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ABSTRACT: A pH-responsive nanoplatform, hydroxylated
mesoporous nanosilica (HMNS) coated by polyethylenimine
(PEI) coupled with gadolinium and folic acid (FA) (Gd-FA-
Si), was designed to deliver anticancer drug targeting and to
promote contrast effect for tumor cells using magnetic
resonance (MR) spectrometer. Doxorubicin (DOX) was
chosen as the anticancer drug and loaded into nanopores of
HMNS, then its release in simulated body fluid could be
controlled through adjusting the pH. This nanoplatform could
significantly enhance the MR contrast effect, and the highest
theoretical relaxivity per nanoplatform could even be
approximately 1.28 X 10® mm™'s™! because of the high Gd

5 pH-responsive
,,/‘o polymer
( ) bioimaging agent
1T L,> targeted ligand

* anticancer drug

payload (2.61 X 10° per nanoplatform). The entire system possessed a high targeting performance to Hela and MDA-MB-231
cells because the FA located in the system could specifically bind to the folate—receptor sites on the surface of cell. Compared
with free DOX, the nanoplatform presented a higher cell inhibition effect on the basis of cell assay. Therefore, this nanoplatform
could be potentially applied as a tumor-targeted T} MR contrast agent and pH-sensitive drug carrier system.
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1. INTRODUCTION

At present, plenty of anticancer drugs were developed and used
for malignant tumor treatment. However, these drugs killed
cancer cells, and also damaged normal cells at the same time
leading to serious side effect on healthy tissue or organ.'
Therefore, it was urgent to develop a drug delivery platform so
as to reduce the damage to normal cells and relieve the pain of
patient. Over the past decade, drug delivery system has sparked
wide interest for its efficient cancer treatment, and the research
on this field has made great progress.” * Recently, nanoma-
terials and nanotechnology provided some new approaches to
deliver anticancer drug to tumors and improved the clinical
effects, attributing to the high drug delivery performance.®™®
Mesoporous nanosilica (MNS) was considered to be one of
the most promising drug carriers because of its ordered pores,
high surface area, and excellent biocompatibility.g_13 However,
unmodified MNS materials displayed low controlled release
ability on anticancer drug to external triggers such as pH,
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enzyme, temperature, photo, and so on.'*”'” Therefore, it is
demanded to develop some modification methods for MNS
materials to improve the controlled release behavior. Currently,
some organic matters with various functions were used to
modify MNS to obtain different drug delivery nanoplatforms
with high controlled release ability."®

Targeting delivery can increase the bioavailability of drugs to
tumor tissues and reduce the toxicity on normal tissues. Folic
acid (FA) has emerged as an attractive specific ligand for
targeted anticancer drug delivery, because human cancer cells,
such as HeLa cell, could usually overexpress folate recep-
tors.'”>' Previous reports indicated that nanoparticles (NPs)
conjugated with folic acid displayed higher specificity and
cellular internalization compared with NPs alone.”*™** For
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example, such NPs could be used as the targeted delivery
therapeutic agents for cervix and breast cancers because the
cells of those cancers possess rich folate receptors, and folic
acid, through binding to the receptor, could act as “cancer cell
locator” for targeted drug delivery and thus significantly
facilitate the drug uptake of cancer cells.

For the clinical cancer patients, timely assessment of
therapeutic response to a given therapy is also critical because
that helps make the next treatment decisions. MR imaging has
been well-established as a powerful tool for diagnosis and
monitoring, because of its ability to noninvasively acquire 3D
tomographic images with exquisite soft tissue contrast and
anatomical detail™ Contrast agents such as gadolinium
conjugated diethylenetriaminopentaacetic acid (Gd-DTPA)
were used in these MR imaging procedures, which could help
detect and display disease tissue. However, most clinically
relevant Gd contrast agents are small, nontargeted compounds
that will sometimes passively distribute into the interstitial
space of tissues and organs, resulting in an insufficient signal
enhancement. Hence, some nanoplatforms including den-
drimers, polymers and silica nanoparticles which possessed a
high payload of Gd ions were developed to compensate for the
poor contrast signal.>**"> Once coupled with an ability of
targeted drug delivery, it is envisioned that those nanoplatforms
can obtain a better clinical diagnosis and therapeutic effect.*’
Therefore, MR imaging-guided targeting chemotherapy has
been a promising direction for improving the survival of cancer
patients.>’ However, some issues still existed, especially good
controlled release ability, and contrast enhancement could not
be integrated effectively to the same delivery system.>”

