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Mesoporous silica materials were investigated as the carriers for pH-sensitive drug delivery systems. Porous
silica SBA-15 was ﬁrst functionalized by anchoring N-[3-(trimethoxysilyl) propyl] aniline groups on the surface.
After loading of an antineoplastic agent 5-ﬂuorouracil, the pores were capped by β-cyclodextrin molecules. The
studied samples were characterized by N2 adsorption/desorption measurements, thermal analysis, powder X-Ray
Diﬀraction, and Transmission Electron Microscopy. Adsorption properties of 5-ﬂuorouracil were explored via the
construction of adsorption isotherms. The amount of 5-FU adsorbed on amine-functionalized SBA-15 was 60 mg
per 1 g of solid. The adsorption of 5-ﬂuorouracil on silica was also monitored by microcalorimetry, showing low
adsorption enthalpies. Drug release properties from matrices were studied using UV–Visible spectroscopy with
the un-blocked and blocked pores conﬁguration to demonstrate the eﬃciency of the pH-responsive nanovalves
and evaluated using diﬀerent kinetic models. It was shown that no drug release occurred at neutral pH and that
more than 80% of drug adsorbed amount was released at pH = 5. Working at the equilibrium, the initial burst of
the drug from the silica surface, usually observed in other porous silica drug delivery systems, was avoided. The
interaction between the β-cyclodextrin molecules and grafted amine functions were also studied as a function of
pH. Finally, the cytotoxicity tests were performed using human glioma U87 MG cells.

1. Introduction

materials (MSMs) have become apparent as a promising drug vehicle
due to their unique mesoporous structure that preserves a level of
chemical stability, surface functionality, and biocompatibility. The
MSMs have been used for delivery of a variety of drug molecules, e.g.:
chemotherapeutics agents [5–7], antibiotics [8,9], antimicrobial drugs
[10], anti-inﬂammatory molecules [11–14]. One of their main advantages is their ability to be used for both hydrophilic active agents
and poorly water-soluble drugs by increasing their solubility [15]. For
example, Mellaerts et al. reported the increase of the oral bioavailability
of the poorly water-soluble drug, itraconazole using mesoporous silica
nanoparticles as drug delivery agents [16].
Another advantage of porous silica drug delivery system is the
possibility to design zero-premature cargo release nanosystems by
blocking the pore openings using various gatekeepers [17–19]. Lately,
most of the research eﬀort for drug delivery has been committed to
cancer therapy and internal stimuli such as pH, redox potential, enzymes, etc. that are typical of the treated pathology [20–22]. pH-

The unfavorable physicochemical properties of many drug compounds aﬀect their bioavailability and consequently the pharmacokinetic eﬃciency of the medical treatment. For example, drug molecules
with a lack of speciﬁcity and solubility lead patients to take high doses
of the drug to achieve suﬃcient therapeutic eﬀects. This is a leading
cause of adverse drug reactions, particularly for drugs with a narrow
therapeutic window or cytotoxic chemotherapeutics [1]. Lack of speciﬁcity of a drug molecule leads to the high-dosage regimen and cause
undesired interactions of a drug with healthy tissues or cells [2]. The
possible solution to overcome these problems is to design the eﬃcient
Drug Delivery Systems (DDSs) that enable to control the rate, time, and
place of drugs release in the body [3]. The DDSs improve the pharmacological properties of drug molecules by modifying their pharmacokinetic proﬁle, solubility and bio-distribution [4]. Among structurally
stable materials that have been investigated, mesoporous silica
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responsive MSMs have attracted extensive research interest because
cancer cells cause the decrease of pH environment to more acidic values
compared to the pH environment of healthy cells, which provides an
eﬃcient way to control the drug release behavior by pH variations
[23,24]. There are many strategies to construct pH-responsive drug
delivery systems, e.g. using polyelectrolyte gatekeepers [25], pH-sensitive linkers (such as acetal bond, hydrazine bond, ester bond) [26],
acid-decomposable inorganic gatekeepers [27] and supramolecular
nanovalves [28]. The latter includes an immobilized stalk molecule
covalently attached to silica surface and a mobile cyclic molecule encircling the stalk via non-covalent interactions [29]. A lot of cucurbituril and cyclodextrin (CD) molecules have been demonstrated to be
eﬀective supramolecular pore gatekeepers for mesoporous silicas
[30,31]. Particularly for CD, diﬀerent molecules were grafted on the
porous silica surface and then tested as pH-responsive gatekeepers.
Meng et al. reported a novel MSM delivery system for doxorubicin, a
chemotherapeutic agent, based on β-cyclodextrin nanovalves testing
diﬀerent aromatic amines. Best results were obtained using N-methylbenzimidazole as stalks with a maximum release percentage of 40% in
acidic conditions (pH = 5) [32]. The delivery of doxorubicin was also
tested in the work of Bai et al. who constructed a controlled release
system using p-anisidine stalks. Even if the pH-dependency of release
properties were successfully studied for short release time (< 6 h), the
loading eﬃciency of doxorubicin was very low (4,5%), that represented
2.44 mg of doxorubicin per 1 g of silica support [33].
Considering silica DDSs, several important parameters have to be
optimized all together both in terms of loading and release properties.
In this way, the loading eﬃciency i.e. the amount of available drug that
is incorporated in and only in the porous volume should be as high as
possible and the release proﬁle in time should be as progressive as
possible, avoiding the burst eﬀect. Therefore, in the present paper, both
adsorption and pH-sensitive release properties of a model drug on
mesoporous silica material SBA-15 were studied and optimized in this
context. The antineoplastic agent 5-ﬂuorouracil (5-FU), that is a ﬁrstline anti-cancer drug, commonly used to treat colorectal, gastrointestinal and breast cancer, was employed as a drug molecule in our
study. However, the eﬃciency of 5-FU is limited by high rate of metabolism in the body, short biological half-life, non-uniform oral adsorption and cytotoxicity. To be eﬀective it has to be administrated at
higher concentrations or more frequent doses. In this work, we assume
that its encapsulation in a host delivery system can reduce the frequency of dosing or it could help the drug to be more eﬀective even at
lower concentrations.
In our DDSs, supramolecular nanovalves based on β-CD units were
used as gatekeeper and three diﬀerent amines were grafted onto the
mesoporous silica surface and used as stalk molecules. For the grafting,
we have used aliphatic amines namely propylamine (AP), tetraethylenepentamine (TEPA) aromatic amine propyl aniline (N-ANI). Our
study showed, that the DDSs based on studied aliphatic amines and βcyclodextrin molecules do not work eﬀectively and showed poor
tightness and premature drug release (see Supporting information, Fig.
S1). The more promising results were obtained using a gatekeeper
system composed of aromatic propyl aniline based stalk (N-ANI) and βCD units, which properties are described in the present study. It is note,
that combination of N-ANI ligands and β-CD molecules in construction
of pH-responsive DDSs have been already reported [34,35]. However,
in our study adsorption properties of drug were studied on pure silica
matrix and functionalized one from a thermodynamic point of view.
Moreover, the construction of adsorption isotherms and their modeling
as well as the determination of enthalpies of adsorption using calorimetric measurements were realized. As far as our knowledge, such an
extensive study concerning thermodynamic description has not been
reported in the literature yet. Moreover, the cytotoxicity of the prepared DDS using U87 MG cancer cells complete our study.

