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Multifunctional Core/Shell Nanoparticles Self-Assembled
from pH-Induced Thermosensitive Polymers
for Targeted Intracellular Anticancer Drug Delivery**
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Core/shell nanoparticles that display a pH-sensitive thermal response, self-assembled from the amphiphilic tercopolymer,
poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide-co-10-undecenoic acid) (P(NIPAAm-co-DMA Am-co-UA)), have re-
cently been reported. In this study, folic acid is conjugated to the hydrophilic segment of the polymer through the free amine
group (for targeting cancer cells that overexpress folate receptors) and cholesterol is grafted to the hydrophobic segment of the
polymer. This polymer also self-assembles into core/shell nanoparticles that exhibit pH-induced temperature sensitivity, but
they possess a more stable hydrophobic core than the original polymer P(NIPA Am-co-DMA Am-co-UA) and a shell containing
folate molecules. An anticancer drug, doxorubicin (DOX), is encapsulated into the nanoparticles. DOX release is also pH-
dependent. DOX molecules delivered by P(NIPAAm-co-DMA Am-co-UA) and folate-conjugated P(NIPAAm-co-DMAAm-
co-UA)-g-cholesterol nanoparticles enter the nucleus more rapidly than those transported by P(NIPA Am-co-DMA Am)-b-
poly(lactide-co-glycolide) nanoparticles, which are not pH sensitive. More importantly, these nanoparticles can recognize
folate-receptor-expressing cancer cells. Compared to the nanoparticles without folate, the DOX-loaded nanoparticles with
folate yield a greater cellular uptake because of the folate-receptor-mediated endocytosis process, and, thus, higher cytotoxicity
results. These multifunctional polymer core/shell nanoparticles may make a promising carrier to target drugs to cancer cells
and release the drug molecules to the cytoplasm inside the cells.

1. Introduction

Numerous new chemotherapeutic compounds have been de-
veloped for combating cancer. However, medical advance-
ments have been limited because of the serious side effects
caused by many of these compounds. Most anticancer drugs
are taken up nonspecifically, by all types of cells. Therefore, an
ideal delivery carrier for an anticancer drug should be able to
transport the drug specifically to the cancer cells and release
the drug molecules inside the cells, at the site where their phar-
macological activity is desired. Polymeric core/shell nanoparti-
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cles have emerged recently as promising colloidal carriers for
targeting poorly water-soluble and amphiphilic drugs as well as
genes to tumor tissues.'! Using these nanoparticles, drug tar-
geting to solid cancers can be achieved passively by an en-
hanced permeability and retention effect, because of the hyper-
permeable angiogenic vasculature of solid cancers.” Drug
targeting can also be achieved by using a polymer sensitive to
the surrounding temperature or pH.®®! Moreover, active drug
targeting can be realized by attaching biological signals to the
surface of nanoparticles, including antibodies, hormones, pep-
tides, and small compounds such as folic acid that can recog-
nize cancer cells.[*"] Compared to antibodies, hormones, and
peptides, folic acid is less expensive, more easily conjugated to
the nanoparticles, and more stable during transportation, stor-
age, and use. Unlike the other ligands listed, folate is nonim-
munogenic because it is naturally found in the body.'!! More
importantly, the folate receptor is frequently expressed on the
surface of many human cancer cell types, and cell uptake of
folate—drug conjugates or folate-conjugated nanocarriers is
based on folate-receptor-mediated endocytosis. In a recent pa-
per, we reported pH-triggered, thermally responsive core/shell
nanoparticles self-assembled from the amphiphilic tercopoly-
mer poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide-
co-10-undecenoic acid) (P(NIPAAm-co-DMAAm-co-UA)).l?!
These nanoparticles exhibited a pH-dependent lower critical
solution temperature (LCST). In a normal physiological envi-
ronment (pH7.4), the LCST of the nanoparticles was well
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above normal body temperature (37 °C), and the nanoparticles
were thus well dispersed. However, in an acidic environment
(i.e., endosomes or lysosomes) the LCST was below 37 °C, lead-
ing to the deformation and precipitation of the core/shell nano-
particles and to the eventual release of enclosed drug mole-
cules. In this study, cholesterol was grafted to the hydrophobic
segment of P(NIPAAm-co-DMAAm-co-UA) to improve the
hydrophobicity of the core of the nanoparticles so that highly
hydrophobic anticancer drugs, such as paclitaxel, can be easily
encapsulated. In addition, folic acid was conjugated to the free
amine group of P(NIPAAm-co-DMAAm-co-UA). The result-
ing amphiphilic copolymer could self-assemble into core/shell
nanoparticles in aqueous solution, having a shell containing fo-
lic acid molecules. These nanoparticles also exhibited a pH-de-
pendent LCST. Doxorubicin (DOX) was used as a model anti-
cancer drug. 4T1 mouse mammary carcinoma cells and human
oral epidermal carcinoma KB cells were employed as folate-re-
ceptor-expressing cells, and A549 human lung carcinoma cells
were used as folate-receptor-deficient cells. The DOX-loaded
core/shell nanoparticles with folate were