In this study, we reported a nanoplatform, hydroxylated
MNS (HMNS) coated by branched polyethylenimine (PEI)
coupled with Gd-DTPA and folic acid (Gd-FA-Si), as a targeted
drug carrier and MR contrast agent. MNS was modified with
15% H,0, solution to obtain more surface hydroxyl groups
resulting in HMNS. Doxorubicin (DOX) was chosen as the
anticancer drug and loaded into pores of HMNS. PEI was
coated to HMNS through electrostatic attraction and hydrogen
bond and acted as a pH-sensitive “gate” to control the release of
drugs in HMNS because electrostatic interaction and hydrogen
bond between PEI and HMNS could be easily affected by
proton. In addition, PEI (positively charged) could, in some
degree, facilitate the NPs to approach to cancer cells because
those cells are usually negatively char§ed, and then slightly
enhance the cellular uptake of the NPs.*>~** Gd-DTPA and FA
were linked to the PEI through the condensation reaction of
the amide bond, which could make Gd-FA-Si possess high
payload of Gd and good targeting for tumor cell. This Gd-FA-Si
nanoplatform exhibited a high relaxivity per nanoparticle and
facilitated cellular internalization. Therefore, this Gd-FA-Si
nanoplatform loaded with drugs could maintain a sufficient
drug concentration at the precise sites in the body and
meanwhile be monitored under MR imaging, which will
improve the therapeutic eflicacy of patient.

2. EXPERIMENTAL SECTION

2.1. Materials. All chemical reagents were used as received without
further purification. DEA, H,0,, dimethyl sulfoxide (DMSO),
cetyltrimethylammonium bromine (CTAB) were purchased from
Sinopharm Co. (Shanghai, China). DOX-HCI, PEI, GdCl, NHS,
DCC and TEOS were received from Aladdin Co. (Shanghai, China).
Diethylenetriaminopentaacetic acid (DTPA) dianhydride, Hoechst
33342, trypan blue, propidium iodide (PI) were purchased from

Sigma-Aldrich. Co. (USA). Cell Counting Kit-8 (CCK-8) was
obtained from Dojindo (Japan). Annexin V-FITC Apoptosis Detection
Kit was purchased from BD Biosciences (San Jose, CA, USA). Other
chemicals with analytical grade were obtained from Sinopharm Group
Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Synthesis of HMNS. MNS was first synthesized as previously
described."” Briefly, CTAB (2.0 g) was added into ethanol aqueous
solution (10 mL/76 mL) under magnetic stirring at 80 °C. After 30
min, DEA (1 mL) was added into the transparent solution and then
stirred continuously for 1 h. Then, TEOS (4 mL) was added into the
resulting solution dropwise and stirred continuously for 12 h, and the
MNS sample was achieved through centrifugation under 12000 rpm
for 10 min. Subsequently, the MNS was dispersed in 15% H,0, acid
solution with pH 2.0 to remove the organic template and make more
hydroxyl groups on the surface of MNS. Then, the solution was
refluxed at 80 °C for 12 h, and this process was repeated for three
times. Finally, the solution was centrifuged (12000 rpm for 10 min)
and then dried at 60 °C for 12 h to obtain HMNS sample.

2.3. Preparation of DOX-Loaded Gd-FA-Si Nanoplatform. (1)
20 mg of HMNS was dispersed in 4 mL DOX-HCI solution (1 mg/
mL) by shaking (200 rpm) at 25 °C for 12 h to obtain the sample of
DOX-loaded HMNS (HMNS-DOX). And the drug storage capacity
could be calculated by UV—vis spectrometer detecting variation of
DOX-HCI before and after adding HMNS at a wavelength of 488 nm.
(2) PEI (0.1 g) was added into the resulting HMNS-DOX solution of
step 1 by stirring for 4 h. Subsequently, the obtained product, PEI-
coated HMNS-DOX (PHMNS-DOX), was collected under 12000
rpm for 10 min. (3) DTPA-dianhydride (30 mg) was reacted with
NHS (30 mg) and DCC (100 ¢L) in distilled DMSO for 2 h at 60 °C.
Then, PHMNS-DOX (20 mg) was added into the mixture solution
and stirred overnight, and the solid particle sample was obtained and
then collected through centrifugation. (4) GdCl; (25 mg) was
dissolved in 10 mL of citrate buffer solution (pH 7.4). Subsequently,
the solid particles of step 3 were dispersed into the GdCl; solution,
and the DOX-loaded Gd -Si nanoplatform (Gd-Si-DOX) was finally
obtained and then collected through centrifugation. (5) FA (10 mg)
was reacted with NHS (10 mg) and DCC (20 uL) in distilled DMSO
for 2 h at 60 °C. Then, Gd-Si-DOX was dispersed into the mixture
solution and stirred overnight. DOX-loaded Gd-FA-Si nanoplatform
was finally obtained and then collected through centrifugation.

