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silica nanoparticles with pH-
responsive diblock copolymer brushes: optimized
design for controlled doxorubicin loading and
release in cancer therapy

Shatha Lahmadi,†a Salman Alamery,†b Abeer Beagan,a Khalid Alotaibia

and Abdullah Alswieleh *a

This study delves into the development, characterization, and application of modified mesoporous silica

nanoparticles (MSNs) for targeted drug delivery in cancer therapy. MSNs were functionalized with poly(2-

(diisopropylamino)ethyl methacrylate) (PDPA) and poly(glycidyl methacrylate) (PGMA), and further

modified with cross-linkers DAE and Ornithine. Characterization using FT-IR, SEM, TEM, DLS, and XPS

confirmed the successful surface modifications, revealing particle sizes primarily within the 63–94 nm

range. The MSNs demonstrated a pH-responsive behavior, crucial for smart drug delivery. Loading and

release studies using Doxorubicin (DOX) showed a controlled release, with an 8 mg mg−1 loading

capacity. Cytotoxicity assays on Caco2 colon cancer cells revealed that unloaded nano-systems, at

concentrations above 45 mM, resulted in approximately 60% cell death, indicating inherent anti-cancer

properties. However, variations in cytotoxic effects were observed in drug-loaded MSNs, with some

modifications showing reduced anti-cancer activity. These findings highlight the potential of MSNs in

drug delivery and cancer treatment, emphasizing the importance of nanoparticle design in therapeutic

efficacy.
1 Introduction

In recent times, there has been signicant progress in the
development of nanomaterials within the eld of nano-
medicine.1,2 Researchers aim to overcome the limited effec-
tiveness and adverse side effects associated with direct
administration of anticancer agents in cancer treatment.3,4 To
address these challenges, a diverse range of nanoparticles with
a radius smaller than 100 nm have been engineered as drug
carriers, offering potential solutions to enhance therapeutic
outcomes and minimize complications.5,6 Notably, nano-
particles, such as gold,7 carbon,8 polymeric9 and mesoporous
silica nanoparticles (MSNs)10 have emerged as promising
delivery systems. MSNs, in particular, have garnered signicant
attention due to their capacity to efficiently encapsulate thera-
peutic drugs or imaging agents for cancer treatment and diag-
nostic imaging purposes.10,11 Moreover, MSNs possess favorable
characteristics that position them as highly viable candidates
for drug delivery applications, including their large surface
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area, robustness against thermal and mechanical conditions,
and biocompatibility.12,13

The surface chemistry of MSNs can be precisely engineered,
offering a crucial factor for achieving accurate administration of
the Doxorubicin drug. To enhance drug delivery systems, the
combination of MSNs with a polymeric shell has been devel-
oped, particularly through the incorporation of stimuli-
responsive polymer brushes.14,15 These polymer chains,
arranged in a brush-like conformation, are tethered to the
surface of MSNs, playing a vital role in either safeguarding or
facilitating the controlled release of cargo based on internal or
external environmental stimuli, such as changes in pH,16 redox
reactions,17 exposure to light,18 or ultrasound.19 When these
stimuli is applied, the polymer brushes can effectively modulate
the diffusion of drugs through the nanopores and polymer
chains, thereby improving the precision and efficiency of drug
delivery.

pH-Responsive polymers possess the unique ability to
undergo conformational changes or alterations in hydrophi-
licity in response to local pH conditions.20,21 This character-
istic is harnessed to prevent premature drug release, taking
advantage of the pH disparity between healthy and cancerous
tissues.22,23 In our previous investigations, we successfully
synthesized MSNs coated with poly(2-(diethylamino)ethyl
methacrylate) as pore caps, enabling the loading of DOX.24,25
RSC Adv., 2024, 14, 8819–8828 | 8819
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To specically target breast cancer cells, folic acid molecules
were conjugated to the nanosystem. Interestingly, our nd-
ings revealed that under acidic conditions, the system
exhibited controlled release of DOX, while exhibiting minimal
release at physiological pH. This selectivity was attributed to
the overexpression of folate receptors on breast cancer cells,
making our folic acid conjugate system highly effective in
their targeted elimination.24 In order to overcome the chal-
lenge of nonspecic and uncontrolled delivery of arsenic
trioxide and paclitaxel, researchers have developed a novel
approach by modifying mesoporous silica nanoparticles
(MSNs) with pH-sensitive lipids and polyacrylic acid.26 This
innovative nanosystem design effectively mitigated undesired
drug release and demonstrated remarkable efficacy in tar-
geting MCF-7 cancer cells. A multi-functionalized meso-
porous silica KIT-6-based nanocarrier, incorporating
guanidinium ionic liquid (GuIL) in inner surface, and PEGy-
lated folic acid (PEG-FA) and polyethylene imine (PEI) on the
outer surface, was designed for efficient delivery of anti-
EGFR1 siRNAs to MD-MBA-231 cell line.27 The nanocarrier
enhanced the cytotoxic effect, highlighting the potential of
this nanocarrier for targeted therapy in triple-negative breast
cancer.

