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ABSTRACT

Objective(s): Study and development of antifouling nanosystem for conjugation of drugs were attracting great
attention in recent years. The present study aimed to develop novel curcumin-loaded silica nanoparticles
containing zwitterionic coating as an antifouling system to provide protein corona free nanoformulations
for curcumin.

Materials and Methods: Silica nanoparticles were prepared using the Stober method, and mono- and
bi-functionalized nanoparticles were obtained by modifying the surface of the bare silica nanoparticles
with (3-aminopropyl)triethoxysilane (APTES), polyethylene glycol amine, APTES with sulfobetaine,
and polyethylene glycol amine with sulfobetaine. Nanoparticle characterization, curcumin release, and
measurement of protein corona inhibition were performed after incubation in the human plasma and MTT
assay to confirm the stability and efficiency of the nanoparticles.

Results: The presence of the sulfobetaine group could influence the curcumin loading capacity of the
silica nanoparticles. The results of sodium dodecyl sulfate-polyacrylamide gel electrophoresis indicated
no significant protein adsorption on the curcumin-loaded, zwitterionic-coated nanoparticles compared
to the other nanoparticles. In addition, the MTT assay confirmed the cytotoxicity of the curcumin-loaded
sulfobetaine-APTES-silica nanoparticles on MCF-7 cancer cells.

Conclusion: Our findings confirmed the effects of the zwitterionic coating on the physicochemical properties
of the nanoparticles. These findings play a key role in the development of novel nanoparticles for drug
delivery applications.
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INTRODUCTION

Curcumin (CUR) is the main curcuminoid of
turmeric (Curcuma longa) and a chemopreventive
substance [1] with various pharmacological
activities, such as anti-inflammatory, antioxidant,
and antitumor properties [2, 3]. Moreover, CUR
has demonstrated efficacy in the treatment of
several malignancies, including colorectal, breast,
lung, prostate, and pancreatic cancers [4].

Although CUR has various pharmacological
properties, the extremely low bioavailability of this
compound has limited its biomedical application
[5]. The poor bioavailability of CUR has been
attributed to the low gastrointestinal absorption,
extensive first-pass metabolism, poor aqueous
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solubility, and low stability of this compound [6,7].

Several studies have been focused on
developing novel formulations of CUR to improve
its solubility and stability. In this regard, the
conjugation of CUR with nanomaterials has
recently attracted the attention of researchers
[1, 8-14]. However, when nanoparticles (NPs)
containing drugs enter the bloodstream, plasma
proteins bind to their surfaces, forming a protein
corona shield that affects the uptake and targeting
efficiency of the NPs [15, 16]. Antifouling coatings
such as polyethylene glycols (PEGs) could reduce
the nonspecific adsorption of proteins, while
hypersensitivity and degradation under stress
are the major drawbacks of using these polymers
for drug delivery [17]. Moreover, some plasma
proteins are adsorbed to NP surfaces even in the
presence of PEG coating [18, 19]. Therefore, novel
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antifouling systems such as zwitterionic coatings
have been frequently utilized in recent years [20-
22]. In addition, zwitterionic-PEG hybrids have
emerged as viable options to provide stable and
protein corona-free NPs [23, 24].

In the present study, the CUR loading capacity
and antifouling properties of four types of mono-
and bi-functionalized silica NPs were compared.
Silica-based nanomaterials are widely used in
biomedical approaches owing to their cost-
efficient production and easy functionalization [25-
27]. High CUR loading capacity has been attributed
to 3-aminopropyltriethoxysilane (APTES)-
functionalized poly(N-vinyl-2-pyrrolidone) fibers
(28) and APTES-modified mesoporous silica NPs
[29]. In the current research, bare silica NPs were
synthesized using the Stober method [30] and
modified with sulfobetaine (SB), amine, and PEG
alkoxysilanes. Following that, the hydrodynamic
size, zeta potential, and CUR loading capacity of
the mono- and bi-functionalized silica NPs were
compared, and the effect of the zwitterionic
system on protein adsorption to the surface of the
curcumin-conjugated NPs was investigated.

MATERIALS AND METHODS

Initially, [3-(diethylamino)propyl]
trimethoxysilane was purchased from TCI
Development Co., Ltd. (Shanghai). All the other
chemicals were provided by Sigma-Aldrich
(USA). The chemicals were used as received. In
addition, ultrapure deionized water (DIW) was
prepared using a Milli-Q water purification system
(Millipore, Bedford, MA, USA).

