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Thermoresponsive copolymer-grafted SBA-15 porous silica
particles for temperature-triggered topical delivery systems
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Abstract. A series of poly(N-isopropylacrylamide-co-acrylamide) thermoresponsive random copolymers with different molecular weights and composition were synthesized and characterized by attenuated total reflectance Fourier-transform infrared
(ATR-FTIR), differential scanning calorimetry (DSC), size exclusion chromatography (SEC) and proton nuclear magnetic
resonance (NMR) spectroscopy. The lower critical solution temperatures (LCST) of the copolymers were tuned by changing
the mole ratios of monomers. Copolymer with highest molecular weight and LCST (41.2 °C) was grafted on SBA-15 type
mesoporous silica particles by a two-step polymer grafting procedure. Bare SBA-15 and the thermoresponsive copolymergrafted (hybrid) SBA-15 particles were fully characterized by scanning electron microscope (SEM), ATR-FTIR, thermogravimetric analysis (TGA) and Brunauer-Emmett-Teller (BET) analyses. The hybrid particles were tested for their efficiency
as temperature-sensitive systems for dermal delivery of the antioxidant rutin (quercetin-3-O-rutinoside). Improved control
over rutin release by hybrid particles was obtained which makes them attractive hybrid materials for drug delivery.
Keywords: smart polymers, lower critical solution temperature, nanomaterial, SBA-15 particles, temperature-triggered delivery to skin

1. Introduction

composition and microstructure have been synthesized [8, 9]. Copolymerization of NIPAM with different monomers thus allows tuning of the properties
especially LCST of PNIPAM according to the requirements of the applications under investigation.
There is increased interest in hybrid thermoresponsive DDS as several studies reported their synthesis
and testing for the delivery of various drugs in different environments and physiological conditions,
including dermal drug delivery and also their use in
dermocosmetic applications [10]. For the preparation
of hybrid thermosensitive DDS, the thermoresponsive polymer needs to be anchored on a solid support.
For instance, grafting of thermoresponsive polymers
on porous particles leads to the formation of hybrid

Thermoresponsive polymers, especially poly(N-isopropylacrylamide) (PNIPAM) and its copolymers
are investigated with great interest for their applications in biomedical fields [1–5]. These polymers in
aqueous solution show a typical coil-to-globule transition above its lower critical solution temperature
(LCST), that is upon heating the water soluble extended chains of the polymer collapse to form compact insoluble globules [6, 7]. This property of PNIPAM and
its copolymers is used for designing of hybrid thermoresponsive drug delivery systems (DDS). In order
to adjust the hydrophobicity of PNIPAM and thereby
its LCST various random and block copolymers of
N-isopropylacrylamide (NIPAM) with different
*
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SBA-15 type used in this study were purchased from
Zecasin S.A., Romania. The chemical analysis of
particles provided by the producer was SiO2 (wt%
99.91) and Na2O (wt% 0.005). All the solvents mentioned in the experimental procedure were purchased
from Sigma-Aldrich, Italy and were of high purity
and used as received.

thermosensitive porous materials useful in temperature-triggered drug delivery [11, 12]. The porous particles in such DDS act as reservoirs for various molecules and the thermoresponsive polymer, through
its typical coil-to-globule transition at its LCST, applies a pore opening and closing mechanism to the
porous particles [13, 14]. This mechanism helps in the
temperature-triggered release of the loaded molecules by the hybrid DDS.
The main difficulty in the use of PNIPAM homopolymer in the preparation of topical delivery systems is its LCST which is around 31–33 °C. This transition temperature is very close to the human skin,
hence they are not efficient. As the LCST of PNIPAM
is low, an uncontrolled release of the loaded drug is
observed due to immediate transition of PNIPAM
when it comes in contact with the skin. To address this
important issue, in the present study first we report
synthesis of a series of random copolymers of NIPAM
with acrylamide (AM) to tune the LCST to higher values. Later grafting of the copolymer on SBA-15 type
mesoporous silica particles was carried out. The higher values of LCST (41–42°C) obtained for the copolymers can help to trigger the thermoresponsive transition of the copolymer with an external mild heating
device. The hybrid thermoresponsive copolymergrafted porous particles were tested for their efficiency in the temperature-triggered delivery of rutin. The
flavonoid rutin is believed to exhibit significant pharmacological activities, including anti-oxidation, antiinflammation, anti-diabetic, anti-adipogenic, and in
hormone therapy [15, 16]. The in vitro tests showed
improved control over the release of the loaded rutin
by the hybrid particles with respect to the bare porous
silica particles. Thus the present work is an important step towards transformation of conventional
porous materials used for drug delivery into hybrid
thermoresponsive DDS with improved properties. It
is believed that the same synthetic strategy presented
in the work can be applied to various porous micro
and nanoparticles to transform them into thermoresponsive delivery systems, which further increases
the general scope of the study.