much more cytotoxic to 4T1 and KB cells

than DOX-loaded P(NIPA Am-co-DMAAm- HzCZICH
co-UA) nanoparticles without folate. How- . IC=O
ever, the cytotoxicity of both types of nano- NH
particles against A549 cells was similar. Up- H
take of DOX-loaded nanoparticles with or HgC/ \CH3
without folate by folate-receptor-expressing NIPAAM

cells was based on folate-receptor-mediated
endocytosis or a nonspecific endocytosis
mechanism, respectively. After endocytic up-

take of nanoparticles with or without folate,
DOX molecules were able to escape from the
endosomes or lysosomes and enter the cell
nucleus as fast as free DOX. However, more
DOX molecules were taken up by the folate-
receptor-expressing cells using the nanoparti-

cles with folate. These multifunctional poly-  HO
mer core/shell nanoparticles may make a Cholesterol
promising carrier for delivering anticancer NHS/DCC
drugs to cancer cells and releasing the drug

molecules inside the cells to the cytosols.

2. Results and Discussion

2.1. Synthesis and Characterization of
Polymers

P(NIPAAm-co-DMAAm-co-UA) polymer
(feed  ratio of  NIPAAm/DMAAm/
UA=3.75:1.25:0.5) was first synthesized by
radical copolymerization using the redox cou-
ple ammonium persulfate (APS) and 2-ami-
noethanethiol hydrochloride (AET-HCI).!
Next, the carboxylic acid group of the copoly-
mer was activated with N-hydroxysuccinimide

further treated with cholesterol to yield cholesterol-grafted
P(NTPA Am-co-DMA Am-co-UA). Finally, NHS-activated folic
acid was coupled with the amine group of the cholesterol-grafted
P(NIPAAm-co-DMAAm-co-UA) to obtain folate-conjugated
P(NIPA Am-co-DMA Am-co-UA)-g-cholesterol ~ (Scheme 1).
The success of the copolymerization of NIPAAm, DMAAm,
and 10-undecenoic acid was evidenced by the absence of vinylic
proton signals at d=5.4-6.6 ppm in the '"H NMR spectrum
of P(NIPAAm-co-DMAAm-co-UA). The broad peaks at
0=1.5-1.9 ppm (a+a’, Scheme 1) and at 6=2.1-2.6 ppm (b +1V’,
Scheme 1) were attributed to the protons of the -CH,— and
—CH- groups in the NIPAAm and DMAAm moieties, respec-
tively. Other proton signals assigned to the isopropyl groups
(-CHMe; at 6=4.0 ppm and -CHMe, at §=1.15 ppm, c and d,
respectively, Scheme 1) and -NMe, groups at d=2.9 ppm (e,
Scheme 1; Me: CHj3) were also observed, and their chemical
shifts were similar to those of the monomers. From the integra-
tion ratio of signal d to signal e, the m/n ratio (unit number of
NIPA Am/unit number of DMAAm) was estimated, and it was
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Scheme 1. Synthesis of folate-conjugated P(NIPAAm-co-DMAAm-co-UA)-g-cholesterol. DCC:
N,N’-dicyclohexylcarbodiimide.
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approximately equal to the feed ratio of the two monomers. The
Fourier transform IR (FTIR) spectrum of the polymer exhibited
strong absorptions at about 1645 cm™ (ve—o) and 1546 cm™
(ve_n) from the NIPAAm and DMAAm segments. The ve_o
absorption of the 10-undecenoic acid segments appeared at
about 1711 ecm™. The weight-average molecular weight (M,,)
of P(NIPAAm-co-DMAAm-co-UA) was about 9.3 kDa. The
UA content was estimated to be 44.2 mgg™" of P(NIPA Am-co-
DMAAm-co-UA) by acid-base titration.

