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Abstract—Mesoporous silica nanoparticles (MSNs) conjugating doxorubicin (DOX) via a pH-sensitive cleavable link-
age, hydrazine (HYD) were synthesized. MSN-HYD-DOX were encapsulated with the polyaspartamide (PASPAM)
grafted with the hydrophilic o-(2-aminoethyl)-o-methylpoly(ethylene glycol) (PEG) and the cell permeating ligand,
biotin (Biotin). The chemical structure of the synthesized MSN-HYD-DOX and PASPAM-g-PEG/Biotin was con-
firmed using FT-IR and "H-NMR spectroscopy. The mean diameter of the MSN-HYD-DOX@PASPAM-g-PEG/Biotin
nanoparticle was 142 nm and 121 nm, respectively, examined by dynamic light scattering (DLS) and transmission elec-
tron microscope (TEM). The HYD bond was effectively cleaved in acidic condition, and thus DOX was released much
faster at pH 5.0 than at pH 7.4. The cell viability in MSN-HYD-DOX@PASPAM-g-PEG/Biotin system was much lower
than that of the free DOX drug because of efficient intracellular drug delivery associated with the biotin ligand.
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INTRODUCTION

Although human society has become even more developed, the
cancer growth rate has not diminished, and the onset age for get-
ting cancer has even reduced. This is because of a variety of factors,
including bad food intake habits, smoking, drinking alcohol, toxic
environment, and other genetic problems [1]. As the low cure effi-
ciency and the side effect on normal cell are serious problems asso-
ciated with cancer treatment, there have been many researches to
overcome such problems. Targeted drug delivery technique using
nanoscaled drug carriers such as micelles [2], liposome [3], den-
drimer [4], and inorganic nanoparticles [5] are reported to enhance
cancer treatment efficiency, but reduce the side effects via enhanced
permeability and retention (EPR) [6,7]. The main problem associ-
ated with this technique, however, is the burst release at the initial
stage after injection in the blood vessel and the small amount of
drug loading inside the carriers, which cannot satisfy the long-term
sustained release [8].

Among as-mentioned nanocarriers, MSNs have a unique struc-
ture with large pore volume and surface area, and thus the amount
of drug can be controlled and maximized to expect a reproducible
drug release pattern [9]. The surface of mesoporous silica can be
modified to design an optimized drug delivery system compatible
with its bio environment [10]. When the surface of MSNs is suit-
ably modified, they can be utilized as pH triggered drug releasing
carriers that have potential application in cancer treatment. As the
tumor tissue (pH 6.8) and the endosome (pH 5.5) inside cells are in
acidic environment, the drug carriers specifically releasing in such
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acidic environment will bring about the maximized treatment effi-
ciency on cancer cells with the minimized side effect on normal cells
[11]. Also, when MSNs are possibly encapsulated with appropri-
ate biocompatible and biodegradable polymers, they may be safely
applied as stable and stealthy blood circulating nanocarriers load-
ing many hydrophobic drugs without coagulation when confronted
with a variety of protein cells present inside it [12].

Polysuccinimide (PSI) is a typical biocompatible and biodegrad-
able polymer [13]. As it has grafting reactivity by ring opening, a vari-
ety of functional groups can be introduced by formation of graft
copolymer. When PSI is ring opened, it produces a protein resem-
bling polymer, polyaspartamide (PASTAM) [14,15]. As PASTAM
has slower degradation kinetics than a well-known polylactic acid-
glycolic acid copolymer (PLGA), more feasible control of biodegrada-
tion kinetics is rendered by the control of molecular weight [16].

In this study, drug loaded MSNs were encapsulated with PAS-
TAM not only to inhibit the burst drug release from the bare MSNs,
but also to provide stable blood circulation and cell penetration
function from the PASTAM. Polyethylene glycol was grafted to
PASTAM backbone to provide its surface with hydrophilicity for
stable blood circulation [17]. Biotin was also conjugated to PASTAM
to provide it with cell penetration function. Doxorubicin (DOX)
was loaded in MSNs by chemical conjugation on their surface. As
the chemical linkage, HYD between DOX and MSN is cleavable at
low pH (acid condition), pH sensitive release pattern is expected
[18-20].