2. Experimental section
All chemicals used in the syntheses were obtained by Sigma-Aldrich
and Across Organics companies in the highest purities and used without
further puriﬁcation. Anhydrous solvents were obtained after standard
procedures described in the literature [36] and stored over molecular
sieves.
2.1. Synthesis and functionalization mesoporous silica SBA-15
The synthesis of porous silica was carried out according to the
procedure reported in [37]. 4 g of triblock copolymer P123, (Poly
(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol)) was dissolved in 30 g of distilled water at T = 308 K under high
acidic conditions produced by the addition of 120 g of HCl (2 M). The
mixture was stirred until it became homogenous. Then, 8.5 g of TEOS
was added dropwise to the solution followed by continuous stirring for
20 h at T = 308 K. After this time, the solution was aged at 80 °C for
24 h. The white solid product was ﬁltered oﬀ, washed with distilled
water and dried at room temperature.
Porous SBA-15 matrix was obtained by calcination of as-synthesized
SBA-15 in airﬂow at 600 °C. The calcination procedure was as follows:
the sample was heated to 150 °C with a heating rate 3 °C/min and the
sample was held at this temperature for 3 h. Subsequently, the temperature was increased to 600 °C by the rate 1 °C/min and the sample
was held at this temperature for 7 h. In the last step, the sample was
cooled down to room temperature.
The surface modiﬁcation (functionalization) of silica was carried
out by a post-synthetic grafting procedure. Typically, 1 g of calcined
SBA-15 was dispersed in anhydrous toluene, mixed with 3 mL of N-[3(trimethoxysilyl) propyl] aniline (12,5 mmol) and reﬂuxed under N2 for
20 h. The obtained product was centrifuged, several times washed with
toluene and ethanol and dried at T = 313 K for 24 h. The material was
denoted as SBA-15_N-ANI.
2.2. Drug loading and pores capping
5-ﬂuorouracil (5-FU) was taken as a model drug to estimate the
loading and release performance from both SBA-15 and SBA-15_N-ANI.
Various information concerning the solubility of 5-FU in water are reported in the literature, i.e.: 5 mg/ml [38], 8.62 mg/ml [39], 12 mg/ml
[40]. Since the drug 5-FU is sparingly soluble in the water, the upper
concentration limit of 5-FU in our experiments was set to 6.5 mg/ml.
2.2.1. Adsorption experiments
Adsorption isotherm experiments were carried out using a solution
depletion method. The experimental process consisted in the following
steps: 20 mg of samples were dispersed in a series of plastic vials containing 2 mL of 5-FU aqueous solution with diﬀerent initial concentrations (from 0.1 to 6.5 mg/ml). Then, the adsorption process was
carried out, with continuous stirring, at T = 310 K for 24 h to ensure
equilibrium. The separation of a solid phase from the supernatant liquid
was achieved by centrifugation at 10 000 rpm (corresponding to a relative centrifugal force of 7400 g) for several minutes. The supernatant
was then analyzed by using UV–Vis spectroscopy (wavelength range
200 – 350 nm) to determine the equilibrium concentration of 5-Fu (Ceq)
at the maximum of the absorption band (λ = 266 nm). Prior to the
determination of the concentration of 5-FU, a calibration curve has
been established based on solutions with diﬀerent concentrations of 5FU (see Fig. S2 in the Supplementary information). The linearity of the
calibration curve was conﬁrmed by the correlation coeﬃcient
R2 = 0.99996. Then, the amount adsorbed, QADS was calculated as
follows:

Q ADS =

V (Ci − Ceq)
ms

(1)
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where Ci is the initial concentration in mol⋅dm−3 (abbreviation M), Ceq
is the equilibrium concentration (M), V is the volume of the drug solution (dm3 or L), and ms is the mass of adsorbent used (g).
Microcalorimetric experiments were performed on TAM 2277 microcalorimeter in order to determine the adsorption enthalpies. During
these experiments, solids (SBA-15 and SBA-15_N-ANI) were maintained
in water suspension using a stirring system and a stock solution of 5-FU
was added by 5 µL aliquots step by step (20 injections). Next, the heat
ﬂow peaks were time-integrated and after correction of dilution eﬀects,
the integral enthalpies were obtained.
2.2.2. Preparation of β-CD capped SBA-15_N-ANI_5-FU material
A solution of 5-FU (6,5 mg/ml) was prepared in distilled water at
room temperature. Then, 100 mg of the SBA-15_N-ANI and 10 mL of 5FU solution were mixed and stirred at T = 310 K until the mesoporous
silica stopped adsorbing the drug, which was monitored by UV–Vis
absorption spectroscopy. It was found that 24 h of the adsorption process was suﬃcient to achieve equilibrium. Then, the pH of the solution
was adjusted to 7.4 with the addition of NaOH solution (1 M) and
600 mg of β-CD was added to the mixture and stirred overnight at
T = 310 K. The 5-FU-loaded β-CD-capped mesoporous silica was washed with water with pH adjusted to 7.4 by the same NaOH solution,
centrifuged and used in further experiments.
2.3. Drug release experiments
The experiments involving 5-FU release by sample SBA-15_N-ANI
were performed by two diﬀerent procedures. For both, the adsorption
of 5-FU and pores capping were carried out ﬁrst as described above. In
both cases, the mixtures were stirred at 37 °C in a tube rotator. The
release amount of 5-FU was calculated from a standard curve using
UV–Vis spectroscopy at λ = 266 nm.
1st procedure: after adsorption of 5-FU and pores blocking using βCD molecules, the suspension was centrifuged and the supernatant was
removed to recover the solid phase. Then, 100 mg of the solid phase
was dispersed in 10 mL solution at pH = 7.4 and pH = 5. The drug
release process was checked at ﬁxed time intervals (1 h, 3 h, 5 h, 8 h,
18 h, 24 h, and 48 h).
2nd procedure: after adsorption of 5-FU and pores blocking by β-CD,
pH was kept at 7.4 The solution was checked every 2 h during 10 h
period to verify that there is no drug release. Then, pH was adjusted to
5 and the drug release process was again checked at ﬁxed time intervals
(1 h, 3 h, 5 h, 8 h, 18 h, 24 h, and 48 h).
2.4. Characterization of porous solids and analytical techniques
Nitrogen sorption measurements were carried out using an ASAP
2010 Micromeritics apparatus at −196 °C. Prior to adsorption, samples
(~80–100 mg) were outgassed at 120 °C during 12 h under the vacuum
of 2.10−3 mbar. The speciﬁc surface area was determined with
Brunauer, Emmet, and Teller (BET) method, the pore size distribution
was calculated from the adsorption branch using the Barrett-JoynerHalenda (BJH) method [41].
TEM micrographs were obtained using a JEOL 2000FX microscope.
Samples were ground and afterward suspended in methanol. The suspension was added to a carbon grid and dried in air.
UV–Visible spectroscopy measurements in the liquid phase were
performed on a Varian Cary 300 spectrometer in the 300–800 nm
range.
Thermogravimetric (TGA) measurements were carried out with a
TGA Q500 apparatus (TA Instruments) using air as a carrier gas. The
samples (~5–20 mg) were treated up to 800 °C.
Small-angle X-Ray diﬀraction measurements were recorded on a
Siemens D500R XRD diﬀractometer using Cu Kα radiation in the
0.5 − 3° 2θ range with a 0.04° step associated with a step time of 4 s.

