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Abstract

Many anticancer drugs have been established clinically, but their efficacy can be compromised by
nonspecific toxicity and an inability to reach the desired cancerous intracellular spaces. In order to
address these issues, researchers have explored the use of folic acid as a targeted moiety to
increase specificity of chemotherapeutic drugs. To expand upon such research, we have
conjugated folic acid to functionalized poly(ethylene glycol) and subsequently decorated the
surface of L-tyrosine polyphosphate (LTP) nanoparticles. These nanoparticles possess the
appropriate size (100-500 nm) for internalization as shown by scanning electron microscopy and
dynamic light scattering. Under simulated physiological flow, LTP nanoparticles decorated with
folic acid (targeted nanoparticles) show a 10-fold greater attachment to HeLa, a cervical cancer
cell line, compared to control nanoparticles and to human dermal fibroblasts. The attachment of
these targeted nanoparticles progresses at a linear rate, and the strength of this nanoparticle
attachment is shown to withstand shear stresses of 3.0 dynes/cm?2. These interactions of the
targeted nanoparticles to Hela are likely a result of a receptor-ligand binding, as a competition
study with free folic acid inhibits the nanoparticle attachment. Finally, the targeted nanoparticles
encapsulated with a silver based drug show increased efficacy in comparison to non-decorated
(plain) nanoparticles and drug alone against HeLa cells. Thus, targeted nanoparticles are a
promising delivery platform for developing anticancer therapies that over-express the folate
receptors (FRS).
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INTRODUCTION

Targeting tissues with high specificity is a challenge for a variety of therapeutics.1=3 This
issue is especially critical for the delivery of chemotherapeutic agents since the drug’s
toxicity is usually detrimental to the overall health of the patients.# ° To add specificity,
researchers have examined a variety of receptor binding molecules® including antibodies’
and peptides.8 Despite promising pre-clinical studies, the synthesis and purification of
peptides are typically slow, and laborious, 2 and antibodies can have stability issues during
chemical conjugation and when exposed to the biological fluids.19 As a result, small
molecular weight targeting molecules, such as vitamin B12,11 bombesin,12 and folic

acid3 14 have been an intense area of research. Previous studies have shown the potential
targeting abilities of folic acid due to the over-expression of the FRs in cancer cells found in
breast, brain, and cervix; myeloid cells;1® and activated macrophages.13: 14 Ovarian
carcinomas are especially attractive targets since they express FRs at consistently high levels
as compared to normal tissues,16-18

FRs exist in three isoforms of which the FR-a has high affinity and the ability to transport
folic acid into cells.16 19 In general, tumors over-expressing the FR-a are better suited as
candidates for using folic acid as targeting moieties.1® Once these molecules binds to FRs,
they are endocytosed, released, and the receptors are cycled back to the cell surface to be
used again within 30 minutes.20 If the folic acid is directly conjugated to the drugs using
covalent bonds, such as thioether conjugation, the drug may not be able to cleave from the
complex. These complexes have decreased potency by over four orders of magnitude when
compared to the drug alone.2! Furthermore, the therapeutic efficacy of most conjugated
drugs directly to folic acid can be limited by loading capacity and the lack of solubility of
common solvents. These results demonstrate the necessity of a cleavable linker between the
folic acid and the conjugated drug, or a targetable delivery system that releases the drug
itself, such as biodegradable nanoparticles. Additional advantages of using biodegradable
nanoparticles include high loading capacity of therapeutic drugs, encapsulation of multiple
drugs including hydrophilic and hydrophobic compounds, enhanced drug stability, the
release the drug over an extended time period, and the ease of surface decoration for
targeting.

A biodegradable nanoparticles formulated with LTP, a ‘pseudo’ poly(amino acid) with a
molecular weight of 8 to 10 kDa,?2-24 could be an ideal polymer for targeted therapy. LTP
degrades within the lifetime of most cells 23. The degradation products of LTP have been
shown to be nontoxic and to have a negligible effect on local pH and non-cytotoxic.22 23
The plain nanoparticles already have demonstrated cellular uptake and a weeklong drug
release in primary human dermal fibroblasts /7 vitro.22: 25 Despite the ability to be
internalized,2? the LTP nanoparticles have yet to be decorated with a targeting moiety.

