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ABSTRACT
Poly(2-(tert-butylamino)ethyl methacrylate) brushes (PTBAEMA) are grown from mesoporous silica
nanoparticles via surface-initiated atom transfer radical polymerization (SI-ATRP). Linear PTBAEMA
brushes are protonated and highly swollen at low pH; brushes are collapsed at pH higher than 7.7
due to deprotonation, as determined by dynamic light scattering (DLS). Quaternization of these brushes
is conducted using 2-iodoethanol in alkali media. DLS measurement of nanoparticles shows that
surface-confined quaternization occurs and produces pH-responsive brushes with a hydrophobic
upper surface. Variation of the 2-iodoethanol reaction time enables the mean degree of surface
quaternization. The pH-responsive behaviour of quaternized PTBEAMA brushes at 1 h reaction time
indicates low degrees of surface quaternization, dictated by the spatial location of 2-iodoethanol.
Almost uniformly quaternized brushes prepared when the conducted for 3 h and became less swollen
at low pH than brushes that conducted for 1 h. The intensity of the C − C − O component (286.5 eV) in
the C1s X-ray photoelectron spectrum increased, suggesting that the reaction with iodoethanol was
successful occurred.
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Introduction

There has been an increase in research on mesoporous
silica nanoparticles (MSNs) during the last decades [1–5].
MSNs have been used as promising materials for drug/
gene delivery and many other important applications,
due to their unique features such as high surface area,
large pore volume, excellent physicochemical stability,
and facile modification [4–8]. One strategy was to modify
the surface of MSNs with polymers [9–13].

A polymer brush consists of one end tethered to
a surface[14]. Brushes can be grafted from either planar
[15,16] or colloidal [17,18] surfaces using living radical poly-
merization techniques [19,20]. Depending on the chemical
composition, the conformation of polymer brushes can be
changed using external stimuli such as temperature [21–
23], and solvents [23–25], and pH [23,26–28]. For example,
Liu et al. reported the synthesis of thermos-responsive
of poly(N-isopropyl-acrylamide-cohydroxymethyl acryla-
mide)-shell–MSNs for controlled drug release[10]. Chen

et al. reported the preparation of intelligent drug delivery
system based on MSNs-coated with an ultra-pH-sensitive
polymer and poly(ethylene glycol)[29]. Chang et al. have
prepared thermo and pH dual responsive, poly
(N-isopropylacrylamide-co-methacrylic acid) shell-coated,
magnetic-MSNs for controlled drug release[30].

Little work has been focused on the synthesis second-
ary amine-functionalized polymer grafted on surfaces
[31,32]. Morse and coworkers reported the preparation
of latex particles from 2-(tert-butylamino)ethyl metha-
crylate (TBAEMA) using aqueous emulsion polymeriza-
tion[33]. It has been reported the preparation of
PTBAEMA-functionalized polyolefin fibers via ATRP and
an azide-functional initiator [31,34]. Ding et al. reported
the synthesis of PTBAEMA brushes from a planar surface
via living radical polymerization[35]. It has been reported
the growth of uniform PTBAEMA brushes from planar
surfaces using SI-ATRP and studied the pH-responsive
behaviour of these linear brushes[32].

CONTACT Abdullah M. Alswieleh aswieleh@ksu.edu.sa Department of Chemistry, College of Science, King Saud University, Riyadh, Kingdom of Saudi
Arabia; Mohammed S. Almeataq mmeataq@kacst.edu.sa King Abdulaziz City for Science and Technology, Riyadh, Kingdom of Saudi Arabia
To cite this article: Abdullah M Alswieleh, Mufleh M Alshahrani, Khalid E Alzahrani, Hamdan S Alghamdi, Abdurahman A Niazy, Abdulilah S Alsilme,
Abeer M Beagan, Bayan M Alsheheri, Abdulaziz A Alghamdi, and Mohammed S Almeataq (2019) Surface modification of pH-responsive poly(2-(tert-butylamino)
ethyl methacrylate) brushes grafted on mesoporous silica nanoparticles, Designed Monomers and Polymers

DESIGNED MONOMERS AND POLYMERS
2019, VOL. 22, NO. 1, 226–235
https://doi.org/10.1080/15685551.2019.1699727

© 2019 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15685551.2019.1699727&domain=pdf&date_stamp=2019-12-09


