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Abstract
Quercetin (Quer) is one of natural products (pro-drugs), presenting pharmacological properties such as: anti-oxidant, 

anti-inflammatory and anti-cancer activities. However, poor solubility of the Quer causes its poor bioavailability, and 
consequently reduces its therapeutic efficiency. To manage this problem, different actions are undertaken, among other 
drug delivery systems (DDSs) are investigated. The objective of present work was to evaluate potential applications of 
silica nanoparticles as quercetin nanocarriers and to investigate the influence of pH conditions and glutathione (GSH, 
as non-redox process) concentrations on quercetin release. 

Two types of mesoporous silica nanoparticles: MCM-41 (2D arrangement of pores) and KCC-1 (3D arrangement 
of pores) were synthesized and then functionalized by amino-groups. Immersion-evaporation method was used to load 
the Quer in nanoparticles. Several analysis techniques were used (e.g. electron microscopy, X-Ray diffraction, Zeta 
potential, simultaneous thermal analysis-connected to FTIR and many more). Obtained results indicated that both types 
of silica nanoparticles were successfully loaded with quercetin, and that the Quer present in silica mesopores had a 
non-crystalline structure. Loading capacity of functionalized MCM-41 was slightly higher than functionalized KCC-1 
(29.11 wt% and 26.49 wt%, respectively). This difference could be attributed to the differences in the morphology 
structures such as surface area and pore volume property. From in vitro release and kinetics studies, the results 
showed that quercetin release from both materials was pH-GSH-silica type nanoparticles-dependent. 

In summary, it can be stated that pH/GSH-stimuli release of quercetin was achieved using MCM-41 and KCC-1 
amine-functionalized mesoporous silica nanoparticles as a drug carriers. Therefore both investigated nanomaterials 
could be beneficial for long-term release of natural pro-drug. Special attention should be paid to KCC-1 nanoparticles, 
as a very promising material in DDSs.
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Introduction
Based on the high-throughput screening processes, it was established 

that up to 40% of the new drugs are poorly-water soluble compounds 
[1]. Poor solubility and low dissolution rate limit significantly the 
biological bioavailability of drug. Therefore, poorly water-soluble drugs 
require special treatment to be used in the medical applications [2]. 
Various strategies are attempted to overcome these barriers, including: 
drug fragmentation to nanoscale [3], with sizing-down limitation of 20 
nm [4], solid drug dispersion [5] and drug-loading into mesoporous 
carriers, with a special attention for nanoparticles as a drug delivery 
systems [6-10]. 

Information about mesoporous silica nanoparticles (MSNs) used 
in drug delivery system was published for the first time in 2001 [11]. 
MSNs offer many advantages, among other: simple synthesis process 
with pore size control in range from 2 to 50 nm, high surface area with 
silanol functional groups, which facilitate functionalization process, 
chemical and mechanical stabilities, biocompatibility and low-toxicity 
in the biological systems [12,13].

Mesoporous silica nanoparticles can host a various bioactive 
compounds and drug molecules. For instance MSNs were used to 
control release of the poorly water-soluble drugs such curcumin 
and telmisartan [4,14]. Furthermore, it was shown that solubility 
and dissolution rate of the drugs loaded into MSNs was enhanced 

comparing to classical form of drug. This phenomenon was related 
to the change of drug structure from crystalline to the amorphous 
state [15]. It is supposed that extremely small pores size determines 
adequate drug refinement and that the rigid pore structure prevents 
re-crystallization process [16,17]. It was reported that structure of drug 
substance can affect the solubility of drug, where non-crystalline has 
more solubility comparing to crystalline state [18].

Quercetin is well known flavonoid compound, belonging to the 
group of natural polyphenolic compounds, ubiquitous in plants [19]. 
Quer presents various pharmacological effects, including anti-viral 
[20], anti-diabetic [21], anti-inflammatory [22] activities and protective 
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effect in case of neuro-inflammation [23]. Quercetin is an excellent 
free-radical scavenging antioxidant [24] and one of the most effective 
antioxidants compounds [25]. Therefore, Quer is promising substance 
to be used as anticancer agent [19,26]. In consequence, many in vitro 
[27] and preclinical in vivo [28] studies of Quer’s anticancer impact 
have been done. It was established, that quercetin is safe in single dose 
up to 4 grams in oral application, and up to 100 mg in intravenous 
administration [29]. Such evidence opens real possibility for clinical 
applications of quercetin in the near future [27-30]. Despite Quer’s 
advantages, poor biopharmaceutical characteristic, namely: poor 
solubility and low bioavailability and instability, limited drastically 
therapeutic efficiency of quercetin [31]. In this regards, a high oral 
dose (250 - 500 mg three times a day) is needed to be effective as a 
dietary supplement [32]. Going further, orally administrated Quer is 
extensively metabolized before reaching blood and internal organs 
[33]. In consequence, oral bioavailability of Quer is very poor, less than 
7% of applied dose in case of rats, and less than 1% for human. Hence, 
application of quercetin in conventional form reduces its therapeutic 
effect [34]. Therefore, new approaches are needed to resolve presented 
obstacles. One of the directions is to use nano-carriers as a Quer 
delivery systems [35]. Various organic nanomaterials have been 
investigated, including polymeric nanoparticles and micelles, solid 
lipid nanoparticles, lipid nano-emulsions, PLGA nanoparticles 
and other. Most of these DDSs suffer from a complex preparation 
process and low biological stability [36]. However recently, there 
were published a few studies presenting interesting results obtained 
for MCM-41 silica nanoparticles as a DDSs for Quer [37-39]. Hence, 
the aim of present work was to develop and achieve pH/glutathione-
responsive release of quercetin from MSNs carriers (Scheme 1). Two 
types of mesoporous silica nanoparticles with different morphology 
were examined: well-known 2D arrangement of pores (MCM-41) 
and 3D arrangement of pores, dendritic, fibrous with non-order 
pore structures (KCC-1). Both types of MSNs were synthesized and 
then functionalized with amino groups. The immersion-evaporation 
method was used to load of quercetin pro-drug. Nanoparticles were 
morphologically characterized at all stages of the investigations using 
different examination techniques, described later in the article. A few 
reports on quercetin release from MSNs in typical ethanol/acetate 
environment were published [37-39]. Our in vitro release tests were 
done using phosphate saline buffer (PBS), which adds significant values 
when looking for biomedical applications. It was recently reported that 

glutathione can be used to trigger release from MSNs via non-redox 
process [40]. Hence, we tested the Quer release process under different 
pH conditions and various glutathione concentrations.

