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Abstract

Targeting gene- or drug-loaded nanoparticles (NPs) to tumors and ensuring their intratumoral
retention after systemic administration remain key challenges to improving the efficacy of NP-
based therapeutics. Here, we investigate a novel targeting approach that exploits changes in lipid
metabolism and cell membrane biophysics that occur during malignancy. We hypothesized that
modifications to the surface of NPs that preferentially increase their biophysical interaction with
the membrane lipids of cancer cells will improve intratumoral retention and /n vivo efficacy upon
delivery of NPs loaded with a therapeutic gene. We have demonstrated that different surfactants,
incorporated onto the NPs’ surface, affect the biophysical interactions of NPs with the lipids of
cancer cells and normal endothelial cells. NPs surface modified with
didodecyldimethylammoniumbromide (DMAB) demonstrated greater interaction with cancer cell
lipids, which was 6.7-fold greater than with unmodified NPs and 5.5-fold greater than with
endothelial cell lipids. This correlated with increased uptake of DMAB-modified NPs with
incubation time by cancer cells compared to other formulations of NPs and to uptake by
endothelial cells. Upon systemic injection, DMAB-NPs demonstrated a 4.6-fold increase in tumor
accumulation compared to unmodified NPs which also correlated to improved efficacy of p53
gene therapy. Characterization of the biophysical interactions between NPs and lipid membranes
of tumors or other diseased tissues/organs may hold promise for engineering targeted delivery of
therapeutics.
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1. Introduction

The success of NP-based delivery systems for cancer therapy relies on effective localization
and uptake of NPs within tumors. Conventional strategies for tumor targeting of NPs
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typically exploit the proteins/receptors overexpressed on tumor cells that distinguish them
from normal cells. Ligands, such as antibodies, peptides, or aptamers, may be conjugated to
the NP surface to actively bind to specific molecules on the surface of cancer cells or the
tumor vasculature [1]. This approach has met with some success compared with similar
nontargeted/passively-targeted drug delivery systems [2]; however, several limitations exist:
a) the number of targeting sites available or accessible may be limited and insufficient for
achieving a therapeutic dose of NPs in tumor tissue; b) ligands with low affinity binding for
their receptor can limit targeting efficiency; and c) slow recycling of receptors may limit the
dose of NPs that can be delivered to the tumor site at one time.

To address these limitations, we investigated a targeting strategy that takes advantage of the
overall differences in the biophysical properties of cell membranes of malignant vs. normal
cells, rather than aiming at specific molecules. Cell membrane properties are determined, to
a large extent, by their lipid composition. Lipid metabolism is altered during the malignant
transformation of cells; in this context, tumor cells undergo increased metabolic demands,
adapt to hypoxia, and respond to specific oncogenic pathways [3]. Consequently, the lipid
composition and biophysical characteristics of the cell membranes of cancerous vs. normal
cells differ substantially. Recently, we also found differences in lipid membrane
composition and biophysical characteristics of drug-sensitive vs. drug-resistant breast cancer
cells that affect their uptake of Doxil, a liposomal NP formulation of doxorubicin. Drug-
resistant cells had rigid cell membranes that impaired their endocytic function, resulting in
lower Doxil uptake compared with drug-sensitive cells. When drug-resistant cells were
treated with an epigenetic drug that altered lipid metabolism, resulting in more fluid cell
membranes, the uptake of Doxil® improved [4]. This recent study illustrated the role of
lipids in cell membrane biophysics and NP uptake. A number of drugs that target lipid
metabolic pathways have been investigated as anticancer therapies [3, 5]. However, in the
field of NP-based therapeutic strategies, scant consideration has been given to lipid
metabolism and how it can be exploited to improve NP tumor localization.

We have developed and extensively studied polymeric NPs based on poly(lactic co-glycolic
acid) (PLGA) for anti-cancer drug and gene delivery. We previously demonstrated that NPs
provide sustained intracellular release of a tumor suppressor gene, p53, /7 vitroand in vivo
thereby reducing tumor cell proliferation and tumor growth [6-8]. However, systemic
administration was not as effective for tumor inhibition and animal survival as intratumoral
injection of p53-loaded NPs (p53NPs); this is because a significant fraction of the
administered NP dose was lost to other body compartments [7]. We hypothesized that
modifications to the surface of NPs that preferentially increase their biophysical interaction
with the lipids of cancer cells would improve tumor localization and efficacy of p53 gene-
loaded NPs /n vivo. To study lipid-NP interactions, we have developed methods using a
Langmuir balance. In our earlier studies, we demonstrated, with a model lipid membrane of
an endothelial cell, that the molecular structure of surfactants on the surface of NPs affects
the biophysical interaction of NPs [9]. Here, we investigated the interactions of surfactant-
modified NPs with cancer cell lipids vs. normal endothelial cell lipids and correlated the
biophysical interactions with the /n vivo performance of the NPs.

