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Pancreatic ductal adenocarcinoma (PDAC) is a lethal disease with a poor response to the limited 

treatment options currently available. Hence, there is a need to identify new agents that could 

enhance the efficacy of existing treatments. This study investigated a combination therapy using 

gemcitabine (GEM) and SCH772984, an extracellular signal-regulated kinase (ERK) inhibitor, 

in both free form and nanoparticle-encapsulated form for PDAC treatment. Cell viability and 

Matrigel growth assays were used to determine the anti-proliferative and cytotoxic effects of 

GEM and SCH772984 on PDAC cells. Additionally, western blotting was used to determine the 

degree to which SCH772984 engaged ERK in PDAC cells. Lastly, immunohistochemistry and 

hematoxylin and eosin (H&E) staining were used to determine how GEM and SCH772984 

affected expression of Ki-67 cell proliferation marker in PDX (patient derived xenograft) PDAC 

tissues. PDAC cell lines (MIA PaCa-2 and PANC-1) treated with the combination of free GEM 

and SCH772984 showed reduction in cell viability compared to cells treated with free GEM or 

SCH772984 administered as a single agent. Encapsulated forms of GEM and SCH772984 caused 

a greater reduction in cell viability than the free forms. Interestingly, co-administration of GEM 

and SCH772984 in separate nanoparticle (NP) systems exhibited the highest reduction in cell 

viability. Western blotting analysis confirmed ERK signaling was inhibited by both free and 

encapsulated SCH772984. Importantly, GEM did not interfere with the inhibitory effect of 

SCH772984 on phosphorylated ERK (pERK). Collectively, our studies suggest that combination 

therapy with GEM and SCH772984 effectively reduced PDAC cell viability and growth, and co-

administration of NP encapsulated GEM and SCH772984 in separate NP systems is an effective 

treatment strategy for PDAC. 
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Introduction 

PDAC, a cancer of the exocrine glands, is responsible for over 90% of pancreatic cancer cases. It has 

a dismal 5-year survival rate of only 13% making it a highly lethal disease (1, 2). While surgical resection 

remains one of the treatment strategies, it is limited to only about 15-20% of the patients because of distant 

metastases, involvement of pivotal vasculature, and impacts on digestion and metabolism post-surgery (1). 

Thus, regardless of suitability for surgical intervention, most patients undergo chemotherapy. Current choices 

are FOLFIRINOX (5-fluorouracil, leucovorin, irinotecan, oxaliplatin) and gemcitabine (GEM) with a 

nanoparticle-encapsulated version of paclitaxel (nab-paclitaxel). While the former results in an increased 

overall survival, it is also associated with increased toxicity (3, 4). On the other hand, GEM with nab-

paclitaxel has shown to increase survival time compared to treatment with GEM alone (5, 6); however, a 

downside to GEM-based therapy is that PDAC cells develop rapid resistance to it. Hence, there is a 

compelling need to identify agents that would enhance GEM’s effects for PDAC treatment.  

Over 95% of PDAC tumors have an oncogenic Kirsten rat sarcoma viral oncogene homologue (KRAS) 

mutation (commonly G12D, G12V, and G12R) leading to sustained and uncontrolled growth promotion that 

drives the progression of the disease (7). Hence, strategies to inhibit hyperactive KRAS signaling through 

direct or indirect approaches have been heavily pursued. Direct targeting of KRAS has been challenging 

resulting in few leads; however, a new clinical trial using a KRAS G12D inhibitor (MRTX1133) is underway. 

Indirect approaches targeting downstream KRAS effectors such as rapidly accelerated fibrosarcoma (RAF) 

and mitogen-activated protein kinase (MEK) have been stymied due to compensatory reactivation of this 

pathway (8). Thus, an alternate approach is targeting this pathway further downstream with the use of ERK 

inhibitors (9, 10) . First generation ERK inhibitors showed disappointing results in clinical trials as they do 

not bring any conformational change to ERK1/2 upon binding and resulted in subsequent reactivation of 

ERK by MEK. Thus, new ERK inhibitors such as SCH772984 were developed, which have a dual 

mechanism of inhibiting ERK1/2 and simultaneously bringing a conformational change to its structure 

preventing further activation by MEK1/2 (11).  