Materials and Methods
Materials

Cetyltrimethylammonium bromide (CTAB, Fluka), Tetraethyl 
orthosilicate (TEOS, 98%, Aldrich), quercetin (Sigma-Aldrich), 
sodium hydroxide (Sigma-Aldrich), cetylpyridinium bromide (CPB, 
Aldrich), cyclohexane (Sigma-Aldrich), iso-propanol (Sigma-Aldrich), 
acetone (Alpha Chemica, India), ethanol (Sham lab), methanol (Alpha 
Chemica), 3-Aminopropyltriethoxysilane (APTES 99%, Sigma-
Aldrich), toluene anhydrous (POCH, Poland), dimethylsulfoxide/
HPLC grade (DMSO, Tedia, USA), Urea (Sigma-Aldrich), phosphate 
buffer saline (PBS), and ultrapure water (18.2 MΩ, Millipore) were 
used for preparation of all aqueous solutions and experiments. 

Synthesis of MCM-41 silica nanoparticles

MCM-41 nanoparticles were synthesized according to previously 
reported method with slight modification [41]. In typical synthesis, 
CTAB (500 mg) was dissolved in ultrapure water (240 ml) with 2M 
of sodium hydroxide solution (1.750 ml) under vigorous stirring for 
1 h. Then, the mixture was heated up to 85°C, and after temperature 
stabilization 2.5 ml of TEOS was slowly dropwise added. TEOS 
was allowed to hydrolyze for 2 h. After completion of the chemical 
reaction, the solution was cooled down to room temperature. Silica 
nanoparticles were collected by centrifugation and then washed several 
times with absolute methanol, and dried in ambient atmosphere for 12 
h. To remove the template surfactant molecules from the mesopores, 
as-synthesized material was calcined at 600°C for six hours in air. The 
resulting material was named MCM-Calcined.

Synthesis of KCC-1 silica nanoparticles 

The three dimensional mesoporous silica nanoparticles with fibrous 
and dendritic pore networks were prepared for the first time with 
hydrothermal method [42]. This procedure was modified to produce 
KCC-1 silica nano-spheres without hydrothermal assistance method 
[43]. In present work we prepared KCC-1 nanoparticles with some 
modifications. In a typical synthesis, 1 g of cetylpyridinium bromide 
and 0.6 g of urea were dissolved in 30 ml of ultrapure Millipore 18.2 
MΩ under stirring for 30 min. Subsequently, 30 ml of cyclohexane 
and 1.2 ml of iso-propanol were added to the solution. With vigorous 
stirring, 2.7 ml of TEOS was slowly dropwise added to the mixed 
solution. After 30 min of vigorous stirring at room temperature, the 
mixture was heated up to 85°C, and this condition was maintained for 
17 h. In order to collect the silica nanoparticles, liquid suspension was 
centrifuged. Nanoparticles were washed several times with acetone and 
water, and then dried for 12 h at room temperature. To remove the 
surfactant template from the surface of prepared silica, as-synthesized 
material was calcined at 600°C for six hours in air. The resulting 
material was named as KCC-Calcined.

Post-synthesis functionalization of mesoporous silica 
materials with amines groups

The amine-functionalization was performed by reacting the KCC-
Calcined or MCM-Calcined with anhydrous toluene, according to 
previous report [44] with slight modifications. To graft aminopropyl 
groups on the mesopore’s surface of MSNs, before functionalization, 
samples were dried at 50°C for 5 h, to remove the physically adsorbed 

 

Scheme 1: Schematic representation of quercetin-loaded silica nanoparticles, 
and their release behaviors when exposed to pH and glutathione.
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water. Typically, anhydrous toluene (100 ml) and KCC-Calcined or 
MCM-Calcined (1 g) were first dispersed via sonication for 30 min., 
then 1.5 ml of APTES was added under stirring and the mixture 
was stirred at room temperature for 24 h. The solid products were 
isolated after cooling the mixture solution at room temperature by 
centrifugation. Functionalized nanoparticles were washed with ethanol 
three times and then dried for 12 h in ambient atmosphere. Finally, 
samples were heated at 50°C during 12 h in air. The 3-aminopropyl-
grafted materials were named as MCM-NH2 and KCC-NH2.

Drug loading

In present study, the Quer loading process was carried out according 
to solvent evaporation method [45] with some modifications. The 
solvent of mixture from ethanol/DMSO/acetone (1:1:5, respectively) 
was used in the procedure. Drug loading process involved two steps: 
initial loading/adsorption and evaporation of solvent. 

Then 300 mg of MCM-NH2 or KCC-NH2 were added to solvent 
containing 100 mg of Quer, to obtain mass ratios of drug to silica 
equal to 1:3. Suspensions were stirred for 12 h at room temperature 
(first step). After that, the samples were evaporated at 50°C using the 
Rotavap (Büchi, Switzerland) with the water bath set (second step). 
Finally, nanoparticles were re-dispersed in water in order to remove 
unloaded quercetin molecules. The Quer-loaded silica nanoparticles 
were collected by centrifugation, and then washed several times with 
water. Finally, the samples were dried at 40°C for 12 h. The resulting 
materials were donated MCM-NH2-Quer and KCC-NH2-Quer.

In vitro release studies 

In vitro release tests were done in phosphate saline buffer (PBS) 
during 100 h. Typically, 25 mg of MCM-NH2-Quer or KCC-NH2-Quer 
were dispersed in 35 ml of PBS buffer solution adjusted to different 
pH values (2.5, 5 and 7.5). In case of glutathione experiments, GSH 
amounts equal to three concentrations of 0.5, 2.5 and 10 mM were 
added to the PBS release media. The solutions were stirred at 37°C 
for 100 h. At predetermined intervals of times, 1.5 ml aliquots were 
taken to detect present Quer concentration (cumulative release). 
The aliquots were centrifuged to eliminate silica nanoparticles from 
solution. Liquid samples (after centrifugation) were analyzed using 
UV-Vis spectroscopy at λ = 375 nm. The experiments were conducted 
in duplicate, and obtained results were averaged. Usually, in order to 
maintain a constant volume of the release medium during the entire 
period of release tests, each time after sampling for analysis (e.g. 
UV-Vis), adequate volume of fresh medium (without drug-loaded 
material) is added. In such procedure an equation is needed to calculate 
the release profiles. But in our experiments we conducted release 
tests in two containers at the same time for each sample as described 
above and after each sampling for analysis, we was added similar 
volume (sampling volume for analysis) from one container to another 
container, thus the volume was constant with the real sample and thus 
this lead to avoid using an equation if we use fresh medium.. Then, 
amount of Quer released from nanoparticles was calculated according 
to the simple equation:

Cumulative release (%) = (Amount of Quer released to solution/
Amount of Quer placed in MSNs) x 100%. 

