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Abstract

In this study, we have formulated redox-responsive epidermal growth factor receptor (EGFR)-

targeted type B gelatin nanoparticles as a targeted vector for systemic delivery of gemcitabine 

therapy in pancreatic cancer. The gelatin nanoparticles were formed by ethanol-induced 

desolvation process to encapsulate the bound drug. The surface of the nanoparticles was decorated 

either with poly(ethylene glycol) (PEG) chains to impart enhanced circulation time and with 

EGFR targeting peptide to confer target specificity. Our in vitro studies in Panc-1 human 

pancreatic ductal adenocarcinoma cells confirm that gemcitabine encapsulated in EGFR-targeted 

gelatin nanoparticles, released through disulfide bond cleavage, had a significantly improved 

cytotoxic profile. Further, the in vivo anticancer activity was evaluated in an orthotopic pancreatic 

adenocarcinoma tumor bearing SCID beige mice, which confirmed that EGFR-targeted gelatin 

nanoparticles could efficiently deliver gemcitabine to the tumor leading to higher therapeutic 

benefit as compared to the drug in solution.

Keywords

Thiolated gelatin nanoparticles; Gemcitabine; Orthotopic tumor model; Panc-1, Pancreatic ductal 
adenocarcinoma (PDAC); epidermal growth factor receptor (EGFR) targeting

BACKGROUND

Pancreatic cancer is among the leading causes of cancer-related deaths with an extremely 

poor prognosis and a dismal five-year survival rate of less than 5% (1–3). Among the 

patients detected with pancreatic cancer, only 10% present a surgically resectable disease, 

where the tumor mass can be excised by surgical intervention followed by preventive chemo 

and/or radiation therapy. However, in majority of pancreatic cancer cases, the post-surgery 

relapse of the disease leads to a highly aggressive and metastatic form that does not respond 
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to any therapy. Patients suffering from advanced stage local tumor have a slightly longer 

median survival of 6–10 months, but those reported with metastatic stage of the disease have 

a mere 3–6 months of median survival rate (4–8). Chemotherapy remains the only option for 

treatment of metastatic pancreatic cancer even though the approach tends to be mostly 

palliative with no major survival advantage (4). Pancreatic cancer possesses a highly 

complex genetic, physical, and physiological makeup of the tumor microenvironment and 

the presence of abundant stromal components along with the neoplastic cells leads to poor 

vascularization that severely limits drug perfusion into the tumor upon systemic 

administration (9). As such, there is an urgent need for more effective therapeutic approach 

focusing on targeted delivery to overcome the formidable challenges posed by pancreatic 

cancer.

Gemcitabine (GEMZAR®), an antimetabolite anticancer agent, has been the drug for 

standard care against pancreatic cancer since 1997, when it was first approved as the front 

line agent for chemotherapy. However, there has been considerable debate on the success of 

gemcitabine as single therapeutic agent in improving the survival benefit in patients 

suffering from advanced local and metastatic pancreatic cancer (10). In majority of these 

studies, the prognostic effect of gemcitabine therapy is modest and incremental at best. The 

poor clinical outcome from gemcitabine could be attributed to its poor residence time in the 

body, unfavorable pharmacokinetic and pharmacodynamic (PK/PD) profile, and the 

complex tumor microenvironment resulting in minimal penetration of the drug in the tumor 

cells (11). Although there has been a recent surge in preclinical and clinical studies with 

combination cytotoxic and molecularly targeted therapeutics in pancreatic cancer, the 

therapeutic benefit in terms of improved clinical outcomes has not been realized so far (1, 

12). After several failed clinical trials, FOLFIRINOX therapy (bolus plus infusional 

fluorouracil, leucovorin, irinotecan and oxaliplatin) was replaced as the new standard of 

care, first line treatment of pancreatic cancer due to an improved median survival rate of 

approximately 11 months (13). Recent clinical studies have shown marked improvements in 

the treatment of pancreatic cancer when gemcitabine is combined with albumin-bound 

paclitaxel nanoparticles (Abraxane®) (14).

Previous work from our group has reported on the use of type B gelatin-based non-

condensing, stimuli-responsive nanoparticle system for delivery of nucleic acids in vitro as 

well as in vivo in many different tumor models (15–22). Type B gelatin with an isoelectric 

point of 4–5, is a natural biocompatible, non-immunogenic, and biodegradable polymer, 

which is considered by the U.S. Food and Drug Administration as a “generally regarded as 

safe” (GRAS) material that has been extensively used in food industry. The biopolymeric 

nature of gelatin also presents a large number of functional groups, such as carboxyl and 

amine groups, that can be used for chemical manipulation of the backbone to impart desired 

properties to the polymer. Thiol modification of gelatin leads to formation of redox-

responsive disulfide bridges when the nanoparticle is formed by the desolvation process (15, 