For any combination therapy to be effective, the agent must be solubilized, accumulate in the tumor 

microenvironment, and synergize to reduce tumor cell growth (12). Both GEM and SCH772984 have limited 

utility in the free form due to relatively rapid clearance and solubility issues, respectively. GEM is rapidly 

metabolized by cytidine deaminase to inactive 2’, 2’-difluoro-deoxyuridine (dFdU) and cleared from the 

system (13). SCH772984 is highly hydrophobic, which makes developing an effective formulation 

challenging. NP technologies are well-established platforms for augmenting the systemic half-life of drugs 

and modulating aqueous solubility. As such, NP can stabilize encapsulated drugs against non-specific 

biochemical degradation, and mitigate side effects via controlling drug release. Therefore, encapsulation of 

an enzyme-sensitive drug such as GEM within a NP has been reported as a viable strategy to control its 

plasma half-life. At the same time, encapsulation of SCH772984 within nanoscale particles can provide an 

opportunity to regulate its biodistribution, drug release, and non-specific tissue accumulation. Many studies 

have adopted NP strategies to encapsulate drug components of combination therapy, demonstrating 

augmented efficacy of the formulation in controlling cancer growth, both in vitro and in vivo (6, 14, 15). In 

most of the studies, combination therapies are usually encapsulated within a single NP. One unresolved 
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mechanistic question, particularly from a formulation standpoint, that remains unanswered is whether co-

administration of drugs encapsulated in separate nanoparticles (a two-nanoparticle system), each of which 

encapsulates a particular candidate for combination therapy, will be a viable approach compared to 

administering the drugs in their free form. In this report, we aimed to tackle this fundamental question. We 

hypothesize that co-administration of NP formulations, which individually encapsulate unique drugs, will 

provide a facile opportunity to regulate effective drug concentrations in vitro and will provide augmented 

cellular effects of drugs. We aimed to test this hypothesis using our established NP platform, composed of 

poly (ethylene glycol)-b-poly (carbonate)-based block copolymer (PEG-PC) appended with pH-sensitive 

tertiary amine side chains (8, 16). Termed PEG-PC nanoparticles, the uniqueness of this platform is the fact 

that the NP can stabilize the encapsulated drug at pH 7.4 (plasma pH) and promote drug release in an acidic 

pH, ranging from pH 4.5-6 (8). This property of PEG-PC nanoparticles renders the platform particularly 

suitable for drug delivery in PDAC where the pH is in the acid range. Therefore, we used these PEG-PC 

nanoparticles to encapsulate GEM or SCH772984, and subject proliferating PDAC cells to these 

formulations, either in free or encapsulated form simultaneously, to distinguish, compare, and contrast the 

relative efficacy of the individual drugs against PDAC cells as part of continual mechanistic studies of our 

earlier published report (8, 14, 17). We envision that the data generated from this project will provide 

mechanistic insight related to formulation-associated variables of NP-based cancer therapy. 

Materials and methods 

Nanoparticle Formulations  

The synthesis and development of NP formulations consisting of SCH772984, an ERK inhibitor, and 

GEM used in this manuscript have been developed earlier by Ray et al (8). Briefly, these particles are 

composed of poly (ethylene glycol)-b-poly (carbonate)-based block copolymers, where the poly (carbonate) 

block was appended with 2-pyrrolidin-1-yl-ethyl-amine and N, N′-dibutylethylenediamine (DBA) side 

chains. For co-administration, we encapsulated GEM and SCH772984 separately in these nanoparticles. 

While GEM was encapsulated via chemically linking it to the poly (carbonate) block, SCH772984 was 

physically entrapped within the polymeric particles. The NP was tested for their particle size, i.e., 

hydrodynamic diameter, surface charge, and polydispersity index before and after drug loading (8). The NP 

formulations were stored at 4°C to minimize colloidal instability. The quantity of encapsulated drugs in NP 

formulations was calculated from UV-Vis spectroscopic studies. 

Cell Viability Assay 

Two PDAC cell lines, MIA PaCa-2 and PANC-1 cells, were seeded (3,000 cells/well) in 96-well plates 

and allowed to grow until they reached 70-80% confluency. The cells were then treated with 1 µM of 

unencapsulated or separately encapsulated GEM and SCH772984 for co-administration. While MIA PaCa-

2 cells were treated with these formulations for 48 h and 72 h, PANC-1 cells were treated for 48 h and 96 h. 