MATERIALS AND METHODS
1. Materials

Cetyltrimethylammonium bromide (CTAB, Acros, 99%), tetraeth-
ylorthosilicate (TEOS, Acros, 98%), ethyl acetate (Samchun, 99.5%),
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Fig. 1. Synthetic scheme of MSN-HYD-DOX.

3-bromopropyltriethoxysilane (BPS, Gelest, 98%), hydrazine (HYD,
35wt% in H,0, Sigma-Aldrich), and doxorubicin hydrochloride
(DOX, HPLC, 98%, Sigma-Aldrich) were used for the synthesis of
DOX conjugated MSN. O-(2-aminoethyl)polyethylene glycol (PEG,
Mw 5000), phosphoric acid (85%, Sigma-Aldrich), L-aspartic acid
(Sigma-Aldrich), mesitylene, sulforane (Sigma-Aldrich), N,N-di-
methylformamide (DME Sigma-Aldrich), anhydrous NN -dimethyl-
formamide (DME Sigma-Aldrich), ethanol (99%, Samchun, Korea),
triethylamine (TEA, Sigma-Aldrich), 4-(dimethylamino)pyridine
(DMARB Sigma-Aldrich), and NN “dicyclohexylcarbodiimide (DCC,
Sigma-Aldrich) were used for the synthesis of PASTAM. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma
Aldrich) was used for the cell binding and viability tests. MCF-7
cells were purchased from Sigma-Aldrich for cell viability test.

2. Synthesis of DOX Conjugated MSNs via HYD Linkage
(MSN-HYD-DOX)

MOSN was synthesized based on the previously reported method
[21]. 0.28 g of NaOH and 1 g of CTAB were dissolved in 480 mL
water. While the mixture was heated to 80 °C, 5 mL of TEOS was
slowly added under stirring. After the mixture was stirred for 2 h,
the resulting white precipitate was collected by centrifugation and
then washed with plenty of water and ethanol. The pore-generat-
ing template, CTAB, was removed by refluxing in HCl and ethanol
for 12h.

The pH sensitive cleavable linker, HYD, was introduced at the
surface of MSN. At first, the surface of MSN was functionalized with
Br by treatment with BPS. After BPS (300 uL) was added to the
MOSN colloidal suspension (0.1 mg in 10 mL ethanol), the mixture
was refluxed for 3h. After centrifugation and washing with etha-
nol, Br-functionalized MSN was redispersed in 10 mL water. HYD
was added into the dispersion, and then was stirred for 1 h to retrieve
the resulting HYD attached MSN (MSN-HYD) by centrifugation.
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DOX was combined with the amine substituted MSNs. After the
collected MSN was dispersed in 10 mL methanol, DOX (10 mg)
and TEA (0.012 mL) were added. The mixture was shaken for 48 h
in a dark environment to induce pH sensitive imine bonding to
produce MSN-HYD-DOX. The unreacted DOX was removed by
centrifugation, followed by extensive washing with methanol and
pH 7.4 buffer solution. During the centrifugation, the supernatant
was collected to analyze the loading efficiency of DOX with UV-
Vis spectrophotometer at the wave length of 485 nm. The synthetic
scheme for the preparation of MSN-HYD-DOX is shown in Fig. 1.
3. Synthesis of PSI and PASTAM Derivatives

PSI was synthesized from L-aspartic acid under acid catalytic
condensation reaction. Mesitylene (70 g) and sulforane (30 g) were
mixed with L-aspartic acid (25 g) under agitation, followed by the
addition of phosphoric acid (15 mmol). PSI was produced from the
reaction at 175 °C for 8 h under nitrogen atmosphere. The byprod-
uct of water was removed using a Dean-stark trap. The precipitate
in methanol was washed with distilled water until the neutral pH.
The final product was dried in a vacuum oven at 70 °C for at least
24 h. The synthetic scheme for the preparation of PSI is shown in
Fig. 2.