2.5. The interaction of mesoporous silica SBA-15 and SBA-15_N-ANI_5FU_β-CD with cancer cells
The human glioma cells U87 MG (Cells Lines Services, Germany)
were used as a model of cancer cells for microscopy and cell viability
study. The cell cultures were grown in the complete cell culture
medium Dulbecco’s modiﬁed Eagle medium (D-MEM, GlutaMAXTM,
Gibco-Invitrogen, Life Technologies Ltd., France) supplemented with
10% fetal bovine serum (FBS, biosera, France) in dark at 37 °C, 5% CO2
and 80% humidiﬁed atmosphere.
2.5.1. The cytotoxicity of SBA-15 and SBA-15_N-ANI_5-FU_β-CD: MTT
assay
The U87 MG cells were seeded into 96-well plates (104 cells/well)
and 24 h after seeding the 5-FU, SBA and SBA-15_N-ANI_5-FU_β-CD
aliquots (dissolved in the distilled water) were administered into the
complete cell culture media. The cells were treated during 24 h with the
0.02 and 0.05 mg/mL of 5-FU, 0.6 and 1.5 mg/mL of SBA-15, and 0.8
and 2 mg/mL of SBA-15_N-ANI_5-FU_β-CD at pH = 7.3 and 6.3. The pH
of cell culture media was adjusted with HCl (Sigma-Aldrich, Germany)
24 h before administration of the nanoparticles. After the treatment, the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Sigma-Aldrich, Germany) assay was detected at 560 nm and 750 nm by
96-well plate absorption reader (GloMax®-Multi + Detection System
with Instinct Software, Promega Corporation, USA). The ten µl of the
yellow MTT reagent (5 mg/mL) dissolved in phosphate saline buﬀer
solution (PBS, Sigma-Aldrich Germany) at pH = 7.4 were added to
100 µL of cell culture media per well. The cells were incubated with
MTT in dark and 37 °C during 1 h. After the incubation, the medium
was replaced with dimethyl sulfoxide (DMSO, Sigma-Aldrich,
Germany) to dissolved purple formazan crystals. The results were performed in triplicates.
2.5.2. The cytotoxicity of SBA-15 and SBA-15_N-ANI_5-FU_β-CD: The
mitochondria membrane potential dissipation
The U87 MG cells were seeded in Petri dishes (35 mm) and grown in
the complete cell culture media at pH 7.3 and 6.3. The 1.5 mg/mL of
SBA-15 and 2 mg/mL of SBA-15_N-ANI_5-FU_β-CD were administered
to cells 24 h before observation. The mitochondria potential probe a
MitoTrackerTM Orange CMTM/Ros (MTO, 0.2 µM, ThermoFisher
Scientiﬁc, USA) was administered to cells last 15 min of incubation with
the nanoparticles. The cells were detached with the trypsin/ethylenediaminetetraacetic acid (Gibco-Invitrogen, Life Technologies Ltd.,
France), centrifuged at 1200 rpm/10 min and resuspended in 0.5 mL of
PBS.
Alternatively, cells were harvested with the trypsin/EDTA, centrifuged and resuspended in the serum-free D-MEM. Subsequently, cells
were incubated with 0.01 and 0.05 mg/mL of 5-FU, 0.3, 0.6 and
1.5 mg/mL of SBA-15, and 0.4, 0.8 and 2 mg/mL of SBA-15_N-ANI_5FU_β-CD in the 100 µL of D-MEM during 1 h in dark, at pH = 7.3 and
37 °C. The mitochondria and lysosomes were stained 15 min before
measurement with the MTO and the LysoTrackerTM Green DND-26
(0.2 µM, ThermoFisher Scientiﬁc, USA).
The harvested cells were measured with the ﬂow cytometer
(MACSQuant® Analyzer, Miltenyi, Germany) in B1 (525/50 nm) and B3
(655–730 nm) channel at the excitation 488 nm.
2.5.3. The intracellular distribution and uptake of SBA-15 and SBA-15_NANI_5-FU_β-CD by U87 MG cells
The U87 MG cells were seeded in glass coverslip bottom Petri dishes
(35 mm, No. 0, MatTek, USA) at the density of 104 cells per Petri dish.
The white ﬁeld and ﬂuorescence images were recorded with the inverted LSM700 confocal microscope (Zeiss, Germany), equipped with a
20X Fluar (NA = 0.75, ∞, Zeiss, Germany) and a CCD camera
(AxioCam HRm, Zeiss, Germany). The mitochondria were detected with
the MTO. Thy lysosomes were stained with LysoTrackerTM Green DND-
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26 and the nuclei of the cells were contrasted with 10 µg/mL Hoechst
33,258 (Hoechst, 15 min, ThermoFisher Scientiﬁc, Slovakia). The
ﬂuorescence of mitochondria and lysosomes was stimulated by 488 nm
and 555 nm cw solid-state lasers, and the emission was detected in the
spectral range 490–540 nm and > 580 nm, respectively. The nuclei
were visualized by 405 nm laser excitation and the emission was detected in the range 410–490 nm. The images were analyzed in Zen 2011
software (Zeiss, Germany) or ImageJ software (National Institutes of
Health, USA). The aliquots of 5-FU, SBA and SBA-15_N-ANI_5-FU_β-CD
were administered 24 h before observation with the microscope. The
pH of cell culture media was adjusted with HCl (Sigma-Aldrich,
Germany) 24 h before administration of the nanoparticles. The cells
were grown in the complete cell culture media at pH = 7.3 and 6.3.
3. Results and discussion
There are diﬀerent types of periodic mesoporous silicas, like MCM41, MCM-48, SBA-16, SBA-12, SBA-15 which can be used as matrices in
the design of DDSs. All of these we have tested in our previous studies
as DDS [12–14,42,43]. For example, when we prepared materials,
which release the drug using electromagnetic radiation as physical
stimulus, we have used MCM-41 [43] or SBA-12 [12], since these materials have pore size around 3–4 nm, which is suitable for grafting of
photoactive ligands and reversible formation/splitting of dimers by
cycloaddition reaction. When using silica with larger pores, e.g. SBA15, this cycloaddition reaction would be less favorable to regulate pore
closing/opening. However, in the present study, we have used SBA-15
silica with larger pores. In materials like MCM-41, with narrower pores
or SBA-16, with ink bottle pores, the grafting of bulky ligands, like NANI, would lead to pore blocking. In SBA-15 silica, the pore size is large
enough to adapt both bulky amines as well as the drug. Moreover, SBA15 material has large pore volume and possesses high stability.
For the silica modiﬁcation and formation of the stalks on the surface, three diﬀerent amines were grafted onto the mesoporous silica
surface. Aliphatic amines namely propylamine (AP), tetraethylenepentamine (TEPA) and the aromatic amine propyl aniline (NANI) were used.
In the study, we have used 5-FU as a model drug. This drug is used
in the clinical medicine for cancer treatment, however, at the present
time, its eﬃciency is limited by many factors such as high rate of metabolism in the body, short biological half-life, non-uniform oral adsorption, and cytotoxicity. We expect, that its encapsulation in a host
porous system presenting sustained drug release properties will potentially reduce the frequency of administration of the drug, reduce the
adverse side eﬀects and prolong its delivery time and elimination in the
body [44].