After the treatment, cell viability was tested using MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl 

tetrazolium bromide) reagent. The cells were incubated with the reagent for 3 h at 37°C. DMSO was used to 

dissolve the formazan crystals in the well and absorbance was measured at 570 nm. The graphs (Figure 1) 

are representative of the average % viability ± standard deviation from three biological replicates.  
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Fig. 1. Effect of GEM, SCH772984, and their combination in free and encapsulated forms on in vitro cell viability of MIA PaCa-2 

and PANC-1 cell lines over time. MIA PaCa-2 and PANC-1 cells (3,000 cells/well of a 96-well plate) were treated with 1 µM of 

GEM, SCH772984, and their combination in the free and individually encapsulated forms for 48, 72, or 96 h. The graphs are 

representative of the averages ± standard deviations from three biological replicates for each cell line. 

Matrigel Growth Assay 

Corning® Matrigel® (50 µL/well) was placed at the bottom of a 48-well plate, and the plate was 

incubated at 37°C for 30 minutes to allow the Matrigel to solidify. MIA PaCa-2 cells were then seeded on 

the Matrigel at a seeding density of 4,000 cells/well. The cells were allowed to grow for 48 h and were treated 

with the following treatment groups: unencapsulated and encapsulated SCH772984 (0.1 µM), 

unencapsulated and encapsulated GEM (1 µM), and unencapsulated and encapsulated SCH772984 and GEM 

administered together (2 NP system) at 0.1 µM and 1 µM, respectively. Control cells were treated with either 

0.1% DMSO or bare nanoparticles (not drug loaded). The representative images of the cell colonies for each 

treatment were taken after 4 days. Figure 2 is a representative image from three biological replicates.  

MIA PaCa-2 72h

0

50

100

150
0.1% DMSO

GEM 1 M

SCH772984 1 M

GEM 1 M + SCH772984 1 M

Bare Nanoparticle

%
 V

ia
b

il
it

y
Free                Encapsulated

ns

****

****

MIA PaCa-2 48h

0

50

100

150

%
 V

ia
b

il
it

y

  Free                  Encapsulated

****

****

****

PANC-1 48h

0

50

100

150

%
 V

ia
b

il
it

y

  Free                  Encapsulated

**

****

****

PANC-1 96h

0

50

100

150
0.1% DMSO

GEM 1 M

SCH772984 1 M

Bare Nanoparticle

%
 V

ia
b

il
it

y

   Free                 Encapsulated

GEM 1 M + SCH772984 1 M

****

****

****

 [
 D

O
I:

 1
0.

22
08

8/
IJ

M
C

M
.B

U
M

S.
13

.3
.2

20
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 ij
m

cm
ed

.o
rg

 o
n 

20
26

-0
2-

15
 ]

 

                             4 / 14

http://dx.doi.org/10.22088/IJMCM.BUMS.13.3.220
http://ijmcmed.org/article-1-2333-en.html


Nanoparticle combination therapy in pancreatic ductal adenocarcinoma/ Nair G, et al                                                                      224 

International Journal of Molecular and Cellular Medicine. 2024; 13(3): 220-233 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Effect of GEM, SCH772984 and their combination in free and encapsulated forms on PDAC growth on Matrigel. MIA PaCa-

2 cells (4,000 cells/well grown on a layer of Matrigel were treated with free and encapsulated SCH772984 (0.1 µM, free and 

encapsulated GEM (1 µM), and free and encapsulated SCH772984 and GEM administered together at 0.1 µM and 1 µM, respectively. 

The images of the colony size of the tumor cells, taken after 4 days of treatment, are representative of three biological replicates. 

