40% 0.04 M ammo-

nium acetate buffer (pH 5.2) at a flow rate of 1 mL/min. 

The column temperature was 25°C, the injection volume 

was 20 μL, and OP and GEM were detected at 230 nm.

Formulation of cylinders containing OP 
and geM
PLGA (80 mg), 4–6 mg sorbitan monooleate (Span 80), and 

the desired drug were mixed together in 400 μL acetone. 

The solution was ejected dropwise onto a Teflon sheet and 

then stored at 20°C for 72 h. The polymer film was removed 

from the Teflon sheet using a razor blade and rolled around 

a 16 G needle tip. The razor blade and needle tip were lubri-

cated with glycerol to prevent the film from sticking. Once 

rolled, the hollow polymer cylinder was removed from the 

needle tip. To form a double cylinder, a second layer was 

rolled around the first cylinder. OP and GEM double-layered 

PLGA cylinders were produced and compared with blank 

control cylinders that did not contain drug.

scanning electron microscopy (seM)
Samples were fixed to aluminum inserts with carbon tape 

and gold sputtered. SEM was performed using a JEOL 840 

(Tokyo, Japan) with an accelerating voltage of 10 kV.

release kinetic experiments
PLGA cylinders were suspended in 5 mL of 0.1 M sodium 

phosphate buffer (pH 7.4) and stored at 37°C. Supernatants 

were extracted periodically and replaced with fresh buffer. 

Supernatants were stored at -20°C pending analysis. OP and 

GEM released from cylinders were reported as a percent of 

the cumulative drug released after 30 days.

Plga cylinders in cell culture
PANC1 and PANC1-GEMR cells were plated in 25 cm2 

cell culture flasks at ~112,500 and 45,000 cells per flask, 

respectively, and incubated overnight. PANC1-GEMR 

cells were plated at a lower density due to a faster growth 

rate. Experiments were carried out for 3, 6, 10, or 15 days. 

Experimental cohorts contained a control (no drug) or drug-

loaded double-layered PLGA cylinder and untreated cells 

not exposed to a cylinder. Drug-loaded cylinders contained 

3 mg of GEM and 16 mg of OP. Medium was changed every 

3 days. On the final day, cells were lifted using TrypLE 

Express (Thermo Fisher Scientific, Waltham, MA, USA) 

and counted twice using a hemocytometer. Trypan blue stain 

was added to cells prior to counting to ensure that only viable 

cells were counted. Cell viability was measured as cell count, 

percentage of the control.

statistical analysis
Graphing and statistical analysis were carried out using 

GraphPad Prism 5. Statistical analyses of the data used 

unpaired t-tests at 95% confidence.

Results and discussion
Fabrication and characterization of 
double-layered Plga cylinders loaded 
with OP and geM
Double-layered PLGA cylinders loaded with OP and GEM 

at different doses were fabricated using a previous reported 

method as depicted in Figure 1 as described for single-

layered cylinders by Hrynyk et al.9 Implantable double- 

layered PLGA cylinders were produced first by dissolving 

PLGA in acetone. OP and GEM are insoluble in acetone and, 

thus, were dispersed into the PLGA solution as insoluble par-

ticulates facilitated by addition of Span 80. The suspension 

was then ejected dropwise onto a Teflon sheet, forming a thin 

film enabling evaporation of the acetone. After drying, films 

were formed into single- or double-layered PLGA cylinders 

around a 16 G needle. Cylinders were loaded with 16 mg of 

OP or 3 mg of GEM, the dosage of which is based on prior 

preclinical in vivo animal studies. Granular OP and GEM 

were distributed throughout the polymer matrix (Figure 2). 

The double-layered PLGA cylinders measured ~10×5 mm 

(Figure 2A). A cross-section of a control cylinder without 

drug is shown in Figure 2B, which illustrates the distinct 

polymer layers resulting from the formulation method. The 

control empty cylinder appears smooth in Figure 2B. SEM 

micrographs of cross-section, surface, and internal morpholo-

gies of PLGA-OP/GEM cylinders show evenly dispersed 

particles of pure OP of ~1–5 μm visibly embedded in the 

polymer film in Figure 2C. Larger GEM particles are visible 

embedded in the polymer film in Figure 2D. The cylinder 

appears smooth and continuous as seen in Figure 2A.