DNA-loaded NPs (DNA-NPs) were formulated with two cationic surfactants differing in
their molecular structure. Our objectives were to 1) evaluate if these surface modifications
enable DNA-NPs to preferentially interact with the membrane lipids of malignant vs. normal
cells and 2) determine if these biophysical characteristics improved tumor localization and
efficacy of p53NPs /n vivoto inhibit tumor growth and disease progression. Ultimately, our
goal is to assess the feasibility of screening and selecting NP formulations for therapeutic
potential based on their biophysical interaction patterns and, in this case, apply our findings
to developing an effective nonviral gene therapy system for cancer treatment.

Cancer Lett. Author manuscript; available in PMC 2014 July 01.
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2. Materials and Methods

Formulation of NPs containing plasmid DNA

Cell Culture

Biophysical

The recombinant pCEP4 vector containing a cytomegalovirus-driven wild-type wt-human
p53 cDNA was used [10]. DNA-loaded PLGA (copolymer ratio 50:50, inherent viscosity
1.24 g/dL, Durect Corporation) were formulated by our previously reported double
emulsion-solvent evaporation technique [7]. The secondary emulsion was done in a solution
containing 2% wi/v of PVA (molecular weight 30,000-70,000, 87-90% hydrolyzed, Sigma)
in water for unmodified-NPs, and 1% w/v PVA and 4 mM of
eitherdidodecyldimethylammoniumbromide (DMAB) (Sigma) or cetyltrimethylammonium
bromide (CTAB) (Sigma) to yield DMAB-modified p53NPs (DMAB-p53NPs) and CTAB-
modified p53NPs (CTAB-p53NPs). NPs were recovered after chloroform evaporation by
ultracentrifugation at 35,000 rpm (Beckman L80, Beckman Instruments, Inc), washed three
times with water, resuspended in 3% sucrose solution, and lyophilized. The washings
following the recovery of NPs were saved to determine DNA encapsulation using an indirect
method [11]. NP diameter was measured by a dynamic light-scattering technique, and zeta
potentials were determined with a phase analysis light-scattering technique using a
commercial particle-sizing system (PSS/NICOMP 380/ZLS Particle Sizing Systems, Santa
Barbara, CA).

PC-3 human prostate carcinoma cells (American Type Culture Collection) were cultured in
RPMI 1640 supplemented with 10% FBS. Human umbilical vein endothelial cells
(HUVECS) were cultured in endothelial basal medium with growth factors supplied by
Lonza. Prior to use, cells were detached using trypsin/EDTA at 37 °C.

Interaction Studies

A Langmuir film balance (Minimicro 2, KSV Instruments, Helsinki, Finland) was used to
study the interactions of NPs with HUVEC and PC-3 cell membrane lipids. To extract
lipids, both HUVEC and PC-3 cells were cultured in six plates (150 x 25 mm) using the
media described above. At 80-90% confluence, the cells were harvested by scraping into 10
mL of sterile water. Cell suspensions were combined and centrifuged at 1300 rpm and 4 °C
for 7 min. The resulting cell pellet was suspended in 3 mL of sterile water and lyophilized
for 48 hrs, and stored at =80 °C until use. Lipids from the lyophilized cell mass were
extracted by using a modified Bligh and Dyer method as described in our previous study
[12]. Contaminating hydrophobic proteins were removed via column chromatography as
previously described.

A lipid monolayer was created by adding either HUVEC (14 L) of PC-3 (10 L) lipid
extract dissolved at 5mg/mL in chloroform:methanol 4:1 v/v solvent mixture on the buffer
surface (PBS at pH 7.4). Solvent was allowed to evaporate for 10 min. Then, lipids on the
buffer surface were compressed until the SP reached 30 mN/m, as described in our previous
studies [9]. The SP is equivalent to the lateral pressure of a red blood cell membrane;
therefore at this SP the arrangement of lipids in the monolayer mimics the arrangement of
lipids in the cell membrane bilayer [13]. The intrinsic ASP was monitored for 5 min. Thirty
microliters of NP suspension (3 mg/100 mL saline) was then injected below the model
membrane and SP was monitored for 20 min. Uniform distribution of NPs was ensured by
stirring the subphase with the magnetic stir plate under the Langmuir trough. Temperature
was maintained at 37 °C. As a control, ASP was also monitored for saline injections.
Experiments were repeated in triplicate.