Alswieleh et al. reacted a polymeric diisocyanate with
secondary amines in PTBAEMA chains when immersed in
a good or bad solvent, to either uniform crosslink or
surface cross-link[32]. The behaviour of the resulting
brushes was observed to be strongly dependent on the
spatial location of the cross-linking reaction. Cheng et al.
reported the growth of poly(2-dimethylamino)ethyl
methacrylate) (PDMA) brushes from planar substrates
[36]. Surface quaternization of the PDMA was achieved
by conducting the polymer to 1-iodooctadecane in a poor
solvent (n-hexane), producing pH-responsive brushes
with hydrophobic upper surface. Madsen et al. prepared
poly(cysteine methacrylate) (PCysMA) on glass and used
THF (poor solvent) to cause collapse of the PCysMA
brushes to achieve selective derivatisation of amine
groups with glutaraldehyde at the interface between
the collapsed brush and solvent, facilitating attachment
of aminobutyl(nitrile triacetic acid) (NTA)[37].

In this study, mesoporous silica nanoparticles (MSNs)
were prepared with relatively high surface area
(~1000 m2 /g), and pore size of ~6.0 nm. Uniform
PTBAEMA brushes were grown from MSNs surfaces
using surface ATRP. The pH-responsive behaviour of
these brushes was characterized using dynamic light
scattering and compared to reacted polymers with
iodoethanol in alkali media. Spatial confinement can be
achieved as the reaction time passes. It is expected at
the beginning, the reaction occurs to the upper surface
of the collapsed brush. As the reaction time passes,
iodoethanol reacts uniformly throughout the swollen
brush layer. In principle, spatial control should affect
the pH-responsive behaviour of these brush layers. This
hypothesis is examined using various characterization
techniques, including dynamic light scattering (DLS),
thermal gravimetric analysis (TGA) and X-ray photoelec-
tron spectroscopy (XPS).

Experimental

Materials

Deionized water was obtained using an Elga Pure
Nanopore 18.2 MΩ system. 3-Aminopropyltriethoxysilane
(APTES, >98%), 2-bromoisobutyryl bromide (BIBB, 98%),
2-iodoethanol (99%), triethylamine (TEA, 99%), 2-(tert-buty-
lamino)ethyl methacrylate (TBAEMA, 97%), N-cety
ltrimethylammonium bromide (CTAB, 98%), tetraethy-
lorthosilicate (TEOS, 98%), copper(I) chloride (>98%),
copper(II) bromide (>99%), 2,2ʹ bipyridine (>99%), metha-
nol (99.8% HPLC grade), ethanol (99.8%, HPLC grade), iso-
propyl alcohol (analytical grade), toluene (analytical grade),
dichloromethane (DCM, HPLC grade), and ammonium
hydroxide (28 wt%), were purchased from Sigma-Aldrich.

Hydrochloric acid (HCl) and were obtained from Fisher
Scientific. All the chemicals were used as received.
Copper(I) choride was stored under vacuum prior to use.
TBAEMA was treated with basic alumina to remove inhibi-
tor and stored at 5°C before use.

Mesoporous silica preparations and
functionalization

Synthesis of mesoporous silica nanoparticles
Typically, 1.0 g of CTAB was dissolved in 160 mL of
deionized water under stirring. Then, 7.0 mL of concen-
trated ammonia water (28 wt %) was added, forming
a clear solution. After that, a mixture solution of n-hex-
ane (20 mL) and TEOS (5 mL) were added into the solu-
tion dropwise within 30 min under continuous stirring.
As the reaction proceeds at 35°C, a homogeneous milky
colloidal solution was gradually formed under continu-
ous stirring (200 rpm). After stirring for 12 h, the product
was collected by centrifugation and washed with deio-
nized water and ethanol. After that, the collected solid
sample was dried in an oven at 100°C for 2 h.

Synthesis of 3-aminopropyl-functionalized MSNs
(AP-MSNs)
Amino modification of the silica surface was performed
by suspending the obtained nanoparticles (1.5 g) in
a solution of APTES (2.5 mmol) in dry toluene (50.0 mL)
and the resulting mixture was heated under reflux (130°
C) for 24 h. The nanoparticles were collected by centri-
fugation, washed twice with toluene and five times with
ethanol, and dried under vacuum.