2.4. Release Behavior Investigation of DOX. Gd-FA-Si-DOX
was first placed at the bottom of a cuvette (10 mL), and then
simulated body fluid (SBF) (3 mL) was slowly added (pH 7.4) into
the cuvette to avoid disarranging the Gd-FA-Si-DOX particles. The pH
of the supernatant was kept 7.4 during the initial 10 h, and adjusted to
5.5, 4.0, or 3.0 afterward through addition of HCl solution (0.05 M).
To investigate the release performance, the concentration of DOX-
HCI in the supernatant with time was determined using a UV—vis
spectrophotometer (UV 2550, Shimadzu Co., Japan) at a wavelength
of 488 nm. The cuvette was slightly shaken (20 rpm) throughout the
release experiment.

2.5. MR Experiment. The capability of nanoplatform to influence
the T, relaxation time was studied using a 9.4 T 8.9 cm wide bore,
actively screened, vertical bore MR spectrometer (Bruker Biospoin
GmbH, Germany). The longitudinal relaxation (T;) rates were
measured using the inversion recovery method. The T, relaxivity
(r,) was determined by a linear fit of the inverse relaxation times as a
function of Gd concentration, which was determined using inductively
coupled plasma mass spectrometry (ICP-MS) (ICP6300, Thermo
Fisher Scientific Co., USA).

2.6. Leakage Investigation of Gd lons from Gd-FA-Si
Nanoplatform. Gd-FA-Si-DOX (10 mg) was dispersed into SBF
(pH 7.4, 10 mL) by shaking for SO h. After that, the colorless
supernatant was obtained by centrifugation at 12 000 rpm/min. Then,
Gd amount in the supernatant was measured by ICP-MS.

2.7. Cell Culture. HeLa and MDA-MB-231 cell lines, provided by
the Institute of Biochemistry and Cell Biology of Chinese Academy of
Sciences, were cultured in DMEM/high glucose medium containing
10% fetal bovine serum, 100 U/mL penicillin G sodium and 100 ug/
mL streptomycin sulfate at 37 °C and 5% CO, in a humidified
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incubator. Cells were routinely harvested by treatment with a trypsin-
ethylenediaminetetraacetic acid (EDTA) solution (0.25%).

2.8. In Vitro MR Imaging. HeLa cells were cultured in Dulbecco’s
modified eagle medium (DMEM)/high-glucose medium (Hyclone,
China) supplemented with 10% (v/v) heat-inactivated fetal bovine
serum and 1% penicillin-streptomycin at 37 °C in a humidified
atmosphere with 5% CO,. Prior to the treatment, HeLa cells were
adjusted to a density of 5 X 10° cells/dish (60 mm diameter). Then
cells were incubated using 0, S, 20, and 40 pug/mL of Gd-FA-Si
nanoplatforms. After a treatment for 1 h, media were removed, then
cells were harvested, suspended, and fixed in 1.2 mL of PBS: 2%
paraformaldehyde (1:1, v/v) at 4 °C for 1 h. Cells were centrifuged to
remove paraformaldehyde at 800 rpm for 2 min, washed twice with
PBS, resuspended in 50 uL PBS, and finally 150 uL of 0.8% agarose
solutions were added onto cells. The mixture was carefully transferred
into S mm NMR tube. Cells treated with four concentrations of Gd-
FA-Si (0, S, 20, and 40 pg/mL) were chosen and then observed under
2 9.4 T MR spectrometer at room temperature.

2.9. FITC Accumulation Assay. HeLa and MDA-MB-231 seeded
in 6-well plates (2 X 10° cells/well) were treated with FITC—Gd-Si (5
ug/mL) and FITC-Gd-FA-Si (S ug/mL) for 1, 2, and 4 h at 37 °C.
Aftrwards, the extracellular fluorescence was quenched with 0.4%
trypan blue for 2 min, and cells were then trypsinized, washed three
times with ice-cold pH 7.4 phosphate buffer solution (PBS),
resuspended in S00 uL PBS, and measured by flow cytometry (BD
FACScan flow cytometer, BD Biosciences). The fluorescent intensity
was calculated by CellQuest software, and blanked by untreated cells.