We have decorated the surface of LTP nanoparticles by blending copolymer of polyethylene
glycol and polylactic-co-glycolic acid conjugated to folic acid (PLGA-PEG-Fol) into the
double emulsion formulation of the nanoparticles, which would thermodynamically favor
the accumulation of targeting molecules at the water-oil interface. While previous /n vitro
studies have examined the cancer targeting abilities of polymeric nanoparticles decorated
with folic acid,26-29 few of these researchers have investigated the receptor-ligand
interactions under simulated physiological flow conditions. Tumors are known to have a
leaky vasculature; thus, targeted nanoparticle of appropriate size could transition from
capillary fluid flow (ranging from 0.5 to 8 dynes/cm?2)30 to shear stress as low as 0.05 dynes/
cm?2.31 The changes in the hemodynamic forces as the nanoparticles exit the microvascular
network could influence the binding of the nanoparticles and the receptor-ligand
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interactions. Therefore, this study will characterize the adhesion properties of LTP
nanoparticle decorated with folic acid against HeLa cells under fluid flow that simulates
conditions within capillaries. Since hemodynamic forces influence the transport and
attachment of nanoparticles, we will quantify number of nanoparticle attachment, the
binding kinetics, and the strength of folic acid and FR interactions.

EXPERIMENTAL SECTION

Visualization of Folate Receptors

The expression of FRs was visualized with immunofluorescence assay. HeLa-S5 cells
(HeLa, ATCC, Manassas, VA) were seeded into a 24 well tissue culture plate at a density of
25,000 cells per well in 0.5 mL of feeding media (44% Dulbecco's Modified Eagle Medium,
44% Nutrient Mixture F-12, 10% new born calf serum, 1% antibiotic/antimycotic, 1%
GlutaMAX, and 4.5 mg/mL glucose). The following day, cells were fixed with 1%
formaldehyde, and the nonspecific sites of antibody (Ab) interactions were blocked with 1%
calf serum (Hyclone, Rockford, IL) for 30 minutes and washed with PBS. The application of
monoclonal anti-FR 1gG (1:100 dilution, Enzo Life Sciences, Plymouth Meeting, PA) lasted
overnight at 4°C 32, The cells were then washed with PBS, blocked again with serum, and
applied with goat anti-mouse 1gG conjugated to TRITC (1:1000 dilution, Sigma-Aldrich, St.
Louis, MO) for one hour. The immunostaining samples were imaged using a microscope
(Axiovert 200, Carl Zeiss, Peabody, MA), a CCD camera (AxioCam HRm, Carl Zeiss,
Peabody, MA), and Axiovision 4.7 software (Carl Zeiss, Peabody, MA). The exposure
settings for the camera and the post process for the experimental and control images were
identically set and handled, respectively. Primary human dermal fibroblasts (passage 6-8, a
gift from Judy Fulton at the Kenneth Calhoun Research Center, Akron General Medical
Center, Akron, OH) were used as a non-cancerous control.

Conjugation of Folic Acid to PEG-PLGA

PLGA-PEG-Folate was synthesized according to the protocol established by Yoo and
Park.33 Briefly, PLGA (MW of 4200 Daltons, Evonik Industries, Essen, Germany) was
activated with dicyclocarbodiimide (DCC) and N-hydroxy succinimide (NHS) using a
stoichiometric mole ratio of 1:2:2 for PLGA:DCC:NHS, respectively. This reaction was
performed under a nitrogen blanket and using methylene chloride as a solvent. The product
of the reaction was precipitated with chilled diethyl ether, and dried to constant weight under
vacuum. The activated PLGA was then reacted to PEG-bis-amine (MW of 3400 Daltons,
Laysan Bio, Arab, AL) at a stoichiometric mole ratio of 1.5 for the synthesis of
PLGA:PEG-bis-amine using methylene chloride and under a nitrogen blanket. The resulting
co-polymer was precipitated in chilled ether, filtered, and dried. Conjugation of folic acid to
PLGA-PEG-amine was carried out in presence of DCC using dimethyl sulfoxide as a
solvent. The final reaction was precipitated with water, unreacted impurities precipitated and
removed by centrifugation, and the supernatant dialyzed and dried.