2.2. Instruments and methods
Fourier-transform infrared (FTIR) spectra were
recorded on a Perkin Elmer Spectrum 100 in the attenuated total reflectance (ATR) mode with a diamond crystal, using 32 scans per spectrum, a resolution of 4 cm–1 and a spectral range of 4000–600 cm–1.
Proton nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Avance NMR (200 MHz)
spectrometer in deuterated dimethyl sulfoxide
(DMSO-D6) with tetramethylsilane (TMS) as reference. Thermogravimetric analyses (TGA) were carried out on a TA Q500 model from TA Instruments
by heating samples contained in alumina pans at a rate
of 10 °C·min–1 from 25 to 600 °C in a nitrogen flow
and from 600 to 800 °C in air. Change of the gas at
600 °C was used to remove completely the carbonaceous residues from pyrolysis reactions and measure
the exact amount of organic component.
The cloud points of the polymers were measured
using a digital thermometer by heating the aqueous
solution of the polymers. A differential scanning
calorimeter (DSC Q200, TA Inc.) was used to collect
DSC thermograms of the copolymers in water solution. 50 mg of polymer were dissolved in 0.5 mL of
water, a couple of drops were poured in an aluminum
pan and DSC measurements were performed under
nitrogen atmosphere with heating rate of 10 °C/min,
from 20 up to 60 °C.
Size exclusion chromatography (SEC) was performed with a Viscotek modular instrument equipped
with a VE 1122 pump, a VE 7510 degasser, manual
injection valve, VE 3580 refractive index detector,
column oven and two PLgel 10 µm MIXED-B
columns (Polymer Laboratories). N,N-Dimethylformamide (1.0 mL·min–1) was used as eluent and analyses were performed setting the column oven at 70°C.
DMF solutions of the samples (3 mg/mL) were filtered through 0.45 μm PTFE membrane filters. Calibration was obtained with PMMA molecular weight
standards.
Scanning electron microscope (SEM) images were obtained with SEM Zeiss Evo-50 instrument equipped

2. Experimental
2.1. Materials
N-isopropylacrylamide (NIPAM), acrylamide (AM),
3-(methacryloxypropyl) trimethoxysilane (MPS), azobisisobutyronitrile (AIBN) and rutin were purchased
from Sigma-Aldrich, Italy. Porous silica particles of
97
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sonicated for 15–20 min to allow the diffusion of
MPS molecules inside the pores. The flask was then
equipped with water condenser and nitrogen balloon
and heated at reflux with magnetic stirring at 125 °C
for 16 h. At the end of the reaction, the suspension
was cooled to RT and centrifuged to separate the particles. Particles were washed once with fresh 5 mL
toluene and twice with 5 mL ethanol. Each time the
particles were separated from the suspension by centrifugation. The obtained final product was then dried
in vacuum for several hours to remove solvent traces.

with a secondary electron detector. The samples were
previously coated with gold by a sputter coater (Baltec SCD 050) for 60 s under vacuum at a current intensity of 60 mA after mounting the sample on an
aluminum stub with double-sided conductive tape.
Gas-volumetric analysis, specific surface area (SSA),
pore volume and size were measured by N2 adsorption–desorption isotherms at –196 °C using an ASAP
2020 (Micromeritics) gas-volumetric analyzer. SSA
was calculated using the Brunauer–Emmett–Teller
(BET) method; average pore size and volume were
calculated on the adsorption branch of the isotherms
according to the Barrett–Joyner–Halenda (BJH)
method (Kruk–Jaroniec–Sayari equations). Prior to
analyses, samples were outgassed at room temperature (RT) overnight.