Formation of AP-MSNs nanochannels
AP-MSNs samples were treated with solvent extraction to
remove CTAB templates by re-dispersing 1.5 g of the sam-
ple inmethanol (160mL), towhich a concentrated aqueous
solution of HCl (12 M, 9 mL) was added, and the mixture
was heated under reflux for 24 h. The sample was collected
by centrifugation, followed with washing with ethanol 6
times, and finally vacuum dried overnight.

ATRP initiator on MSNs outer surface (BiBB-MSNs)
AP-MSNs (1.0 g), DCM (25.0 mL), and triethylamine (1.5 mL,
11 mmol) were added into a 100 mL flask, and then
2-bromo-2-methylpropionyl bromide (1.2 mL, 10 mmol) in
5mL of DCMwas added dropwise into themixture at room
temperature. The resulting mixture was stirred at room
temperature for 24 h. The solid was then separated by
filtration and washed three times with DCM. The obtained
product was redispersed in 20 mL of DCM by ultrasonic
processing, filtered, and washed three times with DCM and
five times with ethanol, and dried under vacuum.
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ATRP synthesis of PTBAEMA brushes on MSNs
BiBB-MSNs (200 mg) was mixed TBAEMA (2.7 g, 15
mmol), isopropanol (IPA; 4.0 mL) and water (1.0 mL) at
40°C, and deoxygenated for 30 min. Bipy (30.0 mg, 0.2
mmol) and Cu(II)Br2 (2.2 mg, 0.01 mmol) were added to
the solution and deoxygenated for 15 min, after which
Cu(I)Cl (2.0 mg, 0.02 mmol) was added to the reaction
mixture. The surface polymerization of TBAEMA was
allowed to proceed at 40°C under nitrogen atmosphere
for 2 h. Then, the product was washed with IPA, ethanol,
and dried under vacuum.

Surface modification of PTBAEMA brushes
The surface of PTBAEMA brush layer was modified using
iodoethanol. PTBAEMA-MSNs (0.5 g) were suspended in
water at pH 8.5 and 40°C. Iodoethanol (0.5 g) was added
to the solution under stirring. The solid was separated by
centrifugation and washed with water, ethanol, and
dried under vacuum.

Measurement and characterization

Surface area analysis
The surface area of silica nanoparticulate materials used
in this study was measured using nitrogen physisorption
isotherms on a Micromeritics Gemini 2375 volumetric
analyzer. Each sample was degassed prior to analysis for
6 h at 150°C. The Brunauer–Emmett–Teller (BET) surface
areas were calculated using experimental points at
a relative pressure (P/Po) of 0.05–0.25. The total pore
volume was calculated from the N2 amount adsorbed at
the P/Po of 0.99 for each sample and the average pore
size distribution of the materials was calculated using the
Barrett–Joyner–Halenda (BJH) model. FTIR Spectroscopy:
Infrared spectra of all samples were obtained in KBr pel-
lets in the 4000–400 cm−1 region with a resolution of
4 cm−1, using a Thermo Scientific Nicolet iS10. Elemental
analysis (EA): Elemental analysis was carried out using
a Perkin Elmer Series II-2400 analyzer. Scanning Electron
Microscopy (SEM): SEM images were collected using JEOL
JSM-6380 LA scanning electron microscope. The dried
samples were directly used for the observation without
any treatment. Transmission Electron Microscopy (TEM):
A drop of dilute sample suspension in ethanol was placed
on a copper grid with a thin polymer coating and dried at
room temperature prior to the measurement. A JEOL
JEM-1230 transmission electron microscope was used
for TEM imaging. Thermogravimetric analysis (TGA): TGA
analyses were carried out on an SII TGA 6300 instrument
with a heating rate of 10°C/min under N2. Dynamic Light
Scattering (DLS): The intensity-average hydrodynamic dia-
meter of fabricated nanoparticles was determined using

a Malvern Zetasizer instrument. Aqueous dispersions
were analyzed using disposable plastic cuvettes.

