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Novel nanocomposite containing fullerenol nanoparticles (FNP) and porous silica nanoparticles (PSNs) was constructed and
characterized. The capability of FNP to serve as a pore-capping agent and for entrapping 9-aminoacridine (9-AA) inside the pores
of the PSN material was also demonstrated. Nitrogen sorption measurements evidence the successful capping of the silica pores
while thermogravimetric analysis of FNP loaded PSN indicates the existence of pore-loaded fullerenol molecules. Higher amount
of the drug release was noted by exposing the material to weakly acidic conditions in comparison to physiological pH, which may
find application in targeted treatment of weakly acidic tumor tissues.

1. Introduction

Designing nanosystems for targeted drug delivery to cancer
cells has been highly attractive research area in recent years.
Nanoparticulate drug carriers have been demonstrated to
contain an innate ability to accumulate preferentially in
cancer tissues due to enhanced permeability and retention
(EPR) effect. In addition, selective cancer targeting was
achieved by functionalization of nanoparticulate drug carri-
ers with ligands which have specific interaction with tumor-
overexpressed receptors [1-4], or by construction of stimuli-
responsive nanotherapeutics [5, 6]. Acidification-induced
triggering of the drug release is also a viable route for selective
cancer targeting [7], since extracellular pH value in tumor
tissues is weakly acidic [8]. Various drug delivery systems
employing acidification as a drug release-triggering stimulus
have been reported [9, 10]. Porous silicate nanomaterials are
among the most versatile platforms for construction of such
drug carriers due to their high surface area, capabilities for

their functionalization with various organoalkoxysilanes, and
possibilities to employ different capping agents for entrap-
ment of drugs inside their porous framework [11-16].

Interestingly though, to the best of our knowledge, there
are no literature reports on application of fullerene-based
molecules as pore blockers in porous silicate-drug carriers,
even though their diameter (ca. 1nm) and bulky, spherical
morphology seem suitable for such application. Fullerenol,
hydroxylated fullerene, was also shown to be capable of
reducing side effects of cytotoxic drugs such as doxorubicin
[17], which is certainly an additional benefit of constructing
fullerenol-containing drug delivery [18]. Furthermore, FNP
may attain even more active role in anticancer treatment,
upon stimulation with light, since it showed potential for
photosensitive generation of reactive oxygen species (ROS)
[19]. Recent in vivo experiments have also demonstrated
important inhibition of angiogenesis and metastasis pro-
cesses of cancer tissues by the presence of FNP [20].



In this paper, we report on construction and charac-
terization of FNP-PSN nanocomposite for entrapment of
anticancer drug 9-aminoacridine (9-AA) inside the pores
of silica nanoparticles. The capabilities of the constructed
nanocomposite for drug delivery upon exposure to mildly
acidic aqueous environment are monitored by UV/VIS
absorption measurements of the released drug.

2. Materials and Methods

Hexadecyltrimethylammonium bromide (CTAB), w > 98%,
tetraethyl orthosilicate (TEOS) w > 99%, fullerene Cq w >
95%, and 9-aminoacridine hydrochloride hydrate (9-AA)
were commercially available (Sigma-Aldrich).

2.1. Instruments and Methods. Infrared spectra were collected
on Thermo Nicolet Nexus 670 FTIR spectrometer; UV/VIS
measurements were performed on Scientific Equipment
Cintra 1010. Thermogravimetric analysis (TGA) was done
on TA Instrument SDT Q600 up to 800°C in air with
a heating rate 20°C/min. Scanning electron micrographs
(SEM) were obtained on JEOL JSM 6460 LV microscope.
For measurements, the sample was coated with about 2 nm
thick layer of gold. The specific surface areas and pore size
distribution of the samples were estimated using nitrogen
adsorption-desorption isotherms with Micrometrics ASAP
2020 instrument. Before the sorption measurement, samples
were degassed at 105°C for 10h under reduced pressure.
The specific surface area of sample (Sgpp) was calculated
according to the Brunauer, Emmett, and Teller (BET) method
from the linear part of the nitrogen adsorption isotherm [21].
The total pore volume (V) was given at p/p, = 0.998.
The volume of the mesopores and pore size distribution were
analyzed according to the Barrett, Joyner, and Halenda (BJH)
method from the desorption isotherm [22]. The volume of the
micropores was calculated according to «-plot analysis.

