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Development and Cytological Study of PNIPAm-Based Nanogels Loaded with Quercetin

LYU Fang-nan', HUANG Jie', CHEN Jian-qiu' , ZHAO Zi-ming'* , JIN Chao-ying', DU Qian'"*

(1. School of Pharmacy, Xuzhou Medical University, Xuzhou, 221004, China; 2. Jiangsu Key Laboratory of New Drug
Research and Clinical Pharmacy, Xuzhou, 221004, China)

ABSTRACT: OBJECTIVE To improve uptake and cytotoxicity of the drug on MCF-7 cells by developing a poly (N-isopropy-
lacrylamide) (PNIPAm) nanogel for Quercetin (Que) METHODS The PNIPAm nanogel was optimized by an orthogonal de-
sign and its structure was confirmed by FT-IR. A single factor experiment was used to optimize the formulation of quercetin-
loaded nanogel (Que-PNIPAm). The particle size, surface morphology and drug loading were characterized and the in vitro re-
lease behavior was investigated. Cytotoxicity of MCF-7 cells induced by Que-PNIPAm was investigated by CCK-8 method. The
qualitative and quantitative cellular uptake studies were investigated by fluorescence microscope and flow cytometry, respective-
ly. The mechanism of cellular uptake was investigated by the inhibitor method. RESULTS The particle size and drug loading
of Que-PNIPAm were measured as (166.1+2.87)nm and 3.18%, respectively. Nanogel exhibited spherical morphology and
uniform size distribution observed by electron microscopy. Compared to free Que, Que-PNIPAm significantly increased inhibi-
tion rate of MCF-7 cells. Que-PNIPAm also showed higher cell uptake efficiency and more effective antitumor activity at 42
°C . Colchicine and 2- deoxyglucose have an inhibitory effect on MCF-7 cells uptake. CONCLUSION The prepared nanogel
shows small particle size, thermosensitive property, which could significantly enhance the capacity of cellular uptake and tumor
cytotoxicity. The mechanism of cellular uptake demonstrates tubulin is involved in the internalization of the nanogel into MCF
-7 cells.
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Quercetin (3,3,4',5, 7-pentahydroxyflavone, Que) is an L5l Still, the potential of Que has not been sufficiently ex-
abundant flavonoid in medical plants, including Ginkgo bi- ploited, partly due to the low water solubility
loba L., Apocynum lancifolium Rus., Tussilago farfara (0.7—7.7 pg/mL) and poor cellular uptake . To resolve
L., Sophora japonica L. and Hippophae rhamnoides L these physicochemical limitations, a variety of biodegradable
131 Que possesses a broad spectrum of anticancer activity nanocarriers for Que delivery have been developed, which
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based on liposomes, micelles, lipid nanoparticles and poly-

100 Amidst various nanocarriers, stimuli-responsive

mers
polymers have gained much attention due to the ability of
phase transition in response to external environment chan-
ges, such as light, electric field strength, temperature etc
M4 Therein, poly (N-isopropylacrylamide) (PNIPAm)
has been widely reported as a thermosensitive polymer for bi-
omedical applications. It has been shown that water-soluble
PNIPAm has better available efficacies of temperature-modu-
lated cellular uptake due to its contract-stretch chain changes
across the lower critical solution temperature (LCST) 9760,

In view of this, we have considered that the use of PNI-
PAm could be an effective pathway to enhance cellular uptake
and toxicity of the hydrophobic Que on MCF-7 breast cancer
cells. In our study, as shown in Figure 1, PNIPAm was ob-
tained through emulsion polymerization by means of orthogo-
nal design, and Que-PNIPAm was prepared by single factor
experiment for higher drug loading. In witro characteriza-
tions, MCF-7 cell uptake efficiency, cytotoxicity of the nano-
carriers were conducted, including evaluation of the tempera-
ture-responsive properties. Additionally, MCF-7 cell uptake
mechanism was further investigated by flow cytometry with
using various inhibitors.
1 Materials and methods
1.1 Reagents and drugs