Cytotoxicity
Alamar blue ((AbD Serotec, Raleigh, NC, USA)) was used to
determine the cytotoxicity of the nano-silica particles for
both coated and non-coated particles according to man-
ufacturer’s instructions. Human mesenchymal stem cells
(TERT-20 hMSCs) were used to test for the cytotoxicity.
Cells were cultured in 96 well plates in Dulbecco’s
Modified Eagle’s Medium (DMEM) with 4500mg/L glu-
cose, 1mM sodium pyruvate and 4mM glutamine (Cat.
No. TDMEM-111,014, UFC Biotech, Riyadh, KSA) supple-
mented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin and 1% non-essential amino acids (all from
Gibco, Invitrogen, USA). Cells were exposed to the nano-
particles for 4, 24 and 48 h at three different concentra-
tions of 10,50 and 100 µg/ml. After designated exposure
times, 20 µl of alamar blue reagent was added to the
tested wells and incubated at 37°C for 1 h in the dark by
covering the plate with foil. After that, the plates were
read in a plate reader (BioTek Inc., Winooski, VT, USA) at an
excitation wavelength of 530nm and an emission wave-
length of 590nm. Control sample was hMSCs alone with-
out the nanoparticles and the viability of the control was
considered 100% viability and compared to the exposed
cells. Cell viability was measured using the following for-
mula: [Cell Viability, % = 100 x (corrected FI 590 of the cells
treated with nanoparticles/corrected FI 590 of untreated
control cells)], where FI 590 = Fluorescent Intensity at 590
nm emission (560 nm excitation). Software used for data
analysis were Microsoft excel and GraphPad Prism 6.0.

Results and discussion

The MSN-PTBAEMA was fabricated according to Scheme 1.
MSNs were synthesized based on a similar Stöber process.
MSNs were functionalized with APTES before CTAB
removal in order to avoid functionalization in the internal
surface of the pores. The template molecules were then
removed by washing the nanoparticles with acidic solution
in methanol. The MSN-Br was obtained by reaction of
amino groups in MSN-NH2 with 2-bromo-2-methylpropio-
nyl bromide, and then it was used to grow PTBAEMA on
external surface of MSNs via SI-ATRP.

Fabricated nanoparticles were characterized using
nitrogen adsorption measurement to specify the meso-
pore characters of MSNs and MSN-Br, that is, the average
pore diameter, surface area, and pore volume. The N2

adsorption isotherms for nanoparticles were found to be
Type IV, confirming their mesoporous nature (Figure 1(a)).
The BET surface area and pore volume of MSNs are
998 m2 g−1 and 1.5 cm3 g−1, respectively. In comparison,
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the BET surface area of initiated nanoparticles is 670 m2

g−1, and the pore volume is 0.94 cm3 g−1. The pore size of
initiated samples was about 6 nmwith a relatively narrow
pore size distribution (Figure 1(b)).

The morphology (size, shape and distribution) of the
colloidal mesoporous silica nanoparticles was observed
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). SEM images of nanoparticles
before and after the surface-initiated polymerization of
PTBAEMA were shown in Figure 2. SEM image indicates
that the MSNs-Br sample consists of nanosphere struc-
tures. As shown in Figure 2(a), the polydispersity of MSN-
Br nanoparticle size range of 150–250 nm. As can be
seen in Figure 2(b), each silica nanoparticle is coated
with outer layer of PTBAEMA brushes, compared with
MSNs-Br, consistent with the observations of Zhiping
Du[38].

TEM images of bare MSN-Br and MSN–PTBAEMA com-
posites are showed in Figure 3. As can be seen from
Figure 3(a), the MSN-Br nanoparticles are highly dis-
persed and have regular morphology with a diameter
ranging between 150 nm and 250 nm, which is in agree-
ment with the SEM results and nothing can be seen
around the nanoparticles. The mesopores size was ca. 6
nm, as estimated from the TEM image which agrees with
BET surface analysis. The pore size is larger than those of
typical mesoporous silica nanoparticles, due to the effect
of n-hexane. After grafted with PTBAEMA, the observed
diameter of MSN-PTBAEMA became larger and clear
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Figure 1. (a) Nitrogen adsorption isotherms of the MSN-Br sam-
ple. (b) BET pore size distribution patterns of the MSN-Br initiated.

Scheme 1. (A) Schematic representation of the formation of an amide-based ATRP Initiator Layer on mesoporous silica nanoparticles
(MSNs) surface. (B) Synthesis of PTBAEMA brush from an initiator-functionalized MSNs surface via ATRP in water/isopropyl alcohol at 40
°C. (C) Suggested surface modification of PTBAEMA brush layer when using iodoethanol at pH 8.5 and 40 °C.
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core/shell structures were formed (Figure 3(b)). This
implied that the polymer chains had been attached to
the surface of MSNs.

