
www.transonc.com

Trans la t iona l Onco logy Volume 11 Number 3 June 2018 pp. 664–671 664
Chemotherapy and
Radiofrequency-Induced Mild
Hyperthermia Combined
Treatment of Orthotopic
Pancreatic Ductal
Adenocarcinoma Xenografts
Martyna Krzykawska-Serda*,†, 1, Mahdi S. Agha*,1,
Jason Chak-Shing Ho*, Matthew J. Ware*,
Justin J. Law*, Jared M. Newton‡, §, Lam Nguyen*,
Steven A. Curley*, ¶ and Stuart J. Corr*,#, **,††,

*Baylor College of Medicine, Dept. of Surgery, Houston, TX,
USA; †Jagiellonian University, Dept. Biophysics Faculty of
Biochemistry, Biophysics and Biotechnology, Krakow,
Poland; ‡Baylor College of Medicine, Department of
Otolaryngology-Head and Neck Surgery, Houston, TX, USA;
§Baylor College of Medicine, Interdepartmental Graduate
Program in Translational Biology and Molecular Medicine,
Houston, TX, USA; ¶Rice University, Dept. of Mechanical
Engineering and Materials Science, Houston, TX, USA;
#Rice University, Dept. of Chemistry and Smalley-Curl
Institute, Houston, TX, USA; **University of Houston, Dept.
of Biomedical Engineering, Houston, TX, USA; ††Swansea
University, Medical School, Swansea, Wales, UK
Abstract
Patients with pancreatic ductal adenocarcinomas (PDAC) have one of the poorest survival rates of all cancers. The
main reason for this is related to the unique tumor stroma and poor vascularization of PDAC. As a consequence,
chemotherapeutic drugs, such as nab-paclitaxel and gemcitabine, cannot efficiently penetrate into the tumor
tissue. Non-invasive radiofrequency (RF) mild hyperthermia treatment was proposed as a synergistic therapy to
enhance drug uptake into the tumor by increasing tumor vascular inflow and perfusion, thus, increasing the effect
of chemotherapy. RF-induced hyperthermia is a safer and non-invasive technique of tumor heating compared to
conventional contact heating procedures. In this study, we investigated the short- and long-term effects (~20 days
and 65 days, respectively) of combination chemotherapy and RF hyperthermia in an orthotopic PDAC model in
mice. The benefit of nab-paclitaxel and gemcitabine treatment was confirmed in mice; however, the effect of
treatment was statistically insignificant in comparison to saline treated mice during long-term observation. The
benefit of RF was minimal in the short-term and completely insignificant during long-term observation.
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Introduction
Pancreatic cancer is the fourth leading cause of cancer-related death in
the United States. Both death rates and incidence for pancreatic
cancer are increasing, despite a decline in overall cancer death rates
over the past thirty years. The five-year survival rate for pancreatic
cancer currently stands at a discouraging 8%, increasing only 5%
since 1975.1 These statistics illustrate the importance of investigating
novel treatments for patients with pancreatic cancer. Pancreatic ductal
adenocarcinoma (PDAC) is the most common form of pancreatic
tumors. Diagnosis occurs at a median age of 65 to 70 years, and since
symptoms do not occur until the disease is advanced, it is usually
incurable. PDAC is unusual in that it creates a large extracellular
desmoplastic stroma via activation of surrounding fibroblasts and
stellate cells with secretion of extracellular matrix. This desmoplastic
stroma often composes the majority of the tumor, and sometimes less
than 10% of the tumor volume is comprised of cancer cells.2

For eligible patients, surgical intervention offers the most reliable
and durable survival benefit for patients with PDAC. However, only
15% - 20% of tumors in newly diagnosed patients are deemed
resectable, in which case the malignancy cannot have metastasized,
encased the celiac or superior mesenteric artery, or occluded the
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superior mesenteric vein. This poses a major problem since most
patients present only once symptoms are evident, which typically
occurs when local tumor advancement has already taken place and
hence the tumor is already associating with these key vessels. Patients
who are surgical candidates often receive adjuvant chemotherapy due
to the high recurrence rate after surgery. Most often, six months of
adjuvant chemotherapy with gemcitabine or fluorouracil is given four
to six weeks after surgery and has been shown to improve median
survival. Conversely, neoadjuvant chemotherapy and radiation have
limited and conflicting reports of efficacy in resectable tumors,
respectively.3