Characterization techniques

The HR-TEM images were taken using High Resolution 
Transmission Electron Microscope JEOL, JEM 2100, Japan. The 
morphology and chemical compositions of the samples were also 

performed on the Field Emission Scanning Electron Microscope 
(Zeiss Ultra Plus, Germany) equipped with QUANTAX EDS, Bruker. 
Different preparation techniques of the samples were used. Samples 
were sputter with carbon or gold-palladium via a sputter coater (Bal-
Tech SCD 005), and chromium via a (Quorum, Q150T ES) prior to 
imaging. X-ray diffraction (XRD) patterns were recorded (PANalytical, 
X´Pert PRO System) using CuKα radiation in the 2θ range of 10-100°. 
Nitrogen adsorption-desorption isotherms were measured using 
a Quantachrome NOVA Automated Gas Sorption System. Before 
measurements, samples loaded with drugs were degassed at 50°C for 
24 h., while the samples without drugs were degassed at 120°C for 12 h. 
The specific surface areas were measured based on the BET (Brunauer-
Emmett-Teller) method. The pore size distributions were obtained 
from the adsorption/desorption branches of the isotherms, based on the 
density functional theory (DFT). The total pore volumes were calculated 
from the adsorption data at the maximum relative pressure (P/Po). To 
evaluate the loading percent and efficiency, the samples were examined 
using thermal gravimetric analysis (TGA-50, Shimadzu, Japan). TGA 
was performed with a heating rate of 10°C/min in continuous air flow. 
To determine functional groups and chemical bonding, the powder 
samples were characterized using Fourier transformed infrared (FTIR) 
spectroscopy (Bruker, Tensor 27) equipped with a Attenuated Total 
Reflectance (ATR, model Platinium ATR-Einheit A 255). For each 
ATR-FTIR spectra 100 scans were collected, in the ranges of 350-4000 
cm-1. Simultaneous Thermal Analysis (STA) collecting in the same 
time thermogravimetry (TG) and Differential Scanning Calorimetry 
(DSC) data were performed using STA 499 F1, Jupiter, Netzsch. 
Samples weighting ca. 10-20 mg were loaded into alumina pan of the 
STA unit, and before measurements, the helium flow through the 
STA furnace chamber was applied during 30 min. The experimental 
parameters were programmed to reach 700°C with a heating rate of 
10°C/min under a helium purge of 60 ml/min. Gasses evolved during 
thermal experiments were analyzed in situ, thanks to coupling of the 
STA instrument with FTIR spectrometer. Zeta potential measurements 
for water suspension of nanoparticles (concentration of 1 mg/ml) were 
performed at 24°C using a Malvern ZetaSizer (NanoZS). 

Results and Discussions
Structural and morphological characterization 

The structural and morphological features of the calcined materials 
are shown in Figure 1. SEM observations of the KCC-Calcined silica 

 
Figure 1: SEM and TEM images of mesoporous silica nanomaterials: 
KCC-Calcined (A and B) and MCM-Calcined (C and D).
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(Figure 1A) showed that the sample consisted of non-aggregated, 
monodisperse spherical particles, ranging from 200 to 500 nm in 
diameter, formed by dendrimeric fibers. This observation is similar 
to SEM images from previous studies related to this material [42,43]. 
TEM images of KCC-Calcined established well dispersion and narrow 
size distribution of the nanoparticles. In particular, particles possessed 
an interesting fibrous dendritic structure with fibers coming out from 
the centre and distributed uniformly in all directions (Figure 1B), 
which is also consistent with the mentioned publications [42,43]. In 
case of MCM-Calcined, the sample consisted of roughly spherical 
nanoparticles ranging from 100 nm to 170 nm in diameter, with some 
aggregation tendency, and exhibited hexagonally ordered cylindrical 
pores (Figures 1C and 1D). 

To determine the chemical composition of MSNs, the Energy-
dispersive X-ray spectroscopy (EDS) analysis was utilized. Results 
are presented in Supporting Information, Figures SI1 and SI2. MCM-
Calcined and KCC-Calcined nanoparticles composed of silicon and 
oxygen, which confirmed formation of the silica during the synthesis 
process (Figure SI1). While, amine-functionalized samples: MCM-NH2 
and KCC-NH2 composed of silicon, oxygen and nitrogen (Figure SI2), which 
verified functionalization of the nanoparticles. The same elements were 
detected for KCC-NH2-Quer and MCM-NH2-Quer.

Drug loading and characterization
N2 adsorption/desorption analysis

Nitrogen adsorption/desorption analysis of nanoparticles were 
done at all stages of the MSNs investigations. Results obtained for 
non-modified, modified and Quer-loaded materials are presented in 
Table 1 and Figure 2. The MCM-Calcined and KCC-Calcined have 
isotherms type-IV (according to the IUPAC classification), typical for 
mesoporous structures (Figure 2A-2D). It was observed that from pore 
size distributions of MCM-Calcined particles, this material exhibited 
narrow pore size distributions, where a single sharp peak (at about 2 
nm) with another lower intensity peak (at about 2.6 nm) were observed 
(Figure 2A and 2B). KCC-Calcined nanoparticles presented much wider 
pore size distributions (main peak was observed about 3.4 nm), which 
indicated non-uniform porous structure (Figure 2C and 2D). It can be 
attributed to the unique pore system with 3D arrangement of dendritic 
mesopore form [42]. As shown in Table 1, MCM-Calcined and KCC-
Calcined differed also in average of pore size diameters, reaching 2.43 
nm and 3.36 nm, respectively. Regarding BET analysis, MCM-Calcined 
nanoparticles showed a higher specific surface area (963 m3/g) 
compared to KCC-Calcined (585 m3/g). After the functionalization 
with amino groups, the pore size distributions and surface area were 

decreased, suggesting that the presence of aminopropyl groups in both 
materials and successful functionalization process.