Folic acid and cholesterol were successfully conjugated to
P(NIPAAm-co-DMA Am-co-UA); this was confirmed by the
'H NMR spectrum of the final polymer. The success of the con-
jugation of folic acid was evidenced by the presence of a broad
proton signals at 6 = 6.8-7.2 and 6 =8.1-8.3 ppm assigned to the
folate aromatic protons (2,6) and (3,5) (see Scheme 1), respec-
tively. The conjugation of the cholesterol onto the polymer was
also evidenced by proton signals at 6 =0.66—1.2 ppm from the
five CH3 groups in the cholesterol unit (signals a, b, ¢, and d’;
Scheme 1). The amount of cholesterol in each polymer mole-
cule was estimated on the basis of the integral ratio between
signal d from NIPAAm and signal a from cholesterol, and the
molecular weight of the polymer as well as the unit number m
of NIPA Am, indicating that one molecule of cholesterol was at-
tached to each polymer molecule. The average number of fo-
late groups in each polymer molecule was estimated to be 1.2
by UV spectroscopy (UV-vis spectrometer, UV-2501PC, Shi-
madzu) using folic acid as the standard compound.

2.2. Critical Aggregation Concentration and LCST of Core/
Shell Nanoparticles

The critical aggregation concentration (CAC) of the polymer
was analyzed by fluorescence spectroscopy using pyrene as the
probe. A higher peak ratio of the intensity of the third band
(391 nm, I5) to the first band (371 nm, I;) of pyrene, I5/I;, ob-
tained from the emission spectra of pyrene was observed when
pyrene was located in a more hydrophobic environment.'’!

This property of pyrene can be utilized to study core/shell
nanoparticle formation and deformation. The CAC of the poly-
mer was determined to be approximately 31 mgL™ in phos-
phate buffered saline (PBS; pH7.4). At concentrations above
the CAC, the polymer self-assembled into core/shell nanoparti-
cles. It was noticed that the change in /5/I; after the formation
of folate-conjugated P(NIPAAm-co-DMAAm-co-UA)-g-
cholesterol core/shell nanoparticles was much greater than that
of P(NIPAAm-co-DMAAm-co-UA) nanoparticles (Fig. 1),
suggesting the formation of a more hydrophobic core. This is
attributed to the presence of the cholesterol segment of the
polymer. The LCSTs of the core/shell nanoparticles in buffer
solutions of different pH were determined by monitoring the
change in the optical transmittance as a function of tempera-
ture. The nanoparticles were fabricated by a membrane dialysis
method using dimethylacetamide (DMAc) as a solvent against
buffers such as neutralized phthalate buffer (pH 5.0) and PBS
(pH6.0, 6.6, and 7.4). All the buffers were prepared with an
ionic strength of 154 mM. Optical transmittance of the core/
shell nanoparticles was measured at 550 nm using a UV-vis
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Figure 1. Plot of I3/, as a function of a) P(NIPAAm-co-DMAAm-co-UA)
and b folate-conjugated P(NIPAAm-co-DMAAm-co-UA)-g-cholesterol con-
centration (C).

spectrometer with the sample cell thermostatted by a tempera-
ture controller (TCC-240A, Shimadzu). The heating rate was
set at 0.1 °Cmin™". The LCST values of the core/shell nanopar-
ticles were determined at the temperatures showing an optical
transmittance of 50% (Fig. 2). The LCST of the core/shell