2.10. Confocal Laser Scanning Microscope (CLSM) Obser-
vation. HeLa and MDA-MB-231 were seeded on 10 mm’ glass
coverslips placed in 24-well plates (5 X 10* cells/well) and cultured
with DOX, Gd-FA-Si-DOX for 1, 2, and 4 h, followed by staining with
Hoechst 33342 for additional 0.5 h at 37 °C in dark. Cells were
washed twice with PBS and fixed with 4% paraformaldehyde for 30
min. Then, cells were mounted on glass slides and visualized using a
confocal microscope (Zeiss LSM710 NLO, Germany).

2.11. In Vitro Cytotoxicity. Cytotoxicity was assessed by the
standard CCK-8 assay. HeLa and MDA-MB-231 cells were seeded in
96-well plates (1 X 10* cells/well) and incubated with Gd-FA-Si,
DOX-HCI, Gd-Si-DOX, and Gd-FA-Si-DOX of different concen-
trations for 24 h. After incubation with various samples, the culture
medium was discarded, and cells were washed with PBS and then
incubated in fresh medium containing 200 uL of 10% CCK-8 at 37 °C
for 2h. The number of viable cells was measured at a wavelength of
450 nm with a Fluostar Optima microplate reader (BMG
Labtechnologies, Germany). Measurements were made in eight
independent experiments (n = 6, n indicates the number of wells in
a plate for each experimental condition).

2.12. Cell Apoptosis and Cell Cycle Assay. HeLa and MDA-
MB-231 cells were seeded in 60 mm plates (3 X 10° cells/well) and
treated with Gd-FA-Si, DOX, Gd-Si-DOX, Gd-FA-Si-DOX, and Gd-
FA-Si -DOX in the presence of excessive free folic acid for 24 h. For
quantitative measurement of apoptosis, treated cells were harvested,
washed twice with ice-cold PBS, stained with Annexin V-FITC, and PI
for 15 min at room temperature in the dark, and then analyzed by a
FACSCalibur system. For cell cycle assay, treated cells were collected
by trypsinization (0.25% trypsin with EDTA). Then, cells were
centrifuged and fixed with 70% ethanol at 0 °C overnight, washed
twice in PBS, and resuspended in 200 mL of PBS containing 0.25 mg/
mL RNase A for 30 min, and stained with 50 L of PI (0.2 mg/mL in
PBS) solution. After incubation in the dark at 4 °C for 30 min, the
fluorescence of 10000 cells was analyzed by a FACSCalibur system.

2.13. Characterization. The morphologies of samples were
observed on a scanning electron microscope (SEM) (Sirion 200,
FEI Co., America). The structure and interaction were analyzed using
a Fourier transform infrared (FTIR) spectrometer (Nicolet Co.,
America). Zeta potential of sample in distilled water was determined
by zetasizer 3000 (Malvern, UK) at ambient temperature. Particle size
distribution measurements were conducted on a dynamic light
scattering (DLS) detector (Malvern, UK). Thermogravimetry analysis
(TGA) and differential thermal analysis (DTA) of sample were
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performed using a thermogravimetry analyzer (Pyris 1, PerkinElmer
Co., America).

3. RESULTS AND DISCUSSION

As shown schematically in Figure 1, the paramagnetic DOX
loaded Gd-FA-Si (Gd-FA-Si-DOX) was developed as a tumor-
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Figure 1. Schematic representation of paramagnetic targeted nano-
platform (Gd-FA-Si-DOX). Nanoparticles were fabricated through
HMNS-DOX coated with PEL Step 1 and 2: paramagnetic Gd** ions
were conjugated to nanoparticle by DTPA; step 3: the resulting
paramagnetic nanoparticles were further functionalized with folic acid,
a tumor-targeting ligand; step 4: controlled release of DOX from
nanoplatform through adjusting pH condition.

targeted T; MR imaging contrast agent and drug delivery
system by loading DOX into the pores of HMNS, which was
then coated by PEI coupled with Gd-DTPA and folic acid.
Therein, N-hydroxysuccinimide (NHS) and dicyclohexylcarbo-
diimide (DCC) were used to promote the condensation
reaction between PEI and FA.