Adsorption isotherms are characterized by an initial sharp uptake at
a relative pressure below 0.05 followed by a more gradual uptake before a second sharp upswing in the curves between relative pressures of
0.6 and 0.7 depending on samples. A ﬁnal plateau ends the adsorption
branch. Such isotherms can be deﬁned by the IUPAC as mixed type I
and type IV isotherms, attributed to samples containing both microporosity and mesoporosity [46]. Furthermore, the adsorption isotherms
exhibit well-deﬁned H1 hysteresis loops that are typical for SBA-15
mesoporous silica. The presence of the H1 hysteresis loop conﬁrms the
open-ended hexagonal cylindrical pore geometry [47]. Hysteresis loops
have sharp adsorption-desorption branches indicating a narrow pore
size distribution in prepared mesoporous samples. The equivalent surface areas were calculated using the BET method. The values of the BET
surface area can be taken only to estimation because of the presence of
microporosity, so the term “equivalent” BET surface area is used. These
BET values are given in Table 1. The size of the mesopores was estimated using the BJH method applied to the adsorption branch of the
isotherms and the values obtained are also given in Table 1 with the
ones of mesopore volumes [41].
As expected, the speciﬁc surface areas and total pore volumes decrease signiﬁcantly upon functionalization of SBA-15 by N-ANI
(400 m2⋅g−1, 0.46 cm3⋅g−1) compared to the corresponding values for
pure SBA-15 (790 m2⋅g−1, 0.57 cm3⋅g−1). The functionalization also
downshifts the capillary condensation step to lower pressures. The shift
of the adsorption step to lower relative pressures reﬂected the ‘ﬁlling’ of
the pores. It also decreases the pore size in the modiﬁed materials from
the 7 nm (pure SBA-15) to 6 nm (SBA-15_N-ANI).
Thermogravimetric analysis (TGA) measurements were performed
in order to estimate the amounts of the amine groups grafted on the
silica surface (see Fig. 5). As solvents losses occur in the 25–150 °C
range, all TGA curves were normalized at T = 150 °C to not take into
account their presence. The original TGA curves are shown in
Supplementary information Fig. S3. The TGA curve of calcined SBA-15
evidences that the sample is thermally stable and no signiﬁcant mass
loss was observed in all range measured. Above 500 °C, a small weight
loss (3.6 wt%) was observed corresponding to the silanol groups condensation and dehydroxylation of the sample. The functionalized mesoporous silica SBA-15_N-ANI is thermally stable up to 200 °C. The mass
loss step, observed above this temperature, corresponds to the thermal
decomposition of amine N-ANI ligands present on the surface of SBA15. The total mass loss in the temperature range 200–750 °C is close
16.6 wt%. The corresponding amount of the N-ANI molecules grafted
on the surface of calcined silica was calculated from the mass diﬀerences observed for SBA-15 and SBA-15_N-ANI samples. Amount of NANI molecules grafted on the surface of calcined silica material was
calculated to be 1.26 mmol.g−1. This amount is similar to the one found
in the literature using the same grafting procedure [48].

3.1. Structure and porosity of SBA-15 and SBA15_N-ANI
The porosity of the starting SBA-15 material and its modiﬁed forms
was studied using Transmission Electron Microscopy (TEM). TEM
images (see Fig. 1a) shows a regular hexagonal array of unimodal
channels perpendicular to the pore direction and parallel to the channels (Fig. 1b). The average pore size and the particle size determined
from TEM images were 7 nm and 550 × 350 nm, respectively. After
surface modiﬁcation, 5-ﬂuorouracil loading and β-CD capping the
mesostructured, as evident by TEM, remained unchanged (Fig. 1c-f).
In addition to TEM, the periodicity of the samples was also studied
using SAXS. Fig. 2 displays the XRD patterns of SBA-15 and SBA-15_NANI. For both samples, the XRD patterns are similar and show three
resolved diﬀraction peaks that can be indexed with (1 0 0), (1 1 0),
(2 0 0) reﬂections of the p6mm hexagonal structure [45].
Textural properties of the prepared mesoporous materials were
further studied using N2 adsorption/desorption measurements at 77 K.
The N2 adsorption/desorption isotherms of the SBA-15 and SBA-15_NANI are shown in Fig. 3.

3.2. Loading of 5-ﬂuorouracil
The adsorption isotherms of 5-FU both on SBA-15 and SBA15_N-ANI
porous solids determined at 25 °C in water conditions are presented in
Fig. 4 (left). For both solids, similar adsorption isotherms of Langmuir
type were found. The shape of isotherms corresponds to an L-type one
[49]. This type of adsorption isotherm is frequently found in the case of
a homogeneous and narrow distribution of energetic adsorption sites. Ltype isotherm can be plot by the mathematical expression:

qads = qmax .

1 + K . Ceq
K . Ceq

−1

(2)
−1

where qmax (mol.g ), K (M ) and Ceq (M) represent the maximum
adsorbed amount, the apparent equilibrium constant and the 5-FU
equilibrium concentration. Very good correlation coeﬃcients, 0.997 for
SBA-15 and 0.993 in the case of SBA-15_N-ANI samples, were found
between L-type isotherm expression and experimental results. The ﬁts
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Fig. 1. TEM images of (a) and (b) SBA-15 after calcination and its modiﬁed forms (c) SBA-15_N-ANI, (d) SBA-15_N-ANI_5-FU, (e) and (f) SBA-15_N-ANI_5-FU_β-CD.
Table 1
Surface area, mesopore size and mesopore volume of samples SBA-15 and SBA15_N-ANI.