Cancer Lett. Author manuscript; available in PMC 2014 July 01.
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Cell Uptake Studies

PC-3 and HUVEC cells were seeded separately in 24-well plates at a density of 100,000
cells/well. After 48 hrs cells were washed with PBS and incubated witheither unmodified-
NPs, DMAB-NPs, or CTAB-NPs (25 pg/mL/well) for 15 and 30 min. The NPs were
formulated using the protocol described above but without DNA and with the addition of 6-
coumarin (50 ng/90 mg PLGA) in the polymer solution, which acts as a marker for NPs
[14]. The DNA was excluded due to potential interference with the fluorescent dye [15, 16].
Size, surface charge, and biophysical interactions were the same in the 6-coumarin-loaded
NPs and DNA-loaded NPs in all cases. After incubation, NPs were removed, the cells were
washed with PBS and lysed with cold radioimmuno precipitation assay (RIPA) buffer
(Sigma) containing 1X protease inhibitor (Calbiochem, Gibbstown, NJ). Cell lysate (20 pL)
was used to determine the total protein content using the Pierce BCA protein assay kit
(Pierce Biotechnology, Rockford, IL). The remaining cell lysate (180 pL) was lyophilized
for 48 hrs. To quantify the 6-coumarin (and hence NPs) the dye was extracted with methanol
(1 mL/lysate) overnight. Samples were centrifuged in a microcentrifuge at 14,000 rpm for
10 min at 4 °C. The supernatant was collected and analyzed for 6-coumarin using high-
performance liquid chromatography (Shimadzu Scientific Instruments, Columbia, MD) [9].
Loading efficiency of 6-coumarin was 88% for unmodified NPs, 83% for CTAB-NPs, and
80% for DMAB-NPs.

Confocal Microscopy Imaging of NP Uptake

Live cell imaging was performed using UltraVox spinning disk confocal microscope (Perkin
Elmer, Waltham, MA). The system was equipped with six different lasers for excitation (at
405, 445, 488, 514, 561, and 640 nm wavelengths), two Hamamtsu EMCCD cameras (512 *
512 C9100-13 and 1024 * 1024 ¢9100-50), XYZ piezo stage for rapid z-stack acquisition,
and an environmental chamber for maintaining the CO,, temperature and humidity for cells.
PC-3 cells and HUVECSs were seeded on separate 35mm glass bottom culture dishes
(MatTek Corporation, Ashland, MA) at a density of 100 000 cell/cm2. After 48 hours, cells
were washed with PBS and incubated in a 2mL suspension of 6-coumarin-labelled NPs (100
pg/2mL media) for 30 min. To stain the cell membrane, 5 pg/mL of dye solution (Deep red
plasma, Invitrogen) was added to the dish 5 minutes prior to the end of incubation time.
Prior to imaging, the cells were washed twice with PBS to remove the excess NPs and dye,
and replaced with their respective media. Samples were illuminated with respective lasers in
an alternating fashion.

PC-3 Prostate Carcinoma Mouse Model

Male, athymic nude mice (nu/nu, 5-6 wks old) were purchased from Charles River
Laboratories (Wilmington, MA). Animal protocols were approved by the Institutional
Animal Care and Use Committee. One million PC-3 cells were suspended in 200 p.L of
50:50 phosphate buffered saline (PBS, Gibco) and Matrigel (Growth Factor Reduced, BD
Biosciences, San Jose, CA), and injected subcutaneously into the left flank of each mouse.
Tumor size was measured using digital calipers. Tumor volume was calculated as 0.5 x
length x width2. For biodistribution and efficacy studies, animals were treated by
intravenous injection of NPs when tumor volume reached ~300 mm3.

Imaging and Evaluation of Biodistribution of Nanoparticles

The biodistribution of NPs was determined using the Cambridge Research and
Instrumentation Maestro EX fluorescence imaging system (Woburn, MA). NPs were made
as described above but without DNA, and with the addition of the NIR dye SDB 5491 (HW
Sands, Jupiter, FL) to the PLGA solution. This dye remains incorporated within the NP for
the timeframe of the experiment and therefore NIR signal can be used as a marker for the
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NPs. Exclusion of DNA from these formulations was done because the DNA was found to
inhibit the dye signal /n vivo. Optimization of dye loading for each formulation was
performed to achieve a suitable signal for /7 vivoimaging. For the unmodified NP
formulation, 100 g dye/3 mL PLGA solution was used; for CTAB-modified NPs, 400 g
dye/3 mL PLGA solution was used; for DMAB-modified NPs, 600 g dye/3 mL PLGA
solution was used. Different dye concentrations were used to account for differences in dye
loading during formulation (approximately 86% efficiency for unmodified-NPs, 22%
efficiency for CTAB-NPs, and 10-14% efficiency for DMAB-NPs). The surface-modified
NPs demonstrated lower dye loading than unmodified NPs due to the interaction of excess
surfactant (i.e., surfactant not bound to the NP) with the dye, causing some of the dye to
partition into surfactant micelles. This effect was more pronounced during DMAB-NP
formulation, since DMAB is more hydrophobic and interacted more strongly with the dye.
The resulting dye-loaded NPs were similar in size and surface charge as the respective
DNA-loaded NPs. To evaluate the biodistribution of NPs, dye-loaded NPs were injected via
tail vein in tumor-bearing mice at the same dose as that used in the efficacy studies (3 mg
NPs; 110 mg/kg body weight). Mice were imaged prior to and post injection over a 96-hr
period. The cubes (images) obtained were unmixed to obtain an image showing fluorescing
regions. Regions of interest (ROIs) were created on anatomical locations corresponding to
the tumor and skin (as background) to obtain average signal counts. Some animals were
sacrificed after 48 hrs and the tumors removed for ex vivo evaluation. Tumors were
homogenized, lyophilized, and mixed with methanol at 4 °C for 2 days to extract the NIR
dye. Standards were prepared using the same process but by adding known amounts of NPs
to tissue homogenate (from untreated mouse). Samples were centrifuged and 100 p.L of
supernatant was placed in white 96-well plates (Nunc Brand, Thermo Fisher Scientific).
Plates were imaged with the Maestro using the NIR filter set at auto-exposure. ROIs were
created around each well and the average signal recorded. The standards were used to obtain
a standard curve for each NP formulation, which was used to calculate the amount of NPs in
the tumors for each group.