Western Blot Experiments 

To reveal the protein-level interactions of NP-encapsulated GEM and SCH772984 compared to their 

standard form, we conducted western blot analysis. MIA PaCa-2 and PANC-1 cells (200,000 cells/well) were 

treated with 5 μM of unencapsulated and encapsulated SCH772984, 10 μM of unencapsulated and 

encapsulated GEM, and a combination of 5 μM SCH772984 and 10 μM GEM in their unencapsulated and 

encapsulated forms. Additionally, appropriate controls such as an untreated cell control, DMSO control 

(vehicle), and bare nanoparticle control were also included. After 1, 6, 12 and 24 h time points, cell lysates 

were collected by scraping using a cell lysis buffer along with 100X protease/phosphatase inhibitor cocktail 

(Cell Signaling Technology). The cell lysates were centrifuged at 13000 rpm for 15 minutes at 4°C. The 

supernatant was collected after centrifugation and protein estimation was performed using a BCA kit 

(Thermo Scientific). Based on the protein concentration, 20 μg of protein was loaded into a 10% SDS gel. 
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The gels were run at 100 V for 2 h using tris glycine buffer. Once the protein bands were separated on the 

gel, they were transferred onto a 0.2 μm nitrocellulose membrane. The transfer was carried out at 100 V for 

70 minutes. Following the transfer, the blots were blocked in 5% bovine serum albumin blocking buffer for 

2.5 h. The blocking buffer, primary antibodies and secondary antibodies (Cell Signaling Technology) were 

prepared in 1X Tris buffer supplemented with Tween-20. The proteins: phosphorylated ERK (pERK) and 

total ERK (tERK) were detected by using the following primary antibodies (1:1000) - phospho-p44/42 

MAPK (ERK 1/2) (Thr202/Tyr204) and total p44/42 MAPK (ERK 1/2). The secondary antibody (1:2000) 

used was anti-rabbit IgG, HRP-linked antibody along with anti-biotin, HRP-linked antibody (1:5000). 

SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific) was used to detect the bands. 

The images are representative of three biological replicates.  

PDX Ex-vivo Explant Study 

PDX tumor tissue pieces of human PDAC origin: patient A20 (Male, 59-years old) and patient A22 

(Female, 61-years old), obtained from NOD scid gamma (NSG) immunodeficient mice were used for an ex-

vivo explant study. The tumor grade was ‘moderately differentiated’ to ‘well differentiated’ in A20 and A22, 

respectively. Additionally, the tumor stage ranged from stage two to three and was collected from mouse 

generations F2 (A20) and F4 (A22). The tumor tissue of dimension 2-3 mm3 was placed in a 24-well plate 

precoated with Matrigel and treated with 10 μM GEM and 2 μM SCH772984 in their free and encapsulated 

forms, individually and in combination for 72 h. The tissue samples were supplemented with high-glucose 

DMEM containing 10% FBS and 1× antibiotic/antimycotic solution along with 0.01 mg/mL insulin, 0.01 

mg/mL hydrocortisone, and 5 mM GlutaMAX. After 72 h, the tissue was fixed in formalin and processed 

using conventional histology protocol. 5 μm microtome sections of the embedded tissue chunks were stored 

at 4°C until further use. The animal experimental procedures involving the use of PDX tissue sections were 

approved by North Dakota State University's (NDSU) Institutional Animal Care and Use Committee 

(protocol number: IACUC20220077). Additionally, NDSU is registered with the United States Department 

of Agriculture as an Animal Research Facility (45-R-002) and an Animal Welfare Assurance (A3244-01) 

with the National Institute of Health- Office of Laboratory Animal Welfare (OLAW).  

Immunohistochemistry 

Tumor tissue slides were deparaffinized at 60 °C for 2 h and subjected to xylene treatment followed by 

rehydration using decreasing gradients of ethanol prepared in water. The rehydrated tissue sections then 

underwent antigen retrieval where the slides were immersed in Tris-EDTA buffer (pH 9.0) kept at 95 °C for 

30 minutes. The sections were stained using a primary antibody: Ki-67 recombinant rabbit monoclonal 

antibody (SP6) (Invitrogen MA5-14520) at a concentration of 1:200 overnight at 4 °C. Subsequently, Ki-67 

was detected using a secondary anti-rabbit goat Alexa Fluor 488 antibody (Invitrogen A11034) at a 

concentration of 1:250 at room temperature. Later, nuclei were stained using DAPI and the slides were 

mounted in VECTASHIELD. The images were taken at 5X magnification and processed using the ImageJ 

software. 

H&E Staining  

Tumor tissue slides were deparaffinized at 60 °C for 2 h and immersed in xylene and ethanol gradients 

to remove the paraffin wax. The rehydrated tissue sections were then stained using hematoxylin for 8 minutes 
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and counterstained using eosin. After the staining procedure, the slides were subjected to dehydration. The 

rinsed and cleared slides were mounted using Cytoseal mounting medium, and images were taken at 5x 

magnification. Image processing was done using the ImageJ software. 