Fig. 2. Small-angle XRD diﬀractogram of the mesoporous silica SBA-15 and
SBA-15_N-ANI.

Fig. 3. Adsorption/desorption isotherms of the prepared samples SBA-15 and
SBA-15_N-ANI.

SAMPLE

SBET [m2⋅g−1]

Mesopore volume
[cm3⋅g−1]

Mesopore size
[nm]

SBA-15
SBA-15_N-ANI

790
400

0.57 ± 0.3
0.46 ± 0.3

7 ± 0.4
6 ± 0.4

of the adsorption isotherms lead to maximum 5-FU adsorbed amounts
of (12.8 ± 0.8) 0.10−4 mol⋅g−1 and (8.6 ± 1.8) 0.10−4 mol⋅g−1
corresponding to around 170 mg.g−1 and 107 mg⋅g−1 for SBA-15 and
SBA-15_N-ANI respectively. The aﬃnity of 5-FU for each solid obtained
by the ﬁt appears weak from (29 ± 3) for SBA-15 to (22 ± 7) for SBA15_N-ANI. These values are clearly evidenced considering the slope of
adsorption isotherms at low concentrations. Thus, the main diﬀerence
between the two solids concerns the maximum adsorbed amount and
not especially the aﬃnity, the former parameter is directly related to
the surface area of solid. To illustrate this point, a direct calculation of
the adsorbed amount corresponding to a 5-FU equilibrium concentration of 4.5.10−2 mol⋅L−1 leads to values of 7.3.10−4 mol⋅g−1 for SBA15 versus 4.2.10−4 mol⋅g−1 for SBA-15_N-ANI. This diminution, close
to 45%, is the same than the one observed between the surface areas
calculated by BET for the two solids. The loading eﬃciency of 5-FU was
8.46% which represents 55 mg of 5-FU per 1 g of solid. Furthermore,
the thermodynamic parameters determined from adsorption isotherms
are very interesting. Indeed, high adsorbed amounts coupled with weak
aﬃnities should facilitate the release of a suﬃcient dose of 5-FU. In
order to complete the adsorption study, calorimetric experiments were
performed.
Obtained calorimetric results are very similar for both solids and
conﬁrm the interpretation of adsorption isotherms. Indeed, the plots of
the integral enthalpies of displacement against the adsorbed amounts
onto SBA-15 and SBA-15_N-ANI indicate a constant enthalpy of adsorption during the adsorption process. The associated values are close
to (–3 ± 1) kJ⋅mol−1 and (–4 ± 1 kJ⋅mol−1) for SBA-15 and SBA15_N-ANI respectively (Fig. 4 (right)). These weak values of adsorption
enthalpies coupled with the absence of signiﬁcative evolution along the
surface coverage are characteristic of a narrow and homogenous energetic sites distribution. This set of parameters corresponds to a weak
aﬃnity during the physisorption of 5-FU on the two solids. The speciﬁc
surface area limits the adsorbed amount and the presence of N-ANI
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Fig. 4. (a.) Adsorption isotherms of 5-Fluorouracil onto SBA-15 and SBA-15-N-ANI. The line corresponds to the L type model and the shade bands around the ﬁt
represent the conﬁdence interval of 95%. (b.) Corresponding enthalpograms. Diamonds and circles represent the SBA-15 and the SBA-15_N-ANI, respectively.

1.0625 mmol⋅m−2 for SBA-15_N-ANI, thus in the same order of magnitude.
3.3. pH-sensitive release of 5-Fluorouracil

Fig. 5. TG curves of all prepared materials.

groups do not seem involved in the interaction.
The 5-FU loading was also studied using TGA measurements. First,
the thermal behavior of the pure drug molecule was studied: it decomposes in one single step below 320 °C (Fig. S3, left in the
Supplementary information) and in the range of 200–750 °C for the 5FU loaded SBA-15_N-ANI_5-FU sample (Fig. 5, blue curve). The extended decomposition range for the 5-FU loaded sample is due to the
interactions of a drug molecule with mesoporous channels and N-ANI
ligands on the surface of silica. The trend of TGA curve of SBA-15_NANI_5-FU (Fig. 5, blue curve) is the same as the trend we observed for
SBA-15_N-ANI sample (Fig. 5, green curve), but a total mass loss in the
same temperature range is 22.46 wt%. The corresponding amount of
the loaded 5-FU was calculated from the mass diﬀerences observed for
SBA-15_N-ANI and SBA-15_N-ANI_5-FU samples. This diﬀerence represents 5.89 wt% that corresponds to 58,9 mg of 5-FU per 1 g of the
carrier SBA-15_N-ANI_5-FU. This mass of loaded 5-FU is in good
agreement with the one obtained from adsorption isotherms described
above.
From the results obtained, it looks that the larger amount of the 5FU was encapsulated in the pure, unmodiﬁed SBA-15 (92.63 mg⋅g−1,
0.712 mmol⋅g−1) compare to the modiﬁed silica SBA-15_N-ANI
(55.3 mg⋅g−1, 0.425 mmol⋅g−1). However, these values do not reﬂect
the ability of the material to adsorb the drug because they exhibit
diﬀerent speciﬁc surface areas. Taking into account this fact, the adsorbed amounts of the drug are 0.901 mmol⋅m−2 for SBA-15 and

3.3.1. Description of the system containing β-cyclodextrin
The typical thermogram (in the air) of the studied β-CD is represented in Fig. S4 (right) in the Supplementary information. Weight
loss found at 307 °C was related to the decomposition of β-CD structure
due to the transition from solid to liquid phase and formation of a residue (“char”). At high temperatures > 350 °C complete oxidation
(combustion) of the residue occurs (between 350 and 570 °C) with one
step of weight loss [50]. Using the total mass loss for the sample SBA15_N-ANI_5-FU_β-CD (Fig. S4 in the Supplementary information) the
ratio of the N-ANI ligands on the external surface of silica and β-CDs
capped is close to 1: 4.
The 5-FU loading and β-CD capping were also studied by adsorption/desorption of N2 measurements at 77 K (see Fig. S5 in the
Supplementary information). As expected, the speciﬁc surface areas and
total volumes decrease upon 5-FU loading (285 m2⋅g−1, 0.33 cm3⋅g−1)
and particles capping by β-CD (60 m2⋅g−1, 0.06 cm3⋅g−1) compared to
the corresponding values for pure SBA-15_N-ANI (400 m2⋅g−1,
0.46 cm3⋅g−1). This decrease of around 80% demonstrates the very
good eﬃciency of the use of β-CD molecules as nanovalves. The porous
structure is almost not accessible after capping pores by β-CD molecules.
3.3.2. Zeta potential
Zeta (ζ) potential measurements were performed in aqueous suspensions at diﬀerent pH values to determine the surface charge and
stability of the prepared materials (see Fig. 6). The pure SBA-15 showed
a negative ζ potential of about −78.8 mV due to the presence of
terminal silanol groups on the surface of silica that was deprotonated at
neutral pH, which is above the isoelectric point of silica. When pH
decreases to 5 the ζ potential slightly changed to less negative values, in
accordance with data obtained for other silica-based materials [51,52].
For the material SBA-15_N-ANI, the deprotonation of amines present on
the surface occurs at pH 7.4, as reﬂected by the values of ζ potential
with a negative surface charge −87.7 mV. Furthermore, a high zeta
potential above 40 mV indicates that the grains of the samples do not
agglomerate and are physically stable [53]. The change in pH to 5 led to
an increase of ζ potential to positive values +5.7 mV (pKa(NANI) = 5.04) [32], corresponding to the protonation on the N-aniline
ligands. Obtained results indicated that material SBA-15_N-ANI, with
protonation/deprotonation of amines on the surface, is promising for
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Fig. 6. Zeta potentials of prepared mesoporous materials in diﬀerent pH media.