To improve the efficiency of the drug release, cross-linked
polymer chains could improve the release of target mole-
cules by forming physical or chemical interactions.28,29

Inspired by these designs, we prepared MSNs modied with
pH-responsive diblock copolymer of poly(2-(diisopropylamine)
ethyl methacrylate) and poly(glycidyl methacrylate) as DOX
nanocarriers. The presence of the amino and epoxy groups on
the side chain of the diblock copolymer would confer the pH-
responsive character and provide the ability to cross-link the
polymer chains using ethylenediamine and ornithin mole-
cules, acting as gatekeepers to protect/promote the loading
and release of DOX (Scheme 1). The effect of cross-linking
degree on DOX loading/release and cytotoxicity are also
reported.
Scheme 1 Schematic presentation of the synthesis route of the multifun
copolymer brushes.

8820 | RSC Adv., 2024, 14, 8819–8828
2 Materials and methods
2.1. Material

3-Aminopropyl triethoxysilane (APTES, 99%), 2,20-bipyridyl
(bipy, $99%), 2-bromo-2-methylpropionyl bromide (BIBB,
98%), dichloromethane (DCM, HPLC grade), ethanol (EtOH,
$99.8%), ethylenediamine (1,2-diaminoethane, DAE, $99%),
methanol (MeOH, $99.8%), hexadecyltrimethylammonium
bromide (CTAB, $98%), glycidyl methacrylate (GMA, 97%), 2-
(diisopropylamino)ethyl methacrylate) (DPA, 97%), and tetrae-
thoxysilane (TEOS, 98%) were purchased from Sigma-Aldrich.
Cupric bromide (CuBr2, 98%), cuprous chloride (CuCl, 96%),
and potassium dihydrogen orthophosphate (KH2PO4, 99%)
were provided by BDH chemicals. Ascorbic acid (98%), and L(+)-
ornithine monohydrochloride (Orn, 99%) were obtained from
Riedel-de Haën. Ammonium chloride (NH4Cl) was supplied by
Avonchem Ltd. Triethylamine (TEA, 99%) was purchased from
Loba Chemie. Doxorubicin hydrochloride (DOX) was provided
by Tokyo Chemical Industry (TCI). Sodium hydroxide (NaOH)
was obtained from Central Drug House (CDH). In all experi-
ments, distilled water was used from Gesellscha für Labor-
technik mbH, Model 2002 – single distillation water stills.
2.2. Characterization

Several techniques were employed to conrm the successful
formation of the nanosystem. Fourier Transform Infrared
(FTIR) spectra were recorded using a PerkinElmer Spectrum BX
instrument, covering the range of 400–4400 cm−1. Thermogra-
vimetric Analysis (TGA) curves were obtained at a heating rate of
20 °C min−1, within a temperature range of 25–600 °C, using
a PerkinElmer Pyris 1 TGA instrument. X-ray Photoelectron
Spectroscopy (XPS) analyses were conducted on a JEOL JPS-9030
photoelectron spectrometer. The morphology and particle size
were examined by Scanning Electron Microscopy (SEM) using
a JEOL JSM-7610F instrument at 15 kV, and by Transmission
Electron Microscopy (TEM) on a JEOL JEM-1400. The hydrody-
namic size and zeta potential of the samples were measured at
various pH levels using Dynamic Light Scattering (DLS) on
ctional hybrid silica nanoparticles grafted with pH-responsive diblock

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00282b


Fig. 1 FT-IR spectra of the fabricated nanoparticles: MSNs with CTAB
(black), MSNs without CTAB (red), MSNs-Br (blue), MSNs-PDPA (green)
and MSNs-PDPA-co-PGMA (purple).
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a Malvern Instruments Zetasizer Nano ZS at 25 °C. Drug loading
capacity and release proles were quantied using a UV-vis
spectrophotometer.