p53NP Efficacy Studies

Treatment groups were as follows: (1) unmodifiedp53NP, (2) DMAB-p53NP, (3) CTAB-
p53NP, (4) DMAB-NPs made with control plasmid DNA, which does not encode for p53
(DMAB-CNP), and (5) saline. A dose equivalent to 60 g of DNA (approximately 3 mg of
NPs; 110 mg/kg body weight) suspended in 100 p.L of saline was administered at day 0 and
day 11 via the tail vein. This dosing regimen was selected based on preliminary studies in
which tumor growth inhibition, without nonspecific toxic effects, occurred after a single
dose of DMAB-NPs but tumor growth increased approximately 11-14 days after this. A
second dose was administered to maintain a longer duration of tumor inhibition. Animals
were monitored for tumor size and body weight every other day post-treatment. Animals
were euthanized if tumors reached >10% of body weight or if animals had lost >20% of
their original body weight. Tumor growth curves were analyzed by calculating the area
under the curve from day 0 through day 17, which was when animals started reaching their
endpoint (based on tumor size or weight loss). The area under the curve provided estimates
of percentage inhibition in tumor growth compared to control groups over the time course of
the study, rather than at a single time point [17].

Statistical Analysis

All numerical data were expressed as mean + SEM, unless otherwise noted. Analysis of the
Kaplan-Meier survival curve was conducted by a log-rank statistical test. In all other
experiments statistical significance was determined by Student’s #test (without Bonferroni
correction). We considered P< 0.05 as significant.

Cancer Lett. Author manuscript; available in PMC 2014 July 01.
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3. Results

Biophysical Characterization NP-Lipid Interactions

Unmodified DNA-loaded PLGA NPs were prepared using the previously established
double-emulsion technique, whereby the non-ionic surfactant poly(vinyl) alcohol (PVA) is
used as an emulsifier during the second emulsion [7]. The resulting unmodified NPs have
plasmid DNA encapsulated within the polymer matrix and PVA at the surface. The surface
of DNA-loaded NPs was modified by incorporation of either the dichain surfactant
didodecyldimethylammoniumbromide (DMAB) or the single-chain surfactant
cetyltrimethylammonium bromide (CTAB) into the secondary emulsion, in combination
with PVA (Fig. 1a). The DMAB- and CTAB-modified NPs had cationic surface charges,
whereas unmodified NPs were anionic (Table 1). Formulations were optimized to achieve
size and DNA-loading similar to that of unmodified NPs so that we could study the effects
of the surfactant properties only.

Biophysical interactions between NPs and either lipids extracted from prostate cancer cells
(PC-3) or normal human vascular endothelial cells (HUVECSs) were studied using a
Langmuir balance. PC-3 cells were selected because they are p53 deficient and therefore
relevant targets for p53 gene therapy. HUVECSs were selected to represent normal
endothelial cells, which are among the first cells that NPs encounter /n vivo upon
intravenous injection. In the Langmuir balance, a lipid monolayer was created over a buffer
subphase and compressed to a physiologically relevant surface pressure (SP) of 30 mN/m
(Fig. 1b). The biophysical interaction between NPs and membrane lipids was determined as
the change in SP (ASP) in the lipid monolayer after injection of NPs into the buffer phase.
This connection between the ASP and NP-lipid membrane interaction was validated in a
previous study in which we used atomic force microscopic imaging to confirm the presence
(positive pressure change) or absence (negative pressure change) of NPs in lipid membrane
[9]. A positive ASP correlated to the presence of NPs in lipid membranes, hence their
increased interaction with the membrane. DMAB-NPs showed a sharp increase in SP of
PC-3 lipid membranes after initial injection of the NPs; this increase became more gradual
after 15 min (Fig. 1c). CTAB-NPs demonstrated a lesser increase in SP of PC-3 lipids than
DMAB-NPs, especially with increasing time. In contrast, unmodified NPs showed a slight,
gradual increase in SP of PC-3 lipids. The overall ASP caused by DMAB-NPs of 7.73 mN/
m was significantly greater than that of CTAB-NPs (5.7 mN/m, p< 0.005) and PVA-NPs
(1.15 mN/m, p< 0.005). DMAB-NP and CTAB-NP demonstrated similar A SPs, and hence
interactions, with HUVEC lipids, but these were much lower compared with PC-3 lipids
(Fig. 1d,e). Unmodified NPs demonstrated a slight decrease in SP with HUVEC lipids,
similar to that of saline controls (Fig. 1d).

