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Abstract: In this paper, we report on a potential cancer drug delivery system that utilizes the ligand targeting of the folate receptor. Our drug
delivery system consists of Pluronic-P105 micelles, targeted with folic acid moieties. A melanoma folate positive (FR+) (B16-F10), and a
fibroblast folate negative (FR-) (NIH-3T3) cell lines are used to compare the cellular accumulation of a chemotherapeutic drug (Doxorubicin)
when the delivery is mediated by folated Pluronic P105 micelles. In order to obtain a proper comparison, we corrected for the quenching of
Doxorubicin by folic acid molecules and illustrated the significant effect of quenching on the analysis of similar systems. Results show an 80%
increase in the accumulation of the antineoplastic agent in the FR+ cell line, when compared to the FR- cell line, thus providing evidence that

the efficacy of Pluronic micelles, as drug delivery vehicles, can be enhanced via folic acid targeting.
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INTRODUCTION

In the 1950s, a soil bacterium strain, Streptomyces Peucetius, was used as a source of a novel cancer treating anthracycline
compound called Daunorubicin [1-3]. Daunorubicin which showed unprecedented efficacy in killing cancer cells, was later
identified as a primary cause of cardiac toxicity [2, 4]. In an attempt to improve over such drawbacks, a similar bacterial strand was
genetically modified to produce Doxorubicin (DOX), another anthracycline compound with a higher therapeutic index and is one of

today’s most widely administered chemotherapeutic agents [2, 5-7].

The exact mechanism by which the drug functions remains a debated topic. DOX’s unique anticancer activity was attributed to its
heteroaromatic planar structure’s ability to stabilize Topoisomerase II [2]. Increasing the stability of Topoisomerase II prevents the
recoiling of cancer cell DNA after replication which initiates a DNA damage response and hence, stops tumor growth [6]. However,
other studies suggest that DOX is, in fact, a Topoisomerase II inhibitor that occupies the areas between base pairs of DNA and
decreases the DNA flexibility, thus increasing the torsional force and resulting in structural damage to the DNA of the cancer cells
[1, 6, 7]. Despite continuing concerns over the drug’s cardiotoxicity, DOX has been widely used in treating various types of tumors
including leukemia, lymphoma, breast and lung cancers [2, §].

In the late 1980s, advancements in nanotechnology along with the need to eliminate DOX’s cardiotoxic side effects inspired the
utilization of polymeric nanocarriers in the delivery of this and other agents [9]. Amphiphilic block copolymers with a certain
concentration dissolved in a solvent, which physically accumulate in one of the blocks, lead to the formation of polymeric micelles
that encapsulate the drug [9-11]. The block copolymers aggregate to satisfy their chemical affinities, making it one of the easiest
nanocarriers to synthesize. Today, after years of research, polymeric

micelles are among the most commonly researched drug nanocarriers [12]. This can be mainly attributed to their spontaneous
selfassembly, suitable size and biocompatibility [11, 13].

Polymeric micelles range between 10 and 100 nm in size, making their structure suitable to take advantage of the enhanced

permeability and retention (EPR) effect [14-16]. Nano-vehicles used in cancer treatment are capable of accumulating preferentially
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in the diseased area due to the defective vascular architecture present in most solid tumors [17]. This enables these stealth micelles
to be “passively” entangled inside the leaky capillaries of the tumor, allowing for the slow release of their therapeutic contents. Thus,
the EPR effect allows the micelles and their encapsulated therapeutic chemicals to remain and accumulate in tumor tissues for an
extended period of time, possibly reducing their cytotoxicity in other parts of the body. This allows the creation of a drug delivery
system that targets malignant tumors leaving healthy tissue with low drug concentration and hence less unwanted side effects [3].
This approach is known as passive targeting. It is important to note that while the EPR effect is dependent on the size of liposomes,
it is also affected by the particle composition, and the tumor environment tissue characteristics including permeability, tissue

abnormality, lymph drainage, etc.

The conjugation of a targeting moiety on the surface of the micelles, in order to increase the nanoparticle’s affinity towards
malignant tissue, has been studied for more than a decade [18, 19]. This modification of the micellar surface can be utilized to
enhance the efficiency of the treatment. The type of the moiety to be conjugated depends on the type of receptor overexpressed on
the surface of the tumor cells under investigation [20]. This type of surface modification is termed active or ligand-targeting and is

defined as the use of targeting ligands for enhanced delivery and accumulation of nanoparticles to the diseased site [16].