2.3. Methods

2.3.1. Preparation of MSNs with a diameter of 50–80 nm.
CTAB (1.1 g) was dissolved in 326 mL of buffer solution (pH 7,
composed of 6.8 g KH2PO4 and 0.89 g NaOH) and sonicated for
15 min. Subsequently, 5.3 mL of TEOS was added dropwise, and
themixture was stirred at 40 °C for 8 h. The resulting white solid
nanoparticles were collected by centrifugation at 6000 rpm for
10 min and subsequently washed with water and ethanol.

2.3.2. Modication of MSNs with CTAB with amino groups
(MSNs-NH2 with CTAB). 1.5 g of MSNs was suspended in 50 mL
of methanol, sonicated for 10 min, followed by the addition of
1.5 mL of APTES. The mixture was then heated to 65 °C and
stirred for 24 h. The resultant white solid was washed three
times with ethanol.

2.3.3. Extraction of CTAB template from MSNs-NH2 with
CTAB. 0.4 g of MSNs-NH2 with CTAB was suspended in 40 mL of
a 40 mM ammonium chloride/methanol solution. The mixture
was sonicated for 3 h at 70 °C, and the white solid was subse-
quently washed three times with ethanol.

2.3.4. Surface initiation of MSNs-NH2. 1 g of MSNs-NH2

was dispersed in 25 mL of DCM and sonicated for 10 min. Then,
0.5 mL of TEA and 0.25 mL of BIBB were added, and the mixture
was stirred overnight. MSNs-Br was washed ve times with DCM
and three times with ethanol.

2.3.5. Preparation of copolymer brushes on the surface of
MSNs. Initially, 0.4 g of MSNs-Br was dispersed in an ethanol–
water mixture (4 : 1) under a nitrogen atmosphere for 30 min. A
mixture containing 0.5 mL of PDPA, 6.7 mg of bipy, 0.9 mg of
CuBr2, 8 mL of ethanol, and 2 mL of water was then added and
kept under nitrogen for an additional 15 min. Finally, 7.6 mg of
ascorbic acid was introduced to initiate polymerization, which
proceeded for 3 h at room temperature under a nitrogen
atmosphere. MSNs-PDPA was washed with water and ethanol.
For the second polymerization step, MSNs-PDPA was re-
dispersed in a methanol–water mixture (3 : 1) with 2.5 mL of
GMA under nitrogen. Aer 30 min, 1.92 mg of CuBr2, 70.5 mg of
bipy, and 18.2 mg of CuCl were added, and the mixture was
polymerized for 2 h at room temperature. Finally, MSNs-PDPA-
co-PGMA was washed with water and methanol.

2.3.6. Cross-linking of MSNs-PDPA-co-PGMA brush copol-
ymer. Cross-linking was performed using ethylenediamine or
L(+)-ornithine. Specically, 300 mg of MSNs-PDPA-co-PGMA was
suspended in 20 mL of alkaline solution (pH 9), followed by the
gradual addition of 5mL of a 1 or 3 mMcrosslinker solution. The
reaction stirred overnight at 90 °C. The X-linked MSNs-PDPA-co-
PGMA was then washed with water and methanol.

2.4. Drug loading and release

A DOX solution was prepared by dissolving 5 mg of DOX in
10 mL of acidic PBS (pH 3). Then, 1 mL of this solution was
added to 1 mg of the sample and shaken for 24 h in dark
conditions. The pH of the mixture was altered to alkaline (pH 9)
© 2024 The Author(s). Published by the Royal Society of Chemistry
using alkaline PBS. Cumulative release before and aer cross-
linking at pH values of 6, 6.5, and 7.4 was estimated by sus-
pending 0.25 mg of the sample in 1 mL of the selected medium,
followed by incubation in a shaking incubator at 37 °C with
a speed of 100 rpm. At specied intervals, the samples were
centrifuged, the supernatant was removed for analysis, and
replaced with fresh solution.
2.5. Cell cytotoxicity assay