Adsorption/desorption isotherms and pore size distributions of 
MCM-NH2-Quer and KCC-NH2-Quer varied in comparison to the 
curves obtained for calcined and modified materials (Figure 2). Nature 
of the registered changes suggests presence of the pro-drug inside 
silica mesopores. This assumption was confirmed by drastic reduction 
of the: specific surface area, total pore volume and average pore size 
of loaded-materials. Similar effects of nano-Quer aggregated into the 
pores of nanoparticles was also described by [46]. Presented results are 
in line with the XRD and DSC data and in good agreement with reports 
published previously [10,47,48]. 

Determination of drug loading efficiency by TGA analysis

Quantitative analysis of functional groups and quercetin entered to 
the structure of the MSNs were done using TGA method. Results are 
presented in Figure 3 and Table 1. Experiments showed, that amounts 
of aminopropyl groups attached to the surface of MCM-NH2 was 
lower than in case of KCC-NH2 silica, and reached 5.49 wt.% and 8.92 
wt.%, respectively. However, quercetin content in MCM-NH2-Quer 
(29.11 wt.%) was higher compared to KCC-NH2-Quer (26.49 wt.%); 
the loading efficiency was 87.41% and 79.54% in MCM-NH2-Quer 
and KCC-NH2-Quer, respectively. The slightly higher drug loading 

 

Figure 2: Nitrogen adsorption/desorption isotherms and pore size distributions 
of MSNs: MCM-Calcined, functionalized and Quer-loaded (A) and KCC-
Calcined, functionalized and Quer-loaded (B).

Sample SBET (m2/g) Pore Volume a 
(cm3/g) 

Pore Size b 
(nm) 

Amount of 
aminopropyl groupsc 

(wt.%)

Nitrogen 
Content d (wt.%) 

Quer Content
e (wt.%)

Quer Loading Efficiency 

f (wt.%) 

MCM-Calcined 963 0.868 2.43 - - - -
KCC-Calcined 585 0.91 3.36 - - - -

MCM-NH2 500 0.75 1.87 5.49 2.91 - -
KCC-NH2 172 0.385 2.88 8.92 3.42 - -

MCM-NH2-Quer 71 0.292 1.38 - 2.68 29.11 87.41

KCC-NH2-Quer 77 0.493 2.62 - 3.06 26.49 79.54
a Pore volume obtained from DFT theory method
b Pore size calculated by DFT theory method. 
c Calculated from TGA analysis.
d Obtained from EDS analysis
e and fCalculated from TGA analysis.

Table 1: Physicochemical properties of the calcined, functionalized and quercetin-loaded materials.
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content in MCM-NH2 compared to KCC-NH2 could be attributed to 
surface area and pore volume property instead of pore size of property 
as listed in Table  1. Our results confirm earlier statement, that the 
morphological parameters such as: surface area and pore volume, pore 
size, influence significantly drug loading efficiency [13]. Presented 
results are also in accordance with previous studies [49]. 

Characterization of MSNs by XRD and DSC techniques

As was described earlier, crystalline state of pro-drug influences 
its solubility and release efficiency. Therefore, we examined crystal 
structure of pure Quer and Quer mixed with nanoparticles, as a 
reference materials, and Quer-loaded MSNs. Two complementary 
techniques were used: XRD and DSC. Results are presented in Figures 
4 and 5, respectively. 

Diffraction patterns of pure quercetin presented peaks at: 10.59°, 
12.54°, 13.65°, 24° and 27.51°. Similar pattern was obtained for physical 
mixtures of Quer and MSNs, with peaks at 10.59°, 12.54° and 27.51. On 
the other side, MCM-NH2-Quer and KCC-NH2-Quer samples did not 
show any diffraction peak corresponding to pure quercetin. This might 
be attributed to Quer molecules were transformed to non-crystalline 
form. This is consistent with the results of previous studies [10,18,48]. 

DSC curve of pure Quer presented a single endothermic melting 
peak at 328°C, characteristic for crystalline quercetin. Whereas, DSC 
curves registered for MCM-Calcined, KCC-Calcined, MCM-NH2, 
KCC-NH2, MCM-NH2-Quer and KCC-NH2-Quer were similar each 
other and did not show peaks at the Quer melting temperature. Thus, 
DSC analysis of drug-loaded MSNs confirmed XRD results and provided 
evidence that Quer was transformed to a non-crystalline structure. 
Hence, from the XRD and DSC examination, we conclude that the 
Quer was successfully loaded into mesoporous silica nanoparticles in 
non-crystalline form. Our achievement is with accordance with data 
obtained by other researchers [49-51].

FTIR spectroscopy analysis

Organic functionalization and drug loading were evidenced from 
FT-IR spectra; all of the prepared materials (MCM-Calcined, KCC-
Calcined, MCM-NH2, KCC-NH2, MCM-NH2-Quer and KCC-NH2-
Quer) showed the siliceous framework in FTIR spectra (Figure SI3 in 
supporting information). The FT-IR spectra of MCM-Calcined and 

Figure 3: TG profiles of calcined, amine-functionalized and quer-loaded 
MSNs. 

 

Figure 4: XRD patterns of MSNs at different research stages: MCM-Calcined, 
KCC-Calcined, MCM-NH2, KCC-NH2, MCM-NH2-Quer and KCC-NH2-Quer. 

 

Figure 5: DSC profiles of Quercetin and MSNs at different research stages: 
MCM-calcined, KCC-calcined, MCM-NH2, KCC-NNH2, MCM-NH2-Quer and 
KCC-NH2-Quer.

KCC-Calcined samples were characterized by appearance of several 
bands related to the siliceous framework: A broad band observed at 
about 1070 cm-1 attributed to the asymmetric stretching vibration 
of Si-O-Si. While, two bands presented at 810 cm-1 and 450 cm-1 
corresponded to the symmetric stretching vibration of Si-O-Si and the 
bending vibration of Si-O Si, respectively [52-54]. In addition, absence 
of bands typical for alkyl C-H stretching frequencies at 2850 cm-1 
and 2922 cm-1 after calcination, confirmed removal of the surfactant 
templates from the prepared materials [55].