2.2. Syntheses of Materials

2.2.1. Synthesis of Porous Silica Nanoparticles (PSNs). Solu-
tion of CTAB (1.00 g, 2.74 mmol) and NaOH(aq) (2.00 mol/L,
3.50mL) in 480 mL of demineralized water was prepared,
followed by adjusting the solution temperature to 80°C.
TEOS (5.00mL, 21.9mmol) was introduced dropwise to
the solution and the mixture was allowed to stir for 2h,
giving rise to white precipitate (as-synthesized PSN). The
solid product was filtered through a sintered glass funnel,
washed with demineralized water and MeOH, and dried in
air over night. Removal of the CTAB surfactant template was
performed by heating at 60°C for 6h in a solution of HCI
in methanol (1%, v:v). After the surfactant extraction, the
material was additionally washed twice with deionized water
and methanol and dried in air.

2.2.2. Synthesis of Fullerenol Nanoparticles (FNP). Fullerenol
nanoparticles (Cg4,(OH),,) were synthesized according to the
previously published procedure from fullerene-Cg, through
catalytic bromination [23], followed by substitution of bro-
mide with hydroxyl groups [24].
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2.2.3.  Fullerenol-Loaded PSN Material (FNP@PSN).
Fullerenol (5mg) was measured in a 100mL flask and
50 mL of phosphate buffer (PBS) (pH 7.4) was added. The
solution was sonicated for 10 min and stirred over night at
room temperature. PSN material (100 mg) was then added
to the solution of FNP and the suspension was stirred for
24h at room temperature. The material was then filtrated
through a sintered glass funnel, washed twice with phosphate
buffer to remove the excess of FNP, once with methanol, and
air-dried.

2.2.4. Preparation of PSN Material Containing 9-AA and FNP
(FNP/9-AA@PSN). Fullerenol (5.0 mg) was measured in a
100 mL flask and 50 mL of phosphate buffer (pH 7.4) was
added. The solution was sonicated for 10 min and stirred
over night at room temperature. A second flask containing
5.0 mg (20 ymol) of 9-aminoacridine hydrochloride hydrate
and PSN material (100 mg) in DMSO (5.0 mL) was separately
stirred for 24 h at room temperature, after which the solution
of FNP in PBS was added. The suspension was then left
stirring for another 24h at room temperature; material
was filtrated through a sintered glass funnel, washed twice
with phosphate buffer to remove the excess of FNP, once
with methanol, and air-dried. The filtrate was saved for
determination of the drug loading.

The amount of loaded drug was determined by a standard
curve method. Namely, the standard curve was prepared by
measuring UV/VIS absorption of different concentrations of
9-AA in phosphate buffer at 400 nm. The filtrate obtained
after the drug loading and capping with FNP was collected,
methanol was removed by evaporation, 9-AA absorption of
the leftover filtrate was measured at 400 nm, and concentra-
tion of the leftover drug was determined from the standard
curve. The calculated amount of leftover drug was 13.5 ymol,
which gave the amount of loaded drug (6.5 ymol/100 mg of
PSN) by subtraction from the starting 20 gmol of 9-AA.

2.3. Measurement of the Amount of Released Drug from
FNP/9-AA@PSN as a Function of pH Value of the Release
Medium. Three vials containing 5mg of FNP/9-AA@PSN
each were prepared and 5mL of phosphate buffer/solution
with different pH values was added to the vials. The final pH
values of the three prepared suspensions were measured and
the obtained values were 7.4, 6.8, and 5.8. Suspensions were
left stirring at RT for 24 h, after which the suspensions were
centrifuged for 10 min at 12 000 rpm, and UV/VIS absorbance
of the supernatants was measured. The amount of the released
drug in each sample was calculated from the absorbance value
at 400 nm, with the standard curve method.