Quercetin (Que) was purchased from Pufeide Biotech
Co. Ltd. (Chengdu, China). Ammonium persulfate (APS),
Methylene-bis-acrylamide (MBA), Dimethyl sulfoxide (DM-
SO) were purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Lauryl sodium sulfate (SDS) was
purchased from Usolf Bio-Technology Co. Ltd. (Shandong,
China). N -isopropylacrylamide ( NIPAm) was purchased
from Energy Chemical Co. Ltd. (Shanghai, China). Colchi-
cine and 2-deoxy-D-glucose were purchased from Yuanye Bio
-Technology Co. Ltd. (Shanghai, China). Coumarin-6,
Nystatin and Ammonium chloride were purchased from
Aladdin Bio-Chem Technology Co. Ltd. (Shanghai, China).
Chloroquine was purchased from Ark Pharm Co. Ltd.
(Shanghai, China). Fetal bovine serum (FBS) was pur-
chased from Clark bioscience Co. Ltd. (Virginia, America).
Cell Counting Kit-8 (CCK-8) was purchased from Beyotime
Bio-Technology Co. Ltd. (Shanghai, China). Trypsin-ED-
TA, Dulbeccos Modified Eagle Medium (DMEM) and non-
essential amino acid were purchased from Keygen Bio-Tech-
nology Co. Ltd. (Jiangsu, China). 0.9% sodium chloride
injection was
Co. Ltd. (Shandong, China). Formic acid and methanol

were of chromatographic grade. The water used in all experi-

purchased from Hualu Pharmaceutical

ment was ultrapure water. All other reagents are of analyti-
cal grade.
1.2 Preparation of PNIPAm Nanogel

An emulsion polymerization method was used to prepare
the PNIPAm nanogel "' . Surfactant SDS (22.6 mg) and
cross-linking agent MBA were weighed into a flask and dis-
solved in deionized water. The system was protected by use

of nitrogen. The PNIPAm monomer (4 mmol) and initiator

B AU B 224l 2020 4F 3 A 5B 36 B4 2 M)

APS were added respectively and mixed by use of a magnetic
stir bar at a preset temperature. Following the reaction, the
product was treated by use of an ultrasonic cell processor and
dialyzed in water for 24 h, with water changes every 12 h.
Next, the PNIPAm nanogel was obtained by lyophilization.
1.3 Orthogonal Design

Concentrations of MBA and APS, reaction time and
temperature were optimized in the production of the PNI-
PAm nanogel. As presented in Table 1, each factor was as-
sessed at three levels. Particle size is a key factor for judging
the process of polymerization reaction and influencing cellular
internalization of nano - carriers. Therefore, particle size
measured at various temperatures were taken as the evalua-

L1920l The optimal factors were selected through

[21-22]

ting index
intuitive and variance analysis
1.4 Fourier transform infrared spectroscopy (FT-IR)

A FT-IR spectrometer (FTIR-8400s, SHIMADZU, Ja-
pan) was used to monitor spectras of NIPAm monomer and
PNIPAm nanogel at a wavelength between 400~5 000 cm™".
To prepare flakes, samples were mixed with KBr and com-
pressed by a tablet press to produce discs with a diameter e-
qual to 10 mm.

1.5 Scanning electron microscopy (SEM)

Surface morphology of PNIPAm nanogel was observed
using a SEM (TENEO VS, FEI, USA). The lyophilized
formulation was coated with gold under vacuum and charac-
terized at an accelerating voltage of 10 kV.

1.6 Drug loading

Que-PNIPAm nanogel was prepared by use of an incu-
bation method under aqueous conditions. PNIPAm nanogel
lyophilized product was added to milli-Q water and sonicated
until the system was completely dissolved. Excess Que was
dissolved in a mixed ethanol and acetone solution (1 : 1,
v/v), then added into the nanogel solution with magnetic
stirring at 400 r/min until complete mixing. Next, the sys-
tem was incubated at a preset temperature and protected
from light for 12 h. To investigate the effect of each parame-
ter on drug loading, the formulation was determined by a
single factor experiment, using incubation temperature
4 °C, 25 C and 37 C), ratio of Que and PNIPAm (1 : 5,
1:10 and 1 ¢ 20) and PNIPAm concentration (10 mg/mlL,
20 mg/mL, 30 mg/mL, 50 mg/mL and 80 mg/mL). Un-
loaded Que was removed by 5 min of centrifugation at
2 000 r/min, the supernatant was passed through a 0.45 pm
filter and the filtrate was diluted with methanol. The HPLC
method was used to assess drug loading and calculated as:
Drug loading— Mass of Our in PNIPAm nanogel

Mass of total Our-PNIPAm nanogel used
1.7 HPLC method
An HPLC method was used to determine the amount of