16). Under the highly reducing environment found inside the cancer cells, the disulfide 

bridges are cleaved in response to higher intracellular concentrations of glutathione resulting 

in the release of the nucleic acid payload (15, 19). In vitro assessment of the EGFR-targeted 

nanoparticles loaded with wt-p53 plasmid confirmed a successful receptor-mediated 
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delivery and subsequent expression of wt-p53 protein leading to induction of apoptosis in 

Panc-1 cells (20). Biodistribution and pharmacokinetic studies in Panc-1 subcutaneous 

xenograft tumor bearing SCID beige mice further revealed that the EGFR targeted 

nanoparticles could preferentially accumulate in the tumor mass and efficacy studies 

corroborated with this observation since targeted nanoparticles show an improved inhibition 

in tumor growth compared to non-targeted nanoparticles (22). We have further demonstrated 

that gelatin nanoparticles could also be used for delivery of gemcitabine via disulfide 

chemical conjugation on the polymer backbone and thus prove to be an exciting delivery 

system for a combination treatment of pancreatic cancer.

Lack of a suitable preclinical cancer model is one of the leading causes of failure of 

promising drug candidates at the clinical stage. Majority of literature on treatment of 

pancreatic cancer have used subcutaneous xenograft models that do not accurately 

recapitulate the physical and biological nuances of the actual disease. However, this model 

has been extensively used due to the ease of development and low associated cost, while 

compromising on clinical suitability. More recently, genetically engineered mouse models 

(GEMM) with specific mutations relevant to the disease (23) and patient-derived 

heterotropic xenograft models with actual mutations (24) manifested by the patients, have 

been considered as more clinically relevant models, but suffer from high developmental 

cost. Surgical orthotopic model for pancreatic cancer is another suitable alternative, where 

the human cancer cells are surgically implanted in the pancreas to provide an ideal 

microenvironment for tumor growth and metastasis (25). This animal model presents an 

ideal system for drug screening studies in vivo due to its higher similarity to an actual 

clinical presentation. In this study, we have developed multifunctional nanoparticles 

composed of thiolated gelatin that possess long circulating and redox-responsive properties 

as well as specific targeting to the EGFR receptor for delivery of gemcitabine in vitro and in 

vivo. In vitro characterization of the activity confirmed that nanoparticle-based systems 

outperformed the drug in solution and their in vivo anticancer activity was further confirmed 

in orthotopic Panc-1 human pancreatic adenocarcinoma tumor bearing SCID beige mice.

METHODS

Materials

Reagent grade succinimidyl 3-[2-pyridyldithio]-propionate) (SPDP), (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT reagent), 2-iminothiolane 

hydrochloride, bovine type B gelatin, glutathione (GSH), dithiothreitol (DTT), Triton™ 

X-114, and protease were all purchased from Sigma Aldrich (St. Louis, MO, USA) and were 

used without further purification. Gemcitabine (2’-deoxy-2’2’-diflurocytidine) free base was 

purchased from Carbosynth (Berkshire, UK). The functional PEG derivatives, methoxy-

PEGsuccinimidylcarbosyl methyl ester (mPEG-SCM, MW 2,000 Da) and maleimide-PEG-

SCM (MAL-PEG-SCM, MW 2,000 Da), were purchased from Creative PEGWorks 

(Winston Salem, NC, USA).
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Cell Lines

Human pancreatic ductal adenocarcinoma cells Panc-1 were acquired from ATCC 

(Manassas, VA) while luciferase-expressing Panc-1 cells (Panc-1 luc) were kindly provided 

by Prof. Dawn E. Quelle from University of Iowa (Iowa City, IO). Both the cell lines were 

subcultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10 % fetal 

bovine serum (FBS) and 1 % Pen-Strep.

Synthesis of Thiolated Gelatin (SH-Gel)

Thiolated gelatin was synthesized according to our previously optimized and established 

protocol reported elsewhere (16, 22) and briefly described as supporting information (SI. 2).

Synthesis of Gemcitabine-SPDP (Gem-SPDP) Conjugate

Gem-SPDP was first synthesized by a chemical conjugation scheme shown in Figure 1. 

Briefly, 10 mg base form of gemcitabine was dissolved in 5 mL dry methanol (100%) and 

reacted with 100 mg SPDP under dark conditions with continuous stirring at 80 °C under 

reflux conditions for 48 h. The final product of the reaction was monitored by thin-layer 

chromatography (TLC) [Rf 0.67 (CHCl3/MeOH, 8:2)] to confirm the conjugate formation. 

The conjugate was purified by normal phase flash chromatography (Interchim puriFlash 

430evo, Montlucon, France) using first five column volumes of dichloromethane followed 

by 0–10 % Methanol/dichloromethane gradient. The identity of the conjugate in the elute 

fractions was confirmed by TLC and the fractions containing the conjugate were initially 

dried under vacuum using rotary evaporator IKA RV10 at 60 °C and further incubated in 

vacuum desiccator overnight to remove any residual solvent. The purified conjugate was 

stored at −20 °C until further use.