Systemic chemotherapy with combined regimens is recommended
for patients who have good performance status and few
comorbidities.4 In locally advanced non-metastatic disease, the
optimal treatment regimen is still under investigation. Options
include FOLFIRINOX (leucovorin, fluorouracil, irinotecan, and
oxaliplatin), gemcitabine plus nab-paclitaxel (Abraxane®), and
gemcitabine alone. FOLFIRINOX is generally favored over gemci-
tabine for patients who can tolerate the toxicity, in correclation with a
good Eastern Cooperative Oncology Group (ECOG) score.5,6

Patients with locally advanced non-metastatic disease may undergo
chemoradiotherapy or stereotactic body radiation therapy after initial
chemotherapy in a number of clinical scenarios: if there is disease
progression but no signs of distant metastasis after chemotherapy
initiation, if chemotherapy is discontinued due to toxicity, or as an
alternative to continuing chemotherapy after six months of stable
disease.4

The other one third of patients who present with PDAC have
metastatic disease at diagnosis.4 For patients with a favorable
comorbidity profile and an ECOG performance status of 0 or 1,
first-line treatment with FOLFIRINOX or gemcitabine plus
nab-paclitaxel is typically offered, as these regimens have shown a
median survival benefit over gemcitabine alone.4–6 Since these
chemotherapy regimens are more intensive and are associated with a
higher toxicity profile, gemcitabine alone should be offered to patients
with an ECOG performance status of 2 or with comorbidities that
contraindicate other treatment regimens. For patients with an ECOG
performance status of 3 or severe comorbid conditions, best
supportive therapy alone is recommended.4

Considering the inadequacy of current therapies to improve
long-term outcomes in PDAC, it is imperative to investigate novel
treatments for this devastating disease. Non-invasive radiofrequency
(RF) hyperthermia has shown promising results in in vivo and in situ
studies as an anticancer therapy. Hyperthermia has been much
studied as a method of cancer treatment, and there are multiple
proposed mechanisms by which local hyperthermia may exert an
anticancer effect on tumor cells. RF hyperthermia has been shown to
be superior to contact-based heating because it has a higher
penetration into tumor tissue and results in less damage to normal
tissue compared to contact heating.7 RF hyperthermia was
demonstrated to induce autophagy in malignant, but not normal
pancreatic cells and potentiate the effect of gemcitabine
chemotherapy.8 It has been shown to increase local vascular perfusion
in the tumor and may improve chemotherapy drug-delivery to the
cancer cells.9 Interestingly, RF has also been shown to exert an
anticancer effect independent of hyperthermia by inducing a
cytotoxic effect caused by inhibition of tumor cell proliferation and
mitochondrial activity.10
RF hyperthermia shows promising pre-clinical results as a novel
cancer treatment. However, the effects of RF have only been
investigated in short-term studies lasting a few weeks. Thus, a
long-term study is warranted to investigate any survival benefits of RF
hyperthermia therapy. Here, we present a randomized control study
investigating the effects of combination RF hyperthermia on PDAC
in mice treated with standard-of-care gemcitabine and nab-paclitaxel
(Abraxane®).

Materials and Methods

Materials
Corning Matrigel Growth Factor Reduced Basement Membrane

Matrix was used for tumor inoculation. Gemcitabine – Gemzar®
(stock solution: 38 mg/mL): the range of doses from 30 to 60 mg/kg
BW was provided i.v. after reconstitution of stock solution in sterile
saline solution (0.9% Sodium Chloride). Abraxane® (stock: 100 mg
paclitaxel, 900 mg albumin): dose range from 15 to 30 mg/kg BW
was applied i.v. after preparation of drug solution in sterile saline
solution. Dosing was calculated with paclitaxel only. All drug
solutions were prepared freshly under sterile conditions and used
within 12 h after dilution.