1 g of PEG and 1 g of PSI were separately dissolved in 10 mL of
DMEF for each, and the resulting PEG solution was slowly added to
PSI. The grafting reaction was performed at 70 °C for 48 h under
nitrogen gas. The precipitate product, PEG-g-PSI obtained in diethyl
ether was purified using dialysis for 3 d and freeze drying.

Biotin, 2 equiv. of PEG-g-PSI, and 1.1 equiv. of DCC, along with
3 mol% DMAP were mixed in DMF (25 mL). The reaction mix-
ture was kept at 0°C for 5min and then at room temperature for
3 h under stirring. After precipitation in diethyl ether, the solvent
was removed using a dialysis membrane for 3 d, followed by freeze
drying to produce a final PASTAM derivative, PASTAM-g-PEG/
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Fig. 2. Synthetic scheme of PASTAM-g-PEG.

Biotin.
4. Synthesis of PASTAM-g-PEG/Biotin Encapsulated MSN-
HYD-DOX (MSN-HYD-DOX @PASTAM-g-PEG/Biotin)

MSN-HYD-DOX was dispersed in the PASTAM-g-PEG/Biotin
solution and stirred at room temperature for 24 h. The PASTAM-
g-PEG/Biotin was bonded with amine groups at the surface of MSN-
HYD and the unreacted polymer was removed by dialyzing against
water for 3 d. The as-prepared MSN-HYD-DOX@PASTAM-g-PEG/
Biotin was collected by centrifugation and then freeze-drying.
5. Chemical and Physical Structure Identification

The chemical structure of PSI and PASTAM-based graft copo-
lymers was confirmed by "H nuclear magnetic resonance spectros-
copy (‘H-NMR, Unity Inova 500NB, Varian, USA) and Fourier
transform infrared spectroscopy (FI-IR, Bruker IFS-661S, Bruker,
USA). The polymer sample was dissolved in DMSO-d; or D,O for
"H-NMR experiment. The dry polymer sample was mixed with KBr
powder for FT-IR measurement. The reduced viscosity of the PSI
solution was measured using an Ubbelohde viscometer at 25°C
using DMF solvent at 0.5g dL™". The molecular weight of PSI was
determined from Eq. (1) following the literature procedure [22].

n=3.52 7, 1)

Transmission electron microscope (TEM, JEM-3010 or JEM-2100E
JEOL, Japan) was used to investigate the size and shape of the MSN-
HYD-DOX and MSN-HYD-DOX@PASTAM-g-PEG/Biotin. Sam-
ples were prepared in 200 mesh grid by placing the corresponding
solution at a desired concentration. The hydrodynamic size and size
distribution of the MSN-HYD-DOX and the MSN-HYD-DOX@
PASTAM-g-PEG/Biotin particles in solution were investigated by
electrophoretic light scattering (ELS, ELS-Z, Otsuka electronics,
Japan). A predetermined amount of sample was dispersed in dis-
tilled water using an ultrasonifier, and the measurement was per-
formed at 25°C.

Brunauer-Emmett-Teller (BET) method was used to determine
the surface area and size distribution of pores of MSN. Zeta poten-
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tial was analyzed using electrophoretic light scattering (ELS-Z).

The introduction of each component was confirmed with ther-
mogravimetric analysis (TGA, Seiko Exstar 6000 thermal analyzer.
At least 10 mg of sample was heated from 25 °C to 700 °C at 10 °C
min "' heating rate.
6. In Vitro Release Studies

In vitro release experiments were performed in pH 7.4 and 5.0
PBS buffer solutions. For each release study, 10 mg of DOX-HYD-
MSN@PASTAM-g-PEG/Biotin sample was inserted in dialysis mem-
brane with cut-off MW of 12,000 Da. The polymer containing dialy-
sis membrane was placed in PBS solution and maintained at 37 °C,
while being stirred at 100 rpm. 1 mL of release (outside) medium
was collected for analysis at predesigned time intervals (1, 2, 3, 4,
5, 24, 48, and 72 h). The amount of released DOX was analyzed
with a UV-vis absorption spectrophotometer at 485 nm. The drug
release studies were performed in triplicate for each sample.
7. In Vitro Cell Viability