Gemcitabine-SPDP Conjugation with Thiolated Gelatin

For conjugation with gemcitabine-SPDP, thiolated gelatin was dissolved into 0.1 M PBS/

EDTA (100 mM sodium phosphate, 150 mM NaCl, 1 mM EDTA, 0.02% sodium azide, pH 

7.5) at concentration of 10 mg/mL. Gem-SPDP conjugate dissolved in 1 mL DMSO was 

added to thiolated gelatin solution and stirred overnight at room temperature to allow the 

disulfide conjugation. The disulfide conjugate gemcitabine-gelatin (Gem-Gel) thus formed 

was dialyzed against deionized water overnight, freeze dried and the purified polymers were 

used for drug-encapsulating nanoparticles synthesis.

Nanoparticle Formulation and Characterization

Gelatin nanoparticles encapsulating gemcitabine were prepared by desolvation process that 

has been developed and optimized in our lab (15, 16, 22) and described as supporting 

information (SI. 3). The average hydrodynamic diameter and the polydispersity index (PDI) 

of the nanoparticles were measured by dynamic light scattering at room temperature and a 

90° fixed angle using Zetasizer ZS (Malvern, Worcestershire, UK). Similarly, the zeta 

potential of the nanoparticles was measured using an electrophoretic cell. Finally, the 

morphology of the nanoparticles was observed under transmission electron microscope. The 

nanoparticles were drop coated on a formvar carboncoated copper grid (Electron 

Microscopy Science, Hatfield, PA) and were allowed to stand for 2 min, following which; 
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the excess fluid was drained using Whatman filter paper. The sample was further negatively 

stained using 1.5% uranyl acetate for 30 s at room temperature and excess stain was drained 

using Whatman filter paper and the grid was air-dried prior to imaging. The samples were 

imaged under a JEOL 100-X transmission electron microscope (Peobody, MA) using an 

acceleration voltage of 80 MeV.

Gemcitabine Loading Study by HPLC Assay

A high pressure liquid chromatography (HPLC) assay was developed for studying the 

retention properties of the SPDP, Gem and the Gem-SPDP conjugate itself and further use it 

to assess the drug loading efficiency within the nanoparticles. A Waters LC (model 2487, 

Waters Corporation, Milford) consisting of two pumps, autosampler and a UV detector was 

used for the analysis. Empower 3 software interfaced with the LC was used for instrument 

control, data acquisition and processing. A C18 column was used for analysis and the mobile 

phase consisted of 20% methanol/water (1:1) and 80% of 0.5 M ammonium acetate solution. 

The elution was performed using an isocratic flow rate of 1 ml/min and was observed at a 

wavelength of 268 nm. A standard curve was established with pure gemcitabine drug and all 

drug concentrations were calculated according to it. The Gem-Gel nanoparticles (10 mg/mL) 

were treated with 5 mM DTT and/or 0.2 mg/ml protease for 1 hour to degrade the gelatin 

nanoparticles and release the drug conjugate.

1H-NMR and LC/MS Analysis of Gem-SPDP Conjugate

Proton nuclear magnetic resonance (1H-NMR) spectroscopy was employed to characterize 

the Gem-SPDP conjugate in order to confirm the conjugation, as well as, the purity of the 

synthesized material. A sample (3 mg) of column-purified Gem-SPDP conjugate was 

dissolved in deuterated dimethylsulfoxide (DMSO) and was characterized using a 500 

MHz 1H-NMR spectrometer (Varian Inc., CA). For the liquid chromatography/mass 

spectrometry (LC/MS) analysis, a 1 mg/ml solution of the conjugate in methanol was further 

diluted 1000× with methanol and characterized on Agilent 1200 Infinity series LC coupled 

with 6120 quadrupole MS (Agilent Technologies, Santa Clara, CA, USA) operating in 

positive ion mode to obtain the mass spectra of the conjugate.

Western Blot Analysis of EGFR expression in Cells

Panc-1 and Panc-1 luc cells were analyzed by western blot to confirm EGFR expression. 

The detailed protocol of analysis has been provided as supporting information (SI. 5).

In Vitro Luciferase Activity Assay in Panc-1 luc Cells

The bioluminescence activity of the Panc-1 luc cells was confirmed by an in vitro activity 

assay. The detailed method has been provided in supporting information (SI. 6).

In Vitro Cytotoxicity Studies

In vitro cytotoxicity assessments were conducted for non-targeted and EGFR-targeted redox 

responsive Gem-Gel nanoparticles. Panc-1 cells were cultured overnight at a cell density of 

5000 cells/well in a 96-well plate in 200 µl of supplemented DMEM media. Growth media 

was replaced with serum-supplemented media containing 0.1 nM–10 µM gemcitabine either 
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as free drug or encapsulated in nanoparticles. Poly(ethylene imine) (PEI, MW 10kDa), a 

known cytotoxic cationic polymer, was used as positive control for all cytotoxicity 

experiments. Cells were treated with gemcitabine or gemcitabine conjugated nanoparticles, 

SPDP alone or Gem-SPDP for 72 hours and replaced with 20 µL MTS reagent and 100µL 

culture media. After incubation for 3 hours at 37 °C in 5% CO2 environment, the excess 

media was removed carefully without disturbing the cells and lysing the cells using 200 µl 

DMSO dissolved the formed formazan crystals. The absorption of the formazan product was 

measured at 490 nm with BioTek Synergy® HT plate reader (Winooski, VT). The relative 

viability of cells was expressed as the ratio of absorbance of drug treated cells relative to 

negative control and plotted as a function of gemcitabine concentration. GraphPad® PRISM 

software was used to analyze cytotoxicity data and calculate IC50 value for different 

formulations.