Formulation of Targeted Nanoparticles

Targeted nanoparticles were formulated by blending LTP, copolymer of poly(lactic-co-
glycolic acid) (PLGA-PEG), folic acid conjugated to PEG-PLGA (PLGA-PEG- Fol), and
linear polyethylenimine (LPEI) and using a double emulsion of w/o/w and solvent
evaporation technique. The typical targeted nanoparticle formulation consisted of an initial
water-in-oil emulsion of 300 mg of LTP, 2.5 mg of PLGA-PEG, and 0.5 mg of PLGA-PEG-
Fol dissolved in 3.0 mL of chloroform and 3 mg of LPEI in 1 mL of autoclaved distilled-
deionized water (DH,0, 1 mL) in a double neck 250 mL round bottom flask. To prepare
nanoparticles with project average diameter of 2000 nm, the initial water-in-oil emulsion
was vortexed for 1 minute at 2,000 RPM by impeller (Yamato Lab-Stirrer LR400D, Santa
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Clara, CA). The second water-in-oil-in-water emulsion contained 100 mL of 10% PVP and
10 mg/mL NaNOj3 added to the initial emulsion and vortexed for 3 minutes at 1,600 RPM.
Chloroform was allowed to evaporate for 5 hours while being stirred and vented.
Nanoparticles were collected and washed with DH,O by centrifugation at 12,000 x g for 20
minutes. Finally, nanoparticles were shell frozen in 10 mL of DH,0O, and placed in a
lyophilizer (Labconco Freezone 4.5, Kansas City, MO) for 72 hours. The lyophilized
nanoparticles were stored in desiccators.

Control (plain) nanoparticles were produced by the above procedure with the exception that
the emulsion contained 3.0 mg of PLGA-PEG and lacked PLGA-PEG-Fol. For drug-loaded
targeted nanoparticles, either 3 mg of cisplatin or 30 mg of silver carbene complex
(SCC22)3* was incorporated into the initial emulsion. SCC22 has been chosen for this study
because of the resistance of HeL a to this drug.3* FITC-labeled nanoparticles were prepared
by the addition of 3 mg of FITC-BSA (Invitrogen, Carlsbad, CA) in the inner water phase.
To prepare nanoparticles with an average projected diameter size of 200 nm, the same
formulation was used except the initial emulsion was sonicated at 50% amplitude (Branson
102C CE, Danbury, CT) for 30 seconds. This initial emulsion was added to a secondary
emulsion containing 10% PVP and vortexed for 3 minutes at 2,400 RPM.

Scanning Electron Microscopy of LTP Nanoparticles Decorated with Folic Acid

Scanning electron microscopy (SEM, Hitachi S2150, Krefeld, Germany) was used to
qualitatively visualize the size, shape, and morphology of all nanoparticle formulations. The
SEM samples were prepared by suspending 1 mg of nanoparticles in 1 mL of DH,0. Then,
200 OL of the suspended nanoparticles were pipetted onto a stub, dehydrated, sputter coated
with silver/palladium and examined.

Dynamic Light Scattering of LTP Nanoparticles Decorated with Folic Acid

Dynamic light scattering (DLS, Brookhaven Instruments BI-200SM, Holtsville, NY) was
used to quantify size distribution of targeted nanoparticles. The nanoparticle sample was
prepared by suspending 1 mg of nanoparticles in 10 ml of phosphate buffered saline (PBS,
pH 7.4) that had been passed through a 0.2 um filter. The suspended nanoparticles were
centrifuged for ten seconds at 1000xg to remove any large aggregates. Then, the sample was
decanted into a glass scintillation vial. The DLS system calculated the nanoparticle diameter
by the Regularized Non-negatively Constrained Least Squares (CONTIN) method. The
range of nanoparticle size was reported as differential distribution values, the results varied
from 0 to 100, and reported as relative amounts.

Attachment to Cancer Cells

An attachment study was performed based upon established methods3®: 36 to determine the
interactions between the targeting system of targeted nanoparticles and HeLa cells. Twenty-
four hours prior to the study, a 35 mm tissue culture dish (BD Biosciences, Bedford, MA)
was coated with 1 ml of 5.5 pg/ml fibronectin (Invitrogen, Carlsbhad, CA) and incubated for
30 minutes at room temperature. The fibronectin was removed and HeLa cells were seeded
onto the plate at a density of 50,000 cells per plate in 2 ml of media. The cells were
incubated overnight until a monolayer was formed. The cell media was removed and a
parallel flow chamber (Glycotech, Rockville, MD) with a 0.254 mm gasket was placed on
the cells. The procedure for the parallel flow chamber was followed according to the
manufacturer’s instruction.3” This flow chamber set up was mounted onto a microscope and
connected to a syringe pump (SP210IW Syringe Pump, World Precision Instruments,
Sarasota, FL). Then, 1 mg of targeted or plain nanoparticles was suspended in 10 ml of 0.5%
bovine serum albumin (BSA, Invitrogen, Carlsbad, CA) solution in PBS (pH 7.4). These
suspended nanoparticles were drawn through the flow chamber and over the monolayer of
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cells at a shear stress of 0.5 dynes/cm? for 30 minutes. Afterwards, 5 ml of 0.5% BSA was
drawn over the cells at a shear stress of 0.5 dynes/cm? to wash off any non-adherent
nanoparticles. The attached nanoparticles were documented by recording 20 random fields
with a CCD camera. The number of attached nanoparticles was quantified, and the
attachment was reported as number of nanoparticles per mm2. The attachment experiment
was repeated using primary human dermal fibroblasts as a non-cancer control.