The cytotoxicity of all samples on Caco2 cells was evaluated
using an MTT assay. Cancer cells were seeded in a 96-well plate
at a density of 3 × 103 cells per well and incubated at 37 °C for
24 h. The growth media was then replaced with various
concentrations of the samples (ranging from 733 mM to 3 mM).
Aer 24 h, MTT reagent was added to each well, followed by
incubation for 3 h. The resulting MTT-formazan crystals were
dissolved in DMSO, and the absorbance was measured at
405 nm using a microplate reader.
3 Results and discussion
3.1. Nanomaterials characterizations

The surface modications of the mesoporous silica nano-
particles (MSNs) were comprehensively characterized using
Fourier Transform Infrared (FTIR) spectroscopy. The FTIR
spectra of various MSN formulations, including MSNs with
CTAB, MSNs without CTAB, MSNs-Br, MSNs-PDPA, and MSNs-
PDPA-co-PGMA, were analyzed (Fig. 1). Characteristic peaks
around 1080, 800, and 460 cm−1 were identied, corresponding
to the Si–O bond, indicative of the silica-based structure of the
nanoparticles. Additionally, the absorption bands in the 3300–
3600 cm−1 region and at 950 cm−1 were attributed to the
hydroxyl O–H stretch, which are typically present on the surface
of silica materials. The FTIR spectra also displayed stretching
peaks at 2930 cm−1 and 2860 cm−1, associated with the CTAB
RSC Adv., 2024, 14, 8819–8828 | 8821
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molecule. These peaks' absence in the spectra following CTAB
removal conrms the effective elimination of CTAB, validating
the removal process. Aer the initiation step, the appearance of
a peak at 1545 cm−1 corresponding to the –NH–CO– group
suggested the successful introduction of this functional group.
This change is critical as it implies successful functionalization,
a step essential for the subsequent polymerization processes.
Furthermore, in the spectra of MSNs-PDPA, the presence of
a carbonyl group peak at 1736 cm−1 indicates that PDPA was
successfully graed onto the surface of MSNs-Br. The presence
and intensity of this peak are crucial, as they demonstrate the
successful attachment of the PDPA onto the MSN surface,
a foundational aspect for the development of the nal nano-
composite. Notably, the intensity of the carbonyl group in the
MSNs-PDPA-co-PGMA spectra increased following co-
polymerization with PGMA. This increase in intensity may be
attributed to the added density of carbonyl groups introduced
by PGMA, suggesting an effective co-polymerization process.

The efficiency of anti-cancer drug encapsulation in nano-
particles is signicantly inuenced by the size and morphology
of the nanoplatforms. In biomedical applications, it's crucial for
these nanoplatforms to have a size smaller than 200 nm to
ensure optimal cellular uptake and biodistribution.30 Accord-
ingly, the morphologies and sizes of the fabricated nano-
particles were meticulously studied using Transmission
Electron Microscopy (TEM) and Scanning Electron Microscopy
(SEM), as depicted in Fig. 2.

Observations from TEM and SEM revealed that the MSNs,
post-CTAB extraction, formed small-sized grains ranging from
63 to 78 nm, with a pore size of approximately 2.3 nm, and
exhibited well-dispersed, regularly spherical shapes (Fig. 2A and
B). This size range is particularly favorable for biomedical
applications due to enhanced cellular uptake and reduced
clearance by the reticuloendothelial system. In MSNs-PDPA
samples, as per the SEM images, the average particle size
marginally increased to about 85 nm, which could be attributed
to the additional layer of PDPA on the MSNs surface. The
average dry thickness of the PDPA brushes was estimated to be
around 13 nm. Furthermore, Fig. 2D illustrates that the average
particle size of MSNs-PDPA-co-PGMA was approximately 94 nm,
suggesting a slight increase due to the copolymerization with
PGMA. These ndings highlight the precise control achieved in
nanoparticle synthesis, ensuring that the size remains within
an optimal range for drug delivery applications. The observed
increase in size following each modication step provides
insight into the layer-by-layer construction of these complex
nanostructures.