Development of an Orthotopic Surgical Pancreatic Adenocarcinoma Model

Orthotopic surgical model of Panc-1 luc ductal adenocarcinoma model was developed in 

nude and severe combined immunodeficiency (SCID) beige mice was developed to compare 

the timeline of tumor growth and metastasis (Supporting Information, SI. 7, 8). Tumor 

development and metastatic colonization were monitored by serial bioluminescence imaging 

on the IVIS system (Caliper Life Sciences (Hopkinton, MA)) at weekly intervals (26). The 

region of interest (ROI) was automatically detected by software and total luminescence 

counts were quantified using Living Image software v2.50 (Caliper Life Sciences, 

Hopkinton, MA). Animals were observed twice weekly for adverse events associated with 

tumor growth, at which time mice were euthanized. All animal handling and procedures 

were exercised according to protocol approved by Northeastern University’s Institutional 

Animal Care and Use Committee (NU-IACUC) and the Biological Safety Committee within 

the Office of Environmental Health and Safety. The animals were housed in a group of 5 per 

cage and were supplied with sterile rodent pellets and water ad libitum.

Characterization of an Orthotopic Pancreatic Tumor Model

The blood collected from the tumor bearing mice were characterized for white blood cell 

count while organ and tumor tissues were studied by histopathological analysis. At 

established time points, blood samples were collected in EDTA coated K2 tubes (Greiner 

Bio-one, Monroe, NC) via retro-orbital bleeding. 5 µL of blood samples were mixed with 1 

mL Natt-Herrick’s stain (Eng Scientific Inc., NJ) and incubated for 5 min at room 

temperature. 20 µL of the sample was dispensed into the hemacytometer counting chamber 

and the dark blue stained white blood cells were counted.

The primary and metastatic tumor nodules, liver, spleen and pancreas were collected from 

the tumor bearing animals post-euthanasia, embedded in frozen section medium (Richard-

Allan Neg 50, Thermo Scientific, Waltham, MA), flash frozen in liquid nitrogen and stored 

at −80 °C until used. The embedded tissues were cryo-sectioned into 10 µm thick sections 

using Microm HM550 cryostat (MICROM International GmbH, Germany). The section 

were mounted on to glass slides (SuperFrost Plus, Thermo Scientific, Waltham, MA), air 

dried at room temperature and fixed in 10% formalin for 10 min. Fixed sections were 

washed three times with PBS followed by water, stained in hematoxylin for 8 min rinsed in 
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water for 5 min and incubated in 1% acid alcohol for 30 s (clearing agent). Sections were 

rinsed and incubated in ammonia solution (bluing agent) for 30 s, rinsing in 95% alcohol, 

stained in eosin Y for 30 s, washed in 95% followed by 100% ethanol and finally by xylene 

substitute. The tissue samples were mounted with Fluoromount-G (Southern Biotech, AL), 

covered by a glass cover slip, and imaged with an Olympus BX61 fluorecence microscope.

In Vivo Drug Administration and Dosing Schedule

The orthotopic tumor bearing SCID beige mice were randomized into different treatment 

groups (n=6) and were administered with 4 weekly doses of gemcitabine (5 mg/kg) in PBS 

or loaded in gelatin nanoparticles suspended in PBS. The drug was administered to the 

animals intravenously via tail vein injections at day 0, 7, 14 and 21 and the animals were 

sacrificed by CO2 inhalation followed by cervical dislocation after 28 days since the 

initiation of therapy. Tumor bearing animals dosed with PBS served as the control for the 

efficacy study of gemcitabine treatment. The animals were imaged by IVIS weekly during 

the course of therapy to monitor the tumor volume change as a function of luciferase 

activity.

Data Analysis and Statistics

Results were expressed as mean ± SD of the at least three independent experiments. Data 

was analyzed by Student’s t-test. Differences were considered statistically significant at 

p<0.05.

RESULTS

Synthesis and Characterization of Gem-SPDP Conjugate

The illustration in Figure 1 shows the synthesis scheme of Gem-SPDP conjugate and 

subsequent conjugation with thiolated type B gelatin to form Gem-Gel conjugate. The TLC 

analysis of the reaction showed 3 distinct bands corresponding to unreacted gemcitabine, 

Gem-SPDP and unreacted SPDP (Figure 2A, lane 1). The separation of the product through 

normal phase flash chromatography yielded unreacted SPDP (Lane 2) and the Gem-SPDP 

conjugate (Lane 3) with an Rf value of 0.67. Lane 4 corresponds to the intermediate fraction 

between elution fractions of SPDP and conjugate, showing a faint band for SPDP alone with 

no signature for the presence of Gem-SPDP conjugate indicating that we could efficiently 

extract the pure conjugate without interference from the unreacted SPDP.