Fig. 7. The release proﬁle of 5-FU from solid SBA-15_N-ANI_5-FU_β-CD in
saline solution at two diﬀerent pH (7.4, red curve and 5, purple curve).

use as a stalk in the designed pH-responsive DDS. After loading of SBA15_N-ANI material with 5-FU and capping by β-CD, N-ANI ligands on
the surface interact with cyclodextrin molecules, leading to the reduction of zeta potential to −47.6 mV at pH 7.4. At pH 5, when protonation of N-ANI molecules occurs, hydrogen bonds formed in supramolecular system amine-β-CD disappeared and eﬀected zeta potential
value to +4.27 mV, is similar to the sample SBA-15_N-ANI itself. The
results of the zeta potential measurements conﬁrm the mechanism of
gate closing and opening through the formation of hydrogen bonds
between the amine groups and β-CD driven by pH change.
3.3.3. Drug release study
Drug release studies were performed in solution, at two diﬀerent pH
values (~7.4 and ~5). The total loaded amount of 5-FU was established
from the adsorption isotherm (Fig. 4) to be 55 mg (0.425 mmol⋅g−1) per
1 g of solid SBA-15_N-ANI_5-FU, what was also conﬁrmed by TGA
measurements (Fig. 5). This amount was taken as 100% in the release
studies and was used to calculate the percentage of the released amount
in the respective time intervals. As it was mentioned above the release
experiments were performed by two diﬀerent procedures, in static and
dynamic conditions.
3.3.3.1. Static conditions. The 1st procedure was performed in order to
check the eﬃciency of the couple β-CD/aromatic amines as
‘gatekeepers’ of mesoporous channels for the 5-FU drug. In this case,
experiments were performed separately at two diﬀerent pH, 7.4 and 5.
The experimental results of drug release experiments are given in Fig. 7.
As expected, there is a big diﬀerence between release proﬁles of 5-FU at
pH = 7.4 and pH = 5. In the case of pH ﬁxed at 7.4, a release of 10% of
5-FU in the initial 5 h was observed. This release could be explained by
the fact that not all the porous channels were capped by β-CD molecules
and the drug was released from these channels. No release of 5-FU was
observed in the next 20 h that leads us to the conclusion that the couple
β-CD/aromatic amine is eﬃcient as a tight gatekeeper. When acidic
conditions (pH = 5) were applied, a faster release rate of the drug was
observed due to the change in the interaction between β-CD and
aromatic amines groups. Decrease of pH caused that the groups of NANI on the surface of silica become protonated, resulting in a decreased
binding aﬃnity to the β-CD. The β-cyclodextrin caps are thus dispersed
around from the stalks and pores are un-blocked leading to drug
release. From the beginning to the end of the release process, the
drug was released from the matrix gradually, when 41% of 5-FU was
released in the ﬁrst 5 h and in total, 86% of 5-FU was released within
24 h.

Fig. 8. The release proﬁle of 5-FU from the solid SBA-15_N-ANI_5-FU_β-CD
before and after adjusting pH to 5.

3.3.3.2. Dynamic conditions. The main purpose of the 2nd procedure
was to study the drug release behavior when the pH is changed from
basic to acidic in the same release media. As shown in Fig. 8 and as
expected, no additional release of 5-FU was observed at pH = 7.4
(compared with static conditions). After adjusting the pH to lower value
(~pH 5), the release process started immediately. After changing pH,
86% of 5-FU was released gradually in 24 h.
The interaction between β-cyclodextrin molecules and aromatic
amine groups was studied using microcalorimetry by decreasing the pH
medium. With the decrease of pH, an exothermic signal is observed in
the pH range (7.4 to 5). This signal is certainly related to the release in
the liquid phase of β-cyclodextrin molecules. Nevertheless, the observed heat variation cannot be directly attributed to the internal energy change of a speciﬁc phenomenon (see Table 2).
3.3.4. Kinetics of drug release
The mechanism of 5-FU in-vitro release from SBA-15_N-ANI_5-FU_βCD system was also studied from a kinetic point of view. In general, the
release kinetics of drugs from ordered mesoporous materials mainly
follows First order model or Higuchi one [54–57]. While the First Order
model is general, the Higuchi one can be used for the description of
drug release from spherical systems and various geometric porous
matrices [58]. Equation of Higuchi model is reuniting the main factors
that take part in the release of a drug, e.g.: diﬀusion of the drug in
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Table 2
Summarization of the values obtained from the thermal analysis, N2 adsorption/desorption measurements and solid/liquid adsorption measurements.
SAMPLE

N-ANI grafted, n [mmol⋅g−1]

SBET [m2⋅g−1]

5-FU, nADS [mmol⋅g−1]

5-FU, nADS [mmol⋅m−2]

5-FU, mADS [mg⋅g−1]

5-FU, mADS [mg⋅m−2]

SBA-15
SBA-15_N-ANI

1.26

790
400

0.712
0.425

0.901
1.0625

92.63
55.3

0.117
0.138

Table 3
Coeﬃcient of determination values for the two drug release kinetics models of
SBA-15_N-ANI_5-FU_β-CD.
First order

Higuchi model

r2

K1 [h−1]

r2

Kh [h−0,5]