Choosing the proper moiety for targeting is essential because of its effect on cellular uptake, affinity, circulation time, and extent
of extravasation into the tumor [21]. Ligands used as targeting moieties include: antibodies, peptides, aptamers, hormones, and low
molecular weight compounds [3, 16]. The most commonly used low molecular weight compound is folic acid which is a naturally
occurring vitamin overexpressed in a variety of malignancies including breast, ovarian, and skin cancers [20]. Its use in ligand
targeting is attractive because of its small size and the simple conjugation schemes it requires [3]. In an attempt to increase the
efficacy of ovarian cancer targeting, Werner et al. [22] created a folate modified nanoparticle that showed higher therapeutic effect
on the metastasis in mice. Similarly, Zhu et al. [23] created folated micelles that were able to specifically target hepatic carcinoma

cells and achieve a significantly higher drug concentration in implanted tumor tissue compared to their non-targeted counterparts.

In this paper, we will examine the effect of conjugating folic acid to Pluronic P105 micelles on two cell lines: a folate positive (FR+)

B16-F10 and a folate negative (FR-) NIH-3T3 cell lines.

MATERIALS AND METHODS
Micelles Preparation

P105-FA was synthesized using 1,1-carbonyldiimidazole (CDI, Sigma Aldrich). Approximately 1.026 g of folic acid (FA, Sigma
Aldrich) was dissolved in 100 ml of dried DMSO [26]. Then, 0.414 g CDI was added and allowed to react for 4 hours under dark
conditions at room temperature. After the activation of the FA, 30.2 g of Pluronic P105 (BASF), which was dried overnight under
vacuum, was added to the above solution. The activated FA and Pluronic P105 were allowed to react for 20 hours in darkness at
room temperature. At the conclusion of the reaction, the product was dialyzed (Spectra Millipore MWCO 3500) against DMSO for
2 days and then against DD-water for 2 additional days. The purified product was then lyophilized and stored at -20°C. The formation
of P105-FA was confirmed using IHNMR. The IHNMR spectra were recorded on a Bruker 400 UltraShield spectrometer at room
temperature in CDCI3. For cell experiments, P105-FA was dissolved in PBS, pH 7.4, to make a final concentration of 5 wt. % (5
wt. % P105-FA, 95 wt. % phosphate buffered saline (PBS)). Dox (Sigma Aldrich) was introduced into the micelles by mixing at
room temperature to a final concentration of 10 pg/ml. The drugloaded micellar solution was degassed overnight before being used

in cell experiments.

The mean diameter and polydispersity of the self-assembled micellar structures in aqueous media were defined by dynamic light

scattering (DLS, Zetasizer Nano ZS, Malvern Instrument Ltd., U.K.), with the concentration of the polymers at 5%.



Cryotransmission electron microscopy (cryo-TEM) was also used to investigate the morphology of the aggregates in water. The
specimens for analysis were prepared by the application of a drop of the aqueous aggregate suspension on a micro-copper grid coated
with a porous carbon film. Excess suspension was blotted away, resulting in a 30-100 nm thick film that spans the holes of porous
carbon support. The sample was then rapidly vitrified by immersion in liquid ethane, transferred to the cryo-electron microscope
(Philips CM 12 FEI, Eindhoven, Netherlands) operating at 80 kV in transmission mode at a temperature not allowed to exceed -160

°C. Images were recorded on a CCD camera with minimum electron dose at a nominal magnification of up to 3500x.

Cell Culture

B16-F10 melanoma cells, derived from C57BL/6 mice, and NIH-NIH-3T3 cells (standard fibroblast cell line), were cultured at 37
°C in a humidified 5% CO, incubator in Dulbecco’s modified Eagle’s medium (DMEM, from Invitrogen, Basel, Switzerland)
supplemented with 10% fetal bovine serum (Invitrogen) with penicillin at 100 U/ml and streptomycin at 100 mg/ml (both from

Invitrogen).

Cell Treatment

Briefly, 5 x 10* of each cell line was plated into a 24-well plate containing 500 ml of DMEM and 10% fetal bovine serum. After 24
h, when the cells were 70-80% confluent, DOX loaded folated micelles and non-folated micelles were added to the media and
incubated with both B16-F10 and NIH-NIH-3T3 cells for 15 and 30 min at 37 °C. The incubation media was then removed and cells

were extensively washed with PBS. Cells were trypsinised, washed and suspended in PBS for immediate flow cytometric analysis.