An HPLC method was developed to study the retention time of SPDP, Gem and Gem-SPDP 

and confirm the purity of the column purified Gem-SPDP conjugate (Figure 2 B–D). SPDP 

showed a retention time of 1.940 min while Gem-SPDP showed a similar retention time of 

2.05 min as opposed to Gemcitabine alone, which eluted at 3.54 min. Most importantly, the 

purified conjugate did not show any peak corresponding to free gemcitabine, confirming 

successful removal of unreacted gemcitabine from the reaction product. The Gem-SPDP 

conjugate was further subjected to a treatment with 5 mM DTT to disrupt the disulfide 

linkage and release thiolated gemcitabine drug, which had a peak at around 3.6 min, similar 

to gemcitabine (Figure 2E). The total yield of the Gem-SPDP conjugate could also be 

calculated against a standard curve of gemcitabine and was found to be 42.2% (w/w).
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The purified Gem-SPDP conjugate was also characterized by 1H NMR spectroscopy to 

confirm the conjugation and monitor product purity. The NMR spectra from SPDP showed 

the signature peaks including the aromatic protons between 6–7 (Figure 3A, red box), while 

the spectra from gemcitabine did not show any peaks in that region except the amine protons 

around 7.9 ppm (Figure 3B, blue box). Another key peak in the spectra from SPDP is from 

the proton in the succinimide ring (around 2.6 ppm). Interestingly, the NMR spectra of the 

Gem-SPDP conjugate showed a disappearance of peak corresponding to succinimide proton 

from SPDP and amine protons from Gem (Figure 3C, purple and blue arrow respectively), 

which suggests successful Gem-SPDP conjugation. We could also see a strong peak at 5.7 

ppm corresponding to proton from dichloromethane (Figure 3C, green box), indicating the 

presence of residual solvent that was removed by overnight desiccation under vacuum. 

Finally, the identity of the Gem-SPDP conjugate was conclusively validated by LC-MS 

analysis. The elution peak at 2 min on the column showed a major peak at 461.1 in the MS 

spectra operating in positive ionization mode, which corresponds to the m+1 molecular 

weight of the conjugate. Additionally, weaker peaks were obtained at 462.1 and 463.1, 

which were attributed to the isotopic variants of the conjugate. The peak at 483.1 could be 

assigned to the sodium adduct of the conjugate.

Synthesis and Characterization of Control and Targeted Nanoparticles

Prior to its use for formulation, type B gelatin was treated for removal of endotoxin; the final 

treated product showed an endotoxin level of 0.08 EU/mg, which could be considered to be 

an endotoxin free product. The thiolation of the gelatin backbone was monitored by 

Ellman’s reagent, which confirmed to be 23.5 ± 2.6 mM sulfahydryl group equivalent per 

gram of gelatin. Thiolated gelatin was reacted with purified Gem-SPDP to facilitate the 

Gem-Gel conjugation through disulfide bond (Figure 1). Gem-SPDP-Gel conjugate and 

Gem-Gel nanoparticles were subjected to DTT (to break disulfide linkage) and protease 

digestion (to cleave amide bond) prior to drug analysis by HPLC. Thiolated gelatin was also 

subjected to DTT alone, protease alone and DTT/protease combination to study the retention 

time of various products. HPLC retention time of all the products (Figure 4 A, B & C) show 

no interfering peak around 3.5 min, where the characteristic peak for gemcitabine is 

observed (Figure 2C). Compared to thiolated gelatin, only Gem-Gel nanoparticles released a 

product with retention time around 3.55 min with DTT, protease or DTT/protease 

combination treatment (Figure 4 D, E and F; blue arrow), which correlates with the retention 

time of free gemcitabine and confirms that disruption of disulfide linkage indeed is able to 

release the thiolated gemcitabine with retention time similar to free gemcitabine. Among all 

the treatment conditions to study gemcitabine release, treatment with both 0.2 mg/ml 

protease and 5 mM DTT released the highest amount of gemcitabine (Figure 4F), which 

simulated the intracellular environment of cancer cells (27). Based on the standard curve of 

gemcitabine, loading of drug in Gem-Gel conjugate could be calculated as 24.9% (w/w). 

This study shows that Gem-Gel nanoparticles could release the drug efficiently under the 

reducing conditions that mimic the tumor microenvironment. The Gem-Gel nanoparticles 

were used for further synthesis of PEG modified non-targeted and EGFR-targeted gelatin 

nanoparticles.
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The average size and surface charge of the nanoparticles with different surface modification 

were measured with a Zetasizer. The mean particle diameters of different nanoparticles 

ranged between 150–250 nm, with an increase in the particle size on PEG and subsequent 

EGFR peptide modification (Table 1; Figure SI. 4). Zeta potential of different nanoparticles 

were in the range of -20 to -27, similar to thiolated blank gelatin nanoparticles. The size 

estimation from TEM images was done over 50 nanoparticles for both the samples (Figure 

5). The size and surface charge properties of the different gelatin nanoparticle formulations 

were consistent with those obtained for the previous in vitro and in vivo studies (20–22).