X100%

Que in the preparation by use of a C;3 column (Wondasil Cyg
-WR, 4.6 mm X 250 mm, 5 pm). The isocratic mobile
phase was a mixture of methanol and 0. 1% formic acid
(v/v = 65 ¢ 35) and delivered at a flow rate of 1 mL/min
and at 30 ‘C. A standard curve for Que concentration in

methanol was used for quantification purpose. Que was mo-
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nitored at 360 nm, an injection volume of 20 pL. and in the
retention window of 6 min. The linearity range of the method
was 1—20 pg/mL (R*= 0.999 4). Que reference solutions
were prepared at three different concentrations, injected five
times to calculate intra-day precision. Each concentration of
Que was continuously measured for 3 days to calculate inter-
day precision. Results are presented as percentage relative
SD, intra-day precision was 0.95%, 0.51% and 2.49%
(n=>5), and inter-day precision was 1.62%, 2.64% and
2.68% (n = 3), respectively. Rates of recovery for the
method were 96.40%, 97.00% and 101.00%.

1.8 Transmission electron microscope (TEM)

The morphology of the Que-PNIPAm nanogel was visu-
alized by use of TEM (TECNAI G2 Spirit Twin, FEI,
USA). The prepared Que- PNIPAm solution was dropped
onto a carbon-coated copper grid with 300-mesh and dried.
TEM photos of Que-PNIPAm were observed at an accelera-
ting voltage of 200 kV at different magnifications.

1.9 In vitro drug release

In vitro release of free Que and Que-PNIPAm nanogel
were investigated using the dialysis method %" . 1 mL of
drug-loaded nanogel was sealed in each dialysis bag (MW:
1000 kDa). Dialysis bags were incubated in 80 mL of 35%

[24-25] 40

ethanol solution with constant stirring at 100 r/min
maintained at 37 °C and 42 °C in order to reflect the thermo-
sensitive characteristics of the nanogel. 1 mL of each sample
was collected at preset interval time and replaced with 1 mL
fresh 35% ethanol solution. Each sample was filtered with a
membrane filter (0.45 pm, Shimadzu, Japan) and 0.5 mL
of the initial filtrate was removed. Next, remaining filtrate
was collected for HPLC analysis. Measurements for rate of
release were performed in triplicate. In witro release of free
Que was investigated for comparison with the nanogel.
1.10 Cell culture studies

Human breast cancer cells (MCF-7) were cultured in
DMEM complemented with 10% FBS and 1% non-essential
amino acid. Cells were incubated at 37 °C under atmosphere
comprising 5% carbon dioxide (CO;)?” . The medium was
replaced every 24 h before the cells were passaged.
1.11 Cytotoxicity

Cytotoxicity experiments were designed to investigate
the impact of PNIPAm nanogel for Que delivery. Experi-
ments were carried out using MCF-7 cells and cytotoxicity
was assessed by the Cell Counting Kit-8 (CCK-8) assay 2™ .
Cells were seeded into 96-well plate at a density of 8 X 10°
cells per well and incubated in a 5% CO, atmosphere at
37 °C. After cells were incubated overnight for attachment,
different concentrations of Que- PNIPAm nanogel and free
Que solution were added (100 pl), cells in DMEM only
(without drug and PNIPAm nanogel) were used as the con-
trol for comparison, cells were first incubated at different
temperature (37 °C and 42 °C) for 1 h and then followed by a
23 h incubation at 37 C. After 24 h cells were washed with
0.9% aqueous sodium chloride, 10% CCK-8 solution was
added and cells were stored in the dark and incubated for 1 h.

Next, absorbance was measured at 450 nm by use of a mi-

croplate reader ( Varioskan LUX, Thermo Fisher SCIEN-
TIFIC, USA). Results were presented as percentage of inhi-
bition.

1.12 Cellular uptake

To assess the cellular uptake of the nanogel by MCF-7
cells, qualitative and quantitative studies were performed u-
sing Coumarin-6 (C6) as a fluorescence probe. Coumarin-6
was loaded in the PNIPAm nanogel according to the previ-
ously described preparation method for the Que- PNIPAm
nanogel. After probe loading, no changes in nanogel charac-
teristics were observed.

