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Abstract: Targeted drug delivery using polymeric nanostructures is an emerging cancer
research area, engineered for safer, more efficient, and effective use of chemotherapeutic drugs.
A pH-responsive, active targeting delivery system was designed using folic acid functionalized
amphiphilic alternating copolymer poly(styrene-alt-maleic anhydride) (FA-DABA-SMA) viaa
biodegradable linker 2,4-diaminobutyric acid (DABA). The polymeric template is pH respon-
sive, forming amphiphilic nanostructures at pH 7, allowing the encapsulation of hydrophobic
drugs on its interior. Moreover, the structure is stable only at neutral pH and collapses in the
acidic tumor microenvironment, releasing drugs on-site from its core. The delivery vehicle is
investigated using human pancreatic PANC-1 cancer cells and RAW-Blue™ mouse macrophage
reporter cell line, both of which have overly expression of folic acid receptors. To trace the
cellular uptake by both cell lines, curcumin was selected as a dye and drug mimic owing to its
fluorescence nature and hydrophobic properties. Fluorescent microscopy of FA-DABA-SMA
loaded with curcumin revealed a significant internalization of the dye by human pancreatic
PANC-1 cancer cells compared to those with unfunctionalized polymers (SMA). Moreover, the
FA-DABA-SMA polymers exhibit rodlike association specific to the cells. Both empty SMA
and FA-DABA-SMA show little toxicity to PANC-1 cells as characterized by WST-1 cell pro-
liferation assay. These results clearly indicate that FA-DABA-SMA polymers show potential
as an active tumor targeting drug delivery system with the ability to internalize hydrophobic
chemotherapeutics after they specifically attach to cancer cells.

Keywords: functionalized copolymers, folic acid receptors, curcumin, enhanced hydrophobic

drug delivery, improved cellular uptake

Introduction

Conventional chemotherapy is one of the most common treatments for cancer; however,
current technologies suffer from limitations such as poor aqueous solubility, which
causes elevated toxicity, lack of selectivity toward cancer cells, and multiple drug
resistance against treatments.' The application of nanotechnology to deliver drugs to
tumor cells is an attractive alternative. It allows drug to be delivered to cancer cells
specifically with prolonged circulation time and with a controlled drug release.>* In
addition, controlled drug delivery improves bioavailability by preventing premature
degradation and enhancing uptake, as well as by maintaining drug concentration and
release rate within the therapeutic window, while reducing side effects by targeting
cancer cells.>” Commonly, there are three levels of targeting strategies using poly-
meric templates, including passive, active, and stimuli-responsive targeting. Passive
targeting, also known as enhanced permeability and retention (EPR) effect, takes
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advantage of the leaky vascular solid tumor structures with
poor drainage. This allows particles of a certain size to enter
and accumulate in the tumor tissues.”® Once the drug is
unloaded, the biocompatible polymers would clear through
the excretory system. Despite the ability of the EPR effect
to improve the accumulation of macromolecules, there are a
few barriers to the EPR effect including high interstitial fluid
pressure in tumor tissues,’ layers of tissue penetration that
is demanded for therapeutic macromolecules, and liver and
spleen accumulation of these particles. As a result, additional
targeting strategies are required to enhance the distribution
of the therapeutic macromolecules. Active targeting mecha-
nisms utilize tumor-specific receptor ligands to achieve a
degree of specificity, and therefore it is used as a promising
complementary strategy to EPR effect. Targeting molecules
include carbohydrates, antibodies, and ligands where their
receptors are overly expressed in tumor tissues but are limited
in healthy cells. Active targeting would not only improve
therapeutic efficiency but also enable reduction of the amount
of drug that must be administered to achieve a therapeutic
response, thus minimizing negative side effects.>*-!! Finally,
stimuli-responsive delivery systems are designed in response
to external stimuli (ie, pH, light, and magnetic field), so that
the drug release is triggered only at the desired time and
location. When exposed under external stimuli, the polymers
will undergo physiochemical structural changes, and there-
fore lose the well-defined nanoarchitectures releasing drugs
directly onto the tumor cells. Among the external stimuli,
pH gradients have been widely used for controlled release,
relying on the abnormally low pH of endosomes or tumor
tissues compared with healthy tissues.'*"