To compare between the DOX concentrations in our samples, the linear proportional relation between fluorescence intensity and
concentration expected by Beer’s law was used. The difference between the sample intensity and the background intensity was
calculated for each case and the ratios between such differences provided an accurate measure of the ratios of DOX between the

different samples. P-values were calculated using a student ttest.

RESULTS AND DISCUSSION

We have reported earlier that ultrasound can be used to release DOX from non-targeted [24, 25] and targeted micelles [26, 27]. In
vivo experiments showed a slight increase of Dox accumulation when comparing the sonicated and control tumors (an increase of
approximately 20%) [28-30]. In order to improve this drug delivery system, we opted to conjugate a folate moiety to the surface of
Pluronic P105 micelles. The idea is to use all three targeting techniques to our advantage (namely passive, ligand and triggered

targeting) in future in vivo experiments.

In characterizing the P105-FA, NMR spectra showed a broad peak at 3.7 ppm (attributed to the PEG backbone) and characteristic
peaks attributed to folic acid at 2.3, 6.6, 7.6 and 8.6 ppm. These NMR peaks were used to calculate a yield of 48 %. To characterize
the micelles, we measured the average hydrodynamic diameter by dynamic light scattering measurements (DLS) at a fixed angle of
90°. The average diameter of these micelles was measured to be 10.2 + 2.2 nm. This size was also confirmed by cryo-TEM. The
poly dispersity of our samples was 24.9 % + 8.4 %. Having the micelles in this size range ensures that the designed drug delivery
system can take advantage of the EPR effect; the micelles are small enough to escape the blood stream through the tumor highly
permeable vasculature and accumulate in the tumor tissue. This has been previously studied and it has been shown that a nanocarrier

size range of 10-200 nm is the optimum range for passive targeting [16, 31, 32].
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Fig. (1). Fluorescence of Dox in P105 non-targeted and folate-targeted micellar solutions as a function of time. The figure shows the stability of both types of

nanocarriers.

Additionally, we have measured the stability of both folated and non-folated liposomes in media for 45 minutes. Dox exhibits a
decrease in fluorescence when transferred from the poly-propylene hydrophobic core of the micelles to the aqueous environment
surrounding the micelles [33]. This decrease in fluorescence upon changing the non-polar to polar micro-environments of the agent
has been extensively studied and documented, and has been utilized to study the ultrasonic release of Doxorubicin from folate-
targeted P105 and non-folated micelles [34, 35] and to model the kinetics of acoustically activated drug delivery [36-41]. Fig. 1
shows the fluorescence of Dox encapsulated in folated and non-folated micelles as a function of time. The figure shows that the
fluorescence level is constant for 45 minutes, hence providing evidence of the micellar stability in growth media for the duration of
our in vitro experiments.In order to evaluate the effect of the presence of a folate receptor on the cellular uptake of the folated
micelles, flow cytometric analysis was performed to measure the cellular uptake of DOX by two cell lines: NIH-3T3 fibroblast,
which is folate negative (FR-), and B16-F10 melanoma, which is folate positive (FR+). Flow cytometric analysis performed after 15
minutes of incubation was used to evaluate the efficacy of DOX loaded folated micelles as an active targeting therapeutic system.
Fig. 2 (left) shows that the B16-F10 cellular drug uptake is significantly higher compared to the NIH-3T3 cells (p-value = 0.000112);
the presence of the folate receptor on the surface of the B16-F10 cells and the activation of its pathway caused a 70% increase in

cellular uptake when compared to the uptake of NIH-3T3 cells.
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Fig. (2). Flow cytometric analysis results, for NIH-3T3 (red) and B16-F10 (blue) cells, 15 and 30 minutes after incubation with folated micelle. The figure shows
three replicated for each condition at both time points. The average peak fluorescence for the NIH-3T3 and B16-F10 cell lines incubated for 15 minutes with
Dox encapsulated in folated-micelles are 3.6 + 0.15 and 4.1 + 0.11, respectively. The average accumulation increases after 30 minutes of incubation inside these

targeted micelles to reach 4.43 + 0.092 (for the FR- cell line-NIH-3T3), and 6.00 + 0.435 for the (FR+ cell line-B16-F10).