For qualitative study, MCF-7 cells were seeded into 24-
well plate at a density of 1X10* cells per well and incubated
ina5% CO, atmosphere at 37 °C for 24 h. The prepared C6
-PNIPAm nanogel was diluted with DMEM at various con-
centrations (75, 150 pg/mL or 300 pg/mL) and added to
each well. In addition, PNIPAm nanogel (without C6) and
free C6 solution were used as controls. Following exposure,
cells were fixed with 4% paraformaldehyde for 10 min after
incubation for 2 h in the dark, and then washed with 0.9%
aqueous sodium chloride 5 times. Cells were observed by use
of fluorescence microscopy (IX-73, Olympus, Japan) at ex-
citation and emission wavelengths of 466 and 504 nm. The
temperature- dependent cellular uptake properties of 1 h at
37 °C and 42 °C were also investigated under the same proce-
dure.

For quantitative study, MCF-7 cells were seeded into 6-
well plates at a density of 1X10° cells per well and incubated
ina 5% CO, atmosphere at 37 “C for 24 h. The unloaded
PNIPAm nanogel, free C6 solution and prepared C6-PNI-
PAm nanogel with different concentrations (75 pg/ml.,
150 pg/mL or 300 pg/mL) were added to the appropriate
well. After incubation at 37 ‘C for 2 h in the dark, cells were
digested by use of 0.25% trypsin-EDTA and centrifuged at
1000 r/min for 3 min. The supernatant was collected and
cells resuspended in 0. 9% aqueous sodium chloride. Effect
of incubation time was also investigated, the prepared C6-
PNIPAm nanogel was diluted with DMEM at a concentration
of 150 pg/mL and incubated at 37 ‘C for different times in
the dark (1 h, 2 hor4 h). After digestion and centrifugation
steps, the percentage of fluorescing cells was assessed by use
of flow cytometry (Facs Canto [l , Becton, Dickinson and
Company, USA).

Mechanisms of cellular uptake were further assessed u-
sing MCF-7 cells seeded on 6-well plates at a density of
1X10° cells per welland incubated in a 5% CO, atmosphere
at 37 °C for 24 h. Fifty pg/mL colchicine, 50 mmol/L 2-de-
oxyglucose, 50 pg/mL chloroquine, 1 mg/ml ammonium
chloride and 6 pg/mlL nystatin were added and incubated for
2 h. The C6-PNIPAm solution (diluted with DMEM medi-
um) at a concentration of 300 pg/mL of PNIPAm was added
and incubated at 37 °C for 2 h in the dark. Next, cells were
treated as described above and assessed by use of flow cytom-
etry to study the cellular uptake mechanism.

1.13 Statistical analysis

SPSS 20.0 statistical software was used to analysis da-
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ta. The statistical significance of the data was compared by
Student's z-test.

2 Results

2.1 Optimization of prescription

PNIPAm nanogels were prepared as described in Table
2. Particle size of each sample was observed at three different
temperature, including 25 °C (room temperature), 37 C
(body temperature, which is also higher than the LCST of
PNIPAm), 42 °C (approximate lethal temperature of tumor
cells), respectively. As presented in Figure 2, particle size
of PNIPAm nanogel decreased with increasing temperature.
These results might be due to the hydrophobic isopropyl and
the hydrophilic amide group on the side chain of the PNIPAm
nanogel as the amide group enables the synthesized nanogel
to undergo volume changes in response to changes in temper-
ature.

As demonstrated in Table 3, variance analysis demon-
strated that the concentration of APS (factor B) had a signif-
icant effect on the results. As the initiator of the polymeriza-
tion, the particle size of PNIPAm nanogel increased signifi-
cantly by increasing APS content from 1% to 5%, which
might be attributed to the fact that the polymerization and
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nucleation rate increased when increasing the concentration of
initiator. The polymerization was proceeded fast when the
APS was excessive, which might in turn formed nanogel
with larger particle size. Concentration of APS (factor B)
was identified as a main factor; temperature (factor D), con-
centration of MBA (factor A) and time (factor C) were sec-
ondary factors. Optimal levels were selected for the factors
with greatest influence, and other factors that had a lesser
influence on results were selected according to their cost,
time and benefit. Optimized prescription consisted of A;B,; C,
D,, which is equal to 8% MBA, 1% APS and a reaction
time of 1.5 h at 60 °C. A prescription equal to A;B,C, D, did
not existin the orthogonal design; therefore, a supplementa-
ry experiment was carried out. As a result, the average par-
ticle size obtained at 25 °C and 42 ‘C were (70.8+£0.91) nm
and (44.5=+0.46) nm, respectively. The DLS (dynamic
light scattering) curve and the transition photograph of PNI-
PAm aqueous solution at different temperatures (25 ‘C and
42 °C) were presented in Figure 3. The results indicated that
the prescription process of thermo-responsive PNIPAm nano-
gel was optimized successfully by means of the orthogonal
design.