The present study describes a strategy to develop a
“smart” drug carrier with all three delivery strategies. In
particular, alternating copolymer poly(styrene-alt-maleic
anhydride) (SMA) was chosen as the polymeric template
(Figure 1A). Amphiphilic alternating copolymers can
be structurally very close to biological systems since the
alternating pattern of hydrophilic and hydrophobic groups

A B
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Figure | (A) Chemical structure of SMA; (B) SMA self-assembly at pH 7 in aqueous
solution.
Abbreviation: SMA, poly(styrene-alt-maleic anhydride).

provides uniform interaction along the polymer chains within
ananoarch formed by self-assembly. Indeed, SMA can self-
assemble into very ordered nanoarchitectures with cavities as
small as 3 nm, resulting in increased volume-to-surface ratio
that would further increase the delivering efficiency owing
to the EPR effect (Figure 1B). The self-assembly process,
only observed at neutral pH, is linked to the linearity of the
polymer chain, reducing the entropic cost of chain interac-
tion. The obtained nanostructure is either nanotubes or nano-
sheets depending on the molecular weight of the polymer, as
described in the previous studies.>® The linearity observed
only at neutral pH originates from a strong hydrogen bond
formed within the hydrophilic groups of SMA when one acid
group is hydrolyzed. The self-assembled structures charac-
terized by transmission electron microscopy are shown as
a function of molecular weight in Figure 2. To implement
the active delivery, folic acid, a commonly used targeting
molecule was linked to SMA polymers on its hydrophilic
exterior via a biological linker to actively bind to tumor sites.
The biological linker was selected using a careful and com-
plete characterization of the functionalized polymer using
molecular modeling (such as density functional theory).'s
This study ensured that the functionalization of the polymer
with the biological linker and folic acid would not affect the
linearity of the polymer at pH 7 (Figure 3). This property is
crucial for an unaltered delicate self-assembly process, while
preserving the pH sensitivity of the polymer.'¢

The active targeting using FA originates from folic acid
receptors overly expressed in various cancer cells including
malignancies of the pancreas, ovary, brain, kidney, breast,
and lung.''% The binding efficiency between folate and its
receptors is very high (K, ~10 m), and the folate conju-
gates will go through cellular uptake via receptor-mediated
endocytosis.'?! The linker was added to increase the flexibil-
ity between targeting agents and drug carrying unit so that the
steric hindrance effect would be reduced and the reactivity of
the folic acid-modified SMA drug carrier would be increased.
Lastly, owing to the pH-responsive nature of SMA, drugs
will be released once the carriers reach the tumor sites with
lowered pH environment, causing the system to switch from
the “off” state to the “on” state (Figure 4).

This study group has previously reported the synthesis
and complete experimental and theoretical characterization
of the above-mentioned delivery vehicle FA-DABA-SMA.!¢
At neutral pH, the functionalized polymers form stable
nanoparticles with a hydrodynamic radius of 144 nm and
collapse at lower or higher pH, confirming FA-DABA-SMA
as a good candidate for a pH-responsive targeted drug
delivery vehicle (Figure 5). The linker 2,4-diaminobutyric
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Figure 2 Molecular modeling and transmission electron microscopy characterization of the self-assembled structure of SMA at (A) low molecular weight and (B) high
molecular weight. Adapted with permission of Taylor & Francis, from Molecular Simulation, Characterization of a novel self-association of an alternating copolymer into
nanotubes in solution, Malardier-Jugroot C, van de Ven TGM, Whitehead MA, 31, 2—1, 2005; permission conveyed through Copyright Clearance Center, Inc.,* and adapted
from Chemical Physics Letters, 636, McTaggart M, Malardier-Jugroot C, Jugroot M, Self-assembled biomimetic nanoreactors I: polymeric template, 206—220, Copyright

(2015), with permission from Elsevier.*
Abbreviation: SMA, poly(styrene-alt-maleic anhydride).

acid (DABA) was selected to improve the accessibility of
the ligand. The biodegradable property of DABA and the
fact that the linkage between folic acid and SMA through
DABA conserved the pH responsiveness of FA-DABA-
SMA confirmed its suitability as a linker. The results from
cell studies are reported after incubating FA-DABA-SMA
to two cell lines such as RAW-Blue macrophage cell lines
and human pancreatic PANC-1 cancer cells. Curcumin
was selected as a hydrophobic drug mimic and a fluores-
cent marker to be introduced to the hydrophobic core of
FA-DABA-SMA. Curcumin is the extract of the natural
ingredient of Curcuma longa (turmeric).” Traditionally, it
has been used in the practice for the treatment of common