Ethic Statement and General Mice Conditions
Experiments were approved by the Institutional Animal Care and

Use Committee (IACUC) of Baylor College of Medicine (No.
AN-6448). Female Balb/c Nude mice were housed in standard
temperature and lighting conditions with free access to food and water.
All procedures which required anesthesia were performed under 0.7%
to 2.5% isoflurane in medical air. During anesthesia, mouse core
temperature was monitored with rectal probes and the breathing
frequency was established around 1 Hz. Heating pads were used to
establish mouse body temperature during each experimental step.
After anesthesia, the animal was kept in a pre-warmed recovery
chamber.

Tumor Model
PANC-1, a human PDAC line was obtained from American Type

Culture Collection (ATCC). Cells were maintained in DMEM with
10% FBS. Cells were maintained in a 95% humidified atmosphere of
5% CO2 at 37 °C and 2% penicillin–streptomycin solution and
grown to confluence. They were harvested with trypsin–EDTA
(Lonza) when needed. When Balb/c nude mice were at least 7 weeks
old, 106 PANC-1 cells mixed with matrigel (1:1) were injected (30G
needle) into the pancreatic tissue under ultrasound guidance.
Approximately 80% of total injected mice reached expected tumor
size and were promoted to treatment phase (for 20% of all animals
injected with PANC-1 cells, tumors did not appear in the expected
time window or growth kinetics were too slow or too fast). Four
weeks after injection, ultrasound imaging of the pancreas (B-mode,
VEVO 2100) was performed weekly to monitor for tumor growth.
Treatment was started 6 to 8 weeks after PANC-1 injection. The
average tumor size upon initiation of treatment was 59 ± 40 mm3.
Mouse weight was also monitored to investigate possible side effects
on the animal's general health condition. Tumor volume was
calculated according to Equation 1 based on three perpendicular
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diameters collected during 3D ultrasound imaging.

V ¼ a � b � c �Π
6

ð1Þ

Equation to calculate tumor volume where a, b, c are three
perpendicular tumor diameters.

Chemotherapy
For chemotherapy-treated mice, a regimen of nab-paclitaxel

(Abraxane®) and gemcitabine was used. Control group mice were
injected with similar volumes of saline solution. For different drug
doses, the same injectable volume per mouse was preserved resulting
in different compound concentrations. For example, a 25 g mouse
would receive 119 μL of gemcitabine solution and 150 μL of
nab-paclitaxel. This was done to avoid confounding blood flow and
physiological changes related to the injection volume. The following
treatment scheme was used for each mouse: (1) nab-paclitaxel was
injected intravenously (2) and was given 110 minutes prior to RF
field exposure to exert its effect on the tumor, (3) the tumors were
irradiated with RF radiation and maintained at 39°C for 10 minutes,
(4) followed by immediate intravenous injection of gemcitabine. The
time interval between nab-paclitaxel and gemcitabine injection was
exactly two hours. The entire treatment scheme (steps 1 through 4)
was repeated a total of 6 times at 72 hour time intervals (Q3Dx6
protocol) resulting in 16 days of treatment. To study the dose effects,
the following combination of chemotherapy doses were used: (a)
15 mg/kg of nab-paclitaxel followed with 30 mg/kg of gemcitabine,
(b) 20 mg/kg of nab-paclitaxel followed by 40 mg/kg of gemcitabine,
and (c) 30 mg/kg of nab-paclitaxel followed by 60 mg/kg of
gemcitabine. Each of the protocols used the same chemotherapy and
RF regimen discussed above.

Hyperthermia
The portable-RF system described elswhere11,12 but highlighted in

the Supplementary Information (S1) was used to produce local
hyperthermia in the tumor tissue. Essentially, the device outputs a
high-power (200 W) RF electric field at an operating frequency of
13.56 MHz. We have added extra, automated components to the
general device to allow for better loading and manipulation of the
mouse both before and during RF irradiation. This setup allows us to
constantly control the tumor temperature to allow for a nice even
heating profile. The influence of RF radiation and induced tumor
temperature increase on pseudo-drug uptake into tumors was
investigated earlier,9 the results of which led us to choose 39°C as
the general tumor temperature limit for enhanced drug uptake.
Hyperthermia of the tumor tissue was maintained for 10 minutes at
39°C. The superficial skin surface (measured using infrared cameras,
FLIR) was not allowed to reach a temperature greater than 41°C.
Control mice (RF-) were placed on a heated platform to match the
rectal temperature of the treatment mouse concurrently, but without
locally applied contact heating of the tumor. The results of
contact-heating hyperthermia are presented elsewhere.9

Ultrasound Imaging
A Vevo 2100 ultrasonographic imager (VisualSonics®, Toronto,

Canada) was used for non-invasive investigation of tumor size. An
MS-550S (32-56 MHz) transducer was used for abdominal imaging
of the mice, with a focus on the pancreatic tissue. Imaging was
performed weekly to quantify tumor size (as described above) and to
observe potential side effects.