3. Results and Discussion

Porous silica nanomaterial was obtained by CTAB-templated
condensation of TEOS, followed by removal of the sur-
factant with solution of HCI in methanol. Particle mor-
phology of the obtained material can be observed on SEM
image (Figure 1(a)), which shows spherical particles with
the diameter in the range 70-160 nm. Infrared spectrum of
PSN (Figure 1(b)) shows that the surfactant was successfully
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TABLE 1: Data obtained by nitrogen sorption measurements.

Sample SBET (mz/g) Vmesopores (Cma/g) Vmicropores (Cms/g) ‘/total (CmS/g) Dmax (nm)

PSN 581.0 0.54 0.24 0.68 —

FNP@PSN 356.6 0.53 0.11 0.60 —

FNP/9-AA@PSN 269.3 0.47 0.08 0.51 2.95

Transmittance, T (%)

X188, 808 8. 16k

100.00 -

50.00 -

0.00

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™!)
— PSN
(b)

FIGURE 1: (a) SEM image of FNP/9-AA@PSN material and (b) FTIR spectrum of PSN material.

removed after washing, since only a small trace of C-H
stretching bands was observed at 2925 and 2850 cm™". The
band at 1630cm™ can be ascribed to bending vibration
of surface-adsorbed water, while the broad band at around
1100 cm™" is due to various Si-O stretching vibrations. Nitro-
gen sorption measurements of PSN revealed porous nature
of the material (Table 1, Figure 2). BET specific surface area
of the material decreases from the initial 581 m?/g to 356.6
and 269.3 m*/g upon loading with FNP and with FNP and 9-
AA, respectively. This result is indicative of filling the pores of
the nanoparticles and, moreover, the pores were more filled
(specific surface area is lower) in the presence of 9-AA, which
points to successful entrapment of the drug by FNP. As deter-
mined, the amount of loaded 9-AA was 66 ymol/g of PSN.
In our previous study, we reported that the mesoporous silica
nanomaterial, which had much higher specific surface area
(1196 m*/g), was capable of adsorbing maximum of 26.7 ymol
of 9-AA per gram of material, while specific surface area of the
drug-adsorbed material decreased only by 68 m*/g [25]. In
the current study, even though the surface area of the starting
PSN was more than two times lower than the previously
reported material, it was capable of loading 2.5 times more
of the drug due to the presence of FNP as blocking agents.
The nitrogen sorption isotherms of starting and pore-
loaded materials (Figure 2(a)) point to the existence of micro-
pores (pore diameter smaller than 2nm) and mesopores
(pore diameter in the range of 2-50nm) in the prepared
materials [26, 27]. Capillary condensation steps occurring at
p/p° = 0.9-1.0 are attributed to the interparticle spacing of
PSNs, which are also noted in BJH analyses (Figures 2(b)-
2(d)) as broad peaks in pore size distribution curves in the
range of 20-60 nm. BET surface area of the materials and pore

volumes of micropores and mesopores as well as the total
volume of pores are given in Table 1. These data point to
the successful pore-capping by FNP since a decrease in total
pore volume was observed from 0.68 cm®/g, as calculated for
PSN, to 0.60 cm®/gand 0.51 cm*/g for ENP@PSN and FNP/9-
AA@PSN, respectively. The mesopore/micropore volume
ratios in the synthesized materials are 2.2, 4.8, and 5.9 for
PSN, FNP@PSN, and FNP/9-AA@PSN, respectively, which
implies that the decrease in the volume of micropores is the
most responsible for the decrease in the total pore volume.
Furthermore, these data imply that FNP is capable of blocking
micropores of the material more efficiently than the meso-
pores, which is definitely due to the small size of FNP. In the
presence of 9-AA, the decrease in pore volumes is even more
pronounced, which points to successful entrapment of 9-AA
inside the FNP. In the case of PSN and FNP@PSN materials,
BJH calculations did not reveal maximum peaks for pore size
distribution (Figures 2(b) and 2(c)), which indicates that the
pore volumes in these materials are uniformly distributed
across the studied range of pore diameters. However, in
the case of FNP/9-AA@PSN material, the mesopores of ca.
3nm appeared as the most prevalent (Figure 2(d)), which
can be also explained as the result of capping of micropores
by FNP. The capped micropores in FNP/9-AA@PSN are
eliminated from the pore size distribution calculation, which
consequently leaves the mesopores of around 3nm as the
most prevalent. The fact that this peak in the pore distribution
graphs appears only in the case of FNP/9-AA@PSN points to
an active role of 9-AA in filling and sealing the micropores,
probably through hydrogen bonding and electrostatic inter-
action of -NH; " moiety from 9-A A with surface silanols from
PSN and hydroxyls from FNP.
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FIGURE 2: (a) Nitrogen adsorption/desorption isotherms and (b)-(d) BJH pore size volume and size distributions for PSN, FNP@PSN, and