2.3.3. Synthesis of poly(NIPAM-co-AM)/SBA
hybrid particles (Figure 4a second step)
Reaction conditions and mole ratio of monomers
were the same used for copolymer 7 from Table 1.
In a two-neck round-bottom flask, a solution of
112.5 mg of NIPAM and 9.5 mg of AM was prepared in 3 mL of anhydrous and degassed 1,4-dioxane. To it 250 mg of SBA-MPS particles were added.
The resulting suspension was sonicated for 15–
20 min. The solution of initiator AIBN (NIPAM/
AIBN, 100/1 mole ratio) in 1 mL of anhydrous 1,4dioxane was prepared in a separate vial. The roundbottom flask was then kept in heating bath at 70 °C
equipped with a water condenser, magnetic stirrer and
nitrogen balloon. The solution of the initiator was injected into the flask. The polymerization reaction was
continued for 5 h at 70 °C under nitrogen. At the end
of the reaction, the suspension in the flask was cooled
and centrifuged to obtain polymer-grafted particles.
Particles were washed twice with acetone to remove
solvent traces. The polymer-grafted particles were
then dried in vacuum for several hours before characterization.

2.3. Synthesis
2.3.1. Synthesis of poly(NIPAM-co-AM)
copolymers
Solution of weighted quantities of monomers in 3 mL
degassed anhydrous 1,4-dioxane was prepared in a
two-neck round-bottom flask equipped with heating
bath and nitrogen balloon. Solution of initiator
(AIBN) prepared in 1 mL of degassed 1,4-dioxane was
injected into the flask with monomer solution and
the polymerization reaction was continued for 5 h at
70 °C under nitrogen atmosphere. The obtained polymers were recovered by pouring the reaction mixture
on ice cold ether. Then polymers were reprecipitated
from cold ether. All the polymer samples were dried
under vacuum at 30 °C for 5–6 h before characterization. Table 1 enlists the prepared samples and Table 2
reports the corresponding characterization data.
2.3.2. Synthesis of SBA-MPS grafted particles
(Figure 4a first step)
Suspension of 500 mg of SBA-15 particles in 18 mL
toluene was prepared in a round-bottom flask, to it
50 μL of MPS was injected. The suspension was then

2.4. Loading and release tests
Loading of model antioxidant drug rutin inside the
pores of SBA-15 and poly(NIPAM-co-AM)/SBA particles was carried out by wet mixing method. In a typical procedure the particles were mixed with rutin in
1/1 weight ratio in 1 mL of ethanol and mixed well.
The obtained complex was dried in desiccator to remove the solvent. The complex was washed quickly
with ethanol to remove physisorbed rutin. Quantitative loading of rutin was determined by extraction
with DMSO, which is its best solvent. Loading conditions and results are reported in Table 3.
For release tests a weighted amount of hybrid particles loaded with rutin were dispersed in 25 mL of

Table 1. List of synthesized random copolymers
Sample
Copolymer 1
Copolymer 2
Copolymer 3
Copolymer 4
Copolymer 5
Copolymer 6
Copolymer 7