Infrared spectroscopy was used to verify that molecules
had been successfully attached to the surface of MSNs. The
FTIR spectra of MSNs, MSN-NH2, MSN-Br, MSN–PTBAEMA
and surface-quaternized of MSN–PTBAEMA. FTIR spectra
show wide bands at 1240–1030 cm−1 which attributed to
the stretching of Si–O–Si bands of the condensed silica
network. Peak at ~810 cm−1 was assigned to stretching
vibration of Si–O. Peaks at ~1490 cm−1 and ~2930 cm−1

were assigned to C–H as – CH2 – in CTAB. After template
extraction, the peaks at ~1490 cm−1 and 2930 cm−1 were
almost disappeared, indicating the removal of CTAB tem-
plate. Peaks at ~695 cm−1, ~1490 cm−1, ~1610 cm−1 and
~1565 cm−1 were assigned to APTES modification. After
amidation, a doublet peaks were found in the vicinity of
~1380 cm−1, characteristic absorptions due to the isopropyl
methyl groups deformation in 2-bromoisobutyrate. For
MSN-PTBAEMA, the peak at ~2980 cm−1 was ascribed to
theC–Hantisymmetric stretching vibration, and the peak at

~2850 cm−1 is the – CH2 – stretching vibration. The absorp-
tion band at ~1730 cm−1 belongs to – C =O stretching. The
presence of these peaks confirmed that theMSN-PTAEBMA
has been prepared successfully. FTIR spectra were noticed
to be similar to the MSN-PTAEBMA after the reaction with
iodoethanol, indicating the successful reactions with amine
groups.

Elemental analysis was used to estimate the amount
of molecules (Lo) attached to the surfaces of the MSN-Br,
MSN-PTEABMA and Surface-quaternized of MSN-
PTBAEMA samples using the measured percentage of
nitrogen; ass shown in the following equation:

Lo ¼ %N
nitrogen atomic weight

� 10

The Lo values were calculated and demonstrated in
Table 1.

The successful surface modification of the mesopor-
ous silica was evaluated by thermogravimetric analysis
(TGA), when heating under a nitrogen flow at a heating
rate of 10°C min−1 to 900°C (Figure 4). TGA indicated that

1 µm

(a)

1 µm

(b)

Figure 2. SEM images of mesoporous silica nanoparticles. (a)
SEM image before polymerization. (b) SEM image after
polymerization.

100 nm

(a)

100 nm

(b)

50 nm

Figure 3. TEM images of mesoporous silica nanoparticles. (a)
TEM image before polymerization. (b) TEM image after
polymerization.
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the weight loss at ~550°C was ~40% for bare MSN before
CTAB extraction and ~44% after surface modification
with APTES (MSN-NH2 with CTAB). The weight loss was
ca. 10 wt% for both MSN-NH2 and MSN-Br. The result
revealed that the content of – NH2 in the surface of MSNs
were ca. 0.50 mmol/g. The mass loss of MSN-PTBAEMA
was far less than of MSN-Br, at ~550°C was ~60%. TGA
indicated that PTBAEMA was grafted onto MSNs surface
with high density and the content of the monomer was
estimated to be ca. 2.7 mmol/g. The weight loss was ca.
5% when the surface of PTBAEMA brushes was quater-
nized for 1 h using iodoethanol, and ca. 10% when the
reaction is performed for 3 h and 24 h, compared to
MSN-PTBAEMA. These results suggest that ca. 10% of
amino group on the polymer chains was reacted
iodoethanol when the reaction preformed for 1 h, and
ca. 20% was reacted when the reaction performed for 3
h and 24 h.

The C1s spectrumof PTBAEMAbrush grafted onMSNs is
shown in Figure 5(a). The peaks corresponding to hydro-
carbon carbon atoms were fitted at 285.0 eV (−C−C−). The
peaks corresponding to C−O bonds and to the carbon
atoms adjacent to nitrogen (−C−NH−) were fitted using