Instruments

The transmission electron microscope (TEM)
studies were carried out using the FEIl Tecnai G220
transmission electron microscope, operating
at 160 or 200 kV for high-resolution imaging.
Thermogravimetric analysis (TGA) was recorded
on the Mettler Toledo TGA/DSC 1 STAR System
at the temperature of 25-650°C with a ramp (10
K/min) in the synthetic air stream of 80 ml/min.
The Fourier-transform infrared spectroscopy
(FTIR) spectra were acquired in the transmission
mode using the Bruker 8700 FTIR spectrometer,
and UV-Vis measurements were performed using
a UV-2501PC instrument (SHIMADZU). Moreover,
dynamic light scattering (DLS) and {-potential data
were measured using the Malvern Zetasizer Nano-
7590 system, and MALDI-TOF mass spectrometry
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was carried out using the AB SCIEX 4800 time-
of-flight (TOF/TOF) mass spectrometer in the
reflectron positive ion mode, with the device
equipped with a 355-nanometer Nd:YAG laser,
and a-cyano-4-hydroxycinnamic acid was used as
the matrix in the MALDI analysis.

Synthesis of Zwitterionic Sulfobetaine Alkoxysilane (SB)

SB was synthesized with the addition of (N,N-
dimethylaminopropyl)trimethoxysilane (0.09
mmol) to 1,3-propanesultone (0.18 mmol) in dry
dimethyl formamide (DMF), and refluxing was
performed for 12 hours in a nitrogen atmosphere.
The white precipitate product was used without
additional purification.

Synthesis of Bare Silica NPs (SiO, NPs), APTES-
modified Silica NPs (SiO,-NH, NPs), SB-Silica NPs
(Si0,-SB NPs), and Thiol-PEG-Amine-modified
Silica NPs (SiO,-PEG-NH, NPs)

Bare silica NPs (SiO, NPs) with the diameter
of 100 nanometers were prepared through the
Stober process. In brief, tetraethylorthosilicate
(TEOS) (625 ul) was added to the mixtures
consisting of methanol (10 ml), DIW (3.6 ml),
and concentrated ammonia (800 pl) and stirred
for six hours. Following that, the obtained NPs
were centrifuged, washed, and redispersed in 10
milliliters of the DIW and ethanol mixture (ratio:
3:1). To synthesize the SiO,-NH, or SiO,-SB NPs, 20
microliters of an alkoxysilane precursor (APTES or
SB) was added to the bare silica NPs and stirred
for 12 hours at room temperature. The obtained
NPs were lyophilized for further experimentation.

To prepare the SiO,-PEG-NH, NPs, the
previously lyophilized SiO,-NH, NPs were dispersed
in DMF and sonicated for one hour. Afterwards,
0.09 millimole of 3-(maleimido)propionic acid
N-succinimidyl ester was added to the NPs, and
the mixture was stirred overnight. The resulting
NPs were centrifuged, and after discarding the
supernatant, they were redispersed in DMF.
Following that, the NH,-PEG-SH solution (72 mg;
molecular weight: 800 Dalton) was slowly added
to the NPs with stirring. The pH of the mixture was
set at 8.3 by the addition of the sodium hydroxide
solution, and the NPs were stirred overnight in
a nitrogen atmosphere. The excessive NH,-PEG-
SH was removed through the dialysis of the NPs
against water. Finally, the resulting NPs were
centrifuged, redispersed in DIW, and lyophilized
for further analysis (Fig 1).
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Fig 1. a) Surface Modification of Si02 NPs with APTES and SB, b) Synthesis Pathway for Surface Modification of Si02 NPs with SH-
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Fig 2. a) Schematic Representation of 3) Si02-SB-NH2 and 4) Si02-SB-PEGNH?2, b) Schematic Representation of CUR-loaded Silica NPs

Synthesis of the Bi-functionalized 5i0,-SB-NH,
and SiO -SB-PEG-NH ,NPs

At this stage, the SiO,-SB-NH, NPs were
synthesized by adding 0.045 millimole of APTES
and 0.045 millimole of the SB alkoxysilane
precursor to the bare silica NPs. The mixture was
stirred for 12 hours, centrifuged, and washed
twice with DIW and ethanol. The same procedure
was performed to prepare the SiO,-PEG-NH, NPs
and synthesis of the SiO,-SB-PEG-NH, NPs (Fig 2).