% Transmittance

20 25 30 35 40 45
Temp (°C)

Figure 2. Plot of transmittance of core/shell nanoparticle solutions as a
function of temperature, at 550 nm and various pH.
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nanoparticles was pH-dependent. For instance, at pH 7.4, the
LCST was 38.8°C, well above normal body temperature
(37°C). However, at pH 6.6, 6.0, and 5.0, the LCSTs reduced to
34.5, 34.3, and 33.0°C, respectively, much lower than 37°C.
Upon increasing the pH of the external environment, the car-
boxylic acid groups in the 10-undecenoic acid segment and fo-
late were more easily deprotonated; thus, increasing the hydro-
philicity of the polymer. This would lead to an increase in the
LCST of the polymer, and hence that of the nanoparticles.[lz]

2.3. Effect of pH on in vitro Release of DOX

Like P(NIPAAm-co-DMAAm-co-UA), folate-conjugated
P(NIPA Am-co-DMA Am-co-UA)-g-cholesterol self-assembles
into core/shell nanoparticles and also exhibits pH-dependent
thermal response characteristics. We then investigated the ef-
fect of the external pH on the drug-release rate from the nano-
particles. DOX was encapsulated into the nanoparticles by
membrane dialysis. Briefly, DOX (5.0 mg) was dissolved in
DMACc (3 mL), and polymer (15 mg) was then added to the
drug solution. The mixture was dialyzed against deionized
water (500 mL) for 48 h. The DOX-loaded nanoparticles were
filtered and freeze-dried. The DOX-loaded nanoparticles were
smaller than 200 nm. The actual loading level of DOX in the
nanoparticles was about 3.5 % by weight. In vitro drug-release
studies of the nanoparticles were performed under physiologi-
cal conditions (PBS, pH7.4) and in a slightly acidic environ-
ment (pH 5.0 and 6.6) to simulate the pH of the endosomal and
lysosomal microenvironments. The release profiles of DOX
are shown in Figure 3. The drug release at pH 7.4 and 37°C
was considerably slow, with an initial burst of about 19 %, and
only 25 % of the drug released after 48 h. In contrast, the drug
release was much faster at pH5.0 and 6.6 at 37°C, with ap-
proximately 64 and 54 %, respectively, of the drug released
within 48 h. In addition, it was observed that the drug-loaded
nanoparticles were well dispersed in the buffer at pH 7.4, but
aggregated and settled at the bottom of the dialysis bag at
pHS5.0 and 6.6. The change in pH from 7.4 to 5.0 or 6.6 led to
the deformation and precipitation of the core/shell nanoparti-
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Figure 3. Release profiles of DOX from the core/shell nanoparticles at
37°C, at varying pH.

www.afm-journal.de

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cles, thereby causing the release of the enclosed drug. These
findings are in agreement with those reported previously with
P(NIPA Am-co-DMA Am-co-UA).!"?!