4

-
4

Schematic diagram of PNIPAm and Que-PNIPAm nanogel

Table 1 Orthogonal array analysis of PNIPAm nanogel
Factors
Levels A B C D
MBA /% APS /% Time /h Temperature /°C
1 3 1 1.5 50
2 5 3 2 60
3 8 5 2.5 70

2.2 Fourier transform infrared spectroscopy (FT-IR)

The FT-1IR spectra of NIPAm and PNIPAm nanogel
were presented in Figure 4. The PNIPAm nanogel had broad
absorption bands at 3 100—3 500 ¢cm™ ', indicating presence
of - NH -. Characteristic bands at 1 620. 09 cm '

1545.84 cm ™! were observed and correspond to the peaks of

and

vinyl. The peaks of vinyl disappeared at the corresponding
position of PNIPAm, indicating that the structure of vinyl in
the monomer changed. Absorption peaks at 2 974.98 cm ™',
2933.53 cm 'and 2 875.67 cm !
absorption peaks of methyl, methylene and methine groups
in the main chain of PNIPAm,
these results suggested that the NIPAm monomer was poly-

merized into PNIPAm.

were characteristic of C-H

respectively. Therefore,
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Table 2 Orthogonal design of PNIPAm nanogel(x + )

Factors
Series A B C D Particle size(25°C )/nm
MBA/ % APS/% Time/h Temperature/C
1 3 1.5 50 105.940.35
2 3 3 2 60 119.740.36
3 3 5 2.5 70 210.140.38
4 5 1 2 70 72.34+1.15
5 5 3 2.5 60 139.741.03
6 5 5 1.5 50 169.04+2.36
7 8 1 2.5 60 69.340.31
8 8 3 1.5 70 146.7£2.66
9 8 5 2 50 209.4+4.84
K, 435.73 247.5 421.5 455.00
K, 380.94 406.04 401.4 357.94
K; 425.34 588.47 419.04 429.07
K, 145.24 82.50 140.5 151.67
K. 126.98 135.35 133.80 119.31
K, 141.78 196.16 139.68 143.02
Range 18.26 113.66 6.72 32.36
Table 3 Variance analysis of PNIPAM nanogel orthogonal design results (25 C)
Factors Sum of square Degrees of freedom F  Significance
MBA (%) 563.138 2 7.026
APS (Y0 19 396.835 2 241.992
Time 80.155 2 1.000
Temperature 1682.607 2 20.992

W i

7 '\‘\:w
/ -
31003500 2974 2%

NIPAm

1620

T T T T T T T T 1
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm’

Figure 4 FT-IR spectra of PNIPAm and NIPAm
2.3 Scanning electron microscopy (SEM)

SEM imaging was performed to characterize the mor-
phology of the PNIPAm freeze-dried powders. As presented
in Figure 5, the surface of the PNIPAm nanogel had a porous
network structure. Thereout, the network could provide
drug-loading sites and that drug molecules could be combined
with these temperature dependent sites to influence drug re-
lease.
2.4  Drug loading
Loading of the Que-PNIPAm nanogel, screened by the
single factor experiment, was presented in Figure 6. At the
incubation temperatures 4 °C, 25 °C and 37 °C, drug loading
was 0.26%, 0.45% and 2.70%, respectively. The loading

capacity of the Que-PNIPAm nanogel was significantly grea-

ter at 37 °C . The rising temperature might strengthen the hy-
drophobic forces between the PNIPAm chains, thus facilita-
ting bindings of the drug by the polymer. When the ratios of
Que and PNIPAm were 1: 5, 1: 10 and 1 : 20, drug load-
ing was 0.61%, 1.91% and 2.70%, respectively. Drug
loading increased with the increasing amounts of total Que,
but the rate of increase decreased, likely due to the limited a-
mount of Que in the polymer. Drug loading was 3. 18%
when the concentration of PNIPAm was 30 mg/mL. DLS
showed that the particle size of Que-PNIPAm was (166.1 =+
2.87) nm (n = 3). The increase in particle size might be at-
tributed to the loading of Que into the PNIPAm nanogel.