First of all, MNS with uniform particle size of about 105 nm
(Figure 2a, b) was obtained through diethanolamine (DEA)-
controlled hydrolysis of tetraethyl orthosilicate (TEOS). After
that, the organic template in the pores of MNS was removed to
obtain ordered pore structure through a refluxing in ethanol
acid solution (Figure 2b). MNS was then modified using H,O,

Figure 2. TEM images of (a, c) HMNS, (b) MNS, and (d) PHMNS.
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Figure 3. (a) Particle size distribution of HMNS, MNS, and PHMNS; (b) FT-IR spectra of MNS (I), HMNS (II), and PHMNS (III); (c) zeta
potentials of MNS (sample A), HMNS (sample B), and PHMNS (sample C); (d) N, adsorption—desorption isotherms of HMNS (inset: pore size

distribution of HMNS).

solution to obtain HMNS. From TEM image in Figure 2,
HMNS showed more obvious porosity, compared with MNS,
indicating that HMNS can be a good carrier to storage drug
molecules. To obtain pH-responsive property in nanoplatform,
we coated a polymer layer consisting of PEI on the surface of
HMNS through electrostatic interaction. As shown in Figure
2d, the PHMNS nanocomposite with a size of ~150 nm
possessed a well-defined core—shell structure and can be stably
dispersed in pH 7.4 phosphate buffer solution (PBS).

Dynamic light scattering (DLS) experiments were performed
to measure the particle sizes of the MNS, HMNS and PHMNS
in PBS (Figure 3a). The narrow peaks of particle size
distribution indicated that these nanoparticles possessed
uniform shapes and good dispersion in the solution. It was
found that the particle size of HMNS was slightly larger than
MNS, indicating that hydrogen bonding interaction among
particles increased because of plenty of hydroxyl groups on the
surface of HMNS. Additionally, the particle size of PHMNS
was larger than HMNS because of HMNS coated by PEL
Compared with the regular MNS (Figure 3bI), HMNS
possessed a stronger peak at 1647 cm™, indicating plenty of
silanol groups on the surface of HMNS. The peaks at 1635 and
3415 cm™" in Figure 3bIII were assigned to —C—N and —N—
H stretching vibrations, indicating that PEI successfully
encapsulated HMNS. Zeta potential results illustrated that
HMNS possessed more negative charges than MNS because of
the increase of silanol groups on the surface (sample A and B in
Figure 3c), so that HMNS could be easily coated with positive
PEI (PHMNS) through electrostatic interaction. In addition,
the protonation of PEI's amino groups in SBF made PHMNS
positively charged (sample C in Figure 3c).

Figure 3d displayed the nitrogen adsorption—desorption
isotherms and pore size distribution curve of HMNS. The
isotherms exhibited that HMNS possessed ordered mesopores,

14195

high porosity and high specific surface area. The pore size
distribution curve calculated by BJH method (inset of Figure
3d) illustrated a narrow pore size distribution (2—5 nm,
dominantly 2.9 nm), which could help load plenty of anticancer
drugs with suitable molecular size. DOX-HC], a commonly
used anticancer drug, was undoubtedly chosen as the model
drug because the molecular size of DOX-HCI was estimated to
be approximately 1.37 nm by Chemdraw software (see Figure
S1 in the Supporting Information) and this enables DOX
molecules well loaded in the pores of HMNS.

After loaded with DOX, HMNS was also equipped with PEI,
Gd-DTPA, and FA to obtain a Gd-FA-Si-DOX drug delivery
system, wherein PEI could act as the “gate” to control the
release of DOX from the pores of HMNS. UV—vis analysis
indicated that Gd-FA-Si possessed high drug storage capacity
(242 pg/mg), which is helpful to provide continuous treatment
for disease tissues when the drug is released. The release
performances of Gd-FA-Si-DOX at different pH conditions
were subsequently investigated (Figure 4a) and exhibited a pH-
dependent behavior as shown in step 4 of Figure 1. At pH 7.4,
the release amount of DOX could be negligible even within 10
h. However, when the pH was adjusted to 5.5, the release of
DOX significantly increased, indicating that the electrostatic
interaction between PEI and HMNS was broken because of the
protonation effect. In addition, it could be seen that the release
rate of DOX was much faster at pH 4.0 and pH 3.0.
Subsequently, we investigated further the mechanism of DOX
release from nanoplatform. It could be known that PEI was
coated onto HMNS by electrostatic attraction and hydrogen
bond interaction. Hydrogen bond between silanol groups of
HMSN and amino groups of PEI chain could be easily
destroyed by adjusting proton amount. Meanwhile, zeta
potential of HMNS changed from —43 mV to —2.8 mV before
and after loading DOX-HCI molecules because DOX-HCI was
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Figure 4. (a) Release behavior of DOX loaded in Gd-FA-Si
nanoplatform under different pH conditions; (b) relaxivity (r,) of
Gd-FA-Si nanoplatform through the ratio of 1/T, to Gd concentration
(r; = 491 mM™ s71); (c) release ratio of Gd ions from Gd-FA-Si
nanoplatform under different pH conditions at 37 °C with time.