Dynamic Light Scattering (DLS) was employed to assess the
particle size and surface zeta potential of the synthesized
nanoparticles, with the ndings depicted in Fig. 3. The DLS data
revealed that both the size and surface zeta potential of the
particles are inuenced by the pH variation of the solution.
Notably, for all samples analyzed, the average DLS diameter
increased within the pH range of 6.5 to 7.5, aligning with the
pKa value of PDPA. This behavior suggests a dependence of
particle size on the chain length and the hydrophobic PDPA to
hydrophilic PGMA mass ratio. Post cross-linking with DAE and
8822 | RSC Adv., 2024, 14, 8819–8828
Orn, a reduction in the diameters of MSNs-PDPA-co-PGMA was
observed. In basic media, the sizes of the diblock polymers
(including MSNs-PDPA-co-PGMA, and those cross-linked with
DAE and Orn) ranged from 100 to 140 nm. It's noteworthy that
the SEM-measured sizes of these diblock polymer samples were
smaller than those obtained by DLS, a discrepancy likely
explained by the measurement of hydrodynamic diameter in
solution for DLS, as opposed to the dry conditions under which
SEM images were captured.

Surface charge, as indicated by zeta potential measurements
at different pH levels, varied across the samples (Fig. 3B). For all
surfaces, except MSNs-PDPA-co-PGMA, an increase in surface
zeta potential was noted as the pH decreased from 7.5 to 6.5.
This trend is attributed to the protonation of amine groups in
PDPA, DAE, and Orn. Interestingly, MSNs-PDPA-co-PGMA X-
linked with Orn exhibited a negative charge at pH levels above
7.5, likely due to the deprotonation of amine and carboxylic acid
groups in Orn. In contrast, the zeta potential of MSNs-PDPA-co-
PGMA brushes remained relatively stable, at approximately
10 mV, across the studied pH range. This stability may be linked
to the presence of hydroxyl groups on the particle surface.

The chemical composition of the coatings was precisely
determined using X-ray Photoelectron Spectroscopy (XPS), as
illustrated in Fig. 4. The C 1s XPS narrow-scan spectrum of
MSNs-PDPA (Fig. 4A) revealed four distinct peaks of carbon
atoms: [C–C/C–H] at 284.8 eV, [C–N] at 285.9 eV, [C–O] at
286.6 eV, and [O]C–O] at 289.2 eV. The peak area ratios were
observed as 3.5 : 2.7 : 1.2 : 1, respectively, compared to the
theoretical peak ratios of 7 : 3:1 : 1 for these respective carbon
atom environments. In the XPS C 1s narrow scan of MSNs-
PDPA-co-PGMA (Fig. 4B), four peaks were identied: [C–C/C–H]
at 284.8 eV, [C–N] at 285.8 eV, [C–O] at 286.4 eV and [O]C–O] at
289.1 eV, with a ratio of 2.9 : 3.8 : 2.4 : 1.0. These ndings shows
that there was an increase in peak area of [C–O], indicating
a successful copolymerization. The tted ratio in the XPS C 1s
narrow scan of MSNs-PDPA-co-PGMA X-linked with DAE
(Fig. 4C) showed peaks at [C–C/C–H] 284.8 eV, [C–N] 285.9 eV,
[C–O] 286.6 eV, and [O]C–O] 288.9 eV, with respective peak
ratios of 3.7 : 3.8 : 2.7 : 1.0. The noticeable increase in the [C–N]
peak at 285.9 eV can be attributed to the successful reaction
between DAE molecules and PGMA segments. Similar obser-
vations were noted in MSNs-PDPA-co-PGMA X-linked with Orn,
with peaks at [C–C/H] 285.0 eV, [C–N] 285.9 eV, [C–O] 286.6 eV,
and [O]C–O] 288.9 eV, suggesting a successful cross-linking
process. Fig. 4E shows the XPS N 1 s spectra of the MSNs-
PDPA, MSNs-PDPA-co-PGMA, MSNs-PDPA-co-PGMA cross-
linked with DAE, and MSNs-PDPA-co-PGMA cross-linked with
Orn. In the N 1s spectrum, a single peak is observed at 401.2 eV,
corresponding to the [C–N] species present in the PDPA and
PDPA-co-PGMA layers. Aer the reaction with DAE and Orn, the
XPS spectrum exhibits notable changes. Two peaks are observed
with binding energies at 399 eV and 401.4 eV, which are asso-
ciated with the [–NH] and [C–N] species, respectively. These
changes indicate the successful incorporation of DAE and Orn,
resulting in the formation of additional nitrogen-containing
functional groups in the nanoparticles.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) TEM image of MSNs after CTAB extraction, (B) SEM image of MSNs after CTAB extraction, (C) SEM image of MSNs-PDPA and (D) SEM
image of MSNs-PDPA-co-PGMA.
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3.2. Drug loading and release