Histology
When any of the survival criteria (e.g. invasive tumor, tumor size

N200 mm3, weight loss greater than 15%, fluid in the abdomen) were
met, the animals were euthanized and examined for potential metastases.
The tumor mass was removed and placed in 4% formalin solution, after
which the paraffin imbedded slices were prepared and stained with
standard hematoxylin and eosin staining (H&E) and Picro Sirius (used to
stain collagen I and III fibers as well as muscle tissue).

Experimental Design and Statistical Analysis
Statistica12® software (StatSoft, Tulsa, USA) was used to design the

experiment and randomize all treated animals. The Design of
Experiment (DOE) module was used with full factorial design option
to randomize chemotherapy/saline and RF+/− procedures. The mice
were divided into fully randomized groups. For statistical data
processing, Statistica12® was used and factorial ANOVA (including
Kurskal-Wallis, Kendall's, and median test) and U test were performed.

Results
The orthotopic PANC-1 tumors in our study had similar growth rates
compared to those presented in similar studies that utilized MRI
imaging.13 Ultrasound analysis of the pancreas allowed us to
accurately identify and measure tumors as small as 15 mm3 with
minimal error and with excellent inter-measurement consistency,
before, during, and after treatment (Figure 1). Weekly monitoring of
tumor growth started at approximately 4 weeks post-inoculation.
Mice with tumors that displayed extreme growth kinetics (i.e., very
slow or very fast growth rates) were excluded before randomization.
All mice began treatment once their tumors had reached a similar size
(59 ± 40 mm3) and underwent a Q3D6 treatment schedule (six
cycles of treatment three days apart). Mice receiving chemotherapy
received a regimen of gemcitabine and nab-paclitaxel (Abraxane®) at
one of three doses (A15/G30, A20/G40, and A30/G60). This
nab-paclitaxel and gemcitabine regimen for mice has been derived
from the FDA-approved chemotherapy regimen for pancreatic cancer
in humans and is based on other studies on mouse models.14,15,16,17

Mice receiving RF treatment had their tumors subjected to local
hyperthermia of 39°C for 10 minutes (applied just before gemcitabine
injection), which minimizes superficial burns and is adequate in
increasing extravasation of compound (i.e., chemotherapy) from the
vasculature.12

The study of tumor growth kinetics during the treatment time
(shaded regions, Figure 1) indicates that chemotherapy treatment
combined with RF hyperthermia (Figure 1A) leads to a fast tumor
response to therapy (generally tumor regression was visible after the
first treatment day). In contrast, tumors in mice treated with
chemotherapy only (Figure 1B) need around two/three treatment
days (3-9 days from beginning of therapy) to display tumor
regression. To analyze the effect of treatment on tumor volume, we
describe the tumor change ratio, which is defined here as the ratio of
tumor size at the end of the treatment schedule (day 16) to tumor size
at the beginning of the treatment schedule (day 1). The tumor change
ratio for mice treated with chemotherapy (with or without RF) was
significantly smaller than that of mice treated with saline (P b .0001),
(Figure 2). All mice treated with all dosages of chemotherapy
benefited from a decrease in their tumor volume in relation to their
initial tumor volume prior to initiation of treatment. This validates



Figure 1. Select tumor growth data frommice treated with: (A) Abraxane 15 mg/kg followed by gemcitabine 30 mg/kg with RF (n = 9); (B)
Abraxane 15 mg/kg followed by gemcitabine 30 mg/kg without RF (n = 8); (C) intravenous saline injection with RF (n = 7); and (D)
intravenous saline injection without RF (n = 9). Certain mice were excluded based on criteria outlined below. The shaded areas indicate the
Q3D6 treatment time. (E and F) Random USG images of tumors with Z and XY axes marked. Total tumor volume is (E) 63.97 mm3 and (F)
145.40 mm3. Tumor volumes were calculated in 3D B-Mode of ultrasound image (VEVO2100) by selection of three perpendicular diameters
and total tumor volume was calculated using Equation 1.