NIPAM fraction AM fraction NIPAM/AIBN
[mol%]
[mol%]
[mole ratio]
94.0
6.0
10/1
94.0
6.0
30/1
94.0
6.0
50/1
94.0
6.0
100/1
88.2
11.8
10/1
88.2
11.8
50/1
88.2
11.8
100/1
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phosphate buffer (pH 6.5)/DMSO (75/25). These dispersions were placed in incubator at 20 °C (below
LCST) and 45 °C (above LCST). At a predetermined
time interval, 1.0 mL aliquots from the dispersions
were withdrawn and replaced with fresh release
media. After centrifugation at 16 000 rotation per
minute (r.p.m.) for 10 min, the concentrations of the
released molecules in the supernatant were determined via UV–visible spectrophotometry at λmax =
260 nm. The results of the release tests are reported
as percentage of released rutin vs time.
Figure 1. ATR-FTIR spectra of copolymers 2 (solid line)
and 7 (dotted line)

3. Results and discussion
3.1. Synthesis of poly(NIPAM-co-AM)
copolymers

formation of the copolymers and the presence of
groups from both structural units.
From the characterization data of the copolymers it
was observed that copolymer 7 shows desired properties with highest molecular weight and cloud point
around 41 °C. High molecular weight of the copolymer 7 can guarantee good surface coverage and helps
to apply the pore opening and closing mechanism to
the pores on the particles. Furthermore, a cloud point
of 41 °C, being significantly higher than the skin
temperature, is suitable for cutaneous applications.
Due to this, the composition and polymerization conditions used for the synthesis of copolymer 7 were
chosen to prepare the copolymer-grafted SBA-15 particles. Copolymer 7 was subjected to additional structural and thermal characterization by NMR spectroscopy and DSC analysis, respectively. The NMR
spectrum of copolymer 7 is shown in Figure 2. It
shows characteristic signals for all the protons present in the copolymer and is well in agreement with
the reported data [20, 21]. The feed composition cal-

Random copolymers of NIPAM and AM were synthesized by standard radical polymerization method
using AIBN as the initiator [17, 18]. The characterization data of the synthesized polymers are shown in
Table 2. Molecular weights of the copolymers were
in the range of 97 300 to 172 300 Da. As expected,
molecular weights of the copolymers increased with
increasing the monomer to initiator ratio. LCSTs of
the copolymers were increased from 37 to 41 °C with
increase of AM mole fraction from 6.0 to 11.8%. Representative ATR-FTIR spectra of copolymers 2 and 7
(one from each series of AM fraction) are shown in
Figure 1. The characteristic peaks of NIPAM and AM
units are evident. Peaks at 3445, 3441, 3319, and
3318 cm–1 are attributed to the asymmetric stretching of the –NH2 group from AM and –N–H stretching from NIPAM units, respectively [19]. Peaks at
1650 and 1545 cm–1 in both spectra are due to the
carbonyl (C=O) group stretching and –N–H bending
in secondary amines [19]. These data confirmed the
Table 2. Characterization data of copolymers
Sample
Copolymer 1
Copolymer 2
Copolymer 3
Copolymer 4
Copolymer 5
Copolymer 6
Copolymer 7

AM fraction
[mol%]
6.0
6.0
6.0
6.0
11.8
11.8
11.8

Mw
[Da]
107 000
108 800
112 600
164 400
97 300
162 600
172 300

Mn
[Da]
37 200
46 300
51 000
62 000
29 500
67 200
69 000

Mw/Mn
2.87
2.35
2.21
2.65
3.30
2.42
2.50

Cloud point in
water ±0.2 °C
37
37
37
37
41
41
41

Table 3. Drug loading conditions and values
Sample
SBA-Rutin
SBA-copolymer-Rutin

Silica:Drug weight ratio, loading conditions
1/1, in ethanol, 20 °C, 24 h
1/1, in ethanol, 20 °C, 24 h
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Extraction conditions
DMSO, 45 °C, 24 h
DMSO, 45 °C, 24 h

Loading by UV-Vis. ±1%
35.3
27.9
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Figure 2. 1H NMR spectrum of copolymer 7 in DMSO-d6

ure 4a. In the first step of the reaction the reactivity
of surface silanols on SBA-15 particles were exploited as anchoring points because they easily react with
alkoxysilane groups of MPS.This step resulted in
grafting of MPS on bare SBA-15 particles with polymerizable acryloxy groups [22]. In the second step
in situ copolymerization of acryloxy-grafted particles
with NIPAM and AM was carried out. In general
silanol groups do not interfere with the chain propagation during the polymer formation. In fact, their
reactivity is considerable in aqueous solvents (where
they dissociate, with an isoelectric point around 2–
3), but is much less in anhydrous organic solvents
[23]. Structure of the polymer and its grafting by
using the reactivity of surface silanols inside the
pores are shown in Figure 4b. The coil-to-globule
transition of the copolymer upon heating above
LCST inside the pores is shown in Figure 4c.