For the functionalized-materials with aminopropyl groups using 
APTES, new bands were observed in the region between 1350 cm-1 
to 1700 cm-1 (Figure 6A): two bands observed at 1390 cm-1 and 1450 
cm-1 attributed to the presence of ethoxy groups [56], a band at 1495 
cm-1 might be attributed to C-H asymmetric and symmetric stretching 
vibrations [57], a band observed at 1556 cm-1 corresponded to -NH2 
asymmetric bending and C-H stretching vibrations [14,58], and a band 
about at 1650 cm-1 might be attributed to asymmetric deformation 
of protonated amine groups -NH3

+ [59,60]. Together with additional 
band observed at 2939 cm-1 (Figure 6B) associated to C-H as a result of 
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to 7, the obtained values were about +20 and +37 for MCM-NH2 and 
KCC-NH2, respectively. Thus, functionalized nanoparticles still possess 
positive charges compared to calcined nanoparticles, which possess 
negative charges on their surfaces. By further increasing pH to 12, 
functionalized nanoparticles exhibited negative charges about -52 and 
-48 for MCM-NH2 and KCC-NH2, respectively. This well proves the 
successful functionalization with amino groups on the surface. These 
results agreed with previous reported studies [65,66]. 

Further, loading of the quercetin to amine-functionalized silica 
nanoparticles (MCM-NH2-Quer and KCC-NH2-Quer), leads to 
decrease zeta potential values under pH from 2 to 12 compared to 
functionalized and calcined nanoparticles, respectively. Where, the 
quercetin-loaded nanoparticles showed lower zeta values corresponding 
to functionalized nanoparticles and higher values compared to calcined 
nanoparticles. The zeta-potential variations well indicate the successful 
loading of quercetin to amine-functionalized silica nanoparticles.

Qualitative analysis of the evolved gasses by STA-FTIR 
techniques

Simultaneous Thermal Analysis (STA) coupled with Fourier 
Transform Infrared spectroscopy (STA-FTIR), it is a powerful tool to 
qualitative analysis of the gases involved during desorption or pyrolysis 
process [67,68]. 

All types of samples were investigated using FTIR spectrometry 
coupled with STA apparatus. FTIR absorption three-dimensional 
spectra as a function of wave number and temperature were registered 
(Figure SI4, supporting information). However, particular FTIR 
absorbance spectra can be identified for selected temperature (reddish 
brown line) to show the gases released at specific condition, in 
accordance with TG results. For MCM-Calcined and KCC-Calcined 
samples weight loss was observed at 220°C on TG curves. As it can be 
seen in Figure S3A and S3B, this mass fall corresponds to FTIR signals 
of: O-H stretch for water with a weak intensity band (3600 and 3850 
cm-1), CO2 (2200 and 2400 cm-1), and H2O (1300 and 1700 cm-1). 

In case of MCM-NH2 and KCC-NH2 samples (Figure SI4) 
desorption of physically adsorbed water molecules was detected during 
the first mass loss below 100°C, while decomposition of aminopropyl 
groups between 150-400°C [69,70]. Mass loss observed at temperature 
about 450°C was associated with: O-H for water, CO2, H2O, and 

introducing the methyl groups and propyl chain during silylation [58]. 
Moreover, a band observed at 960 cm-1 which attributed to vibrational 
band of silanol groups Si-OH was showed some alterations after the 
functionalization process, as result of consumption of silanol groups 
during the interaction of APTES molecules with surface of silica 
nanoparticles [61] (Figure SI3 supporting information). FTIR spectra 
of modified MSNs proved efficiency of the functionalization process.

For quercetin-loaded materials (MCM-NH2-Quer and KCC-
NH2-Quer) (Figure 6), a new band observed at 1470 cm−1, might be 
attributed to a slight shift from 1445 cm−1 in pure quercetin band 
(supporting information). It was noted that the all bands observed 
after functionalization at 1390, 1450, 1495 and 1556 cm-1 were strongly 
decreased, suggesting that both of N-H and NH3+ amino groups 
associate in the interaction with quercetin molecules; while, a band 
at 1650 cm-1 slightly increased after quercetin loading (Figure 6C). 
In addition, a band observed at 2939 cm-1 decreased as compared to 
similar band after functionalization with amino groups (Figure 6D). 
Taken all together, FTIR spectra could be confirmed that the quercetin 
loaded into silica framework was in non-crystalline state.

Zeta potential measurements

Since, the surface charges of MSMs play important roles to be 
internalized by cells and escape endosomal entrapment [62], and the 
loading and sustained release [63]. We measured the zeta potential of 
all prepared materials suspended in an aqueous media, with various 
pH levels from 2 to 12. As shown in Figure 7, zeta potential/pH curves 
of calcined nanoparticles showed very small values of positive charges 
(around +2 to +3) between pH 2 to 2.5. By further increasing the pH 
up to 12, the calcined nanoparticles exhibited negative charge values. 
For instances, at neutral pH 7, the values were about -35 and -46 for 
MCM-calcined and KCC-Calcined, respectively. While, at pH 12, 
the obtained values were about -33 and -55 for MCM-calcined and 
KCC-Calcined, respectively. These probably due to the silanol groups 
distribute on silica surface were deprotonated, leading to cause negative 
zeta potential values [63,64]. 

After functionalization with amino-groups using APTES, MCM-
NH2 and KCC-NH2 showed higher positive charged values; the 
maximum positive charges recorded at pH 2.5 was to be +38.5 and +55 
in MCM-NH2 and KCC-NH2, respectively. With increasing the pH 

Figure 6: FTIR spectra of functionalized and quer-loaded MSNs. 

Figure 7: Zeta potential measurements of MSNs in initial state, functionalized 
and Quer-loaded.
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CH4 (a band around 400 cm-1). It was observed that the band at 2200 
cm-1 which related to CO2 exhibited higher absorbance intensity 
at temperature about 450°C in both functionalized materials with 
similar intensity. This observation could be confirms that the presence 
of organic aminopropyl molecules. By further quercetin loading to 
functionalized nanoparticles, the CO2 band showed higher intensities 
about 0.25 (MCM-NH2-Quer) and 0.35 (KCC-NH2-Quer) compared 
to MCM-NH2 (0.12) and KCC-NH2 (0.10) Figure SI4E and SI4F). This 
finding could be further confirms the successful loading of quercetin. 
By investigating the pure quercetin compound, it was found that CO2 
band indicated higher intensity than that of Quer-loaded nanoparticles, 
which about 1.5 (Figure SI4). These differences suggest that STA-FTIR 
could be useful technique for such studies.