Statistical Analysis 

Experiments in Figures 1-3 were performed in triplicate. The data are represented as the average of the 

replicates ± standard deviation. A student’s t-test was performed to determine statistical significance (p-value 

< 0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Western blots showing the effect of GEM +/- SCH772984 in free and co-administered forms on ERK protein activity and 

expression.  MIA PaCa-2 (A.) and PANC-1 (B.) cells grown in 6-well plates (200,000 cells/well) were treated with 5 μM SCH772984 

in its free and encapsulated form, and in combination with 10 μM GEM in its free and encapsulated form for 1h, 6h, 12h and 24h. 

The protein lysates were collected and phosphorylated ERK (pErk) and total ERK (tErk) levels were determined. 1: cell control, 2: 

0.1% DMSO control, 3: bare nanoparticle control, 4: free SCH772984, 5: encapsulated SCH772984, 6: free GEM + free SCH772984 

and 7: encapsulated GEM + encapsulated SCH772984. These images are representative of three biological replicates. 

Results 

SCH772984 potentiates the anti-proliferative effects of GEM, particularly in the NP form 
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MTT assays (Figure 1) were done to assess the effects of the unencapsulated and NP-encapsulated forms 

of the drugs (GEM and SCH772984 at 1 μM each) on cell viability across two PDAC cell lines: MIA PaCa-

2 and PANC-1. Free or unencapsulated forms of GEM or SCH772984 alone or in combination reduced 

PDAC viability by at most 50%. Remarkably, NP encapsulated drugs, when administered simultaneously 

(co-administered), reduced PDAC viability by up to 90%. Adding SCH772984 to GEM in a NP-encapsulated 

form enhanced the cytotoxicity compared to GEM alone. These results suggest that SCH772984 potentiates 

the cytotoxic effects of GEM and that GEM and SCH772984 co-administered in separate NP systems is 

highly effective at killing PDAC cells. We used asterisks to denote statistical significance using an unpaired 

t-test where, **** = p < 0.0001, ** = p < 0.01 and ns = not significant.  

Encapsulated SCH772984 enhances the cytotoxic effects of GEM in a 3-D model 

To mimic an in vivo environment, PDAC cell growth assays using the extracellular basement membrane 

extract, Matrigel, were performed with MIA PaCa-2 cells. Cells were treated for 4 days with 0.1 µM and 1 

µM of SCH772984 and GEM, respectively, or the two agents were co-administered, in their unencapsulated 

and encapsulated forms. All treatments were compared with three controls: (1) untreated cells, (2) 0.1% 

DMSO, and (3) bare nanoparticle (with no drug). Cells treated with the free forms of the drugs, or their 

combination, showed reduced colony size compared to the controls. However, cells treated with the 

encapsulated forms of the drugs resulted in smaller colonies compared to that formed from the treatment with 

controls and the unencapsulated combination (Figure 2). Furthermore, the cells co-administered with 

encapsulated GEM and encapsulated SCH772984 showed the least amount of growth compared to the free 

form of the co-treatment. The Matrigel growth assay demonstrated that, while the combination of GEM and 

SCH772984 was more effective at reducing colony growth than either of the drug alone, the combination in 

encapsulated form was more effective in their encapsulated forms compared to the free forms. 

Free and encapsulated SCH772984 inhibits pERK signaling in PDAC cells 

To determine if the free and encapsulated forms of SCH772984 can engage their intended protein target 

and there is no interference upon co-administration of GEM (or NP-bound GEM), western blotting for pERK 

was performed. As expected, MIA PaCa-2 cells treated with SCH772984 (5 µM) in unencapsulated (lane 4) 

and encapsulated (lane 5) forms showed a large reduction in pERK protein expression at 1 h and 6 h (Figure 

3A). ERK phosphorylation was restored between 12 h - 24 h. When GEM (10 µM) was added to SCH772984 

in either the free (lane 6) or encapsulated (lane 7) forms, there was no change in pERK expression in MIA 

PaCa-2 cells. Similarly, SCH772984 in free and encapsulated forms reduced pERK expression in PANC-1 

cells with no effect of added GEM. Although pERK reduction in SCH772984-treated PANC-1 cells was not 

as prominent as in MIA PaCa-2 cells, it was more sustained (Figure 3B). The tERK protein levels were the 

same across the controls and treatments, reestablishing that SCH772984 affects phosphorylation of ERK 1/2 

and not global protein levels. Collectively, these results suggest SCH772984 inhibited its target, ERK 1/2, 

for both unencapsulated and encapsulated forms in both PDAC cell lines. Additionally, the presence of GEM 

and polymeric nanoparticles did not abrogate the effects of SCH772984 on ERK 1/2 phosphorylation. 