Translational Oncology Vol. 11, No. xx, 2018 RF-Chemo PDAC Therapy Krzykawska-Serda et al. 667
that the chosen chemotherapy regimen of nab-paclitaxel plus
gemcitabine in our study was an effective treatment for PDAC in
mice. The addition of RF hyperthermia in combination with
chemotherapy had a weak tendency to decrease tumor volume
immediately after treatment. Chemotherapy alone produced a tumor
change ratio of 0.61, while combination of RF and chemotherapy had
a tumor change ratio of 0.50. However, this change was not
significant (P = .29). Analysis of relative tumor volume (RTV), which
is relative to initial tumor volume, leads to similar statistical
conclusions.
Length of time in regression was also investigated between the

treatment groups. Regression is defined as the period of time after
completion of treatment before which a tumor begins to increase in
size again. Tumors treated with chemotherapy (A15/G30) had
regression of their tumor volume that lasted approximately 20 days
after treatment initiation (Figure 1, A and B). Interestingly, there was
no significant difference in tumor regression between the additional
two tested chemotherapy doses. For example, mice treated with a
50% higher dose of chemotherapy (i.e. A30/G60) had a 12%
decrease in tumor change ratio that was not statistically significant.
This suggests that the selected range of chemotherapy dosing used in
this study surpassed the greatest achievable efficacy of this regimen,
and a further increase in dosing would not result in a benefit in tumor
volume regression or survival (Figure 3). Combination
chemotherapy-RF did not produce a significant difference in length
of time in regression when compared to mice treated with
chemotherapy alone. However, there were some notable tendencies
observed in complete remission rates between treatment groups.
Complete remission is defined here as no detectable tumors on
ultrasound and no evidence of primary cancer or metastasis on
necropsy. The combination chemotherapy (A15/G30) and RF group
had a complete remission rate of 10%, compared to 7% in mice
receiving chemotherapy alone. The control group, which received
neither chemotherapy nor RF, had a complete remission rate of 5%.
Application of a higher chemotherapy dose resulted in a higher
complete remission rate.



Figure 2. Change of pancreatic tumor volume caused by chemotherapy (gemcitabine plus Abraxane) treatment (Q3D6, 16 days total) with
and without RF. The tumor volume ratio (after/before treatment) was calculated for each mouse (expressed as %). The lines indicate the
mean for each selected group while triangles represent data from a single mouse. The four groups are mice treated with chemotherapy (A
15 mg/kg + G 30 mg/kg) and RF (n = 10), chemotherapy without RF (n = 12), saline with RF (n = 6), and saline without RF (n = 8).
Chemotherapy treatment led to a highly significant decrease in tumor volume compared to saline-injected mice (P b .0001). RF irradiation
did not lead to a statistically significant difference in tumor growth for either saline or chemotherapy groups.

Figure 3. Tumor change ratio (%) versus treatment method: saline
(n = 10), A30/G60 (n = 5), A20/G40 (n = 5), and A15/G30 (n = 12).
Chemotherapy (gemcitabine plus Abraxane) leads to a significant
decrease in tumor volume immediately after treatment in compar-
ison to mice injected only with saline solution (P = .00008). During
the whole treatment schedule (Q3D6) control tumors (saline
injected mice) double in size on average. The highest dose of
Abraxane (30 mg/kg) and gemcitabine (60 mg/kg) led to an average
decrease of 61% in tumor volume immediately after treatment,
while the lowest chemotherapy dose (Abraxane 15 mg/kg +
gemcitabine 30 mg/kg) led to a 49% decrease in tumor volume
(P = .12). This indicates the selected chemotherapy dosing is
effective against PANC-1 tumors in Balb/c nude mice. The 50%
difference in chemotherapy dosing led to a 12% change in tumor
size. The therapy effectiveness was confirmed via histological
analysis.
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While there is prior evidence of the short-term benefits of RF
hyperthermia in cancer,18 there is no data for PDAC long-term
therapeutic outcomes and survival benefit. Here we describe the
long-term (i.e. ~65 days) therapeutic pre-clinical model outcome of
RF and chemotherapy. Kaplan-Mayer analysis was performed to
study the long-term effectiveness of each treatment (Figure 4).
Chemotherapy produced a short-term (~20 days) benefit in survival
and improved outcomes for animals treated with chemotherapy
compared to saline until a certain time point. We estimate this time
point to be around 65 days, after which there was no significant
survival difference between mice in the chemotherapy and saline
groups that had reached that time point. After day 65, the remaining
mice in the chemotherapy and saline control groups had no
significant difference in overall survival (P =.09) (Supplemental
Information S2A). This leads to the conclusion that the effect of
chemotherapy is transient, and treatment must be extended and/or
repeated after 2 months. Furthermore, there was no statistically
significant benefit in survival from increasing chemotherapy dosing
(Figure 3). Additionally, RF did not lead to a significant improvement
in mouse survival up to this time point at day 65 (P =.30). After day
65, mice treated with RF seem to have poorer survival compared to
mice not receiving RF (Supplemental Information S2B).