In vitro release and drug kinetic studies

In vitro release
Quer release profiles were first investigated with different pH 

values of phosphate saline buffer media (PBS) (low, mildly and neutral 
pH values: 2.5, 5 and 7.5, respectively). The release profiles were also 
investigated under different glutathione concentrations (0.5, 2.5 and 10 
mM). The cumulative release profiles of MCM-NH2- Quer and KCC-
NH2-Quer are presented in Figure 8. Generally, quercetin was released 
gradually during whole experiment (100 hours), with the nearly linear 
release profile. However, release behaviors of quercetin from both silica 
materials were pH/glutathione-dependent. Release of Quer from both 
materials was significantly more intense in neutral pH condition, than 
that of low and mildly acidic conditions. On the other hand, Quer 
release increased with decreasing of the GSH concentration.

For MCM-NH2-Quer material, release profiles under different pH 
conditions and glutathione concentrations are presented in Figure 8A. 

It can be seen that Quer release reached 11%, 5.1% and 4.5%, for pH 
levels: 7.5, 5 and 2.5, respectively. Regarding to GSH influence, it was 
noted that release reached 16.89%, 10.57% and 8.59% for glutathione 
concentration: 0.5 mM, 2.5 mM and 10 mM, respectively. In case of 
KCC-NH2-Quer material, similar tendency as for MCM-NH2-Quer 
was observed, however amount of released Quer was higher (Figure 
8B). The release was greatest for neural condition (pH 7.5) and reached 
13.88%, in mildly acidic condition (pH 5) it was 6.7%, and for low 
acidic condition (pH 2.5) reached 5.89%. Experiments conducted in 
function of glutathione concentration showed following cumulative 
releases: 21.34% for glutathione concentration of 0.5 mM, 12.47% for 
2.5 mM and 6.7% for highest GSH concentration 10 mM. Based on 
glutathione results, it was observed that glutathione played an important 
role in modulation of Quer release from silica carriers. Unlike the 
extensively studied redox-trigger release systems via disulfide bonds; it was 
reported that release is connected with a non-redox and ionic processes 
associated with glutathione and glutathione-induced pH changes [40]. To 
distinguish release of Quer from both materials is related to glutathione 
effect or glutathione-induced pH changes, in our work the pH values of: 
6.84, 6.53 and 4.91 were recorded for following glutathione solutions: 0.5 
mM, 2.5 mM and 10 mM, respectively. It was noted that, the release profiles 
observed with GSH 10 mM (pH 4.91, which close to 5) were not similar to 
those obtained at pH 5 without GSH. This observation suggesting that the 
differences in release profiles related to influence of glutathione other than 
glutathione-induced pH changes.

Obtained results show that the quercetin was not completely 
transferred from MSNs to PBS medium and that the Quer release 
efficiency can be controlled by the pH or glutathione concentrations. 
This finding is consistent with results obtained for curcumin (poorly 
water-soluble pro-drug) loaded into MCM-NH2 material, where the 
maximum release reached 22.23%, in 0.5% sodium lauryl sulphate 
medium [50]. Maximum cumulative release of quercetin was higher 
for KCC-NH2-Quer (21.34%) than for MCM-NH2-Quer (16.89%). 
This can be attributed to the differences in nano-carriers morphologies. 
KCC-Calcined presented larger pore size and wider pore size 
distribution, fibrous structure with dendrimeric mesopores arranged 
in 3D. Thus, the Quer release took place gradually with different rates 
over time. MCM-41 had much smaller pore size and narrower pore-
size distribution compared to KCC-1. Such pore structure leads to 
hinder, and consequently reduces release of the quercetin to the liquid 
medium [67-72]. Our results are in agreement with work reporting 
more intense drug release from 3D mesopores arranged structures 
than from 2D type [48]. It was also shown that pore size affected drug 
diffusion: the smaller mesopores, the smaller release kinetic constant 
[13]. Therefore our work showed that KCC-NH2 silica nanoparticles 
are more promising as Quer carriers than MCM-NH2 modified silica.

As the functionalization plays important role in release of drugs, 
for instance, the functionalized-MSNs with aminopropyl groups using 
APTES are able to regulate drug release. APTES reduces influx of liquid 
media in the pores and then eventually delay the release of drug. This 
phenomenon may impart relatively slight hydrphobicity [50]. As well 
as, APTES would impart some stearic hindrance inhibiting the drug 
release from MSNs [73]. Thus, the amino-groups in MCM-NH2 and 
KCC-NH2 contribute to delay of quercetin release. Our results also 
agree with previous reported study [74]. 

Drug kinetic studies 

To analyze the in vitro release profiles data, several kinetic models 
can be used. In some studies, the Higuchi model was used [75-77], 
in other cases, the first-order kinetic exponential decay model was 

 

Figure 8: In vitro release profiles of MCM-NH2-Quer and KCC-NH2-Quer.
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employed [53,75,78], the Korsmeyer-Peppas model was used [79-
81], or the Zero-order model with other models were utilized [82]. 
In our study, kinetic models for quercetin kinetic release studies were 
chosen: Zero-order, Higashi and Kmeyer-Peppas models was used to 
describe the kinetic release; the later model was employed mainly to 
describe the release mechanism of quercetin from nanoparticles. The 
obtained cumulative% release data of Quer under pH conditions and 
glutathione concentrations were fitted in all models, the estimation 
was performed with the DDSolver software [83]. The parameters of 
K0 (zero-order release constant), KH (Higashi model release constant) 
and R2 (coefficient of determination) obtained after fitting the Quer 
release data with models are listed in Table 2. It can be seen that, the 
kinetic release of Quer from two materials depends on the responsive 
release stimuli factor (pH and GSH) and nanoparticles type. Generally, 
the R2 values obtained for MCM-NH2-Quer and KCC-NH2-Quer 
under pH conditions was closed to or higher than 0.900 (except the 
KCC-NH2-Quer and MCM-NH2-Quer under pH conditions 5 and 
7.5, respectively, showed lower values), when fitted to Higushi model. 
The recorded R2 values were 0.900, 0.907, 0.917, 0.803, 0.704 and 0.930 
for MCM-NH2-Quer (pH 2.5), KCC-NH2-Quer (pH 2.5), MCM-NH2-
Quer (pH 5), KCC-NH2-Quer (pH 5), MCM-NH2-Quer (pH 7.5) and 
KCC-NH2-Quer (pH 7.5), respectively. These results indicated that, 
most of Quer release from materials under pH factor fit to Higushi 
model. Moreover, the KH values increased with increasing the pH 
level: they were 0.395, 0.459, 0.428, 0.664, 1.278 and 1.337 for MCM-
NH2-Quer (pH 2.5), KCC-NH2-Quer (pH 2.5), MCM-NH2-Quer (pH 
5), KCC-NH2-Quer (pH 5), MCM-NH2-Quer (pH 7.5) and KCC-NH2-
Quer (pH 7.5), respectively. The increase of KH values with increase of 
pH demonstrate that for higher pH level Quer release rate is increasing. 
On the other hand, when the Zero-order model was applied to these 
materials, this model did not allow for a good fit, since the R2 values not 
reach 0.90 and R2 was up to 0.767 at all. 