Strength of Attachment of Nanoparticles Decorated with Folic Acid

The strength of the attachment between the targeted nanoparticles and the HeLa cells was
determined by systematically increasing the shear stress. HelLa, fibroblasts, and targeted
nanoparticles were prepared as described in the attachment study. Afterward, targeted
nanoparticles perfused over the cells and allowed to rest on top of the cells for 5 minutes.
Non-adherent nanoparticles were washed off. The attached nanoparticles were located,
imaged, and quantified with microscopy. Next, the shear stress was increased from 0.5
dynes/cm? in increments of 0.25 dynes/cm? every 1 minute until the nanoparticles became
detached. The detaching shear stress was recorded. This detachment was repeated for 10
nanoparticles per trial.

Kinetics of Attachment for Nanoparticles Decorated with Folic Acid

The kinetics of the attachment between the targeted nanoparticles and the cancer cells were
determined by visualizing the amount of attachment at various time intervals. HeLa,
fibroblasts, and targeted nanoparticles were prepared as described in the attachment study.
In this study, the flow was stopped at 2, 5, 10, and 15 minutes. At each time point, the
nanoparticles attached were imaged and quantified. The imaging was repeated for 5 random
locations per trial, and the rate of attachment was determined.

Inhibition of Folic Acid Receptors

To confirm the receptor-mediated interaction for the targeted nanoparticles, a competitive
assay was employed by the addition of folic acid dihydrate (Sigma Aldrich, St. Louis, MO)
in the perfusion media. The concentration of 0.5, 1.0 and 2.0 mM was investigated, and the
attachment study with free folic acid was repeated. If this molecule is in excess, the
receptors should be blocked and unavailable for the LTP-PEG-Fol nanoparticle binding.38

Anticancer Efficacy of Targeted Nanoparticles

The anticancer efficacy of targeted nanoparticles loaded with anticancer drugs, cisplatin and
silver-carbene complex 22 (SCC22),34 was examined under static conditions. HeLa cells
were plated at a density of 25,000 cells/well and cultured as previously described. The
following day, the cell culture media was replaced with media containing suspended
nanoparticles (targeted and loaded with cisplatin, targeted and loaded with SCC22, plain and
loaded with cisplatin, and plain and loaded with SCC22). The number of nanoparticles
corresponded to the free drug exposed to cells (12 uM for SCC22 and 0.625 uM for
cisplatin). After 30 minutes of incubation at 37°C, the cells were washed five times with
PBS to remove any non-attached nanoparticles, given fresh media, and incubated for 3 days
at 37°C. Afterwards, a LIVE/DEAD® cell assay was performed according to the
manufacturer’s instructions. Cytotoxicity was quantified using fluorescent microscopy.
Fibroblasts were used as control cells. Additional controls were 500 pl of media, blank LTP
nanoparticles, SCC22, and cisplatin.

Statistical Analysis

The experimental methods were performed in triplicate. All quantitative data was tested for
normality using the Shapiro-Wilk test. If the data was found to be normal, statistical
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differences was determined using ANOVA analysis along with Tukey’s post-hoc test. In the
event that the data was not normal, a Kruskal Wallis one-way variance test was performed.
The results were considered significant when p< 0.05.

RESULTS

Immunofluorescence of Folic Acid Receptors

An immunofluorescence assay of Hel a reveals elevated expression of FRs (Figure 1A). In
contrast, fibroblasts show no detectable signs of FRs with this technique (Figure 1B). The
HelLa’s abundance of FRs suggests a potential mechanistic receptor mediated attachment of
targeted nanoparticles to the cells.