a weak base and positively charged (see Figure S2 in the
Supporting Information). Moreover, isoelectric point of HMNS
also changed from pH 3.0 to pH 6.3 before and after loading
DOX-HCl molecules, which implied that HMNS-DOX
changed to be positively charged upon below pH 6.3, and
PEI chains coated onto HMNS-DOX would shed by
electrostatic repulsion. Therefore, PEI chains would leave the
nanoparticles faster with pH decrease, making DOX release
faster. This pH-dependent behavior of Gd-FA-Si nanoplatform
is valuable, because the microenvironments of extracellular
tissues of tumors and their intracellular lysosomes and
endosomes are usually acidic, and able to facilitate the drug
release from Gd-FA-Si nanoplatform.

MR imaging is another key characteristic for Gd-FA-Si
nanoplatform. FDA-approved Gd-DTPA was chosen as the MR
contrast agent and linked to PHMNS, which could enhance the
payload and the contrast effect. As previously reported,®**” Gd
chelate was usually linked to the pores of nanoparticles to
enhance contrast effect, while the narrow pores of the
nanoparticles could lead to a slow water exchange rate which

is detrimental to MR imaging effect. In this work, the Gd-FA-Si
nanoplatform could avoid this issue because Gd chelate was
linked on the surface of nanoparticle. In order to test the
maximum amount of Gd-DTPA that PHMNS could load, TGA
and DTA of PHMNS were performed as shown in Figure S3
(Supporting Information). Some water molecules of PHMNS
were removed when temperature reached 129.2 °C as seen in
TGA curve. With the increasing temperature, it could be seen
from the DTA curve that PEI coating was decomposed through
three steps, and the PEI mass ratio in PHMNS was 29.23%.
The amino group amount of each PHMNS was then calculated
up to 261000 (see Figure S4 in the Supporting Information).
Therefore, each PHMNS was theoretically supposed to couple
with 261000 Gd-DTPA. Actually, Gd ion amount of each
nanoplatform (NP) was also measured by ICP-MS. The result
indicated that each nanplatform possessed about 9.106 X 107,
which is greater than one-third of theoretical value. The rest of
amino groups of PEI can be probably used to form hydrogen
bond with HMSN and bind to FA.

The relaxivity of Gd-FA-Si nanoplatform was then calculated
through the ratio of proton relaxation (1/T;) to Gd ion
concentration (Figure 4b). Gd-FA-Si nanoplatform possessed
an r, relaxivity value of 4.91 mm™s™* per Gd-DTPA, which was
slightly higher than clinically used Gd.*® Based on the results
above, it is estimated that the theoretical and actual relaxivity of
each nanoplatform is approximately up to 1.28 X 10° mm™'s™*
and 447 x 10° mm™! s7}, respectively. Compared with other
Gd-conjugated MNS contrast agents,”””* the Gd-FA-Si
nanoplatform exhibits better relaxivities. On the other hand,
to ensure the safety of Gd-FA-Si nanoplatform as a contrast
agent, the release amount of Gd ions from Gd-FA-Si was tested
in PBS solutions under physiologically relevant pH conditions
(pH 4.0, 5.5, and 7.0) at 37 °C (Figure 4c). The results
suggested that the amount of the released Gd ions was rather
low and could be negligible under those pH conditions,
indicating that Gd-FA-Si possessed a good stability under
physiologically relevant conditions.

The MR contrast enhancement of Gd-FA-Si on HeLa cells
was further investigated. The MR images containing HeLa cells
incubated with the nanoparticles with folic acid (Gd-FA-Si) and
without folic acid (Gd—Si) are shown in Figure S. It was found
that Gd-FA-Si led rapidly to significant brightening of MR
images compared with Gd—Si (Figure Sa), which indicated that
folic acid could possess the targeting ability to HeLa cells and
meanwhile make the contrast effect enhanced. In addition,
HeLa cells incubated with Gd-FA-Si exhibited a significant MR
signal intensity (T,) decrease from 2680 to 742 ms (Figure Sb).
Nevertheless, cells incubated with Gd—Si nanoparticle only
showed a slight decrease in MR signal intensity from 2678 to
1451 ms, indicating that Gd-FA-Si nanoplatform could
effectively bind to HeLa cells via the folate receptor and then
enhance the contrast effect.