For release of Quer from silica nanoparticles under GSH 
concentrations, it can be seen that, in general trend, the R2 values 
obtained for MCM-NH2-Quer and KCC-NH2-Quer under various 
GSH concentrations was to or higher than 0.900 (except the KCC-
NH2-Quer with GSH concentration of 2.5 mM and 10 mM, showed 
lower values) when fitted to zero-order model. The recorded R2 values 
were 0.925, 0.963, 0.910, -0.365, 0.921 and 0.540 for MCM-NH2-Quer 
(GSH: 0.5 mM), KCC-NH2-Quer (GSH: 0.5 mM), MCM-NH2-Quer 
(GSH: 2.5 mM), KCC-NH2-Quer (GSH: 2.5 mM), MCM-NH2-Quer 
(GSH: 10 mM) and KCC-NH2-Quer (GSH: 10 mM), respectively. 

The obtained results demonstrated that, most of Quer release from 
materials under GSH factor fit to zero-order model. In this context, 
the K0 values decreased with increasing the GSH concentration: they 
were 0.151, 0.206, 0.097, 0.146, 0.081 and 0.136 for MCM-NH2-Quer 
(GSH: 0.5 mM), KCC-NH2-Quer (GSH: 0.5 mM), MCM-NH2-Quer 
(GSH: 2.5 mM), KCC-NH2-Quer (GSH: 2.5 mM), MCM-NH2-Quer 
(GSH: 10 mM) and KCC-NH2-Quer (GSH: 10 mM), respectively. Thus 
decrease of KH values with increase of GSH concentration indicated 
that for higher GSH level Quer release rate is decreasing. On the other 
side, when the Higushi model was applied to these materials, this 
model did not allow for a good fit for the most of samples except the 
KCC-NH2-Quer sample under 2.5 M and 10 mM, since the R2 values 
were: 0.786, 0.873, 0.883, 0.925, 0.880 and 0.956 for MCM-NH2-Quer 
(GSH: 0.5 mM), KCC-NH2-Quer (GSH: 0.5 mM), MCM-NH2-Quer 
(GSH: 2.5 mM), KCC-NH2-Quer (GSH: 2.5 mM), MCM-NH2-Quer 
(GSH: 10 mM) and KCC-NH2-Quer (GSH: 10 mM), respectively. This 
observation indicates that silica type of nanoparticles is another factor 
can be influenced the kinetic release of Quer together with pH and 
GSH; where under GSH experiments, the KCC-NH2-Quer exposed to 
GSH (10 mM) was showed good fit to Higushi model, while under same 
GSH condition, MCM-NH2-Quer showed good fit to zero-order model. 
These results confirm that the quercetin release kinetics is dependent 
on stimuli release factor (pH and GSH) and type of silica nanoparticles. 
It was reported that morphology structure of nanocarriers determine 
the interface between drug-loaded systems and the release medium, 
leading to influence the drug release kinetics [54,71,84,85]. 

For understanding drug release mechanism of our delivery system, 
the Korsmeyer-Peppas model [86] was employed (see equation 1). 

nMt / M   kt          ∞ =                                        (1)

Where Mt and M∞ denote the cumulative mass of drug released 
at time t and at infinite time, respectively; K is a kinetic constant 
characteristic of the drug-carrier system; and n is an exponent (release 
index), which is indicative of the mechanism of the drug release. The 
release index n gives the information about the release mechanism 
of drug: n ≤ 0.45, represents a Fickian Diffusion [87]. If n > 0.45 and 
< 0.89, a non-Fickian or anomalous diffusion is present; n = 0.89, 
provides a case II transport, while n > 0.89, indicates a zero-order 
mechanism [88].

The release data were fitted to this model from both materials 
under different pH conditions and GSH concentrations and listed in 

R2: correlation coefficient, K0: zero-order rate constant, K1: first-order rate constant, KH: Higuchi rate constant. 
Table 2: Kinetic parameters of quercetin release from silica materials as drug carrier systems under different pH conditions based on mathematical models.

Material Responsive condition Zero order Higuchi
pH K0 (%, h-1) R2 KH (%, h-1) R2

MCM-NH2-Quer 2.5 0.143 0.411 0.395 0.9
KCC-NH2-Quer 2.5 0.055 0.767 0.459 0.907
MCM-NH2-Quer 5 0.051 0.738 0.428 0.917
KCC-NH2-Quer 5 0.076 0.202 0.664 0.803
MCM-NH2-Quer 7.5 0.144 0.331 1.278 0.704
KCC-NH2-Quer 7.5 0.151 0.669 1.337 0.93

GSH
MCM-NH2-Quer 0.5 mM 0.151 0.925 1.244 0.786
KCC-NH2-Quer 0.5 mM 0.206 0.963 1.71 0.873
MCM-NH2-Quer 2.5 mM 0.097 0.91 0.806 0.838
KCC-NH2-Quer 2.5 mM 0.146 0.365 1.248 0.925
MCM-NH2-Quer 10 mM 0.081 0.921 0.687 0.88
KCC-NH2-Quer 10 mM 0.13 0.544 1.299 0.956
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Table 3. The results indicated that all materials good fit to Korsmeyer-
Peppas model, since all R2 values were in the range from 0.90 to 0.974. 
In experiments under pH conditions, the obtained n were: 0.572, 0.548, 
0.520, 0.340, 0.243 and 0.475 for MCM-NH2-Quer (pH 2.5), KCC-
NH2-Quer (pH 2.5), MCM-NH2-Quer (pH 5), KCC-NH2-Quer (pH 5), 
MCM-NH2-Quer (pH 7.5) and KCC-NH2-Quer (pH 7.5), respectively. 