The study next explored the pH-dependent gatekeeper behavior
of the graed diblock polymers on the MSNs surface, controlled
by the PDPA brushes. It is hypothesized that in acidic
Fig. 3 The changes in particle size (A) and zeta potential (B) of the fabrica
co-PGMA X-linked with DAE and MSNs-PDPA-co-PGMA X-linked with O

© 2024 The Author(s). Published by the Royal Society of Chemistry
environments, the PDPA brushes become positively charged
and hydrophilic, leading to the opening of the MSNs pores.
Conversely, in basic solutions, these brushes become neutral-
ized and hydrophobic, resulting in pore closure. Additionally,
ted nanoparticles (MSNs-PDPA, MSNs-PDPA-co-PGMA, MSNs-PDPA-
rn) at different pH of the solutions.

RSC Adv., 2024, 14, 8819–8828 | 8823
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Fig. 4 X-ray photoelectron spectroscopy (XPS) C 1s spectra of: (A) MSNs-PDPA; (B) MSNs-PDPA-co-PGMA; (C) MSNs-PDPA-co-PGMA X-linked
with DAE and (D) MSNs-PDPA-co-PGMA X-linked with Orn. (E) XPS N 1s spectra of all fabricated samples.

8824 | RSC Adv., 2024, 14, 8819–8828 © 2024 The Author(s). Published by the Royal Society of Chemistry
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the amine groups in the cross-linkers (DAE and Orn) are ex-
pected to become protonated and positively charged in acidic
media.

The controlled drug release behavior of the MSNs-PDPA-co-
PGMA, and its derivatives cross-linked with DAE and Orn, was
investigated using DOX as a model cancer drug. Initially, DOX
was loaded into the samples at pH 3, aer which the loaded
nanoparticles were isolated and washed with alkaline PBS
buffer (pH 9) to close the pores. The loading capacity was
determined to be approximately 8 mg mg−1 for each nano-
particle type. The subsequent release of DOX from these
samples was studied at varying pH levels. Generally, an
increased rate of DOX release was observed with the decrease in
buffer pH (pH 7.4, 6.5, and 6.0), as shown in Fig. 5.

Surprisingly, no signicant difference in DOX release from
MSNs-PDPA-co-PGMA was observed across the different pH
levels. In contrast, MSNs-PDPA-co-PGMA cross-linked with DAE
and Orn exhibited the highest cumulative drug release at pH 6
and the lowest at pH 7.4. This variation in drug release can be
attributed to the protonation of amino groups within both
polymer segments and the DOX molecule itself. Notably, the
drug release from MSNs-PDPA-co-PGMA cross-linked with Orn
was slower in acidic conditions, potentially due to the charge
interactions between DOX and the carboxylic groups in Orn.
Fig. 5 Cumulative release profile of DOX from: (A) MSNs-PDPA-co-PGM
co-PGMA X-linked with Orn under different conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3. Cell cytotoxicity assay