Cytotoxicity of both DOX conjugated and DOX unconjugated
polymer samples were analyzed for MCF-7 cells. The pristine DOX
was used as a control system. MCEF-7 cells were incubated in a
RPMI 1640 medium supplemented with 50 mL of 5% fetal bovine
serum (FBS) and 5mL of 0.5% penicillin/streptomycin under 5%
CO, at 37°C. After the cells were cultured in 96-well plates (1x10*
cells/90 uL per well) for 24 h at 37°C, 10 uL of the polymer sample
prepared was added in each well. After 24 h, 20 uL of MTT solu-
tion (5 mg/mL) was introduced and maintained for 2h at 37 °C in
5% CO, incubator. After discarding the culture medium, 200 puL of
DMSO was added to dissolve formazan crystal precipitates. After
placing in incubator for 30 min, the absorbance was read with a
Thermo MK3 ELISA reader at 490 nm, and the statistical mean
and standard deviation were used to estimate the cell viability. The
relative absorption intensity of the sample was determined based
on the absorption intensity of pure PBS solution.
8. In vitro Cellular Uptake

The cellular uptake behavior of MSN-HYD-DOX@ PASTAM-
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Fig. 3. TEM images of (a) MSN (b) MSN-HYD (c) MSN-HYD-DOX.

g-PEG/Biotin sample was analyzed by fluorescence microscopy.
MCEF-7 cells were incubated in an RPMI 1640 medium supple-
mented with 50 mL of 5% fetal bovine serum (FBS) and 5 mL of
0.5% penicillin/streptomycin under 5% CO, at 37 °C. After the cells
were cultured in 96-well plates (1x10" cells/90 uL per well) for 24 h
at 37°C, 10 pL of the polymer sample was added in each well. The
cells were fixed using paraformaldehyde and the cell nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI). After wash-
ing several times with PBS, the cell nuclei and intracellular deliv-
ered DOX were visualized under the excitation wavelengths of 340
nm and 485 nm, respectively.
9. Statistical Analysis

All experiments were performed in triplicate and the resulting
data are expressed as the mean valuetstandard deviations. Statistical
analysis was performed using a Student’s t-test. P<0.05 was con-
sidered statistically significant.

RESULTS AND DISCUSSION
1. Synthesis of MSN-HYD-DOX

MSNs were synthesized using a positively charged CTAB tem-
plate under dilute aqueous condition. The TEM image of the syn-
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Fig, 4. 'H-NMR spectra of MSN-HYD and MSN-HYD-DOX.

thesized MSN is shown in Fig. 3. The average diameter of MSN
was 60+3.2 nm with well-ordered spherical shape, and the average
size of MSN was 67+5.1 nm from DLS analysis with the zeta poten-
tial of —21.4+2.8 mV.

The subsequent reaction with the excess hydrazine produced
MSN-HYD. From 'H-NMR analysis, the protons of the substituted
HYD group were well assigned in the NMR spectrum in Fig. 4. Also,
the characteristic absorption band from amine group is well illus-
trated at 1,700 cm™ from FT-IR analysis shown in Fig. 5. From the
TEM image in Fig. 3, MSN-HYD has discrete and uniform bulk
structure with an average diameter of 70+3.8 nm with well-devel-
oped mesopores with an average diameter 5nm. The average size
of MSN-HYD was 78+8.7 nm from DLS analysis with the zeta
potential of 16.1+3.2 mV.

The anticancer drug, DOX, was conjugated to the MSN through
the pH-sensitive HYD linker to obtain MSN-HYD-DOX. To investi-
gate the conjugation of DOX on MSN-HYD, TGA measurement
was employed and the result shown in Fig. 6. Through the tempera-
ture increment from 25 °C to 700 °C, 27% and 30% of weight loss was
observed in MSN-HYD-DOX and MSN-HYD-DOX@PASTAM-
g-PEG/Biotin, respectively, indicating successful loading of doxo-
rubicin and coating of PASTAM-g-PEG/Biotin. From 'H-NMR
analysis, the characteristic NMR peaks from DOX were observed
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Fig. 5. FT-IR spectra of MSN, MSN-HYD, and MSN-HYD-DOX.
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Fig.6. TGA curves of MSN, MSN-HYD-DOX, and MSN-HYD-
DOX@PASTAM-g-PEG.