Histological analysis of tumors at the end of observation time
suggests the applied chemotherapy treatment leads to decrease in
stroma-compartment tissue in comparison to saline treated tumors
(P = .12), (Figure 5). Observation of tumor necrosis suggests that
selected chemotherapy treatment leads to more intense tumor
necrosis than in tumors from control group animals (saline treated).
Statistical analysis does not indicate that RF induced hyperthermia as



Figure 4. Survival analysis of mice treated with: (A) Abraxane 15 mg/kg followed by gemcitabine 30 mg/kg with RF (n = 10) and without
RF (n = 12), (P = .12); and (B) saline injection control with RF (n = 9) and without RF (n = 9), (P = .86). Mice were censored based on
certain survival criteria (e.g. tumor size b200 uL, mouse weight b85 % of starting weight, or euthanasia due to reasons unrelated to
cancer or treatment.
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a relevant factor for connective tissue and necrotic fraction
concentration.
Mouse weights were recorded as a surrogate measure of

chemotherapy toxicity (Supplementary Information S2). Generally,
an animal weight ratio of 0.85 indicates significant toxicity of the
treatment to the animal. Animal weight ratios in this study were never
below 0.85 for any mouse. RF hyperthermia treatment did not have
Figure 5. Histological analysis revealed that applied chemotherap
comparison to saline-treated tumors (P = .12). (A) Mouse treated wi
any significant effect on the animal weight ratios. Moreover, mouse
weights were stable for even the highest dosing of chemotherapy
throughout the treatment schedule. The average animal weight ratios
for all treatment groups were close to 1 (Supplementary Information
S3). The major adverse effect of RF hyperthermia in this study was
related to superficial burns. This problem was discussed by us earlier,9

and we showed that contact-based heating led to significantly greater
y treatment led to a decrease in stroma-compartment tissue in
th A30/G60 and RF, (B) mice treated only with saline solution.
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burns when compared to RF. In our optimization protocol for RF
radiation, hyperthermia at 39°C for 10 minutes successfully
prevented superficial burns and major organ damage related to
hyperthermia. In our previous studies, we did not observe any
significant difference between hyperthermia at 39°C and 41°C, and
we found no significant difference for hyperthermia lasting for 10
minutes versus 30 minutes. Furthermore, in our previous study
utilizing intravital microscopy, we showed that hyperthermia at 39°C
for 5 minutes is sufficient in increasing drug and fluorescent
extravasation from blood vessels.12

Discussion
Based on Sun's work in 2015, we demonstrated that additional
chemotherapy dosing is not beneficial for murine survival in our
xenograft PDAC model. The 50% survival of PANC-1
tumor-bearing mice in Sun et al. is similar to the mouse survival
data presented here. We used a Q3D6 treatment scheme in
comparison to Sun's Q3D5 regimen (60 mg/kg intraperitoneal and
nab-paclitaxel 30 mg/kg intravenous) and achieved similar results
until approximately 65 days post-treatment.16

Koshkina et al. performed a similar study to ours but obtained
differing results.8 In their study, orthotopic PANC-1 tumors were
exposed to the combination of chemotherapy and RF radiation.
Standard gemcitabine dosing of 70 mg/kg was given via intraperi-
toneal injections and followed by next-day RF exposure for 10 min
(600 W, 13.56 MHz), with treatments occurring once weekly. They
found that combination RF and gemcitabine resulted in a
significantly greater inhibition of tumor progression when compared
to RF or chemotherapy alone.8 It is not clear how long animals were
observed after the treatment in their study, but based on other data
presented by the authors, the assumption can be made that
post-treatment investigation was short-term and up to 1 month.
Different RF parameters, chemotherapy scheduling, and length of
post-treatment observation can explain these inconclusive results.