HeLa and MDA-MB-231 cells were used to evaluate the in
vitro cytotoxicity of Gd-FA-Si, Gd-Si-DOX, and Gd-FA-Si-
DOX through CCK-8 assay. The cells were incubated in the
culture medium with Gd-FA-Si-DOX, Gd-Si-DOX, and Gd-FA-
Si. As shown in Figure 6a, Gd-FA-Si with different
concentrations did not result in an obvious decrease on the
cell viability, indicating that the toxicity of Gd-FA-Si was low
and negligible. As a positive control, HeLa and MDA-MB-231
cells incubated with free DOX, a hydrophilic anticancer drug,
illustrated an obvious inhibitory effect. In addition, it could be
seen from Figure 6c that free DOX in low concentration
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Figure S. (a) T)-weighted images (9.4 T) and (b) the corresponding
T, values of the solutions of HeLa cells treated with different
concentrations of nanoparticles with and without folic acid.

showed higher inhibitory effect for MDA-MB-231 cells, which
implied that MDA-MB-231 cells were more sensitive to DOX.
Compared with free DOX, Gd-Si-DOX had a slightly enhanced
cytotoxicity on HeLa cells. While Gd-FA-Si-DOX showed a
significantly enhanced cytotoxicity on HeLa cells, indicating
that folic acid was beneficial for the uptake of Gd-FA-Si-DOX
by HeLa cells and effect of DOX on the cancer cells (Figure
6b). Similar results were observed on MDA-MB-231 cells
(Figure 6c¢), further confirming the potential application of the
Gd-FA-Si-DOX as a drug delivery system.

CLSM was used to observe the Gd-FA-Si-DOX uptake of
HelLa and MDA-MB-231 cells. In Figure 6d, the CLSM
photographs of HeLa cells incubated with Gd-FA-Si-DOX for
1, 2, and 4 h displayed time-dependent fluorescence intensities.
In the initial 1 h, weak fluorescence intensity was found in the
cytoplasm, which indicated that just a few nanoplatforms were
absorbed by HeLa cells. After incubation of 2 h, the
fluorescence intensities of DOX in cellular nuclei increased,
which presented that Gd-FA-Si-DOX had crossed the cell
membrane and DOX molecules were released in the cytoplasm.
With the increase in the incubation time, more and more DOX
molecules were released in the cytoplasm. Additionally, few Gd-
FA-Si-DOX nanoparticles were found on the outside of cells,
which indicated that Gd-FA-Si-DOX possessed excellent
targeting ability for HeLa cells. These results revealed the
efficient intracellular delivery of DOX by the Gd-FA-Si
nanoplatform. The similar results were obtained in the
experiments using MDA-MB-231 cells (Figure 6e). However,
for MDA-MB-231 cells, the fluorescence intensities of DOX
were weak in cellular nuclei, indicating that cells were sensitive
to DOX and had low drug-fastness.

Further, the apoptosis mechanisms of HeLa and MDA-MB-
231 cells treated with Gd-FA-Si, free DOX, Gd-Si-DOX and
Gd-FA-Si-DOX for 24 h were evaluated by flow cytometry
(FCM) and fluorescence-activated cell sorting (FACS)
protocols. Gd-FA-Si nanoparticles showed little influence on
apoptosis of HeLa and MDA-MB-231 cells (Figure 7a, e).
Additionally, free DOX could induce partially the late apoptosis
of HeLa and MDA-MB-231 cells (Figure 7b, f). Compared with
free DOX, Gd-Si-DOX would induce partially the late
apoptosis and necrosis of HeLa and MDA-MB-231 cells,
which could be associated with the cellular internalization of
part of Gd-Si-DOX nanoparticles caused by endocytosis of cell
membrane (Figure 7c, g). However, Gd-FA-Si-DOX remark-
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Figure 6. (a) CCK-8 assay for HeLa and MDA-MB-231 cells viabilities after incubation with different concentrations of Gd-FA-Si nanoplatform.
Cells viabilities of (b) HeLa and (c) MDA-MB-231 treated with free DOX, Gd—Si-DOX, Gd-FA-Si-DOX at different concentrations for 12 h
(concentrations of Gd-Si-DOX and Gd-FA-Si-DOX were represented by concentration of DOX same as free DOX). CLSM observations of FITC
labeled Gd-FA-Si-DOX nanoplatform uptake of cells and DOX release in (d) HeLa and (e) MDA-MB-231 cells. For each panel, the images from left
to right show cell nuclei stained by DAPI (blue; DAPI = 4/, 6-diamidino-2-phenylindole), FITC fluorescence in cells (green), DOX fluorescence in
cells (red), bright field, and the merged one of the left four images. All images share the same scale bar.