To determine if there were fundamental differences in the biophysical characteristics of
membrane lipids from PC-3 cells vs. HUVECSs, the compressive modulus of the lipid
monolayers alone was evaluated from the respective isotherms as per our previously
described protocol [4]. The previous study demonstrated that higher membrane fluidity
correlates to increased endocytic function. At a biologically relevant SP range (30-35 mN/
m), PC-3 cell lipid monolayers demonstrated a significantly lower compression modulus
(31.5-40 mN/m) indicating higher membrane fluidity than HUVEC cell lipid monolayers
(47.5-75 mN/m).

In vitro Cell Uptake

Results from the cell uptake and the NP-lipid biophysical interaction studies were consistent
(Fig. 2). Cell uptake was evaluated after 15 and 30 min of incubation, which corresponds to
a timeframe in which uptake is most affected by biophysical interactions. After 15 min (Fig.

Cancer Lett. Author manuscript; available in PMC 2014 July 01.
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2a), DMAB-NPs demonstrated the highest uptake by PC-3 cells, followed by CTAB-NPs
and unmodified NPs. Uptake by HUVECs was similar for DMAB- and CTAB-NPs but
significantly lower for unmodified NPs. DMAB-NP uptake was 3-fold higher in PC-3 cells
than in HUVEC cells, whereas CTAB-NPs and unmodified NPs demonstrated a 1.7-fold
increase in uptake by malignant vs. normal cells. Cell uptake of unmodified NPs by both
HUVEC and PC-3 cells increased from 15 to 30 min such that they approached levels
similar to those of CTAB-NPs (Fig. 2b). For CTAB-NPs, there was an increase in uptake by
HUVECs from 15 to 30 min, but uptake by PC-3 cells did not change. The DMAB-NP
group showed a significant increase in uptake by both cancerous and normal cells after 30
min, but still demonstrated a 2-fold increase in cancer cell uptake relative to normal
endothelial cell uptake. In contrast, uptake of the CTAB-NPs and PVA-NPs were similar by
both cell types. Confocal images also show greater uptake of DMAB-NPs by PC-3 cells
compared to HUVECs (Fig 2c¢). Altogether, these results suggest that the DMAB-NPs
interact preferentially with the lipids of PC-3 cells, thereby enhancing their uptake.
Differences in the levels and kinetics of cell uptake among NPs may reflect different
mechanisms of NP-membrane interaction and cell uptake.

NP Localization to Tumors

Biodistribution studies were conducted to determine if the biophysical interactions and cell
uptake observed /n vitro correlated to tumor localization /n vivo. Human PC-3 xenografts
were created subcutaneously in athymic nude mice. NPs loaded with near-infrared (NIR)
dye were injected intravenously, and animals were imaged over 4 days using methods
validated in previous studies [7, 18]. The tumor signal profile of the DMAB-NP group
differed from that of the CTAB-NP and unmodified NP groups. With CTAB-NPs and
unmodified NPs, the tumor signal peaked at 24 hours, after which a significant decline was
observed (Fig. 3a,b; p=0.04 in both groups after background subtraction). In the DMAB-
NP group, the tumor signal remained relatively stable over the 4-day period post injection
(Fig. 3c). In addition, the “skin” signal, which is the background signal in the animal and
reflects NPs in the circulation, also differed among the groups. In the DMAB group, the skin
signal dropped to near zero within the first hours after injection. In the CTAB-NP and
unmodified NP groups, the skin signal also dropped after the first 3 hours; however, a
notable signal remained for the duration of the experiment. The dye loading was not exactly
the same for the different NP formulations, with DMAB-NPs having lower dye loading
compared with CTAB-NPs and unmodified NPs. Therefore, to directly compare tissue
accumulation of NPs between groups, tissues were removed after 48 hrs for ex vivo
quantification of dye content using standard curves for each of the NP formulations. This
analysis demonstrated a 3-fold increase in NPs in tumors from mice treated with DMAB-
NPs compared with CTAB-NPs and a 4.6-fold increase compared with unmodified NPs. In
all cases, more NPs accumulated in liver than in tumor, but DMAB-NPs demonstrated the
highest tumor-to-liver ratio of NPs normalized to tissue weight (0.51 DMAB-NPs > 0.18
CTAB-NPs > 0.10 unmodified NPs).