Our results complement Varshosaz et al. [41] results using folate activated polymeric micelles and Kang et al.’s [42] results using
folate activated liposomes to treat B16-F10 cells which confirms the ability of the folate ligand to differentially target the
melanoma cells. The results also match previous micellar studies on Bel-7402 hepatoma cells [23], KB cells [43], MATB III
breast cancer cells, and C6 glioma cells [44] emphasizing the importance of folate as a common tumor targeting moiety over-

expressed on the surface of several cancer cell lines.

Increasing the incubation time from 15 to 30 minutes increases the cellular uptake of the folated micelles in both cell lines as
shown in Fig. 2 (right). The role of the folate receptors exhibits a slight increase; the B16-F10 cells that show 1.7 times increase
in the concentration of DOX when compared to NIH-3T3 cells after 15 minutes of incubation, show 1.8 times the concentration
of DOX recorded in NIH-3T3 cells after 30 minutes of incubation. This further confirms the role of the folate receptor in
facilitating drug uptake via receptor-mediated endocytosis but also reflects the process’ dependence on time and the importance
of choosing an optimum incubation time in future studies. It is expected that increasing the incubation time beyond 2 hours will
result in a lower drug concentration in tumor cells as shown by Amin ef al. [45] and, therefore, it is essential to optimize the

incubation to achieve the maximum efficiency of this drug delivery system.

The previously presented data accentuate the folic acid ability as a ligand to target the folate receptor on surfaces of tumor cells,

yet upon comparing the cellular uptake of the synthesized folated micelles to non-folated micelles the results are seemingly
contradicting. To demonstrate the effective ligand interaction, our drug delivery system has to be compared to a system that lacks
either the receptor or the ligand. Exposing the cell cultures to non-targeted micelles (micelles without FA moiety) provides a
control sample that lacks the ligand and therefore, should not exhibit any active targeting character. As shown in Fig. 3, the
fluorescence intensity of the B16F10 cells treated with non-folated micelles are 9 times more than that of the same cells treated
with the same concentration of folated micelles. This opposes both theoretical expectations and previous work reported in
literature [23, 43, 46]. Theoretically, a folated nanocarrier causes a higher cellular uptake when compared to a non-targeted
similar nanocarrier (when incubated in the same folate receptor-positive cell line) due to the instigation of receptor mediated
endocytosis processes, as long as receptor saturation has not been reached [16, 47-49]. This has been proven in vitro in different
folate (+) cell lines including KB [50, 51], M109 lung carcinoma [19], HeLa cervical carcinoma [48], Bel 7402 hepatic carcinoma
[52], and B16-F10 cells [41]. The results shown in Fig. 3 clearly indicate the existence of an entirely different trend.
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Fig. (3). Flow cytometric analysis results of folated vs. non-folated micelles for Dox accumulation in the B16-F10 cell line. The figure shows three replicated
per condition. The average peaks of Dox accumulation after 30 minutes of incubation with non -targeted and targeted micelles are 17.78 + 1.43, and 4.1 £ 0.11,

respectively.
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Fig. (4). Flow cytometric analysis results before and after correcting for quenching. The correction was made by multiplying the average fluorescence of the

three folated micelles replicates by 5.11.

This unexpected behavior can be attributed to a chemical interaction between DOX and folic acid causing a quenching effect on
the fluorescence of DOX. This has been studied by Santra et al. [53] who created a FOL-DOX conjugate in an attempt to increase
the efficacy of DOX delivery. The resultant conjugate had a fluorescence intensity 5 times lower than DOX. Husseini et al. [54,
55] went on to the study the existence and nature of the quenching phenomenon between folic acid and DOX molecules in
different pH media, including at physiological pH. A similar quenching effect was observed at the different pH conditions.
Moreover, fluorescence emission showed a decrease in the folic acid peak at 395 nm and the DOX peak at 520 nm and an
emergence of a new peak at 430 nm, suggesting the presence of FOL-DOX conjugates. Their study used free folic acid in PBS
(not folated micelles as is the case in this study). The presence of the P105 molecules/micelles attenuates the interaction between
the two molecules and as a result, the fluorescence correction factors previously reported by Husseini ef al. are not accurate for

this study. However, this quenching phenomenon should be accounted for to properly compare our results.