Figure 3 FA-DABA-PSMA oligomer at pH 7 at #| carboxylic acid using ONIOM
model: central trimer optimized to DFT, outer two to PMé. Adapted with permission
from Biophy Chem, 214-215, Li X, McTaggart M, Malardier-Jugroot C, Synthesis and
characterization of a pH responsive folic acid functionalized polymeric drug delivery
system, |7-26. Copyright (2016), with permission from Elsevier.'®

Abbreviations: DFT, density functional theory; PM6, complete parameter
optimization.

cold, skin diseases, wound healing, and inflammation.?***
Recent research has confirmed that curcumin possesses
antioxidant, anti-inflammatory, antibacterial, and antiamy-
loid properties and suppresses proliferation of a wide variety
of tumor cells such as pancreatic cancer, multiple myeloma,
and colorectal cancer.”* In addition, curcumin could act
as a fluorescent probe for tracing drug uptake in cell studies
since the compound exhibits fluorescence maxima at around
540 nm after excitation at 420 nm.?>-*33 However, its limited
solubility and bioavailability prevent its usage. Presently,
many research groups work to enhance the solubility and
pharmacokinetic property of native curcumin by encapsula-
tion through either a mechanical or a chemical process. The

2nm

“Off” state “On” state

Figure 4 Schematic representation of FA-DABA-SMA in its “off” state and “on”
state.

Notes: Yellow spheres represent folic acid molecules, green represents hydrophobic
drugs, blue shows the hydrophilic part of the polymers, and finally, the gray is the
hydrophobic part of the polymer. Adapted with permission from Biophy Chem,
214-215, Li X, McTaggart M, Malardier-Jugroot C, Synthesis and characterization
of a pH responsive folic acid functionalized polymeric drug delivery system, |17-26.
Copyright (2016), with permission from Elsevier.'®
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Figure 5 Dynamic light scattering results of (A) pure 0.05 wt% SMA solution and (B) | wt% PSMA-DABA-FA with mean zeta potential of —39.89 mV.

Notes: The presented line in the graph is a guide for the eyes. Adapted with permission from Biophy Chem, 214-215, Li X, McTaggart M, Malardier-Jugroot C, Synthesis and
characterization of a pH responsive folic acid functionalized polymeric drug delivery system, 17-26. Copyright (2016), with permission from Elsevier.'®

Abbreviations: DABA, biodegradable linker 2,4-diaminobutyric acid; FA, folic acid; SMA, poly(styrene-alt-maleic anhydride).

mechanical process utilizes the solution-enhanced dispersion
technique by supercritical CO, to produce curcumin
nanoparticles.’*** Although the method is able to manipulate
the properties of the obtained nanoparticles by controlling
the parameters of the synthesis process including the flow
rate of curcumin solution, precipitation pressure, concentra-
tion of curcumin solution, and precipitation temperature,
the experimental setups are complicated, and the products
are not always in aqueous forms. Alternatively, chemical
approaches employ polymeric nanocarrier systems such as
liposomes, chitosan nanoparticles, micelles, and so on to
solubilize curcumin in the core of the nanostructures. 6283640
Although the encapsulation processes are usually simple,
organic solvents are often used, which could introduce
undesired toxicity. This study used FA-DABA-SMA as the
synthesized drug carrier to deliver curcumin. The encap-
sulation process is chemical free as curcumin powders
diffuse into the hydrophobic core over time. The delivery
and release process will be noninvasive as the curcumin
drug carrier will be circulated in the bloodstream, and the
release is triggered by pH change in the microenvironment
of the cancer cells.

In general, drugs can be incorporated into the delivery
vehicles through covalent and noncovalent interactions. In
the former, anticancer drugs are linked to the polymer through
covalent bonds forming “prodrug”, which will be converted
into their active forms upon delivery. However, the process
of getting the polymer—drug conjugation approval is slow,
and many polymer—drug conjugates show unexpected release
behavior and side effects in clinical testing.® Noncovalent
interactions, on the other hand, utilize hydrogen bonding,
n—7 stacking, and ionic interactions to encapsulate drugs

in the interior.*? In this study, the hydrophobic interior of
SMA template cavity will encapsulate hydrophobic curcumin
through diffusion and release the drug directly without
prodrug conversion upon reaching the tumor site.