Efficacy of p53 Gene Therapy

We tested if the different surface modifications affected the efficacy of NP-mediated p53
gene therapy upon systemic administration. Tumors in animals treated with DMAB-p53NPs
did not grow for 11 days after the first dose, then grew slowly relative to other groups after
the second dose (Fig. 4a). In contrast, steady tumor growth was observed in all other groups.
Control DMAB-NPs (DMAB-CNPs), which were formulated with a control plasmid that did
not encode for p53, did not demonstrate any tumor inhibition (tumor growth was similar to
that of saline controls). CTAB-p53NP and unmodified p53NP groups showed similar tumor
growth profiles, which were in between the DMAB-p53NP group and control groups. The
DMAB-p53NP group demonstrated a 48% reduction in tumor growth compared to saline

Cancer Lett. Author manuscript; available in PMC 2014 July 01.
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controls (p< 0.005); unmodified p53NPs and CTAB-p53NPs demonstrated a 13% and 17%
reduction in tumor growth, respectively (Fig. 4b).

The reduction in tumor growth by DMAB-p53NPs corresponded with improved animal
survival compared with other treatment groups and controls (£ < 0.01; Fig. 4c). DMAB-
p53NP-treated animals had a median survival of 51 days, compared with 35 days for the
unmodified p53NP group, 25 days for the CTAB-p53NP groups, 24 days for the DMAB-
CNP group, and 32 days for saline controls.

4. Discussion

This study demonstrated that surface modifications that selectively enhanced biophysical
interactions between NPs and cancer cell lipids also enhanced cancer cell uptake /7 vitro and
improved tumor localization and efficacy /n vivo for NP-mediated p53 gene therapy. Our
group has extensively studied the role of biophysics of cell membranes in cancer and drug
delivery [4, 9, 12, 19]; however, this is the first study to demonstrate the /n vivo correlation
and applicability of this biophysical model for optimizing an NP-based drug delivery
system. Our findings suggest that exploiting the lipid membrane characteristics of cancer
cells may be an effective strategy for developing tumor-targeted drug/gene delivery systems.
To our knowledge, no one has previously evaluated the biophysical characteristics of
malignant versus normal cell lipids for the purpose of NP-based targeted gene delivery.

Cell membranes are complex, dynamic arrangements of lipids, proteins, and
polysaccharides, all of which are involved in endocytosis and cell membrane characteristics.
We use the Langmuir balance method to create simplified models of specific cell
membranes using lipid extracts from cells of interest. The biophysical interactions between
the NPs and the model lipid membrane therefore cannot replicate all aspects of the cellular
uptake process. However, this approach has been useful for understanding mechanisms of
drug resistance in cancer cells [4]. Because of their dynamic nature, it is difficult to study
such NP-lipid interactions in live cells. Similar lipid membrane models have also proven
useful in explaining the therapeutic efficacy of a number of agents, including antibiotics and
antifungal, antipsychotic, and anticancer drugs [20].

Most of these models, including monolayers, supported bilayers, and liposomes, use a well-
defined mixture of lipids. By using lipid extracts from specific cell types, we aim to more
closely mimic the lipid profile in those cell membranes, recapitulate the unique biophysical
properties of lipid membranes from different cells, and assess cell-specific NP-lipid
interactions. The findings from our Langmuir balance studies, cell uptake, biodistribution,
and /n vivo efficacy were generally consistent despite the increased biological complexity in
each experiment. Our study was conducted on one prostate cancer model; future studies will
continue to investigate correlations between the behavior of NPs in our /n vitro models of
membrane lipids and /n vivo disease models for other types of cancers. If strong correlations
continue to be found, lipid model membranes may have the potential to become a powerful,
rapid, and predictive technique for the development of targeted drug delivery systems.

DMAB and CTAB are surfactants commonly used in NP formulations to improve the
stability, size distribution, and cell interactions of NPs [21, 22]. DMAB-coated NPs have
been shown to improve NP uptake by various cells including arterial, intestinal mucosal, and
cancer cells [23, 24]. This increased uptake is typically attributed to the electrostatic
interactions between the positive surface charge of the NPs and negative charge of the cell
membranes. Similarly, NP-based gene carriers commonly use cationic surfactants and
polymers to form complexes with negatively charged DNA and to enhance cellular uptake
[25]. In a previous study, we evaluated several cationic surfactants, with different carbon
chain lengths and numbers of chains, adsorbed onto the surface of polystyrene NPs. We

Cancer Lett. Author manuscript; available in PMC 2014 July 01.
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discovered that the molecular structure of the surfactant affected the manner in which the
NPs interacted with an endothelial model membrane, leading to differences in cell uptake

[9].