One way to account for the DOX/folic acid quenching effect is to assume that the concentration of the drug in the B16-F10 cells
with non-folated micelles is the same as that of the NIH-3T3 cells with folated micelles. In both treatment groups, receptor
mediated endocytosis is absent and the micelles enter the cells by other mechanisms. The drug concentration in B16-F10 (average
peak fluorescence values = 17.78 + 1.43) and NIH-3T3 (average peak fluorescence values = 16.62 £ 1.12) incubated with non-
folated micelles and was found to be statistically insignificant (p-value = 0.8976), showing similar accumulation levels of the

drug in the cells using non-targeted P105 micelles as drug delivery vehicles.

Therefore, if the fluorescence intensity of the NIH-3T3 cells with folated micelles is simply multiplied by a factor to make it
equal to that of the B16-F10 cells with non-folated micelles, then this factor would be the correction factor needed to account for
quenching under the same folic acid, DOX, and P105 concentrations of any other sample. This strategy gives a correction factor
of 5.11 causing the histogram shift shown in Fig. 4 and resulting in a cytometric profile similar to that of the B16-F10 liposomal
system with and without folate reported by Kang et al. [41]. In Kang and coworkers’ drug delivery system, the fluorescent agent,
encapsulated in the nanocarriers, is a dye that does not interact with folic acid molecules, hence providing an accurate measure
of the efficacy of using folate ligands against B16-F10 cells. The 5.11 correction factor we calculated matches the 5-fold
quenching of DOX fluorescence observed by Santra et al. [53], again confirming the formation of DOX-FOL conjugates.

However, the exact nature of the association between the folic acid and the DOX remains unclear.



The implications of these observations can be extended to the folate competitive inhibition studies. In order to further confirm
the role of the folate receptor in the active targeting process, many studies add a known amount of free folic acid to the system
to competitively inhibit the ligand-receptor facilitated uptake process. The free folic acid (usually present in high concentrations)
binds to the folate receptor reducing the likelihood of the folated micelle binding to a free folate receptor. As a result, in such
highconcentration-folic-acid media, the concentration of the drug in FR+ cells after incubation will be lower compared the folic
acid free medium [56, 57]. However, this reduction in uptake, observed in the reduced fluorescence intensity, is not necessarily
due to competitive inhibition alone. We believe that if DOX is the chemotherapeutic agent of choice, and in the presence of a
high concentration of free folic acid, its fluorescence will be lower due to quenching [54, 55]. The higher the concentration of
free folic acid in the treatment media, the higher is the validity of the hypothesis that the formation of the FOL-DOX conjugates
provide an explanation for the decrease in fluorescence intensity of the FR+ samples upon adding folic acid as a competitive

antagonist as reported previously [43].

However, the reason why this behavior has never been observed by other researchers studying the same system remains unclear.
This may require further molecular analysis of the FOL-DOX conjugates that could have been enhanced by the particles’
concentrations, the FA-P105 synthesis protocol, or the flow cytometry conditions. Further analysis of this quenching effect in the
presence of different polymers is also required in hope of providing proper correction factors in cytotoxicity analysis of folated

nanocarriers.

The results reported herein show the utility of using folatetargeting to enhance the efficacy of acoustically-activated Dox delivery
from P105 micelles. We have reported earlier the results of using non-targeted P105 micelles in vitro and in vivo. Our results
showed that US and micelles/Dox in a rat model showed selective reduction of tumor growth rates, but only by 20%. We believed
that the targeted micelles in this work have the capability of improving the efficiency/drug accumulation/tumor regression rates

of the P105 (non-targeted) micelles studied earlier.

CONCLUSION

In conclusion, we reiterate the advantages of using polymer micelles as drug delivery vehicles: their attractive size, simple assembly, long
shelf-live and low toxicity. More specifically, here we report on enhancing their targetability towards certain cancer cell lines via the conjugation
of a targeting moiety to their surface. Folic acid is arguably the most widely researched targeting moiety because of its small size and simple
conjugation technique and hence was used in this work. Furthermore, our data highlights the need to correct for the quenching of Dox by folic
acid molecules. Our results show that drug delivery systems can enhance their efficacy by utilizing receptor-mediated endocytosis. More
research is currently being undertaken to see the effect of adding ultrasound to these folate-targeted micelles on both cells lines. The ultimate

goal is to reach an optimal multimodal drug delivery system that helps mitigate the side effects of conventional chemotherapy.
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