Table 1. Surface area (Spz;) and pore diameter (Dyy) of MSN-HYD

and MSN-HYD-DOX
Sample Sper (m* g) Dyt
MSN-HYD 803.2+32.1 3.7+£0.2
MSN-HYD-DOX 201.6+14.4 /

mean+standard deviation; n=3

at 0.7 ppm, 1.1 ppm, 1.5 ppm, and 3.9 ppm. FT-IR spectrum shows
the IR absorption band of DOX at 920 cm™". The average diame-
ter of MSN-HYD-DOX, 102+11.2 nm, was a little larger than that
of MSN-HYD from DLS analysis. The particle size measured by
TEM was 91+7 nm. The zeta potential of MSN-HYD-DOX was
21.2+2.3 mV, which is higher than that of MSN and MSN-HYD,
—214+2.8 mV and 16.1+3.2 mV, respectively. The N, adsorption-
desorption isotherm analysis confirms that the sample has an aver-
age pore diameter of 3.7 nm. After the drug DOX was covalently
linked onto the nanoparticles, the surface area of the nanoparti-
cles was reduced to 201.6 m” g ' from 803.2 m’ g, indicating that
a portion of the drug DOX was covalently incorporated inside the
mesopores of the nanoparticles. The resulting pore size and surface
area from Brunauer-Emmett-Teller (BET) analysis are summarized
in Table 1. The mean size of the MSN-HYD-DOX@PASPAM-g-
PEG/Biotin was 142+20.1 nm and 121+10.1 nm, respectively; exam-
ined by dynamic light scattering (DLS) and transmission electron
microscope (TEM).

The loading efficiency (LE) of DOX was defined by the mass of
loaded DOX in the unit mass nanocarrier. The amount of loaded
DOX was calculated from the UV absorbance intensity of the super-
natant, which contained unloaded (free) DOX at 485 nm. The en-
capsulation efficiency (EE) of DOX was determined from the frac-
tional mass of DOX encapsulated. LE and EE of DOX were calcu-
lated from the following equations.

Initial amount of DOX

— Amout of DOX in supernatant

LE=
Amount of DOX —loaded nanoparticle
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Initial amount of DOX
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EE= Initial amount of DOX
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2. Synthesis of Polysuccinimide (PSI) and PEG/Bio-g-PSI

PSI was synthesized from L-aspartic acid. The reduced viscosity,
75, was 27 and the corresponding molecular weight is 59,000 g mol
from Eq. (1). As shown from 'H-NMR spectrum in Fig. 7, the pro-
tons in methin group are illustrated at 5.1-5.3 ppm, and the pro-
tons in methylene group are at 3.2-3.5 ppm and 2.4-2.5 ppm. The
characteristic IR bands of PSI are illustrated at 1,712cm™", 1,400
em™, 1,215cm™ and 1,162 cm™ as shown in Fig. 8. Fig. 7 shows the
spectra of "H-NMR of PEG and biotin grafted PSIL. The protons
present in PEG and biotin are well presented at 2.0-2.2 ppm and
6.4-6.5 ppm in Fig. 7.
3. In Vitro Release Studies

The DOX content and drug loading efficiency in the nanoparti-
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Fig. 9. pH controlled releasing behavior of DOX from MSN-HYD-
DOX and MSN-HYD-DOX@PASTAM-g-PEG/Biotin.