Shape and Size of Targeted Nanoparticles

Scanning electron microscopy shows the morphology of the targeted nanoparticles and they
appear spherical in shape and smooth (Figure 2). When compared to previous formulations
of the LTP nanoparticles (projected average diameter of 2000 nm), the surface decoration of
folic acid does not change their morphology or shape.22 39 Dynamic light scattering shows
diameter range between 1000 to 3000 nm with a mean of 1692 + 188 nm (Figure 3A). For
the nanoparticles with projected average diameter of 200 nm, the initial emulsion has been
sonicated and the external water phase is mixed at high speed. These targeted nanoparticles
have diameters ranging from 90 to 900 nm with a mean of 269 + 131 nm (Figure 3B).

Attachment of Nanoparticles Decorated with Folic Acid to Cancer Cells

The attachment study using a parallel flow chamber demonstrates the ability of targeted
nanoparticles to attach to a monolayer HeLa under simulated physiological flow conditions.
The average number of targeted nanoparticles attached to HelLa is 128 + 8 nanoparticles per
mm? (Figure 4). In contrast, the plain nanoparticle has a dearth of attachment at 21 + 2
nanoparticles per mm?2, and the results are comparable attachment of targeted nanoparticles
for non-cancerous fibroblasts at 22 + 2 nanoparticles per mm? (p > 0.999). The differences
in the attachment are also visible for the targeted and plain nanoparticles encapsulated with
FITC (Figure 5). Thus, the attachment for targeted nanoparticles for HeLa is an order of
magnitude higher than the control nanoparticles (Figures 4, p < 0.001). These attachment
studies successfully demonstrate receptor mediated targeting of nanoparticles under
simulated physiological flow (see supplementary data to observe a movie of targeted
nanoparticle attachment to HelL a).

Kinetics of Attachment for Nanoparticles Decorated with Folic Acid

The quantification of targeted nanoparticles to HelL a at various time points during their
attachment establishes the kinetics of attachment. The targeted nanoparticles demonstrate a
linear increase in attachment (R? = 0.985) over the course of their flow across HelLa (Figure
6). Imaged locations after the 20 minutes of attachment show increased numbers of
nanoparticles as compared to after 15, 10, 5, and 2 minutes. After 10 minutes of perfusion,
62% = 3% of the nanoparticle attachment has occurred, which is near half of the
nanoparticles. This kinetics study exhibits that the attachment of targeted nanoparticles
accumulates over time without any detectable detachment at 0.5 dynes/cm?.

Strength of Attachment for Nanoparticles Decorated with Folic Acid

The attachment strength of the targeted nanoparticles is determined by increasing shear
stresses of 0.5% serum flow over attached nanoparticles to HeLa. The strength of the
attachment is represented as the percentage of nanoparticles remaining at various shear
stresses. These shear stresses range from 0.5 to 5.5 dynes/cm? at 0.25 dyn/cm? increments,
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which begins to shear off cells from the plate as well (Figure 7). Until approximately 3.0
dynes/cm?, nearly 90% of the nanoparticles remain attached, yet the results are not
significantly different (p = 0.999) as compared to 0.5 dynes/cm?. A significant decrease in
nanoparticle attachment occurs at 4.9 dynes/cm? (p = 0.008), in which the percentage of
nanoparticles remaining attached drops from 78% to 58%. At the highest shear stress of 5.5
dynes/cm?, approximately 48% of the nanoparticles remain attached, which demonstrates a
strong attachment comparable to the strength of HelLa’s attachment to the fibronectin-coated
plate.

Inhibition of Folic Acid Receptors

In order to further determine whether the targeted nanoparticles are attaching to HeLa
cervical cancer cells primarily by way of FRs, an inhibition study with excess folic acid in
the perfusion solution is performed. Attachment is inhibited significantly (p < 0.001) at
various concentrations of excess folic acid (Figure 8). The addition of 0.5 mM folic acid in
the perfusion media decreases the number of LTP-Fol nanoparticles from 128 +8t0 30+ 1
nanoparticles/mm2. This inhibition is increased with 1.0 mM of folic acid in the 0.5%
serum, which inhibits the attachment to 15 + 1 nanoparticles/mm?2. A 2.0 mM concentration
of folic acid further inhibits the attachment down to 12 + 1 nanoparticle/mm2. The targeted
nanoparticle attachment to HeLa with both 1.0 mM and 2.0 mM of folic acid in the 0.5%
serum is not significantly different (p > 0.999) than the plain LTP nanoparticles or the
interactions of targeted nanoparticles to fibroblasts. This successful inhibition of attachment
with excess folic acid is strong evidence that the targeted nanoparticles are attaching to the
HelLa’s FRs.