FNP/9-AA@PSN.
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Thermogravimetric analysis of FNP@PSN (Figure 3)
reveals that the material contains large amount of adsorbed
water (10 wt%), probably due to involvement of water mole-
cules in the hydrogen bonding between FNP and surface
silanols of PSN. The loss of mass was constant by ca. 600°C

at 77.2 wt%, which allows calculation of the total amount of
the loaded FNP (12.8 wt%) without accounting for 10% of
moisture. In the temperature range 200-350°C, gradual loss
of weight is observed, which can be attributed to the loss of
OH groups from the surface of FNP and PSN. Interestingly
though, fast degradation of FNP is noted at two different
temperatures (455 and 530°C), which are in fact much lower
than the typical starting temperature for rapid degradation of
pure FNP (ca. 700°C) [28, 29]. Pure fullerenol owes its high
thermal stability to the material stabilization through hydro-
gen bonding-induced agglomeration of individual molecules.
This agglomeration of FNP is prevented inside the pores of
PSN due to size constraints, which we believe is the reason for
much lower degradation temperatures of pore-loaded FNP.

We further investigated the possibility to release the drug
from encapsulation through acidification of the environment.
Since the PSN-surface silanols and FNP-surface hydroxyl
groups are more protonated with acidification, we expected
that their interaction with positively charged 9-AA would
weaken, which would consequently lead to separation of the



Advances in Materials Science and Engineering

0.35 4
0.3 4
0.25
0.2

Absorbance

430

380
Wavelength (nm)

pH5.75
— pH6.75
— pH735

(a)

Absorption at 400 nm

5
0.4 -
y = 0.007x + 0.0064
R? = 0.9957
0.3 4
0.2 4
0.1 4
0 T T T T 1
0 10 20 30 40 50

Concentration of 9-AA (umol/ dm?®)

(®)

FIGURE 4: (a) UV/VIS absorbance spectra of 9-AA released from FNP/9-AA@PSN at pH values 7.35, 6.75, and 5.75. (b) Calibration curve for

determination of 9-AA concentration.

nanocomposite’s constituents and to the release of the drug.
To perform the experiment, aqueous phosphate suspensions
of different pH values (7.35, 6.75, and 5.75) were prepared con-
taining FNP/9-AA@PSN material. After 24 hours of stirring
at room temperature, the materials were separated from the
bulk solutions by centrifugation and the amounts of UV/VIS
absorbing 9-AA molecules contained in the supernatants
were measured. Indeed, as can be seen in Figure 4(a), UV/VIS
spectra of the supernatants revealed increasing amounts of
released 9-AA with lowering pH values of the environment.
The exact amounts of the released drug were calculated
based on the calibration curve (Figure 4(b)). At pH 5.75, the
material released 45.6 ymol of drug, which is 69.1% of the
loaded amount, while at pH values 6.75 and 7.35, the material
released 36.1 yumol and 33.0 ymol of the drug which are 54.7%
and 50.0% of the loaded amount, respectively. These results
demonstrate that the constructed material may be applicable
for preferential drug delivery to weakly acidic cancer tissues.
Further studies are ongoing for optimization of different
FNP-capped functionalized porous silica nanoparticles for
drug delivery to cancer cells.

4. Conclusions

We successfully demonstrated the ability of fullerenols
(Cgp(OH),,) to serve as pore-capping agents for construction
of porous silica nanoparticle-based drug delivery systems.
High amount of the drug was loaded inside the pores of
the silica nanoparticles and entrapped due to the presence
of surface-adsorbed fullerenols. Release of the drug from
the nanomaterial increased with acidification of the environ-
ment, which can be applicable for preferential release of drugs
under acidic conditions of tumor tissues.
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