0.9913

0.06863

0.9914

17.486

dissolvent, the tortuosity factor of the system, the porosity of the matrix, total amount of drug in the matrix and the solubility of the drug in
the solvent used [59]. The limitation linked to drug solubility that is
one basis of the Higuchi model is not validated in our case. Nevertheless, as shown in Table 3, it was found that the in vitro release of 5FU from SBA-15_N-ANI_5-FU_β-CD at pH 5 could be explained by both
Higuchi’s and First order models, as the plots showed the highest linearity with the coeﬃcient of determination (COD) equal to 0.9913 and
0.9914 respectively. The values of kinetic constants were
K1 = 0.0663 h−1 for First order model and KH = 17.486 h−0,5 for Higuchi model. The quasi-identical values of COD can be explained considering that the drug kinetics release from the porous system is not
aﬀected by the oversaturation step inherent from the Higuchi model.
3.4. The cytotoxicity of SBA-15 and SBA-15_N-ANI_5-FU_β-CD systems in
U87 MG cells
The human glioma U87 MG cells were demonstrated to represent
the glycolytic type of the cancer cells model [60]. Since certain tissue
and the tumors have more acidic pH than the normal tissue [61], we
have investigated the 5-FU, SBA-15 and SBA-15_N-ANI_5-FU_β-CD at
physiological (pH = 7.3) and acidic (pH = 6.3) pH of the cell culture
media.
The morphology of U87 MG cells at both pH in the presence of
0.05 mg/mL of 5-FU, 1.5 mg/mL of SBA-15 and 2 mg/mL of SBA-15_NANI_5-FU_β-CD is presented in Fig. 9a. The cells were incubated with
the systems 24 h and the signiﬁcant changes in the morphology of the
cells were not found (see white arrows that identify the cells). The SBA15 and SBA-15_N-ANI_5-FU_β-CD systems were observed in the dark
clouds localized in the extracellular media close to the cells. It can be
seen that the localization of these clouds is not homogeneous.
The viability of cells in the presence of 0.05 mg/mL of 5-FU, 1.5 mg/
mL of SBA-15 and 2 mg/mL of SBA-15_N-ANI_5-FU_β-CD at pH = 7.3
and 6.3 was assessed with MTT assay (Fig. 9b). The drop of the extracellular pH caused inhibition of the cell proliferation in comparison
with the cells at pH = 7.3. The 24 h treatment with 5-FU signiﬁcantly
decreased the proliferation. However, more than 80% of the cells were
still active. This ﬁnding is in the agreement with previously published
studies [62,63]. In those studies, the cytotoxic eﬀect of 5-FU was observed at a concentration above 0.5 mg/mL but 48 h after 5-FU administration.
In the present study, the formation of formazan in the mitochondria
of U87 MG cells was signiﬁcantly inhibited in the presence of SBA-15
and SBA-15_N-ANI_5-FU_β-CD (Fig. 9b). Regarding the cell morphology
detected by microscopy, these observations were unexpected. When we
compare the results from microscopy images and MTT-assay it is evident that the morphology of the cells in the presence of SBA-15 and
SBA-15_N-ANI_5-FU_β-CD did not change compared to the morphology
of the controlled cells (Fig. 9a, right). We expected that results of the

MTT-assay would also be similar to the control as it was with microscopy results. However, MTT-assay has shown that formation of formazan in the cells was signiﬁcantly inhibited in the presence of SBA-15
and SBA-15_N-ANI_5-FU_β-CD (Fig. 9b).
In Hu and Zhao works [62,63], the 5-FU application increased the
oxidative stress level in the cancer cells and resulted in the mitochondria membrane potential (ΔΨm) dissipation in further. The mitochondrial probes, especially MTO, can indicate oxidative stress and ΔΨm in
living cells [60,64]. The MTO ﬂuorescence intensity in U87 MG cells
detected by ﬂow cytometry and ﬂuorescence microscopy is demonstrated in Fig. 9c. While SBA-15 system slightly decreased the MTO
ﬂuorescence, the SBA-15_N-ANI_5-FU_β-CD system completely dissipated the ΔΨm. The mitochondrial localization of MTO was observed
in the control and SBA-15 treated cells. No ﬂuorescence was detected in
the SBA-15_N-ANI_5-FU_β-CD treated cells. The similar results were
observed at pH = 7.3 and 6.3. It suggests that the extracellular pH did
not signiﬁcantly inﬂuence the cell response to treatments.
The U87 MG cells express a higher number of receptors, which facilitate the endocytotic type of drugs transport [65]. It was demonstrated that in a relatively short time (within 1 h), the transport system
can pass the membrane via endocytosis and subsequently localize in
lysosomes of cancer cells [66]. The lysosomes of cells are the cellular
compartments with acidic pH (pH = 5.5) [61]. As it was mentioned
above, the SBA-15_N-ANI_5-FU_β-CD system is pH sensitive and 5-FU
should be released from the system at pH = 5.5. The 5-FU is not
ﬂuorescent. For this reason, the indirect method was used to identify
the release of 5-FU from the SBA-15_N-ANI_5-FU_β-CD.
The representative confocal ﬂuorescence images of U87 MG cells
24 h treated with 5-FU, SBA-15, and SBA-15_N-ANI_5-FU_β-CD system
are depicted in Fig. 10a. The cells were stained with MTO to visualized
the mitochondria and LysoTrackerTM Green to identify the lysosomal
compartments. The nuclei of the cells were contrasted with Hoechst.
The control group is represented with tubular mitochondria and globular lysosomes. The application of 0.02 mg/mL of 5-FU did not induce
signiﬁcant modiﬁcations. However, the application of 0.6 mg/mL of
SBA-15 ampliﬁed ﬂuorescence of LysoTrackerTM Green. The tubular
mitochondria were observed in the SBA-15 treated cells. It should be
noted that the clouds of SBA-15 system in the extracellular area entrapped the number of ﬂuorescent probes and signiﬁcantly reduced
Hoechst staining of nuclei. This eﬀect was ampliﬁed in the SBA-15_NANI_5-FU_β-CD treated cells. The blue (Hoechst) ﬂuorescence was
mostly attributed to the SBA-15_N-ANI_5-FU_β-CD system localization
(Fig. 10a). The MTO ﬂuorescence completely disappeared in these cells.
The swollen lysosomes can be identiﬁed from the images of LysoTrackerTM ﬂuorescence.
The cancer cells became highly adaptive to intracellular oxidative
stress and revealed the way how to rescue and survive [60,67]. Recently, it was shown that the nanoceria applied to the U87 MG cells
locally increased the oxidative stress level in the perinuclear area
without aﬀection of the cell proliferation [68]. One can expect the same
behavior in cells treated with SBA-1. The MTT-assay, performed in the
same cell as detected in Fig. 10a demonstrates a signiﬁcant reduction of
formazan production in SBA-15 and SBA-15_N-ANI_5-FU_β-CD treated
cells (Fig. 10b). The almost 50% decrease observed could be the result
of ΔΨm dissipation, lysosomal destabilization, and induction of mitochondria-mediated apoptosis.
The correlation between MTO and LysoTrackerTM Green ﬂuorescence was measured by ﬂow cytometry. The characteristic shift into
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Fig. 9. The representative a) white-ﬁeld images of U87 MG cells detected 24 h after application of 0.05 mg/mL 5-FU, 1.5 mg/mL SBA-15 and 2 mg/mL SBA-15_NANI_5-FU_β-CD at pH = 7.3 and 6.3 (the white arrows highlighted the cells). The MTT-assay b) was assessed in the cells at the same conditions as in a). The level of
signiﬁcance was calculated from the controls at pH = 7.3 (***p < 0.001) and pH = 6.3 (••p < 0.01 and •••p < 0.001). The mitochondria membrane potential c)
was estimated with MTO staining by ﬂow cytometry (left) and confocal ﬂuorescence microscopy (right) at the same conditions as in a).