2.4. Cellular Uptake and Cytotoxicity of DOX-Loaded
Nanoparticles

The cellular uptake of DOX-loaded folate-conjugated P(NI-
PA Am-co-DMA Am-co-UA)-g-cholesterol nanoparticles by
4T1 cells (folate-receptor-expressing cells) was studied by con-
focal laser scanning microscopy (CLSM) and compared with
free DOX, DOX-loaded P(NIPAAm-co-DMAAm-co-UA),
and P(NTPA Am-co-DMA Am)-b-poly(lactide-co-glycolide)
(P(NIPAAm-co-DMAAm)-b-PLGA)™! nanoparticles, to un-
derstand the effects of folate and pH sensitivity. 4T1 cells were
incubated with folate-free Roswell Park Memorial Institute
(RPMI) 1640 medium containing free DOX (30 mgL™) or
DOX-loaded nanoparticles (DOX concentration: 30 mgL™)
for two hours. The samples were visualized by CLSM at an ex-
citation wavelength of 532 nm and emission wavelength of
617 nm. All the observations were conducted under the same
conditions. After two hours of incubation with free DOX,
strong DOX fluorescence was observed in the cell nucleus,
with no signal in the cytoplasm (Fig. 4a). For DOX-loaded
P(NIPA Am-co-DMA Am)-b-PLGA nanoparticles without pH
sensitivity and folate, DOX fluorescence was observed mainly
in the cytoplasm instead of the nucleus (Fig. 4b). In sharp con-
trast, strong fluorescence was found in both the cytoplasm and
the nucleus for DOX-loaded P(NIPAAm-co-DMAAm-co-
UA) nanoparticles (Fig. 4c). The nanoparticles might be taken
up by the cells through a nonspecific endocytosis mecha-
nism.!"> In the endosomes and lysosomes, where the pH ranges
from 4.0 to 6.5, the core/shell structure of the nanoparticles
might have deformed, releasing the enclosed drug molecules.
On the other hand, the nanoparticles absorbs protons, and the
shell of the nanoparticles becomes hydrophobic in these envi-
ronments, causing an increase in endosomal/lysosomal mem-
brane permeability and thus promoting the transportation of
DOX molecules into the cytoplasm. Therefore, compared to
P(NIPAAm-co-DMAAm)-b-PLGA  nanoparticles, P(NI-
PAAm-co-DMAAm-co-UA) nanoparticles provide a better
chance for DOX molecules to traffic into the nucleus. A similar
phenomenon was observed for DOX-loaded folate-conjugated
P(NTPAAm-co-DMA Am-co-UA)-g-cholesterol nanoparticles
(Fig. 4d). More interestingly, the intensity of DOX fluores-
cence in the cells was stronger compared to the cells incubated
with DOX-loaded P(NIPA Am-co-DMAAm-co-UA) nanopar-
ticles. The cellular uptake of the nanoparticles with folate is
based on a folate-receptor-mediated endocytosis mechanism!'”
that might result in a greater number of nanoparticles internal-
ized.

Cytotoxic effects of DOX, DOX-loaded P(NIPAAm-co-
DMAAm-co-UA), and folate-conjugated P(NIPAAm-co-
DMA Am-co-UA)-g-cholesterol nanoparticles were studied
against 4T1, KB, and A549 cells. It should be mentioned that
no obvious cytotoxicity of blank P(NIPA Am-co-DMA Am-co-
UA) and folate-conjugated P(NIPAAm-co-DMAAm-co-UA)-

Adv. Funct. Mater. 2007, 17, 355-362
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Figure 4. CLSM images of 4T1 cells incubated with a) free DOX, b) DOX-
loaded P(NIPAAm-co-DMAAm)-b-PLGA nanoparticles, c) DOX-loaded
P(NIPAAmM-co-DMAAm-co-UA) nanoparticles, and d) DOX-loaded folate-
conjugated P(NIPAAm-co-DMAAm-co-UA)-g-cholesterol nanoparticles at
37°C for two hours. (DOX concentration=30 ug mL™; all scale bars repre-
sent 20 um.)

g-cholesterol nanoparticles was observed in 4T1, KB, or A549
cells (Fig. 5). The cytotoxicity of DOX-loaded nanoparticles
with or without folate was similar against A549 cells, lower
than that of free DOX (Fig. 6a). The IC50 value of DOX, a
concentration at which 50 % cells are killed, was 2.7, 3.3, and
1.4 ppm (i.e., milligrams per liter) for DOX-loaded nanoparti-
cles with folate and without folate, and free DOX, respectively.
However, the cytotoxicity of DOX-loaded nanoparticles with
folate against 4T1 and KB cells was much greater than DOX-
loaded nanoparticles without folate, slightly greater than free
DOX (4T1 cells, IC50: 2.6, 6.9, and 2.8 ppm, respectively; KB
cells, IC50: 0.48, 2.0, and 0.86 ppm, respectively) (Fig. 6b and
¢). This is because the folate-receptor-mediated endocytic up-
take of the nanoparticles was more specific, leading to greater
cellular uptake of DOX and thus Kkilling the cells more effi-
ciently. On the other hand, it is known that KB cells express
higher levels of folate receptor than 4T1 cells. The increase in
cytotoxicity against KB cells, induced by the DOX-loaded
nanoparticles with folate, was much higher than that provided
by the DOX-loaded nanoparticles without folate (1.6 vs. 3.2
times lower IC50).