Effect of SCH772984 and GEM on Ki-67 in PDX PDAC model  

To reveal if nanoparticles can diffuse into tissue sections ex vivo, and affect Ki-67 cell proliferation 

marker, PDX PDAC tissues (Patients A20 and A22) obtained from F2 and F4 generations, respectively, were  
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Fig. 4. Ki-67 immunostaining showing the effect of GEM, SCH772984 and its combination in the co-administered form on the cell 

proliferation marker in a patient derived xenograft (PDX) model of PDAC.  2-3 mm3 PDX tumor chunks were treated with 10 μM 

GEM and 2 μM SCH772984 in its free and encapsulated form. The formalin-fixed and paraffin embedded tissue blocks were cut into 

tissue sections for Ki-67 staining. The tissue sections (A: patient line A20 and B: patient line A22) treated with the combination of 

both the drugs visually appeared to have lesser number of Ki-67 cells compared to the control. The images were processed on ImageJ. 
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sliced into smaller tumor pieces with dimension of 2-3 mm3. The tumor pieces were treated with 10 μM GEM 

and 2 μM SCH772984 in their free and encapsulated forms, individually and in combination for 72 h. Post 

treatment, the explants were fixed in formalin and paraffin embedded to be cut into 5 μm sections using a 

microtome. The sections were then stained for a cell proliferation marker, Ki-67 (Figure 4; A: patient line 

A20 and B: patient line A22). Tumor pieces that received a combination of encapsulated GEM and 

encapsulated SCH772984, showed a qualitative reduction in Ki-67 positive cells (green signal) compared to 

the control and the tissue treated with free GEM and free SCH772984. These results suggest that the 

combination of GEM and SCH772984 is more effective in their encapsulated form than in its free form at 

reducing cell proliferation. 

Effect of SCH772984 and GEM on tissue architecture in PDX PDAC model  

PDX PDAC tumor pieces were harvested from mice and treated with 10 μM GEM and 2 μM 

SCH772984 in unencapsulated and encapsulated forms, individually and in combination for 72 h. After 

treatment, the formalin-fixed tissues were paraffin embedded and cut into 5 μm sections. The sections were 

then used for H & E staining (Figure 5; A: patient line A20 and B: patient line A22) to investigate the integrity 

of the tissue architecture. The images reveal PDAC tissue characteristics such as abundant stroma and 

irregularly shaped glands. H & E staining showed that the tissue architecture remained the same across all 

treatments compared to the control and that the nanoparticles did not affect the tissue integrity. It is possible 

that the treatment duration was too short to observe any significant changes in tumor cell clusters between 

tissues treated with SCH772984, GEM, and its combination. We are currently pursuing further experiments 

to confirm our hypothesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. H&E staining showing the effect of GEM, SCH772984 and its combination in the co-administered form on tissue architecture 

in a patient derived xenograft (PDX) model of PDAC. 2-3 mm3 PDX tumor chunks were treated with 10 μM GEM and 2 μM 

SCH772984 in its free and encapsulated form. The formalin-fixed and paraffin embedded tissue blocks were cut into tissue sections 

for H & E staining. The tissue sections (A: patient line A20 and B: patient line A22) showed characteristics of PDAC and the tissue 

architecture remained intact after the treatments. 
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Discussion 

Although GEM by itself has been used for decades as a leading chemotherapy for PDAC patients (18-

20), the inherent and acquired resistance to GEM (21, 22) has prompted the search for synergistic anti-cancer 

agents to enhance tumor cell death. Here, we combined SCH772984, an ERK inhibitor, with GEM in their 

unencapsulated and encapsulated forms and determined their effects on PDAC cell proliferation and cell 

signaling. Our results show that SCH772984 potentiates the anti-proliferative effects of GEM in PDAC cell 

models, and this effect is enhanced when the two drugs are co-administered in nanoparticle-encapsulated 

systems. We observed that encapsulating the drugs separately in PEG-PC nanoparticles, and co-

administering the NP formulations, to achieve the desired concentration of GEM and SCH772984 resulted 

in the highest reduction of cell viability for MIA PaCa-2 and PANC-1 type PDAC cell lines at all-time points.  