Our current study also demonstrated that surface charge alone does not explain improved
cell uptake or the differences in NP uptake between the PC-3 and HUVECs. CTAB- and
DMAB-NPs both have positive charges, yet demonstrated different levels of uptake by
cancer cells. Cell uptake is affected by how efficiently the NPs can penetrate into cell
membranes. The success of such penetration depends on cell membrane biophysical
characteristics such as membrane tension, membrane fluidity/rigidity, and adhesion strength/
binding energy between the NPs and the cell membrane [24]. The DMAB-NPs demonstrated
greater interaction with PC-3 lipids than CTAB-NPs, which likely contributed to the
increase in uptake. DMAB- and CTAB-NPs demonstrated similar biophysical interactions
with endothelial cells and similar uptake. The PC-3 lipid monolayers demonstrated a lower
compressive modulus than HUVEC lipids. This finding confirms that there are differences
in the biophysical properties of cancer cells compared with normal cells, and thus, studies
are ongoing to characterize the lipid composition in the two cell types. In addition, a lower
compressive modulus indicates greater membrane fluidity, which facilitates endocytosis.
Both the increased interaction of DMAB-NPs with PC-3 cell lipids and PC-3 cell membrane
fluidity likely played a role in increasing PC-3 cell uptake /n vitroand /n vivo. This study
demonstrates the relevance of lipid-NP interactions for NP targeting. Further studies are
needed to understand the nature of these interactions, specifically how DMAB-NPs
selectively interact with PC-3 cancer cells versus normal endothelial cells in contrast to
CTAB- and unmodified-NPs. For example, the molecular structure of the DMAB on the
surface of the NP may facilitate interactions with specific lipids or lipid domains on the
surface of cancer cells.

CTAB-NPs demonstrated greater interaction with PC-3 lipids compared with unmodified
NPs and greater cell uptake after 15 min incubation; however, cell uptake after 30 min as
well as /n vivo biodistribution and efficacy were similar in these two groups. This
achievement of eventual parity may be related to the pattern of NP-lipid interaction we
previously observed using polystyrene NPs coated with CTAB. In that study, we showed
that CTAB-coated NPs adhered to specific lipid domains of a model membrane, whereas
DMAB-coated NPs readily penetrated the lipid membrane [9]. The source of lipids used
differed from those used in the current study; however, this suggests further characterization
of the pattern of interaction may be useful in understanding what additional biophysical
parameters may be required to predict /n vivo efficacy or if there is a threshold value or
range of ASP that correlates with increased cell uptake /7 vitroand in vivo. Protein
interactions from the serum present during /7 vitro cell uptake studies and the /n vivo
environment may also play a role.

In vivo biodistribution studies showed a positive correlation with the /n7 vitro biophysical
interaction and cell uptake studies. We observed greater tumor accumulation and retention
with DMAB-NPs than CTAB-NPs and unmodified NPs. NPs accumulate into tumors
primarily due to the “enhanced permeability and retention” effect. Once inside the tumor,
interaction with tumor cells is required to facilitate uptake. This interaction is of particular
importance for gene therapy since DNA must be delivered intracellularly for efficacy. Based
on our /n vitro findings, we believe that the improved tumor targeting is due to enhanced
biophysical interactions between the DMAB-NPs and cancer cells, resulting in improved
tumor cell uptake compared with the other NP formulations. This offers the potential to
delivery a higher concentration of a given therapeutic payload, in this case the p53 tumor
suppressor gene, to tumors.
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A significant amount of NPs were also lost to the organs of the reticuloendothelial system
(RES), such as the liver. Further optimization of NP formulation parameters, such as size,
surfactant density, and/or additional modifications, may improve the bioavailability of
DMAB-NPs to the tumor. Future biophysical interactions studies should include evaluation
of interactions with lipids from cells of the RES, such as Kupffer cells, to further refine the
development and selection of NP surface modifications. In addition, characterization of
intra-tumoral distribution of the NPs will further our understanding cellular uptake /in vivo.
Current tumor targeting strategies employ “stealth” technologies that involve coating of NPs
with hydrophilic polymers such polyethylene glycol or block copolymers to reduce protein
absorption and evade recognition by the RES. However, the hydrophilic polymer coating
also reduces interactions between NPs and tumor cells and interferes with trafficking
involved in intracellular delivery, resulting in decreased biological activity and efficacy of
NP-based gene carriers [26, 27].

An important goal of this study was to identify surface modifications that improve the
efficacy of NP-mediated p53 gene delivery to tumors upon systemic administration based on
inhibition of tumor progression. Efficacy results in a PC-3 tumor model supported the
findings from the biodistribution and /n vitro studies. DMAB-p53NPs demonstrated greater
tumor inhibition and improved survival compared with the CTAB-NPs and unmodified NPs.
Surfactants such as DMAB and CTAB are known to be cytotoxic themselves /n vitro[22,
28], and may cause immune activation and/or immunotoxicity /77 vivo [29]. This can
contribute to non-specific effects on tumor growth inhibition as is observed with many
cationic lipid-based nanoparticle formations [30, 31]. Future mechanistic studies will
include evaluation of immune response to surface-modified NPs. However, at the doses used
here, we did not observe any signs of toxicity to the animals. In addition, no effect on tumor
growth was observed in our study with control DMAB-NPs, therefore the improved efficacy
in the DMAB-p53NP group was attributed to successful delivery of the p53 gene. Our
previous studies extensively characterized NP-induced p53 gene expression /n vitroand in
vivo and demonstrated an inverse relationship between tumor growth and p53 gene and
protein levels. Based on this relationship, the increased tumor inhibition in the DMAB-
p53NP group is likely related to increased levels of intratumoral p53 compared with the
other groups.