The uptake of curcumin in pancreatic PANC-1 cancer and
RAW-Blue macrophage cell lines was studied using fluores-
cent microscopy. The cell viability using FA-DABA-SMA
and curcumin-encapsulated FA-DABA-SMA was examined
using the cell proliferation WST-1 assay.* The results from
this study show the potential of using FA-DABA-SMA as a
targeted hydrophobic drug delivery vehicle.

Materials and methods

Cell lines

The PANC-1 (American Type Culture Collection, Manassas,
VA, USAATCC®; CRL-1469™) cells are a human pan-
creatic ductal epithelial carcinoma cell line. RAW-Blue™
(InvivoGen, San Diego, CA, USA) cells are derived from
the murine RAW 264.7 macrophages. Both cell lines overly
express folic acid receptors on the cell surfaces. Cells were
grown in media containing Dulbecco’s Modified Eagle’s
Medium (1x; Gibco, Rockville, MD, USA) supplemented
in 10% fetal calf serum (HyClone Laboratories, Inc., Logan,
UT, USA) and 5 uM/mL Plasmocin (InvivoGen) in a 5%
CO, incubator at 37°C.

When the cells reached 80% confluency, they were
incubated with SMA or FA-DABA-SMA, each loaded with
curcumin at four different concentrations of 0.3, 1, 3, and
10 um. The cells were incubated for 12 hours before analysis
by fluorescent microscopy.

The FA-DABA-SMA particles were synthesized follow-
ing previous published protocols.'
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Curcumin encapsulation

Curcumin was loaded to SMA and FA-DABA-SMA polymers
through physical entrapment. Briefly, excess curcumin was
added to polymer stock solutions at 54 m concentration.
The solution was allowed to settle and was centrifuged at
4,000 rpm (2500x g) for 7 minutes to remove the remaining
curcumin from the solution. Curcumin-loaded polymers were
then diluted to four different concentrations of 0.3, 1, 3, and
10 um. The curcumin-loaded SMA was characterized using
Tecan M 1000 Pro plate reader (Tecan Group Ltd, Mannedorf,
Switzerland) in 96-well microplates.

Fluorescent microscopy

The cellular uptake of curcumin was visualized using a fluores-
cent microscope. Briefly, 5x10* RAW-Blue or PANC-1 cells
were seeded in 24-well plates on 12 mm circular glass cover
slides in Dulbecco’s Modified Eagle’s Medium containing 10%
fetal bovine serum at 37°C in 5% CO, overnight to allow cells to
attach to slides. Cells were treated with SMA, FA-DABA-SMA,
or untreated as a control for overnight at 37°C. Subsequently, the
cell culture media was removed, and the cells on circular glass
slides were placed on 4 UL of fluorescence mounting medium
(DAKO, Agilent Technologies, Santa Barbara, CA, USA). The
fluorescent images were taken using a Zeiss M2 Imager epif-
luorescent microscopy (Carl Zeiss AG, Oberkochen, Germany)
(40x objective, at 200x and 400x magnification).

WST-1 assay

The WST-1 assay was used as a measure of cell viability
based on the reduction of a tetrazolium compound to a

soluble derivative.*** The absorbance recorded at 420 nm
is directly proportional to the number of living cells in
culture. At 80%-90% confluence, cells were added to
96-well microplates at a density of 5,000 cells per well and
incubated at 37°C overnight. They were then exposed to
increasing concentrations of indicated polymer treatments
or left untreated as controls for 24, 48, and 72 hours. About
100 uL of WST-1 reagent (Roche Diagnostics Division
de Hoffman La Roche Limitée, Laval-des-Rapides, QC,
Canada), diluted 1:10 in culture medium, was added to the
wells for 2 hours prior to reading of absorbance at 420 nm
at each time point. Cell viability was presented as a percent-
age of control using GraphPad Prism software (GraphPad
Software, Inc., La Jolla, CA, USA). The following formula
was used to determine cell viability as a percent of control
for each time point and treatment:

(Absorbance of cells in a given

concentration of drug) — (Media absorbance) 100

(Absorbance of cells alone) — (Media absorbance)

Results and discussion

To confirm the increased solubility of encapsulated curcumin
in SMA aqueous solution as compared with its solubility in
water, fluorescent spectroscopy was performed on aqueous
solutions of curcumin and SMA-curcumin. First, Figure 6
shows that both spectra exhibit emission maxima at around
540 nm with excitation wavelength at 420 nm, confirming
the fluorescent properties of curcumin as a probe in the cells.
Second, the emission spectrum of curcumin-loaded SMA