2.5. Folate Competition

In order to further evaluate the role of folate in the cellular
uptake of DOX-loaded folate-conjugated P(NIPAAm-co-
DMA Am-co-UA)-g-cholesterol nanoparticles, the cells were
incubated with the nanoparticles in RPMI 1640 medium con-
taining increasing concentrations of free folate. The cytotoxici-

Adv. Funct. Mater. 2007, 17, 355-362
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Figure 5. Cytotoxicity of P(NIPAAm-co-DMAAm-co-UA) nanoparticles
(Nanoparticles) and folate-conjugated P(NIPAAm-co-DMAAm-co-UA)-g-
cholesterol nanoparticles (Nanoparticles—Folate) against A549, 4T1, and
KB cells at the concentrations specified.

ty of DOX-loaded nanoparticles with folate against 4T1 and
KB cells was inhibited by excess free folate, and the cell viabili-
ty increased with increasing folate concentration (Fig. 7). How-
ever, their cytotoxicity against A549 cells did not change as a
function of folate concentration. For instance, the cell viability
of DOX-loaded nanoparticles against 4T1 cells was about 63 %
at DOX and free folate concentrations of 2.5 and 2.0 ppm, re-
spectively, but it was about 100 % in the presence of 500 ppm
free folate. Although there was an enhanced cell proliferation
in the presence of free folate, the inhibition of cell growth sig-
nificantly exceeded it (38 % inhibition versus 26 % increase at
folate concentration of 500 mg L™). The cell viability of DOX-
loaded nanoparticles against KB cells was approximately 20 %
at a DOX concentration of 1.0 ppm, but it was about 44 % in
the presence of 500 ppm free folate. These findings suggest that
free folate molecules prevent the cellular uptake of the nano-
particles by competitive binding to the folate receptors on the
cell surface.
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Figure 6. Viability of a) A549 cells, b) 4T1 cells, and c) KB cells after incu-
bation with DOX, DOX-loaded P(NIPAAm-co-DMAAm-co-UA) (Polymer-
DOX), and DOX-loaded folate-conjugated P(NIPAAm-co-DMAAm-co-UA)-
g-cholesterol (Polymer-Folate-DOX) nanoparticles at 37 °C for 48 h.
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Figure 7. Effect of free folate on viability of a) A549, b) 4T1, and c) KB

cells incubated with DOX-loaded nanoparticles with folate at DOX concen-
trations of 3.0, 2.5, and 1.0 ppm, respectively.

3. Conclusion
Novel multifunctional core/shell nanoparticles self-as-

sembled from folate-conjugated P(NIPA Am-co-DMAAm-co-
UA)-g-cholesterol nanoparticles have been synthesized. These
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nanoparticles exhibited pH-triggered thermal response charac-
teristics, are stable in PBS (pH 7.4) at 37 °C, but are deformed
and precipitated in an acidic environment (e.g., endosomes and
lysosomes), triggering the release of the enclosed drug mole-
cules. Moreover, these nanoparticles could recognize folate-re-
ceptor-expressing cancer cells, demonstrating greater cellular
uptake because of the folate-receptor-mediated endocytosis
process and thus higher cytotoxicity. These multifunctional
polymer core/shell nanoparticles may be used for cellular tar-
geting of anticancer drugs to achieve better chemotherapy.