The degradable double-layered PLGA implants were 

designed to release OP and GEM for a period extending up 

to 30 days. Release profiles of OP and GEM from PLGA 

were determined, and the stability of the respective drugs in 

terms of the sustained ability to elicit a cancer cell response 

was also determined. It is noteworthy that both OP and 

GEM have not been investigated for long-term stability due 

to their usual route of administration. In particular, OP is 
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administered orally as a tablet while GEM is administered 

intravenously over a period of ~30 min. To this end, it was 

necessary to determine the stability of these hydrophilic 

drugs over an extended release period before encapsulation in 

double-layered PLGA cylinders. GEM and OP with chemical 

structures depicted in Figure 3 were assayed for their stabil-

ity in phosphate buffer (pH 7.4) at 37°C for 30 days using 

HPLC analysis.

No significant change in the concentration of GEM was 

detected by HPLC over 30 days. However, a slight 30% 

Figure 1 Therapeutic design of OP- and geM-loaded double-layered Plga cylindrical implants.
Notes: Production of a double-layered Plga. (A) Insoluble drug particles were suspended in the PLGA, Span 80, and acetone solution and ejected dropwise onto a Teflon 
sheet. (B) Acetone evaporates from the suspension, resulting in a thin, malleable film. (C) The film is scraped off the Teflon sheet using a razor blade and (D) wrapped around 
a glycerol-lubricated 16 g needle to form a cylinder. (E) The cylinder is then removed from the needle. A double-layered PLGA cylinder is formed by rolling a second film 
around the first cylinder. Adapted from Hrynyk M, Ellis JP, Haxho F, et al. Therapeutic designed poly (lactic-co-glycolic acid) cylindrical oseltamivir phosphate-loaded implants 
impede tumor neovascularization, growth and metastasis in mouse model of human pancreatic carcinoma. Drug Des Devel Ther. 2015;9:4573–4586.9

Abbreviations: geM, gemcitabine; OP, oseltamivir phosphate; Plga, poly(d,l-lactic-co-glycolic acid).

Figure 2 Double-layered Plga cylinder with 16 mg OP inner layer and 3 mg geM outer layer (A). cross-section seM micrographs of a control cylinder without drug (B) 
and cylinders containing 16 mg OP (C) and 3 mg geM (D).
Abbreviations: geM, gemcitabine; OP, oseltamivir phosphate; seM, scanning electron microscopy.
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linear reduction in the concentration of OP was observed 

concomitant with the emergence of a new peak at a retention 

time of 1.3 min with a linear profile (Figure 4). OP stability 

was also determined in 0.1% trifluoroacetic acid as stabilizer, 

showing a consistent stability over the same 30-day period. 

Clinically, OP used as an antiviral drug is administered orally 

as a prodrug, which is subsequently converted to oseltamivir 

carboxylate (OC) through ester bond hydrolysis by liver 

enzymes.12 OC was analyzed using HPLC and found to have 

a retention time of 1.3 min, matching that of the emerging 

peak when testing OP stability. The shorter retention time 

of OC compared to OP was expected, as OC is a more polar 

molecule. Thus, it is likely that the apparent decrease in OP 

over time is due to gradual hydrolysis to OC; yet, 70% of the 

OP remains detectable, even after 30 days at 37°C. While the 

OC form is effective as an antiviral, the OP form has been 

shown most effective when directed against tumor tissues.7

It is noteworthy that OP- and GEM-loaded cylinders fol-

lowing incubation in cell culture medium for 15 days showed 

full stability of retained OP and GEM (Figure 4). Thus, PLGA 

encapsulation shows a dramatic stabilizing effect on the 

particulate form of OP for extended term prior to release.

release of OP and geM from double-
layered Plga cylinders
Several formulations were developed to optimize OP and 

GEM release from PLGA cylinders and are summarized in 

Table 1. The goal in designing the cylinders was to achieve 

a release profile that paralleled preclinical animal in vivo 

experiments involving injectable OP in combination with 

GEM (unpublished data, Szewczuk’s lab, August 2016). 

A frequent issue was a high release of OP, and to a lesser 

extent GEM, from the cylinders within the first 3 days. Films 

were initially held at 4°C overnight prior to rolling, which 

were found sticky suggesting residual acetone present in the 

films. To this end, residual acetone may diffuse out of the cyl-

inder in aqueous buffer, leaving pores and channels to allow 

for the permeation of water, resulting in premature diffusion 

and release of the drugs from the cylinder. OP may be affected 

more than GEM because OP particles were found to be smaller 

in size as seen in Figure 2. To test this hypothesis, cylinders 

were made from films, which had been kept at 20°C for 72 h. 

The resulting films were no longer sticky and more rigid than 

those kept at 4°C for overnight. Two double-layered PLGA 

cylinders showed sustained release over 30 days and were 

further studied and selected for in vitro cell testing.

The selected cylinders based on the results from Table 1 

were double-layered with one drug contained in the inner 

layer, and the other drug in the outer layer, made from 

films kept for 72 h at room temperature prior to rolling. 