KRAS mutations occur in up to 90% of PDAC patients, with the most common mutations occurring at 

codon 12 (G12D, G12V, and G12R; (23-27)). KRAS mutations triggers a highly aggressive phenotype 

through activation of downstream signaling pathways such as mitogen-activated protein kinase (MAPK) and 

phosphoinositide-3-kinase (PI3K) pathways (24). Thus, significant efforts have been made to directly (7, 28) 

or indirectly target KRAS signaling in PDAC (29-31), but compensatory reactivation of KRAS signaling has 

reduced efficacy of these approaches (8). Here, we used a second-generation ERK 1/2 inhibitor, SCH772984, 

that causes a conformation change that prevents its reactivation. 

It is critical that targeted therapies, like an ERK inhibitor, are able to block their intended target when 

combined with additional drugs or when packaged within nanoparticulated systems. Here, we demonstrated 

that NP SCH772984 was just as effective at inhibiting pERK expression as the free form of the drug, and 

combination with GEM did not attenuate this effect similar to earlier studies (10). Analogous to our earlier 

observations, MIA PaCa-2 cells, which harbor a KRASG12C mutation were found to be more sensitive to the 

ERK inhibitor than PANC-1 cells, which harbor a KRASG12D mutation. Tumor explant studies showed that 

the combination of GEM and SCH772984 in their unencapsulated and encapsulated forms did not affect 

PDAC tumor architecture, indicating treatment-related cellular damage, or reduction of tumor cell clusters. 

A plausible explanation for this could be that the treatment period was not long enough (only 3 days), which 

was a shorter duration compared to other ex-vivo studies (32, 33). However, Ki-67 staining of the tissue 

sections from the same ex-vivo study showed that there was a qualitative reduction in the Ki-67 positive cells 

in the tissue sections treated with co-administered NP formulations of SCH772984 and GEM. These results 

suggest that co-administration of GEM and SCH772984 is an effective combination to prevent PDAC 

proliferation that is driven by KRAS signaling. 

GEM has been combined with several other treatment approaches including nab-paclitaxel (6), the 

epidermal growth factor receptor inhibitor erlotinib (34), and the MEK inhibitor trametinib (35). While these 

combinations showed a significant increase in overall survival in patients compared to GEM alone, these 

combinations carry associated side effects emphasizing the importance of seeking other anti-cancer agents 

suitable for combination with GEM and additional drug delivery approaches. Our results suggest an ERK 

inhibitor could be used in combination with GEM for more effective treatment of PDAC.  

The ability of nanoparticles to increase drug stability, solubility, and accumulation at the tumor site 

makes this drug delivery approach attractive for GEM-based combination therapy for PDAC patients. The 
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challenges arising from the off-target toxicity of GEM and high hydrophobicity of SCH772984 can be 

addressed through the utilization of NP formulations. By encapsulating these compounds in NP, we improve 

their pharmacokinetic and pharmacodynamic characteristics. The results from this study are consistent with 

our prior observations (8), where the NP-encapsulated drugs reduced cell proliferation more than the free 

forms of the drugs for PDAC cell lines. However, here, we further show that co-administration is superior to 

co-encapsulation. Co-administered systems are advantageous because the individual drug dosages and 

administration timing can be regulated independently (36), as seen in our PEG-PC nanoparticles containing 

SCH772984 and GEM. Furthermore, a plausible reason for co-administration to work better than free form 

of the drugs is that the nanoparticles could be taken up by the cells via the endosomal pathway where the 

drug is released under acidic pH in the endosome (8, 37, 38). 

Collectively, these results support further pre-clinical studies to evaluate the efficacy of NP formulations 

of SCH772984 in combination with GEM. Particularly, in-vivo studies are needed to determine the 

pharmacokinetics and therapeutic benefits of NP GEM and SCH772984 in PDAC models.  
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