Nanomed. J. 7(2): 149-157, Spring 2020

Preparation of the CUR-loaded Silica NPs (SiO,-
NH,-CUR,  SiO,-SB-NH,-CUR,  SiO,-SB-PEGNH,,-
CUR, and SiO,-PEGNH,-CUR NPs)

A solution of curcumin (2.5 mmol) in ethanol
(20 ml) was added to the silica NPs, and the mixture
was sonicated for six hours. The slurry was stirred
at room temperature for 12 hours. Afterwards,
the NPs were centrifuged and washed repeatedly
with DMF in order to remove the loosely-bound
CUR from the NPs. The obtained pale orange silica
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NPs were dispersed in DIW for further analysis (Fig 2).

Characterization of the Synthesized Silica NPs

The FTIR, TGA, and matrix-assisted laser
desorption ionization mass  (MALDI-MS)
analyses were performed to support the surface
functionalization of the silica NPs. The size and
aggregation of the free nature of the silica NPs
were confirmed by TEM and DLS. Moreover, the
{-potentials measurement of the NPs was carried
out to evaluate the surface charge of the NPs.

Plasma Measurement of Protein Corona

The aqueous solutions of the bare silica NPs
and all types of the CUR-conjugated silica NPs
(100 pl, 1 mg/ml in DIW) were mixed with 900
microliters of the human plasma (HP) solution
(50% HP in phosphate buffered saline [PBS] and
90% HP in PBS, respectively). Following that, the
mixture of the NPs and HP was incubated at the
temperature of 37°Cand shaken for one hour. After
centrifugation, the excessive HP was eliminated,
and the NPs were washed with PBS twice. The
NP size and zeta potential were measured before
and after the incubation in the HP, and the level
of the adsorbed protein by the NP surfaces were
determined via gel electrophoresis.
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Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) Analysis

After the incubation of the CUR-conjugated
silica NPs in the HP for one hour, the samples
were washed with PBS twice, and the NPs were
resuspended in protein buffer. Afterwards, the
samples were boiled at the temperature of 100°C
for five minutes.

At the next stage, the same volume of each
sample was loaded into 12% polyacrylamide
gel; the gels were run at 120 V and 80 mA for
approximately 100 minutes and stained using the
standard Coomassie blue protocol.

Cytotoxicity Assessment of SiO,-SB-NH,-CUR by
the MTT Assay
MTT Assay for Free CUR and SiO2-SB

At this stage, NH,-CUR was assessed against
the MCF-7 cell line based on the reported protocol
[31].

The prepared cells were treated with various
concentrations of CUR and silica NPs for 48 hours.
After discarding the supernatant, 120 microliters
of the fresh cell culture medium was added. After
one hour, 100 microliters of the MTT solution was
added, and the absorbance was measured at 570
nanometers.
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Fig 3. TGA Measurement in Silica NPs
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RESULTS AND DISCUSSION
Surface Modification of the Silica NPs

According to the obtained results, the
conjugation of CUR with the silica NPs could
enhance CUR bioavailability due to the hydrophilic
nature of the NPs. Furthermore, the use of the
intermolecular hydrogen bonding interaction
of the CUR carbonyl groups with the amine-
functionalized nanomaterials appeared to be a
promising approach to the immobilization of CUR
without disrupting the therapeutic activity of the
main group. The surface modification strategy
is applicable to the production of effective drug
delivery systems.

CUR is able to interact with various proteins
through its several functional groups. The
presence of an antifouling coating could prevent
CUR from miss-targeting by HP proteins. As
such, the SiO,-NH,, SiO,-SB-NH,, SiO,-SB-PEGNH,),
and SiO,-PEGNH, NPs were synthesized and
functionalized using CUR through incubation in
the CUR ethanolic solution.

In the present study, the loading capacity of
the silica NPs was determined based on the TGA
data (Fig 3) and by measuring the amount of the
free CUR (free drug) from the total amount of the
CUR (total drug) used in the preparation of the
NPs (Table 1).