Gemcitabine Cytotoxicity in Panc-1 Cells

The gemcitabine conjugate and the formulated unmodified, PEG-modified non-targeted, and 

EGFR-targeted drug loaded nanoparticles were tested for their cytotoxicity profile in Panc-1 

pancreatic adenocarcinoma cells. Table 2 shows the IC50 values obtained for the various 

treatment groups, where the conjugate itself as well as the drug-loaded gelatin nanoparticles 

exhibit a superior cell killing efficiency compared to the free drug in solution. Among the 

treatment groups, Gem-SPDP appears to have the lowest IC50 value (8.39 ± 1.79 µM), 

which could be attributed to the well known high binding affinity of the succinimidyl group 

to the cell surface proteins that would result in their rapid uptake inside the cells (28). 

However, the Gem-SPDP conjugate would not serve as a viable therapeutic option in vivo 

and in clinic since it can non-specifically interact and bind to any protein in the body. 

Among the gelatin nanoparticle treatment groups, EGFRtargeted nanoparticles showed the 

lowest IC50 value of 17.08 ± 2.32 µM.

Orthotopic Pancreatic Tumor Model Development

We developed a surgical orthotopic pancreatic cancer model and studied the tumor growth 

and metastasis in nude as well as SCID beige mice. Nude mice showed a slower growth rate 

of the tumor with peak intensity at 7 weeks since the implantation of the cells (Supporting 

info SI 8A). The localized tumor growth was observed during the initial phase and imaging 

in ventral presentation of the mice did not show any metastatic site. The peak signal 

intensity was observed around 7 weeks after the surgery and the signal intensity thereafter 

started to decline probably due to metastasis associated signal dispersion (Supporting info SI 

8C). In comparison, the tumor growth rate in SCID beige mice was far more rapid where the 

highest intensity was achieved in 4 weeks following which there was rapid accumulation of 

ascites fluid (Figure 5A). We also observed a drop in the total signal intensity primarily due 

to the dilution of the luciferin substrate, due to accumulation of the ascites. The orthotopic 

cancer model in SCID beige mice was selected for further evaluation and efficacy studies 

since the tumor growth was established in shorter time with rapid onset on metastasis 

(Supporting info SI 8B).

The increase in tumor burden led to an increased population of white blood cells in 

orthotopic tumor bearing mice (tumor size ~ 1,500 mm3) compared to that of naïve animal 

(p < 0.01) and that from a subcutaneous tumor-bearing mouse (tumor size ~ 1000 mm3), 

primarily due to higher tumor volume (Figure 6B). The tumor bearing SCID mice were 

dissected after 4 weeks post-surgery and the peritoneal cavity showed multiples metastatic 

tumor nodules along with the primary tumor at the site of injection (Figure 6C). 
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Splenomegaly was observed in the tumor bearing mice (length 2.4 cm; weight 0.303 g) as 

compared to spleen from a naïve mouse (length 1.7 cm; weight 0.117 g) that did not show 

any abnormal growth, suggesting that the circulating cancer cells infiltrate into the spleen 

(Supporting info, Fig SI 9). The histopathological analysis of hematoxylin and eosin (H&E) 

stained tumor tissue section at the primary site of injection showed dark stained center with 

cancer cells while the peripheral tissues showed staining pattern similar to the normal 

pancreatic tissue (Figure 7 A, B). This observation suggests that the tumor growth occurs at 

the confined site of injection and did not form any dispersed loci in the pancreas. The 

hematoxylin and eosin (H&E)-stained sections of the metastatic tumors from mesentery and 

peritoneum also showed cancerous tissues surrounded by normal tissues while the section of 

liver and spleen did not show any sign of neoplastic cells (Figure 7).

Anti-tumor Efficacy Studies

The established orthotopic pancreatic cancer model in SCID beige mice was used for 

studying the therapeutic potential of gemcitabine encapsulated in non-targeted and EGFR-

targeted gelatin nanoparticles and its therapeutic effect was compared to untreated control 

and animals treated with gemcitabine in solution. The average intensity flux of the animals 

was calculated by IVIS imaging and the animals were randomized into four treatment 

groups, which received PBS or gemcitabine formulation (5 mg/kg) via tail vein injection 

every week for four weeks (Supporting information, Figure SI 10). During the course of 

therapy, animals were imaged by IVIS imaging to calculate the bioluminescence activity of 

Panc-1luc cells as a measure of tumor volume. The animals from the control group, injected 

with PBS only, showed a steady increase in the bioluminescence intensity, suggesting an 

increase in the total tumor volume. The animals treated with gemcitabine solution in PBS 

showed a minor improvement in prevention of tumor growth (14.5 % reduction in tumor 

growth) with no significant increase in therapeutic benefit compared to the control (Figure 8 