The findings in this PDAC model should be investigated in other
PDACmodels. There are several types of immortalized PDAC cell lines
available for inducing in vivo models such as AsPC-1, BxPC-3,
Capan-1, Capan-2, HPAC, HPAF-II, Hs766T, CFPAC-1, MIA
PaCa-2, and SU.86.86. Each cell line has inherently different properties
in regards to their in vivo and in vitro proliferation characteristics,
phenotypic characteristics such as invasion, tumorigenesis, migration,
and adhesion, as well as the genotypic expression of altered genes such as
p53, Kras, and SMAD4.19 There are also several transgenic, genetically
engineered mouse models (GEMMS) of PDAC available including
combining the ‘sleeping beauty’ (SB) transposon system with an
ongogenic Kras allele to allow for highly metastatic PDAC.20 A
comprehensive review of GEMMs can be found in the literature21 and
is outside the scope of this paper.

The rationale for selecting the PANC-1 cell-line was based on
previous successful efforts and experience in our lab in developing a
quick and easy PDAC orthotopic model to evaluate the effects of RF
on, as well as the relatively large success-rate in tumor establishment.
In addition, previous work utilizing antibody conjugated gold
nanoparticles and quantum dots as thermally active RF-agents was
also performed on PANC-1 cell lines. 22,23 Tumor selective
hyperthermia induced by RF-radiation was also previously investi-
gated in our lab using a PANC-1 orthotopic model of PDAC.7

Given that PANC-1 tumors are inherently highly vascularized,
additional treatment with RF may not increase perfusion in an already
highly vascular tumor (especially in comparison to poorly vascularized
human PDAC tumors).24 Furthermore, our tumor population had
differing growth rates, with some being evidently delayed. This leads
us to conclude that the investigated tumor population in our study is
heterogeneous and may account for the differing treatment responses
between mice of the same group. Alternatively, previous work by
Ware et al. published in 20159 suggested that there may be various
sub-populations within the PANC-1 cancer cell populations that
respond differently to RF treatment. These subpopulations may
evolve to become somewhat ‘resistant’ to RF therapy after multiple
RF treatments have occurred. This observation may explain why
long-term survival in mice treated multiple times with RF is poorer or
equal to non-treated animals.

Future work should thus be focused on evaluating the effects of
combined drug delivery andRF therapy on other PDACmousemodels,
particularly the ones that are inherently hypo-vascularized. On another
note, although we have also investigated the use of ectopic, superficial
cancer models in previous studies, this model has a tendency to distort
and confine the electric field around its tumor mass due to the
protruding nature of the tumor and as such does not mimic adequately
the tumor conditions found in human models. More experiments
should also be performed to optimize both the RF parameters (e.g.,
frequency, dosages, deposited energy) and drug deliverymechanism (i.e.
intravenous versus intraperitoneal, etc.) needed to both enhance tumor
response and avoid tumor drug resistance. It is hypothesized that
different operational frequencies, better matched to the heterogeneous
tumor tissue electrical properties can selectively and effectively target
cancer and also reduce the adverse effects of superficial burns and organ
damage, as has been preliminary investigated in past studies.7

Conclusion
The short-term (20 days) benefit of nab-paclitaxel and gemcitabine
treatment of PDAC tumors was confirmed in a murine model of
orthotopic PDAC. The selected dosages of chemotherapeutics led to a
significant decrease of tumor volume during and immediately after the
treatment time. In the long-term observation (65 days), the benefit of
chemotherapy application becomes insignificant in comparison to
saline treated mice. In contrast to previous findings, there was no
significant short or long-term survival benefit observed with adjuvant
RF-induced hyperthermia.
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