Individual layers were determined to contain either 16 mg 

of OP or 3 mg of GEM. Cylinders were identified as inner/

outer OPin/GEMout or GEMin/OPout. All double-layered PLGA 

cylinders were fabricated with 80 mg of PLGA and 4–6 mg 

of Span 80 for each layer. After 30 days in media, PLGA 

cylinders were found to be completely degraded.

The simultaneous release of OP and GEM from 

OPin/GEMout or GEMin/OPout cylinders is shown in Figure 5. 

Figure 3 (A) OP and GEM were detected using a 1260 Infinity HPLC and a Poroshell 120 SB-C18 threaded column with mobile phase 60% methanol and 40% 0.04 M 
ammonium acetate buffer (ph 5.2). retention times of geM and OP were 1.1 and 3.0 min, respectively. (B) calibration curve for OP and geM using hPlc.
Abbreviations: geM, gemcitabine; hPlc, high performance liquid chromatograph; OP, oseltamivir phosphate.
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OPin/GEMout cylinders resulted in a higher initial release of 

GEM than OP with 39% of GEM and 15.5% of OP released 

during the initial 24 h. GEM was then released at a constant 

rate until day 25 at which point 99% GEM was released 

from the cylinder. In addition, most of the OP was released 

between days 3 and 16 before beginning to plateau as seen 

in Figure 5A.

GEMin/OPout cylinders showed a slower release of GEM 

as shown in Figure 5B. After 72 h, only 2.5% of GEM had 

been released from the cylinder. GEM release was linear 

Figure 4 area under curve of peak representing OP in 0.1 M sodium phosphate buffer (ph 7.4) at 37°c (A). hPlc chromatograms of OP in sodium phosphate buffer at 
37°c on day 0 (B) and day 30 (C). hPlc chromatogram of Oc (D). hPlc chromatogram of geM (left peak) and OP (right peak) still encapsulated in an OPin/geMout cylinder 
following 15 days in Panc1 cell culture (E).
Abbreviations: geM, gemcitabine; Oc, oseltamivir carboxylate; OP, oseltamivir phosphate.
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from day 3 until day 25, when it slowed until day 30. OP 

was released more quickly, with 13, 34, and 53% released 

from the cylinder after 24, 48, and 72 h, respectively. OP 

release was then linear until day 20, after which 97% of OP 

was released with the remaining amount released over the 

final 10 days.

The release of OP and GEM from double-layered PLGA 

cylinders was compared with the projected theoretical 

release of OP and GEM from a cylinder containing 16 mg 

of OP and 3 mg of GEM, assuming a linear rate of release 

over 30 days, as shown in Figure 6. Since the projected 

release was based on injectable drug treatment dosages that 

resulted in the stagnation or reduction of tumor volume in 

a heterotropic xenograft model of human pancreatic cancer 

in mice (unpublished data , Szewczuk’s lab, August 2016), 

cylinders with the release of OP and GEM that closely 

matched the projected release were thought most likely to 

be effective. Indeed, the release profile of GEM from both 

Table 1 Formulations of Plga cylinders containing OP and geM and drug release from cylinders after 72 h in 0.1 M phosphate buffer 
(ph 7.4) at 37°c

Number 
of layers

PLGA (mg) Layer arrangement, 
inner/outer

OP (mg) GEM (mg) Film 
storage 

Release after 
72 h (%)

1 80 – 16 3 24 h, 4°c OP: 86
geM: 61

160 – 16 3 24 h, 4°c OP: 86
geM: 72

320 – 16 3 24 h, 4°c OP: 58
geM: 31

2 160 (80 mg/layer) OP/geM 8 1.5 24 h, 4°c OP: 3
geM: 36

geM/OP 8 1.5 24 h, 4°c OP: 12
geM: 1

2 160 (80 mg/layer) OP/geM 16 3 24 h, 4°c OP: 87
geM: 18

geM/OP 16 3 24 h, 4°c OP: 73
geM: 3

2 160 (80 mg/layer) OP/geM 16 3 72 h, 20°c OP: 21
geM: 43

geM/OP 16 3 72 h, 20°c OP: 53
geM: 2

Notes: Double-layered Plga cylinders in which the OP was contained within the inner cylinder and the geM was contained within the outer cylinder are designated as OP/
geM, and cylinders in which the geM was contained within the inner cylinder and the OP was contained within the outer cylinder are designated as geM/OP. ‘–’ indicates 
not applicable as there was only one inner/outer layer arrangement.
Abbreviations: geM, gemcitabine; OP, oseltamivir phosphate; Plga, poly(d,l-lactic-co-glycolic acid).