It should be noted that use of the unmodified p53NP group did not significantly improve
survival in this study, as was reported in our previous study where three times higher dose of
p53NPs was used [7]. The significant improvement in survival of animals with DMAB-
modified p53NPs even at lower doses suggests improved tumor localization of modified
NPs and gene delivery.

The gene p53 is one of the most commonly mutated genes in human cancer and its mutant
form results in more aggressive disease and greater resistance to conventional treatment. As
a result, there is great interest in therapeutic strategies aimed at restoring the function of p53
for the treatment of cancer [32]. Viral vectors for p53 gene therapy have been investigated;
however, serious safety issues, such as toxicity, insertional mutagenesis, and
immunogenicity (especially with multiple administration of adenoviral vector), often limit
their use to local injections rather than systemic delivery [25, 33, 34]. As a result, clinical
trials of adenoviral vector-mediated p53 gene therapy have been conducted for cancers in
which intratumoral injections were feasible [35]. Our goal is to develop a safe nonviral p53
gene vector that can be delivered systemically and selectively target primary as well as
metastatic tumors. This study moves us closer to that goal by identifying techniques with
which to improve cancer cell targeting of NP-based gene carriers.
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Conclusions

We have demonstrated that the surface of NPs can be modified with a surfactant, DMAB, to
preferentially interact with the lipids of cancer cells compared to normal cells. Increased
biophysical interactions with cancer cell lipids correlated with increased NP uptake by
cancer cells /n vitro, enhanced tumor accumulation /n vivo, and improved efficacy of gene
therapy. This study suggests a role of NP-lipid biophysical interactions in developing NP-
based therapeutics. Characterization of the biophysical interactions between NPs and lipid
membranes of tumors or other diseased tissues/organs may be a promising approach for
screening and developing targeted delivery systems.
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formulated with PVA alone; surface-modified NPs were formulated with PVA and either
DMAB or CTAB. To study NP-lipid interactions, representative lipid monolayers were
created over a buffer subphase into which NPs were injected (b). The change in surface
pressure (ASP) was monitored over time for PC-3 lipids (c) and HUVEC lipids (d). Curves
represent the median result. The positive ASP at 20 min after NP injection demonstrates
quantitatively that DMAB-NPs had greater interaction with PC-3 lipids than did CTAB- and
unmodified NPs and that DMAB-NPs also had greater interaction with PC-3 cells than with
HUVECs (€). Data are shown as mean + standard deviation; 7= 3; *p< 0.05.
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Figure 2. Cell uptake of NPs

Uptake of NPs by HUVECSs and PC-3 cells after 15 min (a) and 30 min (b) of incubation.
Data are shown as mean + standard deviation; /7= 3. Brackets indicate p< 0.05 between
groups. Confocal microscopy (c) shows NP (green) uptake in PC-3 and HUVEC cells after
30 min of incubation (cell membranes labeled red).
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In vivo NIR signal from the tumor and from a skin region further away from the tumor
(background tissue signal) was monitored over 4 days after injection of NIR-dye loaded
unmodified NPs (a), DMAB-NPs (b), and CTAB-NPs (c); n= 3-4. Statistical analysis was
performed on tumor signal with skin signal subtracted (*p<0.05). Quantification of NPs in
tumor and liver for each group was also performed ex vivo 48 hrs post-injection (d, *p<

0.05).
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Figure 4. Efficacy of p53-gene therapy by surface-modified NPsin prostate tumors
Tumor-bearing mice were treated with two doses of unmodified p5S3NPs, CTAB-p53NPs,
and DMAB-p53NPs, with each dose equivalent to 60 g of p53 plasmid DNA. Controls
included saline and DMAB-CNPs made with control plasmid. Tumor volume was
monitored over time (a). Tumor volume is shown up to the time point when most animals
were still alive. The area under the curve (calculated 0 through day 17, the day the first
animal died) demonstrated significantly greater reduction in overall tumor growth in the
DMAB-p53NP group vs. all other treated and control groups (*p< 0.05) (b). This Kaplan-
Meier plot shows improvement in animal survival after treatment with DMAB-p53NPs vs.
other treatment and control groups. Log-rank test of DMAB-p53NP and each group yields
*p<0.05 (c).
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Physical Characteristics of Nanoparticles

Table |

NP Formulation Size(hm) C Potential (mV) | DNA Loading Efficiency (%)

unmodified-NPs | 310.6 +25.4 -122+86 76.0 +£9.10
CTAB-NPs 285.0+47.0 +11.0+£3.2 78.0+11.0
DMAB-NPs 289.3+£394 +19.5+4.8 80.7+13.0
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