L = Curcumin in PSMA and water .
1,200 o
— Curcumin in water
1,000 ~ HO O O OH |
HCL 7 ~ o CHs
> 800 6 0 .
= Curcumin
7]
c
9 600 =
£
400 - —
200 - -
I 1 ] ] ]
450 500 550 600 650 700

Wavelength (nm)

Figure 6 Chemical structure of curcumin and fluorescence intensity of curcumin in water and when encapsulated in SMA polymers (PSMA) (1% wt to water) at excitation

wavelength 420 nm.
Abbreviation: SMA, poly(styrene-alt-maleic anhydride).
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shows a rapid increase in maxima intensity, indicating the
enhanced solubility of curcumin in SMA and confirming that
the polymers could act as delivery templates for curcumin.
The cellular uptake of curcumin-loaded SMA and FA-
DABA-SMA was visualized by the intrinsic fluorescence of
curcumin using fluorescence microscopy. Figure 7 shows the
fluorescent images of curcumim-loaded SMA in RAW-Blue
macrophage cells (Figure 7Aa—Ad) and PANC-1 pancreatic
cancer cells (Figure 7Ba—Bd). It appears that curcumin

is taken up by both cell lines displayed by fluorescence
emitted from the accumulation of curcumin in the cyto-
plasm. In addition, the dark unstained nucleus shown in
Figure 7 indicates that curcumin-loaded SMA did not interact
with the nucleus.

Figure 8 shows the fluorescent images of curcumin-
loaded FA-DABA-SMA in RAW-Blue macrophage cells
(Figure 8Aa—Ad) and PANCI pancreatic cancer cells
(Figure 8Ba—Bd). It is observed for all four concentrations

Concentration RAW-Blue cells

PANC-1 cells

0.3 um of a
Cur-loaded
SMA

1 pm of b
Cur-loaded
SMA

3 pm of c
Cur-loaded
SMA

10 um of d
Cur-loaded
SMA

Figure 7 Fluorescent images showing cellular uptake of curcumin-loaded SMA in (A) RAW-Blue and (B) PANC-1 cell lines.
Notes: Images in the left column indicate (A) RAW-Blue cell line with concentrations of (a) 0.3, (b) I, (c) 3, and (d) 10 um of curcumin-loaded SMA, respectively, and
images in the right column indicate (B) PANC-| cell line with concentrations of (a) 0.3, (b) I, (c) 3, and (d) 10 um of curcumin-loaded SMA, respectively. The image bar scale

represents |00 um.
Abbreviations: SMA, poly(styrene-alt-maleic anhydride); Cur, curcumin.
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Concentration RAW-Blue cells

PANC-1 cells

0.3 um of a
cur-loaded
FA-DABA-SMA

1 pum of
cur-loaded
FA-DABA-SMA

3 um of
cur-loaded
FA-DABA-SMA

10 um of
cur-loaded
FA-DABA-SMA

Figure 8 Fluorescent images showing cellular uptake of curcumin-loaded FA-DABA-SMA in (A) RAW-Blue and (B) PANC-I cell lines.
Notes: Images in the left column indicate (A) RAW-Blue cell line with concentrations of (a) 0.3, (b) I, (c) 3,and (d) 10 um of curcumin-loaded FA-DABA-SMA, respectively,
and images in the right column indicate (B) PANC-I cell line with concentrations of (a) 0.3, (b) I, (c) 3,and (d) 10 um of curcumin-loaded FA-DABA-SMA, respectively. The

image bar scale represents 100 um.
Abbreviations: SMA, poly(styrene-alt-maleic anhydride); Cur, curcumin.

that the modified FA-DABA-SMA polymers are taken up by
cells differently than pure SMA. At almost all concentrations,
the polymer chain exhibits association around the cells into
cylindrical filaments. This association is specific to cells as
no association is observed when the polymer is not in contact
with the cells. The enhanced fluorescent contrast at the fila-
ments due to the curcumin inside the polymers confirms that
the aggregation is formed by the FA-DABA-SMA polymers.
Furthermore, the curcumin was taken up by both cell lines and
was found to cross and agglomerate inside the nucleus and

cytoplasm. Lastly, the morphological changes observed in
the cells indicate that the cells are slowly losing their shapes,
indicating the initiation of cell death. The exact mechanisms
behind the polymer aggregation around cells are still under
investigation; however, the enhanced fluorescent contrast in
the filaments and the specificity toward cells exhibit great
potential for enhanced delivery efficiency.