The cytotoxicity effects of various nano-systems were evaluated
using the Caco2 colon cancer cell line, treated with different
concentrations of both loaded and unloaded formulations:
MSNs-PDPA-co-PGMA, MSNs-PDPA-co-PGMA X-linked with
DAE, and MSNs-PDPA-co-PGMA X-linked with Orn. Free DOX
served as a positive control. As depicted in Fig. 6, free DOX
demonstrated the anticipated cytotoxic effect, signicantly
reducing cell viability. Interestingly, the unloaded nano-
systems, including all three MSN variants, exhibited cytotoxic
effects, leading to approximately 60% cell death at concentra-
tions above 45 mM. This suggests that the nano-systems them-
selves, without drug loading, possess inherent anti-cancer
properties. Conversely, the loaded MSNs-PDPA-co-PGMA
showed reduced cytotoxicity compared to its unloaded coun-
terpart, indicating that the presence of DOX within the nano-
systems might alter their interaction with cancer cells. A
notable observation was that the loaded MSNs-PDPA-co-PGMA
X-linked with DAE and Orn demonstrated minimal cytotoxic
effects on the cells, suggesting signicantly reduced anti-cancer
activity in these modied forms. The lack of pronounced cyto-
toxicity in these loaded nano-systems could be due to factors
such as changes in nanoparticle size, the interaction dynamics
with DOX, and variations in cellular uptake. Additionally,
A; (B) MSNs-PDPA-co-PGMA X-linked with DAE and (C) MSNs-PDPA-

RSC Adv., 2024, 14, 8819–8828 | 8825
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Fig. 6 Cytotoxicity assay by MTT assay Caco2 cell line. Cells were treated with different DOX concentration for 24 h in three different nano
systems. (A) MSNs-PDPA-co-PGMA. (B) MSNs-PDPA-co-PGMA X-linked with DAE. (C) MSNs-PDPA-co-PGMA X-linked with Orn. Colors
represent unloaded, loaded with DOX and free DOX. Statistical analysis is performed using two-way ANOVA in GraphPad Prism (Version 6.01,
Prism.). The treated groups were compared to the control untreated cells group (p < 0.05 was considered statistically significant. ns: non-
significant).
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MSNs-PDPA-co-PGMA displayed higher cytotoxicity when
loaded with DOX compared to the X-linked variants. This
discrepancy underscores the need for further investigation to
understand how modications in the nano-systems inuence
DOX uptake and release. The cytotoxicity of nanosystems is
inuenced by their physicochemical properties, including size,
hydrophobicity, charge, and interactions.31 Higher hydropho-
bicity in nanosystems can result in poor cellular uptake, leading
to lower cytotoxic effects.32 The reduced cytotoxic effects
observed in loaded nanosystems could be attributed to the
interaction of DOX with the nanoparticles. Additionally, differ-
ences in cellular uptake may contribute to the varying cytotoxic
effects.33 The cellular uptake of nanosystems signicantly
affects their cytotoxic activity, highlighting the need for further
investigations to study the uptake of nanosystems containing
DOX. In summary, while the unloaded nano-systems showed
signicant anti-cancer activity, their loaded counterparts,
particularly those modied with ornithine and ethylenedi-
amine, did not exhibit comparable anti-cancer effects. This
nding points towards the complex interplay between nano-
8826 | RSC Adv., 2024, 14, 8819–8828
system composition, drug loading, and cytotoxicity, warrant-
ing additional studies to elucidate the mechanisms governing
these relationships.

4 Conclusion

This study demonstrates the potential of utilizing MSNs-PDPA
and MSNs-PDPA-co-PGMA nanoparticles, with particle sizes
ranging from 63 to 94 nm, as promising drug carriers in cancer
treatment. Through surface functionalization and modica-
tions, these nanoparticles acquire pH-responsive properties,
enabling controlled release of DOX, a commonly used anti-
cancer drug. The drug release studies revealed an 8 mg mg−1

loading capacity, with release rates varying according to pH
changes. Intriguingly, cytotoxicity assays demonstrated that
unloaded nano-systems induced 60% cell death at concentra-
tions above 45 mM in Caco2 cells, while loaded nano-systems
displayed varying cytotoxic effects based on their chemical
modications. This study underscores the importance of
nanoparticle design in drug delivery efficacy and anti-cancer
activity. Future research should explore the optimization of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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nano-systems for enhanced drug delivery and efficacy, aiming
to harness the full therapeutic potential of these advanced
materials in cancer treatment.
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33 M. Brzeziński, W. Gonciarz, B. Kost and M. Chmiela, Can
histamine cause an enhancement of the cellular uptake
and cytotoxicity of doxorubicin-loaded polylactide
nanoparticles?, Eur. J. Pharm. Sci., 2023, 185, 106438.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00282b

	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy

	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy

	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy
	Advanced hybrid silica nanoparticles with pH-responsive diblock copolymer brushes: optimized design for controlled doxorubicin loading and release in cancer therapy