upper right quadrant was observed in the non-treated controlled cells
labeled with the probes (Fig. 10c). This character maintained in the
cells 1 h treated with 5-FU (0.01 and 0.05 mg/mL) and SBA-15 (0.3 and
0.6 mg/mL). The reduction of MTO ﬂuorescence was found in the 50%
of cells treated with 1.5 mg/mL of SBA-15. Lysosomal integrity has
persevered. In contrast to SBA-15, the SBA-15_N-ANI_5-FU_β-CD system
triggered dissipation of ΔΨm and destabilization of lysosomes. The
79.68% of cells were detected in lower left quadrant (MTO negative and
LysoTrackerTM green negative) at 0.4 mg/mL concentration and
96.26% was observed at 2 mg/mL of the SBA-15_N-ANI_5-FU_β-CD.
These results demonstrated that the 5-FU did not induce cell death
at the studied concentration and during 24 h. Furthermore, SBA-15
application to cells slightly decrease mitochondria membrane potential
but SBA-15 adsorbed the certain number of applied ﬂuorescent probe’s
molecules. Due to this eﬀect, it could be assumed that the MTT was
similarly entrapped into SBA-15 during MTT-assay, and subsequently

resulted in a reduction of formazan production. The mitochondria
dysfunction and SBA-15 absorption properties could be the reason for
reduced formazan production, which was observed in the present study.
For this reason, the direct estimation of the cell viability (MTT-assay)
should be supplemented with indirect approaches (ΔΨm and destabilization of lysosomes). These indirect approaches conﬁrmed the cytotoxic
eﬀect of the SBA-15_N-ANI_5-FU_β-CD. Regarding to the total loading
concentration of 5-FU, appropriate concentration of free 5-FU represents 0.018 mg/mL in 0.4 mg/mL SBA-15_N-ANI_5-FU_β-CD. As it
was reported, this concentration of 5-FU was not cytotoxic if applied
into cell culture media, neither after 48 h [62]. However, when it was
delivered into the cells by SBA-15_N-ANI_5-FU_β-CD it possessed signiﬁcant cytotoxic eﬀects. The degradation of lysosomes was probably
induced with 5-FU released from SBA-15_N-ANI_5-FU_β-CD within the
lysosomes at pH = 5.5. The presence of SBA-15 within the cell could be
suggested from the elevated levels of oxidative stress, which partially
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Fig. 10. The representative a) confocal ﬂuorescence images of U87 MG cells detected 24 h after application of 0.02 mg/mL 5-FU, 0.6 mg/mL SBA-15 and 0.8 mg/mL
SBA-15_N-ANI_5-FU_β-CD at pH 6.3. Mitochondria were visualized with MTO, the lysosomes with LysoTrackerTM Green and nuclei were contrasted with Hoechst. The
ﬂuorescent images of lysosomes are depicted below the overlapped images. The MTT-assay b) was assessed in the cells at the same conditions as in a). The level of
signiﬁcance was calculated from the controls (***p < 0.001). The correlations of MTO and LysoTrackerTM Green ﬂuorescence c) were estimated by ﬂow cytometry
in cells 1 h treated with the 5-FU, SBA-15 and SBA-15_N-ANI_5-FU_β-CD at pH 7.3. The correlation plot was divided into four quadrants. The upper right quadrant
represents the control cells positive for MTO and LysoTrackerTM Green. The lower left quadrant characterizes the dissipation of the ΔΨm and destabilization of
lysosomes. The number of cells is identiﬁed by the color-code (blue – minimum, red – maximum).

E. Beňová, et al.

caused the dissipation of ΔΨm. The SBA-15_N-ANI_5-FU_β-CD systems
seems to be more eﬀective in anti-cancer treatment than sole 5-FU.
4. Conclusions
A system based on mesoporous silica material was studied as a
potential pH-sensitive drug delivery system for the antineoplastic agent
5-ﬂuorouracil (5-FU). This system is composed of SBA-15-type porous
structure (hexagonal) functionalized with aromatic primary amines (NANI) and β-cyclodextrin molecules (β-CD) that are used as nanovalves.
Starting from the synthesis and characterization of SBA-15 material,
the successful functionalization of N-ANI groups was evidenced using
thermogravimetric measurements (ngrafted = 1.26 mmol/g). Textural
properties of functionalized samples were investigated using small
angle XRD, TEM, and nitrogen sorption measurements that allow us to
conclude that even if a decrease was observed in terms of speciﬁc
surface area (−50%) and porous volume (−25%), the whole porous
structure was preserved and available for drug molecules.
Then, the loading of the drug 5-FU in pure SBA-15 and SBA-15_NANI was studied from a thermodynamic point of view via the construction of adsorption isotherms and calorimetric measurements. For
both solids, adsorption isotherms are of Langmuir type. The aﬃnity of
5-FU molecules (linked to the slope of isotherms at low concentrations)
towards both solids is weak. Calorimetric measurements evidenced a
weak constant enthalpies of adsorption for both solids (ΔH = −3/−4
kJ/mol). Finally, the only diﬀerence observed between both solids lies
in the maximum adsorbed amounts of 5-FU determined both experimentally (7.3 ⋅ 10−4 mol/g vs 4.2 ⋅ 10−4 mol/g); this diﬀerence is
linked to the diﬀerence in speciﬁc surface area. The maximum loading
of 5-FU determined from both the adsorption isotherm and thermogravimetric measurements for the N-ANI functionalized porous material was 55 mg/g.
The pH-sensitive release of 5-FU from SBA-15_N-ANI solid, using βCD molecules as nanovalves, was ﬁnally investigated in static and dynamic conditions: it was shown that there was almost no release of 5-FU
at pH = 7.4 whereas more than 80% of adsorbed 5-FU was progressively released at pH = 5. The modeling of the 5-FU release was successfully done using both ﬁrst order and Higuchi models. The cytotoxicity tests were performed using human glioma U87 MG cells. The
results demonstrated that the 5-FU did not induce cell death at the
studied concentration if applied into cell culture media. However, when
it was delivered into the cells by SBA-15_N-ANI_5-FU_β-CD it possessed
signiﬁcant cytotoxic eﬀects.
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