Anticancer Efficacy of Folic Acid Decorated Nanoparticles

In order to determine the anticancer efficacy of the targeted nanoparticles, a monolayer of
HelLa is incubated with the nanoparticles (encapsulated with SCC22 or cisplatin) or the drug
for 30 minutes. The targeted LTP nanoparticles loaded with SCC22 or cisplatin have a
significantly higher toxicity against HeLa as compared to plain LTP nanoparticles or the free
drug (p = 0.004 and p = 0.006, respectively, Table 1). HeLa incubated with SCC22-LTP-Fol
nanoparticles results in LDsgq of 12.0 uM of SCC22 (viability of 54 + 10%), while plain
SCC22-LTP nanoparticles result in a significantly higher viability of 93 + 1%. The
application of cisplatin-LTP-Fol nanoparticles against HeLa has resulted in a LDsgq of 0.625
UM. This result is significantly different to the free drug but not the plain nanoparticles
loaded with cisplatin (p < 0.001 and p = 0.207, respectively). Hence, targeted nanoparticles
in this study only significantly enhance the toxicity for the silver based chemotherapeutic
drug. Finally, targeted nanoparticles loaded with SCC22 have little efficacy against
fibroblasts (Table 1) with cellular viability of greater than 92% for all conditions while the
toxicity of cisplatin loaded targeted nanoparticles resulted in viability of 64 + 6%.

DISCUSSION

The ligand-receptor interactions of folic acid conjugated to a therapeutic viable drug-
delivery system has been characterized for the first time under physiological flowing
conditions simulating conditions within capillaries. While many drug delivery system could
have been chosen, LTP nanoparticles have shown promise as drug carriers for
antimicrobials*® and genes.2> The modification for decorating the surface of LTP
nanoparticles can be achieved by simply substituting the amphiphilic copolymers (2.5 mg of
PLGA-PEG and 0.5 mg of PLGA-PEG-Fol instead of 3 mg of Chitosan-PEG) in the
emulsion.22: 24 While functionalized PEG groups could be chemically coupled to an
assortment of molecules,*1 42 we have focused upon FRs since they are overexpressed in
ovarian, breast, brain, liver, and lung carcinomas.#2: 43 The overexpression of the FRs is also
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seen with HelLa (Figure 1A), and the targeted nanoparticles show 10 times greater binding
efficacy as compared to plain nanoparticles (p < 0.002). A competitive assay confirms the
ligand-receptor interaction of our targeted nanoparticles. The addition of free folic acid in
the perfusion media, as expected, inhibits the attachment of the targeted nanoparticles
(Figure 8). Notably, the attachment to HeLa with 1.0 mM folic acid is similar to the binding
results for the plain nanoparticles against HeLa and fibroblast control experiments (Figure
4).

If the targeted nanoparticles are to be internalized along with the FRs, they must posses the
appropriate size range for cellular uptake. Studies have shown that endocytosis of similar
nanoparticles into cancerous cells is only possible if they are less than 4 um in

diameter.44 45 The uptake of the nanoparticles and their escape from endosomes are
essential for most anticancer drugs, which require intracellular interactions.*6 Previous
studies have documented that LTP nanoparticles can escape from endosomes and release
DNA in the cytoplasm due to the proton sponge effect created by LPEI, which has been
incorporated by design in the nanoparticle’s formulation.2> 47 Furthermore, the diameter of
nanoparticles for cancer applications should be less than 200 nm, so they can take advantage
of the enhanced permeability and retention effect and accumulate in the intercellular
spaces.*8 The desired sizes of the targeted nanoparticles have been formulated (Figure 3B),
but only the larger sizes are used to quantify the attachment and binding kinetics due to the
limits of visualization with optics, flow chambers, and most CCD cameras. Although the
influence of nanoparticle’s diameter and their adhesion under flow has generally been
established, an insight from a previous study shows that this relationship is independent of
each other at low shear stresses under parallel flowing conditions.3® To validate the binding
kinetics for nanoparticles of less than 1000 nm, future studies will focus upon the
mathematical modeling developed by Lauffenburger 42, which has been validated by
experimentation.3°