4. Experimental

Materials: Unless stated otherwise, all reagents and solvents were of
commercial grade and were used as received. N-Isopropylacrylamide,
N,N-dimethylacrylamide and, 10-undecenoic acid (98 %) were pur-
chased from Aldrich and purified by crystallization (n-hexane) and re-
duced-pressure distillation. The chain transfer agent (CTA), AET-HCI,
folic acid dihydrate, NHS, dicyclohexylcarbodiimide (DCC), DMAc,
and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich.
Trinitrobenzene sulfonate (TNBS; 1 M aqueous solution) was purchased
from Fluka. DOX hydrochloride was kindly provided by Sun Pharma-
ceuticals, India. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT, Duchefa) was used in a 5 mgmL™ PBS (pH7.4) solu-
tion for cell quantification. The solution was filtered with a 0.22 um
filter to remove blue formazan crystals.

Synthesis of P(NIPAAm-co-DMAAm-co-UA): NIPAAm (8.5 g,
75 mmol) and DMAAm (2.47 g, 25 mmol) were added into ultrapure
water (60 mL). UA (1.84 g, 10 mmol) was dissolved in an aqueous so-
lution of NaOH (10 mL; 1m). The two solutions were mixed and then
neutralized with HCI solution to pH 6.6 to 6.8. The solution was purged
with nitrogen gas for 15-30 min. APS (0.508 g, 2.22 mmol) dissolved in
ultrapure water (5 mL) was added drop by drop, followed by slow addi-
tion of AET-HCI (0.05 g, 0.44 mmol) dissolved in ultrapure water
(5 mL; about 15 to 25 s between drops). The reaction mixture needed
to be cooled during the addition of AET-HCI; otherwise the precipita-
tion of the polymer would occur because of the LCST nature of poly(-
NIPAAm). After the AET was added, the reaction flask was trans-
ferred to a water bath at a temperature of 27-28 °C. The reaction was
performed with stirring and under a nitrogen atmosphere for 48 h.
After the completion of the reaction, the polymer was precipitated and
dialyzed against water for about three days followed by ethanol for
about three days to remove unreacted monomer. The final product was
collected after evaporation of ethanol. The molecular weight of the
polymer was determined by gel permeation chromatography (GPC,
Waters, polystyrene standards), using tetrahydrofuran (THF) as the
mobile phase (elution rate: 1 mL min™) at 25°C. An acid-base titration
was performed to estimate the number of carboxylic acid groups.
Briefly, polymer (100 mg) was dissolved in ultrapure water (10 mL)
and titrated with 0.01 N NaOH using phenolphthalein as the indicator.
The number of free amine groups in the polymer was estimated spec-
troscopically. A known amount of polymer was dissolved in an aqueous
solution of sodium hydrogen carbonate (2.0 mL; 2.0 % w/v) containing
TNBS (0.01 m). The solution was kept at 40 °C for 2 h, and then cooled
and diluted to a specific volume. The amount of amine functional
groups derivatized with TNBS in the sample was determined using a
UV-vis spectrometer at 345 nm, using alanine as the standard [18]. The
experiments were performed in triplicate, and the average values are
presented.