Table 1. TGA Results on CUR-modified Silica NPs

Type of NPs Weight Loss Rate

(25-650°C)

Curcumin (%) Loading Capacity (%)

Si0,-NH,-CUR 11.1715 153 14
Si0,-SB-NH,-CUR 15.6594 5.02 4.61
Si0,-PEGNH,-CUR 19.7123 222 2.04
Si0,-SB-PEGNH,-CUR 20.8340 1.88 1.72

According to the findings, the CUR loading
capacity of the SiO,-SB-NH, NPs was significantly
higher compared to the other NPs, which could
be attributed to the effects of sulfobetaine on
the improvement of the hydrogen bonding of
CUR with amino silanes (Fig 2). In the SiO,-SB-
PEGNH, NPs, the difference between the size of
the ligands (amino-PEG-silane and sulfobetaine-
silane) prevented the simultaneous hydrogen
bonding of sulfobetaine and amine groups with
CUR. Therefore, the reduced number of the
amine groups in the SiO,-SB-PEGNH, NPs was
compared to the SiO,-PEGNH, NPs, which resulted
in the weaker bonding of hydrogen and lower CUR
loading capacity, as shown below:

_ Total Drug — Free Drug

LC% = 100
% Weight of silica NPs )

Nanomed. J. 7(2): 149-157, Spring 2020

The UV-Vis absorption spectrum of the CUR-
modified silica NPs indicated that the SiO,-SB-
NH, NPs had higher CUR compared to the other
NPs (Fig 4). In addition, the MALDI-TOF mass
data confirmed the presence of CUR and PEG
immobilization on the surface of the silica NPs (Fig 4).

o (3 0 3 00 0

Fig 4. a) UV-Vis Spectrum of CUR-loaded Silica NPs, b) MALDI-

MS Spectra of Si02-SB-NH2-CUR (Peak at m/z 369.04 assigned

to [CUR+H]+(C) MALDI-MS spectra of SiO2-PEGNH2; peak at
m/z 897.07 related to [C9H16N203S+H]+ fragment ion)

Fig 5 depicts the FTIR spectra of the CUR-
conjugated silica NPs. Accordingly, the increased
intensity of the characteristic C-H stretching
vibrations at 2850-2950 cm?, O-H stretching
vibrations at 3422 cm?, and C=0 stretching
vibrations at 1632 cm? ascribed to the loaded
CUR after the surface treatment of the NPs.
Furthermore, SiO,-SB-NH_-CUR and SiO,-PEGNH,-
CUR showed higher peak intensities in relation to
CUR compared to the other NPs.
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Fig 5. FTIR Spectrum of Silica NPs
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Fig 6. A) TEM and B) DLS Data of Modified Silica NPs

Type of NPs Size [Dh], (nm) potential
SiO,-NH,-Cur DIwW 120+1.1 -0.95+0.8
HP 50% 135+8.3 -30.5+2.4
HP 90% 180 ~ 350 -453+16

Si0,-SB —NH,-Cur DI 110+3.2 -85+04
HP 50% 113+13 -9.1+0.6

HP 90% 115+1.2 -9.7+13

Si0,-PEGNH,-Cur DI 109+4.1 -0.2+1.2
HP 50% 110+2.3 -10.3+1.7
HP 90% 114+1.2 -16.8+1.1

Si0,-SB —PEGNH,-Cur DI 112+1.4 -7.4+0.9
HP 50% 112+1.7 -9.2+04

HP 90% 114+£3.2 -9.6+0.2

250

According to the TEM and DLS data, the

surface functionalization of the silica NPs had 200 S
no signs of NP aggregation (Fig 6; Table 2). As is - e 8 o @
shown in Fig 7, the silica NPs were stable at various g - o ® 2 a
concentrations of PBS. S w0 EEA R MW RE.
Si0,-NH,-CUR NPs with no zwitterionic/PEG "
coating had significant changes in the particle
diameter. 0
According to the information in Table 2, the ’ 200 0 o0 500 1000 10
coating ofthe NP surfaces with PEG and zwitterionic Coie. RBS (ppi)
sulfobetaine prevented the aggregation of the NPs Fig 7. DLS of Silica NPs after Incubation in Various Concentration
and protein adsorption after incubation in the HP. of PBS
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On the other hand, the increase size of the
Si0,-NH,-CUR NPs in the HP resulted from the
instability of the modified NPs and interaction
with proteins.