An obvious route for the administration of targeted nanoparticles is intravenous, which
requires the nanoparticles to attach to cancer cells in the microcirculation.>% 51 Thus, a high
number of nanoparticle attachments at low shear stress is advantageous. When compared to
previous studies with polystyrene (1 dyne/cm?),3° poly(e-caprolactone) (0.3 dynes/cm?),52
and hyaluronan (1 dynes/cm?)3¢ nanoparticles decorated with antibodies for E- and P-
selectin show attachments ranging from 20 to 80 particles/mm? for Chinese Hamster Ovary
cells that have been genetically modified to overexpress P-selectin. Thus, the use of folic
acid to target cervical carcinoma is very attractive since the binding is greater than 120
nanoparticles/mm? (Figure 4), and the kinetics of attachment show a linear rate of
accumulation (Figure 6). The targeted nanoparticles once bound and internalized, the FRs
become temporarily unavailable, and they recycle back to the surface after releasing the
ligand.20 The rate of recycling is typically 30 minutes for HeLa.2% After 20 minutes of
perfusion, the binding kinetics show a linear relationship (R? = 0.985) and does not reach
saturation. Thus, the FRs may always be available for nanoparticle binding and uptake.

In addition to the chemical interactions, the adhesion of targeted nanoparticles to the desired
tumor is influenced by the fluid dynamics of the circulatory system and the interstitial space.
Since tumor vascular is leaky, nanoparticles entering into the interstitial space from the
microcirculation will be subject to a reduction of hemodynamic forces and will experience a
shear stress gradient that could decrease as low as 0.05 dynes/cm?.31 Thus, the attachment of
targeted nanoparticles to cervical carcinoma as well as the microcirculation of the tumor is
possible for the range of shear stresses investigated. For larger arteries, the shear stress
ranges from 10 to 70 dynes/cm2.53 As seen in Figure 7, the strength of attachment for
targeted LTP nanoparticles is nearly steady between 0.5 to 3.0 dynes/cm?, and nearly half
nanoparticles are physically removed from the receptors when the shear stress reaches 5.0
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dynes/cmZ. This dependence on shear stress can act as a safety mechanism by preventing
nonspecific adhesion of the targeted nanoparticles outside of the arteriole and capillaries
regions.

The administration of chemotherapeutic drugs without a proper delivery system can fail to
achieve effective killing of cancer cells due to their poor stability in physiological
solutions,> rapid clearance from the tumor tissue,>® inability of uptake,>® and/or nonspecific
toxicity.2” Encapsulation of anticancer drugs into nanoparticles can overcome these issues
and help with the localization within a carcinoma. Yet, encapsulation alone does not entirely
prevent nonspecific toxicity or increase the uptake of drugs.?” The decoration of the
nanoparticle’s surface with a targeting ligand is needed for preferentially binding as well as
stimulating the uptake. The conjugation of folic acid to liposomes has shown increased drug
internalization,®8 and this strategy should have the same effect for biodegradable
nanoparticles. Although the internalization rate can vary among cancer cell types and the
status of their metabolic cycles,20 cervical cancer cells, such as HeL a, typically possess FR
recycling rates of around half an hour.20

We have utilized the recycling rate of FRs by a 30 minute incubation of HeLa with targeted
nanoparticles loaded with SCC22 or cisplatin followed by aggressive washing steps to
remove non-adherent nanoparticles. Previous studies with SCCs have shown effectiveness
against OVCAR-3 (ovarian, LDsgq ranging from 20 to 35 uM) and MB157 (breast 8 to 20
M) cells lines, but HeLa has been shown to be resistant (LDsg > 200 pM).34 The
characterization of viable cells after three days of incubation demonstrates a significant
killing advantage of SCC22 encapsulated into targeted nanoparticles over the non-decorated
nanoparticles and the drug alone (Table 1). Although the incubation time only lasted 30
minutes as opposed to 3 days in the previous published study,34 the short incubation appears
to be adequate for nanoparticles to bind with the FRs and for uptake by the HelLa cells. A
LDsgq of approximately 12.0 and 0.625 uM (SCC22 and cisplatin, respectively) has been
achieved with thorough washing steps to remove majority of non-adherent targeted
nanoparticles (Table 1). For SCC22 loaded nanoparticles, the advantages of using folic acid
as a targeting moiety can be clearly observed. Since the potency of SCC22 is much weaker
than cisplatin (Lsg of > 200 uM verses ~ 3 uM, respectively, for the free drug with
continuous incubation for 3 days), the advantages of encapsulation into targeted
nanoparticles may only be gained for less effective drugs, such as carboplatin.® 60 The
enhanced transport of cisplatin through non-specific endocytosis of drug loaded
nanoparticles may be enough to kill both HeLa and fibroblast cells /n vitro regardless of the
specificity of targeting. However, this hypothesis will need to be tested in future research. In
addition, human dermal fibroblasts exposed to targeted nanoparticles encapsulated with
SCC22 have significantly lower toxicity (p > 0.999) as compared to HelLa. Therefore, the
encapsulation of SCC22 into targeted nanoparticles appears to significantly increase its
killing efficacy even in a cell line that is resistant to this drug. Finally, encapsulation of both
chemotherapeutic drugs into nanoparticles, whether targeted or not, shows enhanced
efficacy than the drug alone.