Synthesis of Folate-Conjugated P(NIPAAm-co-DMAAm-co-UA)-g-
cholesterol: P(NIPA Am-co-DMA Am-co-UA) (4.15 g) was dissolved in
dichloromethane (DCM; 100 mL) and then bubbled with argon for
30 min. Meanwhile, NHS (36.8 mg) and DCC (52.4 mg) were separate-
ly dissolved in DCM (7 mL). DCC was first added dropwise to the
polymeric solution, followed by NHS. Activation was carried out for
24 h in an inert atmosphere with continuous stirring at room tempera-
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ture (22 °C). The byproduct, dicyclohexylurea, was removed by filtra-
tion. Cholesterol (0.205 g) was then dissolved in DCM (5 mL) and
added dropwise to the activated polymer solution. Conjugation was al-
lowed to take place for 48 h in an inert atmosphere with stirring. The
reaction mixture was thus dialyzed against DCM (500 mL)—using a
membrane having a molecular-weight cutoff of 2000 Da (Spectra/
Por 7)—for five days, to remove any unreacted cholesterol and other
compounds, and then dried. Next, folate (0.75 g) was dissolved in anhy-
drous DMSO (15 mL) and the solution was bubbled with argon for
30 min. NHS (0.364 g) and DCC (0.388 g) were separately dissolved in
DMSO (3.5 mL). To activate folate, DCC was first added dropwise to
the folate solution, followed by NHS. Activation was allowed to occur
for 24 h in an inert atmosphere with stirring at 22 °C. The byproduct,
dicyclohexylurea, was removed by filtration. Meanwhile, cholesterol-
grafted polymer (2 g) was dissolved in a mixed solvent comprising
DMSO (80 mL) and THF (7 mL). The activated folate was added
dropwise to the cholesterol-grafted polymer solution and conjugation
was allowed to take place for 48 h in an inert atmosphere with stirring
at 22°C. The reaction mixture was thus dialyzed against DMSO
(500 mL)—using a membrane with a molecular-weight cutoff of
2000 Da—for five days, to remove any unreacted compounds. The ex-
ternal medium was transitioned to DCM to exchange the solvent inside
the bag for easy evaporation later. This was done for another three
days. To harvest the final polymer, DCM was allowed to evaporate at
room temperature, and the product was further dried in a vacuum oven
maintained at 35°C to remove traces of solvent. P(NIPAAm-co-
DMAAm)-b-PLGA, having a weight-average molecular weight of
16.1 kDa, a polydispersity index of 1.4, a molar lactide to glycolide ra-
tio of 85:15, and a molar PLGA-to-P(NIPA Am-co-DMAAm) ratio of
0.6:1, was synthesized according to the processes reported previously
[14].

CAC Determination: Aliquots of pyrene solutions (1.54 x 10° M in ac-
etone, 400 uL) were added to 10 mL volumetric flasks, and the acetone
was allowed to evaporate. Polymer solutions at concentrations ranging
from 1.0x107 to 1.0 gL were prepared in PBS (pH7.4). 10 mL of
the aqueous polymer solutions was then added to the volumetric flasks
containing the pyrene residue. All the sample solutions contained ex-
cess pyrene content at the same concentration of 6.16 x 107 M. The so-
lutions were allowed to equilibrate for 24 h at room temperature. Fluo-
rescence spectra of the polymer solutions were then recorded on a
LS50B luminescence spectrometer (Perkin-Elmer, USA) at room tem-
perature. The emission spectra were recorded from 350 to 500 nm with
an excitation wavelength of 340 nm. Both excitation and emission
bandwidths were set at 5 nm. From the pyrene emission spectra, the in-
tensity (peak height) ratio (I3/1;) of the third band (391 nm, I3) to the
first band (371 nm, /;) was analyzed as a function of polymer concen-
tration. The CAC value was taken from the intersection of the tangent
to the curve at the inflection with the horizontal tangent through the
points at low concentrations. The experiments were conducted in tripli-
cate, and the average values are reported. The size of the core/shell
nanoparticles was analyzed using ZetaPals (Brookhaven Instruments
Corporations, CA, USA) equipped with a He/Ne laser beam (670 nm).
Each measurement was repeated five times, and good agreement be-
tween them was found.

In vitro Release of DOX: A certain amount of DOX-loaded freeze-
dried nanoparticles was dispersed in the respective buffer solution
(200 pL) and allowed to stabilize for 30 min before being placed in a
dialysis membrane with a molecular-weight cutoff of 2000 Da. The di-
alysis bag was then immersed in neutralized phthalate buffer (25 mL;
pH5.0) or PBS (pH 6.6 or 7.4) at 37 °C. The samples were drawn at spe-
cific time intervals and the drug concentration was analyzed using UV-
vis spectrophotometry at 485 nm. The drug loading was calculated
based on the standard curve obtained from DOX in the buffers. The
in vitro release experiments were carried out in triplicate at each pH.

Cytotoxicity Study: DOX, nanoparticle, and DOX-loaded nanoparti-
cle solutions were prepared at stock concentrations. These solutions
were diluted with growth media to give DOX and the nanoparticles at
various concentrations. Poly(L-lysine) and poly(ethylene glycol) (PEG;
M,,=8 kDa) at a concentration of 50 ppm (mgL™) were used as the
positive and negative controls, respectively. 4T1, KB, and A549 cells
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