The surface zeta potential measurements
indicated that the surface charge of the
zwitterionic-coated NPs did not change
significantly after incubation in the HP (Table 2),
which confirmed the antifouling properties of the
zwitterionic-modified silica NPs.

Measurement of the Interactions of the CUR-
functionalized Silica NPs with HP Using SDS-PAGE

After the incubation of the CUR-modified silica
NPs in the HP, gel electrophoresis was performed,
and a significant difference was observed in the
protein adsorption of the silica NPs.

Furthermore, CUR could interact with proteins
variably.

Therefore, the Si0,-NH,-CUR NPs could adsorb
more plasma protein compared to the bare silica
NPs, which resulted from the trapping of the
plasma proteins by CUR.

On the other hand, the SiO,-SB-NH,-CUR NPs
resulted in light protein bands in the SDS-PAGE,
confirming the key role of SB in protein corona
inhibition (Fig 8).

12345678 9101112

Fig 8. SDS-PAGE Gel for Silica NPs after Incubation in HP (50%
and 90%) (Represented protein bands related to 1) 50% SiO2-
NH2-CUR, 2) 90% SiO2-NH2-CUR, 3) 50% SiO2-SB-NH2-CUR, 4)
90% Si02-SB-NH2-CUR, 5) bare silica, 6) 90% SiO2-PEGNH2-
CUR, 7) ladder, 8) 50% SiO2-PEGNH2-CUR, 9) HP, 10) ladder, 11)
50% Si02-SB-PEGNH2-CUR, 12) 90% SiO2-SB-PEGNH2-CUR)

The SiO,-SB-PEGNH_-CUR NPs showed no

adsorbing protein bands.
The results of the SDS-PAGE indicated that the

Nanomed. J. 7(2): 149-157, Spring 2020

simultaneous use of PEG and zwitterionic coatings
could enhance the antifouling properties of the
NPs, which supported the DLS and zeta potential
data in the previous section.

The antifouling properties of the zwitterionic
coating resulted from the highly hydrated layer
that was formed by the electrostatic force.

This layer was stronger than the hydration
layer formed by the hydrogen bonding of PEG.

However, the presence of PEG reduced
the electrostatic repulsion of the zwitterionic
moieties, and the synergistic effect was observed
when these coatings were used together.

CUR Release
The CUR release profiles in PBS (7.4) are
depicted in Fig 9.

70
60
50
40
30 .
20
10

Release Percentage(%)

0
0 20 40 60

Time (hours)

Fig 9. CUR-loaded Silica NP Release Profiles; 1) SiO2-SB-
PEGNH2-CUR NPs, 2) SiO2-SB-NH2-CUR, 3) SiO2-NH2-CUR, 4)
Si02-PEGNH2-CUR

According to the findings, the CUR-modified
silica NPs exhibited the rapid release of more than
50% within 12 hours.

The comparison of CUR release patterns
indicated that the release of CUR from the SiO,-
SB-NH, NPs was slightly slower than the SiO_-PEG-
NH, NPs, which confirmed the stronger binding of
CUR with the NP surfaces.

MTT Assay

To evaluate the cytotoxicity of the SiO,-SB-
NH,-CUR, the MCF-7 cell line was selected in the
present study.

The measurement of the IC_  values for the
free CUR and SiO,-SB-NH_-CUR NPs revealed the
higher toxicity of the silica NPs (~10%) without
affecting the normal cells.
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Fig 10. Cytotoxicity of a, 1) Bare Silica NPs, 2) Si02-SB-NH2-CUR NPs, 3) CUR on Fibroblast Cell Line (IMR-90); b) Free CUR on MCF-7
Cell Ling; c) Si02-SB-NH2-CUR NPs on MCF-7 Cell Line

CONCLUSION

In the present study, we demonstrated the
design of four types of modified silica NPs and
their conjugation with CUR. According to the
findings, the presence of zwitterionic sulfobetaine
on the surface of the silica NPs could significantly
improve the CUR loading capacity, as well as the
antifouling properties of the modified NPs. In
addition, the combination of PEG and zwitterionic
ligand had positive effects on the repellent
properties of protein in the NPs. Furthermore, the
MTT assay of the breast cancer cell lines confirmed
the cytotoxicity of the CUR-conjugated silica NPs.
These findings are essential to the development of
more efficient drug delivery systems in the future.
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