This investigation describes for the first time the binding characteristics of LTP
nanoparticles decorated with folic acid in order to form a receptor mediated targeting drug
delivery system. The decoration of the targeting group is accomplished with the
incorporation of PLGA-PEG-Fol into the nanoparticles’ emulsion during the formulation
process. The targeted nanoparticles possess the necessary size for cancer drug delivery and
receptor-based cellular uptake. These folic acid decorated nanoparticles are shown to bind to
HeLa under simulated physiological flow conditions. Inhibition of this binding with excess
folic acid demonstrates the likely binding of targeted nanoparticles to FRs on the HeLa. This
study examines the mechanics of this binding by measuring the binding strength under

Mol Pharm. Author manuscript; available in PMC 2013 November 05.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Ditto et al.

Page 10

various shear stresses and the kinetics of the nanoparticle attachment. Finally, we show
increased efficacy of drug delivery when incorporated into our targeted nanoparticles as
compared to plain nanoparticles and drug alone. Altogether, the decoration of LTP
nanoparticles with folic acid demonstrates their potential therapeutic values as a drug
delivery device and could be very promising for clinical applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Microscopy of FR-a for A) HeLa and B) fibroblasts. Folate receptor was detected with
primary antibody using anti-FR-a mouse 1gG and secondary antibody of anti-mouse 1gG
conjugated to FITC (green). In addition, Hoechst stained was used to detect the nuclei (blue)
and rhodamine phalloidin stained the cells’s cytoskeleton (red).
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Figure 2.
Scanning electron microscopy (40,000x%) of targeted nanoparticles.
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Figure 4.
Nanoparticle attachment. Number of attached targeted and plain nanoparticles per square
millimeter on both HeLa and primary human dermal fibroblasts.
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Figure 5.

Attachment of nanoparticles labeled with FITC. Plain (A-B) and targeted (C-D)
nanoparticles loaded with FITC attachment to HeLa under simulated physiological flow at
0.5 dynes/cm?. (A) FITC channel and (B) combined FITC and phase contrast image. (C)
FITC channel and (D) combined FITC and phase contrast image for targeted nanoparticles.
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Figure 6.
Attachment kinetics. Number of targeted nanoparticles attached to HeLa under shear stress

of 0.5 dynes/cm? as a function of time.
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Figure 7.
The strength of the nanoparticle attachment. The percentage of targeted nanoparticles
remaining attached to HeLa with increasing shear stresses.
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Figure 8.

Inhibition of targeted nanoparticle attachment. A competition assay was performed by
adding excess folic acid to the perfusion medium. As expected, number of nanoparticle
decreased due to presence of folic acid.
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Table 1

Anticancer activity of drug loaded targeted nanoparticles, drug loaded plain nanoparticles, and anticancer
drugs.

Hela Viability  FibroblastsViability

Untreated Cells 92+ 1% 95+ 2%
Blank LTP-Fol Nanoparticles 93+ 2% 97+ 1%
SCC22 * 93+ 2% 92 + 3%
SCC22-LTP Nanoparticles ™ 93+1% 92 £3%
SCC22-LTP-Fol Nanoparticles 54 £5% 93£2%
Cisplatin A 103 + 6% 101+13%
Cisplatin-LTP Nanoparticles” 64+ 7% 73+14%
Cisplatin-LTP-Fol Nanoparticles” 53 £6% 64 £6%

The drug concentrations within the nanoparticles is 12 pM* for SCC22 and 0.63 pMT for cisplatin
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