These results indicate that the Quer release mechanism from 
this system under pH conditions follows non-Fickian or anomalous 
diffusion for most samples except KCC-NH2-Quer (pH 5) and 
MCM-NH2-Quer (pH 7.5) follows Fickian diffusion. For instances, 
MCM-NH2-Quer (pH 2.5) follows non-Fickian, but this material 
follows Fickian diffusion at pH 7.5; KCC-NH2-Quer (pH 5) follows 
Fickian diffusion, but non-Fickian diffusion at 7.5. This observation, 
demonstrates that the Quer release mechanism from this system 
depends on pH value and silica type. 

Experiments done under GSH concentrations, the obtained n were: 
1.20, 0.934, 0.868, 0.262, 0.680 and 0.409 for MCM-NH2-Quer (GSH: 
0.5 mM), KCC-NH2-Quer (GSH: 0.5 mM), MCM-NH2-Quer (GSH: 
2.5 mM), KCC-NH2-Quer (GSH: 2.5 mM), MCM-NH2-Quer (GSH: 
10 mM) and KCC-NH2-Quer (GSH: 10 mM), respectively. Thus, these 
results indicate that the Quer release mechanism from this system 
under GSH conditions follows different mechanisms; most of samples 
follow zero-order mechanism, while some they follow Fickian and 
non-Fickian or anomalous diffusion. This observation also indicates 
that that the Quer release mechanism from this system depends on 
GSH value and silica type. For instances, MCM-NH2-Quer (GSH: 
2.5 mM) follows zero-order mechanism, but follows non-Fickian 
diffusion with GSH 10 mM; as well as, KCC-NH2-Quer (GSH: 2.5 and 
10) follows Fickian diffusion. This could be due to the described above 
fact that both of silica types exhibit different morphology structures. 
The differences in physicochemical properties such the surface area 
and porosity determine the drug release mechanism via influence 
the accessibility and mobility of drug molecules inside the pores of 
silica material and then their release behavior [78,89]. Finally, it can 
be concluded that the release kinetics of quercetin from our delivery 
systems depends on stimuli- release condition (pH and GSH) and silica 
type nanoparticles.

Taken all together, it can be summarized, that this kind of release 
system shows long-term release, therefore it could be beneficial in 
biomedical applications. For instance in cancer therapy, because of 

acidic tumor environment with pH ~6.8 [90], additionally, due to 
glutathione acting as trigger release, and its function as an ubiquitous 
molecule found in the biological system [40], namely the GSH is 
secreted by tumor cells [91].

Conclusions
The MCM-NH2-Quer (2D arrangement of pores) and KCC-NH2-

Quer (3D arrangement of pores) MSNs, functionalized with amine-
groups and loaded with natural pro-drug quercetin were investigated as 
a DDSs. Materials characterization indicated that the quantity of Quer 
present in silica mesopores was higher in case of 2D MSNs (29.11%) 
than in 3D (26.49%). However, KCC-NH2-Quer showed importantly 
better Quer release efficiency (21.3%) than MCM-NH2-Quer (16.9%). 
This can be attributed to the unique morphological parameters of KCC-
NH2-Quer such as: fibrous structure with dendrimeric mesopores, 
arranged in the three-dimensional structure, with wide pore size 
distribution. Therefore, our results are in agreement with opinion, that 
structural properties of MSNs carriers play major role in enhancing 
dissolution of poorly-water soluble quercetin. Moreover, Quer loaded 
into silica mesopores was in an non-crystalline state in both types of 
nanopartlicles. Thereby, one can expect an improve of drug solubility.

Presented study has also demonstrated that the release of quercetin 
is pH-glutathione-dependent. Decrease of pH values (more acid 
environment) and increase of GHS concentrations caused decrease 
of drug release efficiency. However, in any analogous experimental 
conditions (pH and glutathione amount) release of quercetin was more 
intense in case of KCC-NH2-Quer particles. The maximum value of 
cumulative release (21.34%) was obtained for KCC-NH2-Quer and 
glutathione concentration of 0.5 mM (measured pH value equal to 
6.84).

In summary, our results suggest that this simple pH/glutathione-
triggers release delivery system of quercetin could be beneficial for long-
term release, when could apply in the cancer therapy. In special regards 
to the silica material type, we believed that the KCC-1 nanoparticles are 
promising in biomedical applications, especially in controlled DDSs.
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K: rate constant, R: correlation coefficient, n: release exponent. 
Table 3: The Korsmeyer–Peppas model fits of quercetin release from two types of MSNs under different pH and GSH conditions.

Material Responsive 
condition

Korsmeyer-Peppas model Mechanism

pH K(h-n) R2 n
MCM-NH2-Quer 2.5 0.293 0.909 0.572 non-Fickian or anomalous diffusion
KCC-NH2-Quer 2.5 0.377 0.910 0.548 non-Fickian or anomalous diffusion
MCM-NH2-Quer 5 0.394 0.918 0.520 non-Fickian or anomalous diffusion
KCC-NH2-Quer 5 1.246 0.906 0.340 Fickian diffusion
MCM-NH2-Quer 7.5 3.330 0.958 0.243 Fickian diffusion
KCC-NH2-Quer 7.5 1.480 0.931 0.475 non-Fickian or anomalous diffusion

GSH
MCM-NH2-Quer 0.5 mM 0.063 0.934 1.2 zero-order 
KCC-NH2-Quer 0.5 mM 0.274 0.964 0.934 zero-order
MCM-NH2-Quer 2.5 mM 0.170 0.903 0.868 zero-order
KCC-NH2-Quer 2.5 mM 2.199 0.971 0.371 Fickian diffusion
MCM-NH2-Quer 10 mM 0.324 0.939 0.680 non-Fickian or anomalous diffusion
KCC-NH2-Quer 10 mM 1.893 0.974 0.409 Fickian diffusion
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