Figure 3. DSC curve of copolymer 7

culated by NMR for copolymer 7 was 89.5% NIPAM
and 10.5% AM which is well in agreement with the
used feed composition (refer to Table 1). The DSC
heating cycle curve of copolymer 7 in water solution
(50 mg/mL) is shown in Figure 3. The minimum point
indicates that the LCST of the copolymer at 41.2 °C
is very near to the cloud point observed (refer to
Table 2).

3.3. Characterization of
poly(NIPAM-co-AM)/SBA particles
The ATR-FTIR spectra of the starting bare SBA-15
porous silica particles, SBA-MPS particles and
copolymer-grafted particles are shown in Figure 6.
The spectrum of SBA-15 particles showed an intense broad band around 990–1000 cm–1 due to the
stretching vibrations of Si–O–Si groups [24–26]. The
spectra of MPS functionalized particles (inset zoomed
area) showed two peaks at 1704 and 1630 cm–1 due
to carbonyl (C=O) and C=C stretching vibrations,
respectively [27]. The copolymer-grafted particles
(lower spectrum in inset zoomed area) showed peaks

3.2. Grafting of copolymer on SBA-15
particles
The SEM images of SBA-15 type mesoporous silica
particles used in this work (Figure 5) show aggregates of several micrometers, consisting of primary
microparticles of around 0.8 to 1 µm. The synthesis
protocol followed for the grafting of random copolymer on mesoporous silica particles is shown in Fig100
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Figure 4. a) Two-step grafting of poly(NIPAM-co-AM) on SBA particles, b) structure of the random copolymer grafted
inside SBA pores and c) coil-to-globule transition of the copolymer inside pores

Figure 5. SEM images (a and b) of SBA-15 particles used

at 1702, 1668, 1551, 1460 cm–1 due to MPS carbonyl,
secondary amide carbonyl, secondary amide –N–H
bending and C–H asymmetric bending of the isopropyl group respectively [28, 29].
TGA curves of the SBA-15, SBA-MPS and
poly(NIPAM-co-AM)/SBA samples are shown in
Figure 7. SBA-15 particles show good thermal stability and upon programmed heating up to 800 °C
only 0.25% weight loss for the particles was observed which is due to the adsorbed humidity. The
weight loss for SBA-MPS particles was 10.9% and
for the poly(NIPAM-co-AM)/SBA sample was 14%.
The copolymer grafting percentage calculated was

3.1%. Results of the ATR-FTIR and thermal analysis
confirmed grafting of the copolymer on the particles.
The copolymer-grafted SBA particles were further
characterized by nitrogen adsorption-desorption
analysis. The adsorption-desorption isotherms obtained are shown in Figures 8a and 8b. The specific
surface area for the SBA-15 particles calculated by
BET analysis was 816 m2/g, which was reduced to
622 m2/g for the copolymer-grafted particles. Due the
grafting of the copolymer inside the mesopores, the
pore volume was decreased from 1.14 to 0.96 cm3/g
and the pore diameter (shown in Figure 9) was decreased from 56.3 to 54.9 Å [30]. These results al101
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Figure 6. ATR-FTIR spectra of (a) SBA-15, (b) SBA-MPS
and (c) poly(NIPAM-co-AM)/SBA particles

Figure 9. Pore size distribution curves of SBA-15 (solid
line) and poly(NIPAM-co-AM)/SBA particles
(dashed line)

together confirmed the effective grafting of the thermoresponsive copolymer inside the pores of the
SBA-15 particles.