A, B, E). This result is consistent with our previous observation, where subcutaneous 

pancreatic tumor bearing mice treated with gemcitabine in solution showed a marginal 

therapeutic benefit compared to the control (22). Among the groups of animals treated with 

gemcitabine encapsulated in gelatin nanoparticles, the EGFR-targeted nanoparticles showed 

an enhanced anti-tumor activity with a 68% reduction in tumor growth on day 28 (Figure 8 

D, E). The animals treated with gemcitabine encapsulated in non-targeted gelatin 

nanoparticles showed a 50.3% reduction in tumor growth compared to the control (Figure 8 

C, E). Thus, the efficacy study clearly demonstrates a superior anti-tumor activity from 

gemcitabine encapsulated in EGFR-targeted gelatin nanoparticles, which corroborates with 

our previous results in subcutaneous pancreatic cancer animal model (22). Most importantly, 

the gelatin nanoparticles retain their therapeutic advantage in the aggressive orthotopic 

pancreatic cancer model, which more closely recapitulates the actual disease. Histo-

pathological evaluation of excised liver and spleen tissues from mice treated with non-

targeted and EGFR-targeted nanoparticles also confirm that though these nanoparticles 

infiltrate into these tissues (21), they do not elicit any harmful effect to the organs as shown 

in the Supplemental (SI) Figure 11. Therefore, the EGFR-targeting strategy clearly shows a 

distinct merit over non-targeted approach in realizing a viable therapeutic approach with 

higher chances for success towards the treatment of pancreatic cancer.
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DISCUSSION

The redox-responsive, control and EGFR-targeted type-B gelatin nanoparticles were 

formulated and characterized for therapy in pancreatic cancer cells. Gelatin is a 

biodegradable, biocompatible and non-immunogenic GRAS material that has been 

previously used extensively as a non-condensing natural polymer system for delivery of 

nucleic acids to the cells and in vivo. We extended the application of this delivery platform 

to a small cytotoxic drug and tested its potential as delivery vector for targeting pancreatic 

cancer in an aggressive orthotopic surgical model. The targeted gemcitabine-loaded 

nanoparticles have release of drug under reducing conditions, which validates that 

simulating the tumor microenvironment leads to the best release conditions, where ~90% of 

the drug is released within the first 6 hours (22). Targeted nanoparticles also show a 

cytotoxic effect on the cancer cells in vitro. The marginal improvement in the in vitro 

cytotoxicity profile of targeted nanoparticles compared to the non-PEG modified and non-

targeted nanoparticles is largely due to normalized uptake of the particles by the cells over 

an extended period of incubation. Our previous time-dependent uptake study with different 

gelatin nanoparticles in Panc-1 cells demonstrated that the EGFR-targeted nanoparticles 

could enter the cells faster due to receptor-mediated endocytosis but difference is 

normalized over longer incubation periods (20). However, targeted nanoparticles have a 

favorable therapeutic benefit in vivo, primarily due to the EPR effect bestowed by the 

presence of PEG and targeting effect due to the presence of the peptide (21, 22). We have 

previously confirmed the biodistribution and efficacy of gelatin nanoparticles for 

combination treatment in pancreatic subcutaneous xenograft tumor model and our results 

indicated a superior pharmacokinetics and pharmacodynamic profile of the targeted 

nanoparticles and increased antitumor activity.

Pancreatic cancer tumor displays a highly heterogeneous composition with strong stromal 

content and complex interplay between different types of cells, cytokines, chemokines and 

extracellular matrix components. Majority of promising therapeutic approaches at the 

preclinical research level fail to succeed at the clinical stage primarily due to the lack of 

appropriate animal model with suitable manifestation of actual pancreatic tumor. In order to 

assess the suitability of the delivery platform in a clinically more relevant model, the 

therapeutic potential of these EGFR-targeted nanoparticles was tested in a well-

characterized orthotopic pancreatic adenocarcinoma model in SCID beige mouse. The 

efficacy study confirms that the targeted nanoparticles outperform non-targeted 

nanoparticles and gemcitabine drug in solution with an efficient anti-tumor activity. Taken 

together, gelatin nanoparticles make an attractive delivery platform, amenable to chemical 

manipulations and optimization as well as capable of hosting the desired therapeutic 

molecule and ferrying it to the tumor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic representation for the chemical synthesis of gemcitabine-SPDP derivative (Gem-