a single component at 286.5eV. The ester carbonyl compo-
nentwas fitted at 288.9 eV. The peak areas after fittingwere
calculated to be 7.1:3.8:1, which are in reasonable agree-
mentwith the theoretical ratio of 6:3:1. As expected, theC1s
spectrumof a PTBAEMAbrush after reactionwith iodoetha-
nol for 1 h was observed to be similar to as prepared
PTBAEMA brush (Figure 5(b)), due to the quaternization
reaction is confined to the (near) surface. Given that the
sampling depth of XPS is ca. 10 nm, only very small fraction
of the C−O could be located within the XPS sampling
depth. Surface-quaternized of MSN-PTBAEMA for 3 h and
24 h, led to an increase in the contribution from the C−O
component (Figure 5(c,d)). Separate components were
included to account for the C−N signal at 285.8 eV and
the C−O signal at 286.5 eV. A substantial increase in inten-
sity is observed for the C−O component at 286.5 eV, due to
the presence of additional C−O bonds contributed by
iodoethanol. These data are consistent with the hypothesis
that iodoethanol reacts uniform within the brush layer as
the time passes.

In previous studies, acid titration indicates a pKa of
around 7.8 for PTBAEMA brushes (weak polyelectrolyte) in
aqueous solution[32]. PTEABMA chains become proto-
nated on the addition of HCl; and they stretch away from
the surface to minimize the strong interchain electrostatic
repulsive forces. In contrast, fully quaternized PTBAEMA
exhibits no pH-responsive character. However, partially
quaternized PTBAEMA lead to an intermediate pH-
responsive behaviour.

The pH-responsive behaviour of a PTEABMA precursor
brushes and quaternized PTBAEMA brushes were investi-
gated. The size distribution of the samples in aqueous
buffers, and the average hydrodynamic diameter (Dh) at
different pHvalues ranging frompH2 to11,weremeasured
by dynamic light scattering (DLS), as shown in Figure 6. As
can be seen, the Dh of the modified MSNs with PTEABMA
precursor brushes ranged from 400 to 2000 nm at pH < 7
(Figure 6(a)). The PTEABMA precursor chains can induce
chain−chain repulsions; thus, a hydration layer is arising
on the surface of MSN nanoparticles and resulting in
a larger particle diameters distribution. The hydrodynamic
diameter of MSN@ PTBAEMA at pH >8 was found to be
between 200 − 400 nm, due to PTEABMA chains are hydro-
phobic at this media.
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Figure 4. Thermogravimetric analysis (TGA) of (a) MSN-NH2 (after
CTAB extraction), (b) MSN-Br (c) MSN + CTAB, (d) MSN-NH2 +
CTAB, (e) MSN-PTAEBMA, (f) Surface-quaternized of MSN-
PTBAEMA (for 1 h), (g) Surface-quaternized of MSN-PTBAEMA
(for 3 h), and (h) Surface-quaternized of MSN-PTBAEMA (for 24 h).

Table 1. Elemental analysis data obtained for the modified mesoporous silica nanoparticles.
Sample ID N % C % H % Lo(mmol/g)a

Surface initiated (MSN-Br) 1.74 7.16 1.93 1.24
PTBAEMA brushes 3.87 21.64 3.94 2.76
Surface-quaternized PTBAEMA brushes (for 1h) 3.79 22.81 3.48 2.70
Surface-quaternized PTBAEMA brushes (for 3h) 3.61 24.14 4.69 2.57
Surface-quaternized PTBAEMA brushes (for 24h) 3.73 24.38 4.27 2.66

a Functionalization degree (in millimoles of ligand per gram of functionalized silica).
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As expected, the MSN-PTBAEMA becomes fully proto-
nated at pH <8 and attains its maximum swollen thickness
of approximately 1000 nm (see black data set in Figure 6
(b)). The deprotonated PTBAEMA brush on MSNs adopts
collapsed at ca. 250 nm. Surface-quaternized of MSN-
PTBAEMA (for 3 h), and Surface-quaternized of MSN-
PTBAEMA (for 24 h) exhibited pH-responsive behaviour in
acidic media (pH < 7). When the particles immersed in
alkaline buffer (pH > 8), the brushes exhibited a relatively
collapsed conformation, approximately at 600 nm (green
and blue data sets in Figure 6(b)). The quaternized of MSN-
PTBAEMA exhibited that a somewhat lower pH (pH ∼ 6.5)
was required to achieve themaximumheight, compared to
7.8 for the PTEABMA precursor brushes. At first sight, the
Surface-quaternized of MSN-PTBAEMA derivatized in alkali
media for 1 h appears to exhibit intermediate behavior (see
red data set in Figure 6(b)). It is clear that there is actually
little difference between the PTBAEMA precursor brushes
and the surface-quaternized PTBAEMA brushes for 1 h. The
reason is that the quaternization is confined to the (near)