Figure 7. TGA curves of SBA-15 (solid line), SBA-MPS
(dotted line) and poly(NIPAM-co-AM)/SBA
(dashed line) particles

3.4. Rutin loading and release tests
Rutin (quercetin-3-O-rutinoside) was chosen as the
model molecule for loading inside the porous particles. The SBA-15 type mesoporous silica particles
were purposely chosen to prepare the delivery vehicle as they have large pores, hence big molecules such
as rutin can easily enter and be loaded within the
pores [31]. The obtained rutin loading was 35.3 and
27.9% for bare SBA-15 and poly(NIPAM-co-AM)/
SBA particles respectively (refer to Table 3). Rutin,
being an unstable antioxidant is vulnerable to oxidation and undergoes degradation to form various products [32] hence its stability in the release medium
was tested by monitoring its concentration by UVvisible spectroscopy (Figure 10). It was observed that
rutin remains stable in the release medium over a

Figure 10. Stability of rutin in release medium phosphate
buffer (pH 6.5)/DMSO (75/25 v/v) at 45 °C

Figure 8. N2 adsorption (triangles) and desorption (squares)
isotherms of a) SBA-15 and b) poly(NIPAM-coAM)/SBA particles
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Figure 11. Rutin release curves from a) bare SBA-15 and b) poly(NIPAM-co-AM)/SBA particles, at 20 °C (dotted line with
diamonds) and 45 °C (solid line with squares), respectively

period of 24 hours. This stability study confirms that
the quantitative release of rutin calculated at each
time interval (Figure 10) can be directly related to
the concentration of rutin in the release medium.
In the case of rutin-loaded SBA-15 (Figure 11a), a
burst release was observed both at 20 and 45 °C. This
can be related to the competition of the release medium (buffer solution) with the silica surface, displacing physically adsorbed rutin molecules [33, 34]. In
the case of thermoresponsive copolymer-grafted
SBA-15 particles a considerable difference of the
quantitative release of rutin at two temperatures,
below and above the LCST of the polymer, was observed (Figure 11b). Below the LCST the soluble extended copolymer chains block the immediate release of the rutin molecules by plugging the SBA
pores and when the temperature is raised to 45 °C,
which is well above the LCST of the copolymer, the
polymer chains collapse to open the pores thus allowing the release of rutin. The initial burst release
observed for bare SBA-15 particles was significantly
reduced by the copolymer-grafted particles. The transition of the thermoresponsive copolymer from its
hydrophilic coil conformation to hydrophobic globules applies a slightly hydrophobic character to the
surface of the particles inside the mesopores which
helps to minimise the interactions of the loaded molecules with the silica surface (silanols) and allows
complete release of rutin. Additionally the hydrophobic copolymer layer also helps to minimize the
readsorption of the released molecules back on the silica surface. Thus, release tests confirmed improved
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control of the hybrid thermoresponsive copolymergrafted particles over rutin release.

4. Conclusions
A series of thermoresponsive random copolymers of
NIPAM with acrylamide were synthesized to tune the
LCST of the copolymers. In situ copolymer grafting
on mesoporous silica particles was carried out by
replicating the optimized synthesis conditions for the
selected copolymer with highest LCST. Effective
grafting of the thermoresponsive copolymer on
SBA-15 type porous silica particles was carried out
to transform the particles into thermoresponsive dermal delivery systems. In vitro release tests performed
by using rutin as the model molecule showed that
the hybrid i.e. thermoresponsive copolymer-grafted
porous silica particles are characterized by an improved control over rutin release. Burst release of
the drug and readsoption of the drug was minimized.
The synthesis of thermoresponsive copolymer-grafted porous material presented in this work proves to
be an important step towards the transformation of
porous materials into temperature-triggered drug delivery systems. Besides the results presented, the
general importance of the work lies in the fact that
the synthetic strategies reported can be applied easily
to various other porous materials to transform them
into temperature-triggered delivery systems.
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