Figure 5 simultaneous release of OP and geM from inner/outer for OPin/geMout (A) and geMin/OPout (B) double-layered Plga cylinders.
Notes: Films were held at 20°c for 72 h prior to cylinder rolling. Data points represent the mean ± standard deviation, n=3 separate experiments. OP and geM released 
are reported as percentage of the total amount of drug released after 30 days.
Abbreviations: geM, gemcitabine; OP, oseltamivir phosphate.
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types of cylinders is closely matched to the projected GEM 

release. The release of OP from both cylinders is similar to 

the projected release for the first 16–20 days, before the rate 

of release decreases and plateaus. Overall, both cylinders 

are similar to the projected release profile and selected for 

cell viability assays.

Viability of Panc1 and geM-resistant 
Panc1 cells exposed to OP and geM 
released from Plga cylinders
The potential antitumor effects of OP and GEM released 

from OPin/GEMout or GEMin/OPout cylinders on the viability 

of human pancreatic PANC1 carcinoma cells and their 

GEM resistant variants (PANC1-GEMR) were studied by 

monitoring numbers of viable cells, following exposure. 

Cell viability assays were initially performed using WST-1 

reagent; however, interactions with the acidic polymer 

degradation products (glycolic acid and lactic acid) led to 

aberrant results. Instead, culture medium containing empty 

cylinder, OPin/GEMout cylinder, or GEMin/OPout cylinder was 

changed every 3 days, and trypan blue was used to count 

viable stained cells. Viable cells are shown as percent of the 

control empty PLGA cylinder group.

Images of PANC1 cells over 15 days culture depicted in 

Figure 7A show cells exposed to drug released from OPin/

GEMout or GEMin/OPout cylinders began to display an altered 

morphology from day 6 onward. Cells became elongated 

with an increase in spindle-like projections. When exposed to 

an empty blank cylinder, they appeared to have the same 

morphological feature as the untreated cells at each indicated 

time points, suggesting that degradable PLGA polymer alone 

had no direct effect on PANC1 cell morphology.

Cells treated with GEMin/OPout cylinder showed the 

lowest viable cell numbers at 3 and 6 days with 15.2 and 

3.9%, respectively, compared with untreated cells as seen 

in Figure 7B. For OPin/GEMout exposed cells, the viable cell 

numbers on days 3 and 6 were 49.0 and 21.5%, respectively, 

compared to that of untreated cells and, thus, GEMin/OPout 

cylinders appeared to be more effective in preventing the 

cell growth of PANC1 over 3–6 days. However, PANC1 

cells exposed to OPin/GEMout cylinders had lower viable cell 

counts after 10 and 15 days, showing 10.8 and 1.2% of viable 

cells, respectively. When exposed to OPin/GEMout cylinders, 

they remained viable compared to the untreated cells, while 

11.7 and 12.2% of cells exposed to GEMin/OPout cylinders 

remained viable.

High cell viability and no visible changes in cell mor-

phology were observed in PANC1 exposed to blank cyl-

inders compared to the untreated cells. PLGA alone does 

not appear to have an effect on PANC1 cells, and thus, any 

changes in morphology or cell viability following treat-

ment with cylinders are due to the effect of released OP 

and GEM.

In the case of GEM-resistant cells (PANC1-GEMR) 

exposed to OPin/GEMout or GEMin/OPout cylinders, little cell 

growth appeared to occur after 3 days as seen in Figure 8A. 

Thus, few cells survived following exposure .3 days, as 

seen in Figure 8B. PANC1-GEMR cells exposed to blank 

cylinders showed a similar morphology to untreated cells, 

indicating again that the PLGA did not affect the viability 

of the drug-resistant variant cells.

Figure 6 Release profile of OP () and geM () from inner/outer OPin/geMout (A) and geMin/OPout (B) double-layered Plga cylinders in comparison to the projected 
theoretical release of OP (- - -) and geM (—), which assumes a constant release rate over 30 days.
Notes: The projected theoretical release rate was calculated from injected treatment doses of the two drugs shown effective in either the stagnation or reduction of tumor 
volume in a heterotopic xenograft model of human pancreatic cancer in mice (unpublished data, szewczuk’s lab, august 2016).
Abbreviations: geM, gemcitabine; OP, oseltamivir phosphate.
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Figure 7 (A) Panc1 untreated cells over 15 days, compared to Panc1 exposed to drug-free blank, and inner/outer OPin/geMout, or geMin/OPout cylinders. scale bar: 508 µm. 
(B) Viable cell numbers are expressed as a percentage of the untreated cells. The data are a representation of one out of two independent experiments showing similar results.
Abbreviations: geM, gemcitabine; OP, oseltamivir phosphate.
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Figure 8 Panc1-geMr untreated cells over 15 days compared to Panc1-geMr cells exposed to drug-free blank and inner/outer OPin/geMout or geMin/OPout cylinders (A). 
scale bar: 508 µm. Viable cell numbers are expressed as percentage of the untreated cells (B). absence of a bar indicates that no viable cells were present. The data are the 
representation of one out of two independent experiments showing similar results.
Abbreviations: geM, gemcitabine; OP, oseltamivir phosphate.
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OP and GEM released from OPin/GEMout and GEMin/OPout 