Figure 5. X-ray photoelectron core-line spectra recorded for
a series of PTBAEMA brushes grafted on MSNs. (a) C1s
spectrum obtained for MSN-PTAEBMA. (b) C1s spectrum
obtained for surface-quaternized of MSN-PTBAEMA (for 1
h). (c) C1s spectrum obtained for surface-quaternized of
MSN-PTBAEMA (for 3 h). (d) C1s spectrum obtained for
surface-quaternized of MSN-PTBAEMA (for 24 h).
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Figure 6. (a) Size distribution of MSN-PTBAEMA in buffer solu-
tion at different pH values. (b) The average particle size of MSN-
PTAEBMA (I), Surface-quaternized of MSN-PTBAEMA (for 1 h) (II),
Surface-quaternized of MSN-PTBAEMA (for 3 h) (III), and Surface-
quaternized of MSN-PTBAEMA (for 24 h) (IV) at different pH
values.
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surface, when the PTBAEMA precursor brushes was
exposed to iodoethanol solution for 1 h.

For analysis of results, 70% reduction in cell viability was
considered to be toxic to the cells, as shown in Figure 7.
MSN-PTBAEMA and surface-quaternized of MSN-PTBAEMA
(for 3 h) sampleswere not toxic to cells after 4 h of exposure

for all three concentrations of 10 µg/ml, 50 µg/ml and 100
µg/ml.When increasing the exposure of theMSN-PTBAEMA
nanoparticles to 24 h, there was no significant reduction in
viability for both the 10 and 50 µg/ml concentrations,
however, the 100 µg/ml showed a slight reduction in cell
viability but it did not reach the cytotoxic levels. Surface-

Figure 7. Illustrations of the effect of MSN-PTBAEMA nanoparticles on cell viability of hMSCs (a) and the effect of surface-quaternized
of MSN-PTBAEMA (for 3 h) nanoparticles on cell viability of hMSCs (b), after being exposed to the nanoparticles for 4, 24 and 48 h, and
Sideway bars indicate significance for the same concentrations at different exposure times and astride indicate the level of significance
as follows: *P > 0.05, **P > 0.01, ***P > 0.001, ****P > 0.0001.
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quaternized of MSN-PTBAEMA (for 3 h) nanoparticles
showed decreases in cell viability after 24 h of exposure
with the 10 and 100 µg/ml concentration causing cell
viability to drop to slightly toxic levels of nearly 60% cell
viability and 50 µg/ml did not show cytotoxicity. After 48 h,
cells exposed to MSN-PTBAEMA nanoparticles showed
decrease in cell viability but did not reach the cytotoxic
levels except for the 100 µg/ml that dropped to nearly 65%
cell viability; however, the reduction for all three was sig-
nificant compared to the 24-h exposure. Surface-
quaternized of MSN-PTBAEMA (for 3 h) nanoparticles
showed cytotoxicity after 48 h of exposure for three con-
centrationswith the gradual decrease in cell viability for the
10, 50 and 100 µg/ml concentrations and also significant
reduction when compared to the 24-hour exposure.

Conclusions

PTBAEMA brushes have been grafted on MSNs surfaces
via SI-ATRP at 20°C. DLS studies confirmed that highly
swollen-protonated brushes are produced at low pH,
with collapsed deprotonated brushes above approxi-
mately pH 7.7. PTBAEMA brushes can react with
iodoethanol via their amine groups to be quaternized.
XPS spectra confirmed the presence of the reacted
iodoethanol within the PTBAEMA brush. Variation of
the 2-iodoethanol reaction time enables the spatial loca-
tion of surface quaternization. At 1 h reaction time, leads
to surface quaternization of the collapsed brush layer.
On the other hand, when the brushes are conducting to
iodoethanol for 3 h and more, leads to relatively uniform
reaction throughout the brush layer. This spatial con-
finement affects the pH-responsive behaviour of the
brush, as judged by DLS studies. As prepared PTBAEMA
brush swelling occurs at approximately pH 7.7, which is
the same critical pH as that found in the previous stu-
died. However, it is observed that this critical pH is
slightly lower when the brushed was reposed to
iodoethanol for 3 h and more.
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