=

Y, 4 A
Figure 5 SEM images of PNIPAm nanogel formation at
different scales
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Figure 6 Drug loading of Que-PNIPAm nanogel
2.5 Transmission electron microscopy (TEM)

As presented in Figure 7, the TEM analysis showed that
the Que-PNIPAm nanogel was spherical in shape. In addi-
tion, the particle size observed by TEM was slightly smaller
than measured by DLS, which might due to the drying
process of Que-PNIPAm during TEM sample preparation.

Figure 7 TEM images of Que-PNIPAm nanogel
2.6 In vitro drug release

The release profile of Que from PNIPAm were investi-
gated at 37 ‘C and 42 ‘C. The cumulative release curve was
presented in Figure 8. In the initial period, the released Que
from the Que-PNIPAm was only 5.09% (37 “C) and 6.94%
(42 C) at 0.25 h, respectively. The maximum rate of re-
lease at 37 °C was approximately 86.70% and a much higher
release of 89.30% was observed at 42 °C. However, only
6.27% drug was released form Que suspension at 1 h, and a-
bout 33.34% of the drug was released at 24 h. Therefore, a
significant improvement of the release of Que was observed
in a nanogel formulation compared with the Que suspension.
The release of Que was increased with the increasing temper-
ature, the higher the temperature the higher the release rate,
mainly due to the weakening of hydrogen bond interaction of
Que with PNIPAm compared to that at lower temperature
where the hydrogen bond interaction was strong enough to
hold Que molecules on the PNIPAm.

100~
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= 50
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Figure 8§ Release profiles of Que from Que-PNIPAm

nanogel (x s, n=3)
2.7 Cytotoxicity

Cytotoxicity of unloaded nanogel, free Que and Que-
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PNIPAm were investigated using MCF-7 cells. As shown in
Figure 9, the unloaded nanogel, at a concentration ranging
from 100 to 1 000 pg/ml, had no observable cytotoxicity,
this could rule out that the PNIPAm was the cause of cyto-
toxicity of the Que-PNIPAm. Incubation at 42 °C up to 1 h
did not significantly affect the viability of MCF-7 cells in the
control group. Que-PNIPAm nanogel significantly increased
the inhibition rate of MCF-7 cells when compared to cells
treated with free Que. As shown in Figure 10, compared to
the group treated at 37 °C, no apparent inhibition was ob-
served in MCF-7 cells treated at 42 ‘C ranging from 1 to
2 pg/mL. However, when raising the concentration of drug
to 5 pg/mL or higher, the cell inhibition rate increased sig-
nificantly. The results were probably because the cellular up-
take increased with raised temperature. The rate of inhibition
of MCF-7 cells increased with the dose, demonstrating that
Que - PNIPAm significantly improve anticancer effects of

Que.

120
100 — = =
80-
60-
40-
20-

Cell viability /%

100 500 1000

Concentration/(pg-mL™?)

Figure 9 Cell viability of MCF-7 cells for unloaded PNIPAm
nanogel (x £s, n=3)
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Note: Statistical analysis between different groups was performed using

a one-way analysis of variance on SPSS 11.0 software. * P<(0.05,
**P<<0.01, " ** P<C0.001.
Inhibitory effect of free Que and Que-PNIPAm
nanogel to MCF-7 cells (x =s, n=3)
2.8 Cellular uptake
Cellular uptake studies of Coumarin-6 loaded PNIPAm
(C6-PNIPAm) were investigated by visualizing the fluores-

Figure 10

cence of C6 using fluorescence microscopy. The fluorescence
microscopy observations were presented in Figure 11. Cells
treated with free C6 solution for 2 h showed almost no fluo-

rescence, indicating that free C6 could not enter MCF -7
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cells. However, a bright green fluorescence was observed af-
ter 2 h of C6-PNIPAm treatment and the fluorescence in-
creased with increasing concentrations of PNIPAm. In con-
sideration of the similar solubility of C6 and Que, it was evi-
dent that drug-loaded PNIPAm nanogel could be easily inter-
nalized by MCF-7 cells and cellular uptake was positively as-
sociated with drug concentration. The cellular uptake obser-
vations at different temperatures were presented in Figure
12, C6-PNIPAm was effectively taken up by MCF-7 cells at
37 °C, 42 °C,

perature at equal concentration levels of PNIPAm. It was due

the fluorescence increased with increasing tem-

to the thermo-responsive properties of the polymer, that the
increased temperature led to an enhanced hydrophobic inter-

action between the polymer and cells.