SPDP) and the disulfide conjugation of gemcitabine-SPDP with thiolated gelatin (Gem-Gel).
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Figure 2. 
Thin-layer chromatography image showing the bands corresponding to gemcitabine (blue 

arrow), SPDP (red arrow) and the gemcitabine-conjugated with SPDP (Gem-SPDP) (black 

arrow) in unpurified fraction (lane 1) and in purified fractions (lanes 2, 3 and 4) (A). The 

high performance liquid chromatography (HPLC) chromatograms showing the retention 

time of SPDP, gemcitabine base (Gem), Gem-SPDP conjugate and the conjugate treated 

with 5 mM dithiothreitol (DTT) (to disrupt the disulfide bonds), respectively (B,C,D,E). x-

axis on each chromatogram represents elution time in min and y-axis shows relative peak 

intensities in arbitrary units (a.u.).
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Figure 3. 
1H-NMR spectra of SPDP (A), gemcitabine base (Gem) (B), and gemcitabine-SPDP 

conjugate (Gem-SPDP) (C). The highlighted peaks correspond to the marked protons in the 

various derivatives. (D) Positive mode mass spectrometer spectra of the Gem-SPDP 

conjugate showing the peak m+1 peak at 461.1 and sodium adduct peak at 483.1 while the 

peaks at 462.1 and 463.1 correspond to isotope variants.
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Figure 4. 
High performance liquid chromatography (HPLC) chromatograms obtained from thiolated 

gelatin (Top Panel) and gemcitabine-conjugated thiolated gelatin (Gem-Gel) nanoparticles 

(Bottom Panel) following treatments with protease (A,D), with 5 mM dithiothreitol (B,E), 

and with combination protease and dithiothreitol (C,F). The x-axis on each chromatogram 

represents elution time in minutes and the y-axis shows relative peak intensities in arbitrary 

units (a.u.).
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Figure 5. 
Transmission electron microscopy (TEM) images of control (without gemcitabine) (A) and 

gemcitabine-encapsulated (B) type B gelatin nanoparticles. The nanoparticles show 

spherical morphology with size that matches the dynamic light scattering data. The samples 

were negatively stained with 1.5% uranyl acetate prior to imaging.
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Figure 6. 
Characterization of orthotopic pancreatic adenocarcinoma model in SCID beige mouse (A) 

Images showing the bioluminescence intensity obtained from IVIS imaging of mice injected 

with Panc-1 luc surgically in the pancreas with time post-surgery. All mice show 

accumulation of ascites fluid in their peritoneal cavity. (B) White blood cell count obtained 

from the blood of naïve, subcutaneous tumor and orthotopic tumor bearing mice, which is 

significantly higher for the tumor bearing animals; **(p < 0.01); * (p < 0.05)). (C) Image of 

primary tumors excised from the site of injection and secondary tumor nodules excised from 

mesentery and peritoneum.
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Figure 7. 
Hematoxylin and eosin (H&E) stained imaging of tumor and tissue section of orthotopic 

pancreatic adenocarcinoma tumor bearing mice. The tumor from primary site of injection 

(A, B) and those resected from mesentery (C) and peritoneum (D, E) showed cancer cells 

surrounded with normal cells unlike a normal pancreas (F) while sections from liver (G) and 

spleen (H) did not show any metastatic sites or neoplastic cells.
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Figure 8. 
Efficacy studies in orthotopic pancreatic adenocarcinoma bearing SCID beige mice. 

Representative IVIS images of mice treated with phosphate-buffered saline (PBS, pH 7.4) 

alone (A), gemcitabine solution in PBS (B), gemcitabine loaded non-targeted gelatin 

nanoparticles and gemcitabine loaded EGFR-targeted gelatin nanoparticles after 28 days of 

weekly treatment. The dosing scheme was intravenous via tail-vein injections and 

gemcitabine was administered to a dose of 5 mg/kg for 4 weeks, once a week in all of the 

formulations. The analysis of tumor growth shows that drug administered in gelatin 

nanoparticles show excellent anti-tumor activity (E) with EGFR-targeted nanoparticles 

showing a 68 % reduction in tumor growth profile.
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Table 1

Table showing the particle diameter and surface charge (zeta potential) of the gemcitabine-conjugated gelatin 

(Gem-Gel), poly(ethylene glycol)-modified (PEG-Gem-Gel), and epidermal growth factor receptor targeted 

(EFGR-targeted Gem-Gel) nanoparticles.

Formulation Particle Diameter ± SD (nm) Zeta Potential ± SD (mV)

Gem-Gel 114.8 ± 11.5* −27.1 ± 1.62

PEG-Gem-Gel 163.7 ± 40.2 −23.5 ± 3.93

EGFR-Gem-Gel 221.3 ± 32.4 −20.3 ± 2.25

*
Mean ± S.D. (n = 3)
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Table 2

The IC50 cytotoxicity assessment of gemcitabine base and gemcitabine in gelatin nanoparticles administered 

in Panc-1 human pancreatic adenocarcinoma cells.

Formulation IC50 Value (µM)

Gemcitabine 123.9 ± 23.9*

SPDP N/A

Gem-SPDP 8.39 ± 1.79

Gem-Gel Nanoparticles 24.76 ± 7.99

Gem-Gel-PEG 20.08 ± 6.97

Gem-Gel-PEG-EGFR 17.08 ± 2.32

*
Mean ± S.D. (n = 3)
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