cle was determined as 20.2+2.5wt% and 71.8+4.1 wt% from the
UV absorbance at 485 nm. The DOX release pattern was analyzed
for the self - aggregates formed by MSN-HYD-DOX and MSN-
HYD-DOX@PASTAM-g-PEG/Biotin. The pH dependence of DOX
release kinetics is shown in Fig. 9. A much faster release behavior
was observed under acidic condition (pH 5.0) than under neutral
condition (pH 7.4). For MSN-HYD-DOX, 15% of the total DOX
loaded was released in about 16 h at pH 7.4 but more than 60%
was released in the same period of time at pH 5.0. ForMSN-HYD-
DOX@PASTAM-g-PEG/Biotin, system 10% of the total DOX loaded
was released in about 30h at pH 7.4, but more than 45% was
released in the same period of time at pH 5.0 because of the diffu-
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Fig. 10. Cell viability of MCE-7 cells incubated with (a) free DOX, (b)
MSN-HYD@PASTAM-g-PEG/Biotin (c) MSN-HYD-DOX,
(d) MSN-HYD-DOX@PASTAM-g-PEG and (e) MSN-HYD-
DOX@PASTAM-g-PEG-Biotin after 24 h (n=3, *p<0.05).

sional resistance associated with the coated polymer layer. This pH
dependence for both systems was caused by the cleavage of the
HYD which triggered the release of DOX at acidic condition.
4. In Vitro Cell Viability

Various concentrations of MSN-HYD-DOX and MSN-HYD-
DOX@ PASTAM-g-PEG/Biotin were co-incubated with MCF-7
to investigate cytotoxicity effect. Up to 5mg mL ™" of nanoparticles
was treated to MCF-7, and cell viability was measured with MTT
assay after 24 h incubation. The modified results are shown in Fig.
10. When the cells were treated with 0.005mg of nanoparticles,

Red Merge

Fig. 11. Fluorescence microscopy images of (a) MSN-HYD-DOX@PASTAM-g-PEG and (b) MSN-HYD-DOX@PASTAM-g-PEG-Biotin after

incubation for 3h at pH 7.4.
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MSN-HYD-DOX-treated MCE-7 cells showed the lowest viability
compared to MSN-HYD-DOX@PASTAM-g-PEG and MSN-HYD-
DOX@PASTAM-g-PEG/Biotin-treated cells. Meanwhile, in case
of 0.01 mg of nanoparticle-treated samples, MSN-HYD-DOX@
PASTAM-g-PEG/Biotin showed lower viability than MSN-HYD-
DOX@PASTAM-g-PEG. This result showed that the Biotin conju-
gated nanoparticles render more effective drug delivery into MCF-7.
5. In Vitro Cellular Uptake

The cellular uptake of synthesized MSN-HYD-DOX@PAS-
TAM-g-PEG/Biotin in the MCF-7 cell was investigated using fluo-
rescence microscopy. After MSN-HYD-DOX@PASTAM-g-PEG/
Biotin sample was maintained at pH 7.4 for 3 h, the nuclei of cells
revealed blue fluorescence after dyeing with DAPI and the DOX
revealed red fluorescence. As shown in Fig. 11, the fluorescence
intensity of DOX was higher for the sample with biotin than that
without biotin after incubation for 3 h. This result proves that the
cellular uptake of MSN-HYD-DOX@PASTAM-g-PEG was im-
proved with biotin.

CONCLUSION

MSN was synthesized and DOX was conjugated to MSNs through
HYD to produce MSN-HYD-DOX. Biotin and PEG groups were
grafted on the PASTAM backbone as cell penetrating ligand and
hydrophilic segments. The average diameter of the PASTAM encap-
sulated MSN-HYD-DOX, 142+20.1 nm, was slightly larger than
that of pristine MSN-HYD-DOX, 102+11.2 nm, from DLS analy-
sis in pH 7.4 aqueous solution. In contrast to the zeta potential of
—21.4+28 mV of the MSN, that for the MSN-HYD and MSN-
HYD-DOX increased to 16.1+3.2mV and 21.2+2.3 mV, respec-
tively, because of the different surface environment via HYD and
DOX. For MSN-HYD-DOX and MSN-HYD-DOX@PASTAM-
g-PEG/Biotin systems, DOX was released much faster at pH 5.0
than at pH 7.4 by the cleavage of the HYD under acidic conditions.
As MSN-HYD-DOX@PASTAM-g-PEG/Biotin systems exhibited
significant cytotoxic effect on MCF-7 cells, the cell viability in this
bio-conjugated system was even lower than that of the free DOX
drug because of more efficient intracellular drug delivery associ-
ated with the biotin ligand.
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