cylinders greatly reduced the number of PANC1-GEMR 

viable cells at all time points. For PANC1 cells, viability was 

lower for cells treated with the GEMin/OPout cylinders com-

pared to the OPin/GEMout cylinders after 3 days of exposure. 

However, treatment with OPin/GEMout cylinders resulted in 

equal or lower cell counts compared to GEMin/OPout cylinders 

at all other time points.

Release of OP and GEM from the OPin/GEMout cylinders 

appeared to be most effective at reducing cell viability for 

both PANC1 and PANC1-GEMR cells over the 15 days 

period. The experiments described earlier were repeated 

with the OPin/GEMout cylinders on both cell types, showing 

reproducible similar results (data not shown). The OPin/

GEMout cylinders dramatically reduced the number of viable 

cells for both cell types and at each time point.

In addition to demonstrating reduction in PANC1 and 

PANC1-GEMR target cell viability during exposure to the 

combinatorial and sequential release OP and GEM, it is 

instructive to consider the potential for concomitant migra-

tory or metastatic phenotype. Previously, O’Shea et al8 

treated PANC1 and PANC1-GEMR with 600 μg/mL OP 

for 24 h and observed a significant increase in E-cadherin 

expression as well as a significant decrease in N-cadherin 

expression, consistent with epithelial–mesenchymal transi-

tion (EMT), indicating a more metastatic phenotype than 

untreated PANC1 cells.13,14 In the present study, differences in 

the response to OP and GEM released from the OPin/GEMout 

cylinders compared to the GEMin/OPout cylinders may be due 

to the different cylinder release profiles as shown in Figure 5. 

The GEMin/OPout cylinders have a higher initial release of 

OP and a lower initial release of GEM than the OPin/GEMout 

cylinders. Therefore, it is proposed that the higher initial 

release of OP from GEMin/OPout cylinders could also induce 

a reversal of EMT.

Chemotherapeutic treatment of pancreatic cancer is often 

hindered by chemoresistance, which is often linked to EMT 

in many cancers,13,15 including pancreatic cancer.16–18 EMT is 

characterized by reduced cell–cell adhesion, reorganization 

of the cytoskeleton, and loss of cell polarity, resulting in cells 

that have a more migratory phenotype.19 Cells undergoing 

EMT have decreased expression of epithelial markers such 

as E-cadherin, occludin, cytokeratins, and desmoplakin, while 

showing an increased expression of the mesenchymal markers 

N-cadherin, vimentin, and fibronectin.13,20–22 Transcription 

factors, such as Slug, Snail, Twist, and Zeb-1, are repressors 

of E-cadherin, and their upregulation has also been linked 

to chemoresistance and EMT.15,17,18,23 We have previously 

demonstrated that OP can restore chemosensitivity and induce 

mesenchymal to epithelial transition.8 In the present work, we 

have observed that the images of the surviving cells following 

OPin/GEMout exposure from PLGA cylinders showed altered 

morphologies that could be consistent with sustained chemo-

sensitivity and induced mesenchymal to epithelial transition.

Conclusion
The double-layered PLGA cylinders developed in the pres-

ent study provide the proof of concept of long-term delivery 

of OP and GEM from a biodegradable, implantable device 

for the possible treatment of cancer. Double-layered PLGA 

cylinders containing OP and GEM showed not only a sus-

tained release of both drugs over 30 days but also stability 

of the drugs. OP and GEM released from OPin/GEMout and 

GEMin/OPout cylinders strongly reduced PANC1 and PANC1-

GEMR cell viability over a period of 3–15 days, with some 

evidence supporting previous observations of sustained 

chemosensitivity and metastatic phenotype of PANC1 cells. 

The double-layered PLGA cylinders are an effective deliv-

ery system for the sustained release of OP and GEM due to 

a simple fabrication process, the high loading of the small 

molecular weight hydrophilic drugs, the stability of the drugs 

while encapsulated, and the potential for implantation and 

localized drug delivery.
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