14197

DOI: 10.1021/acsami.5b04294
ACS Appl. Mater. Interfaces 2015, 7, 14192—14200


http://dx.doi.org/10.1021/acsami.5b04294

ACS Applied Materials & Interfaces

Research Article

o 0.00% 0.010% | {441% 19.3%] {15.5% 42.4%) {158% 64.5%
SE)
10”
T
S
I
1
10 A
10° ] 3.48% 0.00% | [42: 0.010% 0.00%
104 0.00% 335%|139.9% 7.42% | 147.9% 43.6%
3
10”
T
§
I
1
10
0 9 ) 9
10 0.00% 3 321%
T T T e T e T
0 1 2 3 0 1 2 3
10 107 10 10 10 10 10 10 10 10 10 10
400
’\ -
i) ) k) )l
300 1
]
2 —u |
5 20|/ ——2h / ~—FITC-Gd-Si ——1h FITC-Gd-Si
[+] ——4h ’{ ——FITC-Gd-FA-Si ——2h FITC.GA.FASI
o | \ —4h
100 /| AT\
¥
. \

103

104

1

10D 10 102 103

Fluorescence intensity

Figure 7. Flow cytometry analysis for apoptosis of (a—d) HeLa and (e—h) MDA-MB-231 cells induced by Gd-FA-Si, free DOX, Gd-Si-DOX, and
Gd-FA-Si-DOX, respectively. Flow cytometry histograms show the FITC fluorescence intensity in (i, j) HeLa and (k, 1) MDA-MB-231 cell nuclei
separated from the whole cells. (i—1) Red lines represent the negative control samples. (i, k) Samples treated with FITC-labeled Gd-FA-Si
nanoplatform for different times, and (j, 1) samples treated with FITC-labeled Gd-Si and Gd-FA-Si, respectively, for 2 h.

ably accelerated the apoptosis and necrosis of HeLa and MDA-
MB-231 cells at the same particle concentrations (Figure 7d, h),
which implied that folic acid possessed good targeting and
could increase cell uptake of nanoplatforms. Therefore, the Gd-
FA-Si-DOX could induce HeLa and MDA-MB-231 cells
apoptosis by a targeting apoptosis-accelerating effect between
FA and DOX, which should be attributed to the continuously
intracellular release of DOX from Gd-FA-Si-DOX nanoplat-
form, and a good targeting of FA toward HeLa and MDA-MB-
231 cells. In addition, quantification with flow cytometric
measurements of HeLa and MDA-MB-231 cells indicated that
the amount of Gd-FA-Si-DOX was obviously greater than that
of Gd-Si-DOX (Figure 7j, 1). And with increasing time, the
fluorescence intensities of HeLa and MDA-MB-231 cells were
becoming higher (Figure 7i, k). More importantly, compared
with Gd-Si-DOX, MR contrast enhancements of Gd-FA-Si-
DOX were also successfully observed. These results showed
that Gd-FA-Si-DOX could be a good therapeutic and imaging
agent.

4. CONCLUSIONS

A new Gd-FA-Si-DOX nanoplatform was developed as a
tumor-targeted drug delivery system and T, MR contrast agent.
Anticancer drug (DOX) could be loaded into the pores of
HMNS. Then, PHMNS, PEI coated on HMNS, were coupled
with Gd-DTPA and FA to obtain high contrast enhancement
and targeting. The release of DOX from this nanoplatform
showed a pH-controlled property in acidic environments.
Additionally, the outer PEI layer improved the biocompatibility
and colloid stability of the Gd-FA-Si nanoplatform, and the
CCK-8 assay showed a low cytotoxicity of the nanoplatform.

14198

The flow cytometry and CLSM observations revealed that the
Gd-FA-Si-DOX could target cancer cells through FA receptors
and release DOX in cytoplasm to kill cancer cells. Meanwhile,
the excellent MR contrast enhancement of the nanoplatform on
cells was obtained, indicating the potential application of the
nanoplatform as T, contrast agents. Thus, the Gd-FA-Si-DOX
nanoplatform could be a promising drug delivery system for the
targeted and MR imaging-guided cancer treatment.
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