Note: (A) free C6, C6-PNIPAm at different concentration of
(B) 75 pg/mL, (C) 150 pg/mL and (D) 300 pg/mL

Fluorescence microscopy images of C6-PNIPAm
nanogel in MCF-7 cells for 2 h at 37 C

Figure 11

75 pg/mL 300 pg/mL

" - -
" - -

Figure 12 Fluorescence microscopy images of MCF-7 cells
exposed to 75 and 300 pg/mL of C6-PNIPAm nanogel
for 1 hat 37 'C and 42 C

The accumulation of C6 in MCF-7 cells at different con-
centrations and incubation time were presented in Figure 13
using flow cytometry. The percentage of cellular uptake of
PNIPAm by the MCF-7 was 1.19%, demonstrating that
PNIPAm was hardly uptaken by MCF-7 cells. The percent-
age of fluorescent cells was 59.33%, 65.29% and 71.58%
at the concentration of PNIPAm of 75 pg/mlL, 150 pg/mL
and 300 pg/ml, respectively. The percentage of fluorescent
cells was 47.33%, 65.29% and 86.41% at the incubation
2 h and 4 h, These results were

time of 1 h, respectively.

consistent with the observations under fluorescence micro-
scope, indicating that cellular uptake increased with increas-

ing concentration and incubation time.

5.29%

A 1.19% B 59.33% C

Note: (A) PNIPAm nanogel (unloaded C6) and various C6-PNI-
PAm for different concentrations and temperatures: ( B)
75 pg/mL, (C) 150 pg/mL and (D) 300 pg/mL for 2 h, respec-
tively; (E) 75 pg/mL for 1 h and (F) 75 pg/mL for 4 h

Figure 13 Flow cytometry of C6-PNIPAm nanogel in MCF-7 cells

Various endocytosis inhibitors were used to investigate
the mechanism of cellular uptake, namely colchicine (tubulin
-mediated inhibitor), nystatin (caveolae-mediated endocyto-
sis inhibitor), 2-deoxyglucose (energy inhibitor), chloro-
quine (lysosomal inhibitors), and ammonium chloride (lyso-
somal inhibitors). Results of the studies were presented in
Figure 14. When compared with the C6-PNIPAm (without
inhibitors added), the percentage of cellular uptake was par-
tially reduced by colchicine (20.54%) and 2-deoxyglucose
(12.15%).
PNIPAm nanogel by MCF-7 cells was energy-dependent and

These results suggested that the uptake of the

underwent the tubulin-mediated processes.

A 1.42% B 1.67% C 100% ..D 79.46%

JE 87.85% || 9082% |G 9202% _|H 92.30%

Note: A. blank cells; B. PNIPAm nanogel (unloaded C6); C. C6
-PNIPAm and various inhibitors; D. colchicine; E. 2-deoxyglu-
cose; F. chloroquine; G. ammonium chloride and; H. nystatin

Figure 14 Flow cytometry of MCF-7 cells treated with

different inhibitors
3 Discussion
To enhance the anticancer efficiency of Que, a thermo-

sensitive PNIPAm nanogel loaded with Que was designed and
used in the treatment of MCF-7 breast cancer cells. Firstly,
PNIPAm were synthesized and optimized by orthogonal de-
Que was encapsulated in the nanogel

The ob-
tained Que-PNIPAm exhibited an accelerated release profile

sign method. Next,
with high loading efficiency by simple procedures.

and a thermosensitive property in the in vitro release stud-
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ies. The cytotoxicity assay indicated that unloaded PNIPAm

is non-toxic whereas Que-PNIPAm showed a specific toxicity

to MCF-7 cancer cell lines. The internalization of coumarin-6
loaded PNIPAm has been confirmed by fluorescent microsco-
py. The nanogel exhibited markedly higher cellular uptake to

MCF-7 breast cancer cells in the presence of mild hyperther-

mia. In addition, the uptake of PNIPAm nanogel by MCF-7

cells was energy-dependent and through a tubulin-mediated
pathway. Based on the above results, the PNIPAm nanogel

represents a promising delivery system to overcome the limi-

tations of hydrophobic drugs such as Que.
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