To exclude the possibility of toxicity from the poly-
meric template, we utilized empty nanoparticles (SMA and
functionalized FA-DABA-SMA) treated PANC-1 cancer

Drug Design, Development and Therapy 2016:10
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concentrations of SMA (0.3, 1, 3, and 10 um) were tested,
and the readings were taken at 24, 48, and 72 hours. The
results shown in Figure 9 indicate that the SMA polymers
do not exhibit strong toxicity on the cancer cells. However,
the highest concentration of 10 pum results in cell death at 48
and 72 hours, indicating that the toxicity of SMA is dosage
dependent. As a result, the 10 um concentration of SMA
was excluded from further testing. Empty FA-DABA-SMA
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Figure 10 Viability of PANC-| cells treated with empty FA-DABA-SMA at different
doses using the WST-| assay.

Notes: The control is represented by the cells alone. Indicated P-values vs untreated
cells alone (n=5).

Abbreviations: SMA, poly(styrene-alt-maleic anhydride); SEM, standard error of
mean.

Figure |1 Viability of PANC-1 cells treated with Cur-encapsulated FA-DABA-SMA
at different doses using the WST-1 assay.

Notes: The control is represented by the cells alone. Indicated P-values vs untreated
cells alone (n=5).

Abbreviations: SMA, poly(styrene-alt-maleic anhydride); Cur, curcumin; SEM,
standard error of mean.

was also tested against PANC-1 at 0.3, 1, and 3 um concen-
trations. As shown in Figure 10, the empty functionalized
FA-DABA-SMA delivery vehicle did not interfere with cell
growth, and is therefore deemed nontoxic to the cells.

The effect of FA-DABA-SMA loaded with curcumin
on PANC-1 cell viability was also investigated using the
WST-1 assay at 0.3, 1, and 3 um concentrations (Figure 11).
The results show that although the lower concentrations
of curcumin (Cur)-loaded FA-DABA-SMA did not cause
cell death, the 3 um Cur/FA-DABA-SMA demonstrate
significant toxicity and cell death. The toxicity at 3 um
after 72 hours of treatment, compared with empty SMA and
FA-DABA-SMA, confirms the on-site release of curcumin
by the FA-DABA-SMA delivery platform (Figure 12). The
folic acid functionalized SMA polymers present enhanced
delivery effects on tumor cells, which are consistent with the
fluorescent microscopy results shown in Figure 8. Therefore,
folic acid-conjugated amphiphilic alternating copolymer is
a novel delivery platform for the delivery of hydrophobic
chemotherapeutic agents against cancer cells.

Conclusion
In conclusion, this paper presents a very unique interaction
of cell lines containing overly expressed folic acid receptors
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Figure 12 Comparison of viability of PANC-| cells at 72 hours treated with SMA,
FA-DABA-SMA, and Cur-encapsulated FA-DABA-SMA at different doses using the
WST-1 assay (n=5).

Abbreviations: SMA, poly(styrene-alt-maleic anhydride); Cur, curcumin; SEM, standard
error of mean.

in contact with a newly developed targeted drug delivery
vehicle. Cell viability assay showed that empty SMA and
FA-DABA-SMA nanoparticles did not cause cell death,
confirming the biocompatible properties of the delivery
vehicles. The enhanced fluorescence microscopy showed the
cellular uptake of FA-DABA-SMA loaded with curcumin by
both PANC-1 and RAW-Blue cell lines. The drug carrier FA-
DABA-SMA is shown to release the drug efficiently inside
the nucleus and cytoplasm, initiating cell death. This study
revealed that the novel interactions between the modified FA-
DABA-SMA polymers with the cells could lead to enhanced
hydrophobic drug delivery efficiency and could possibly be
developed as a probe for cancer therapeutics.

With three levels of control including EPR effect, folic
acid active targeting, and pH responsiveness in the cancer cell
microenvironment, FA-DABA-SMA polymers show prom-
ise as a new active tumor targeting drug delivery system.

More studies are being undertaken to investigate the
encapsulation and release profiles of curcumin encapsulated
in SMA and FA-DABA-SMA. In addition, clinical conven-
tional approved anticancer drugs will be loaded and tested
in these polymers to study the solubility, cellular uptake,
and cytotoxicity.
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