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ABSTRACT
Co-delivery of anticancer drugs and biologics can provide synergetic effects and outperform single
delivery therapies. Here, a nanoparticle (NP) system for co-delivery of methotrexate (MTX) and STAT3
siRNA has been developed and tested in vitro. Mesoporous silica nanoparticles (MSNs) were functional-
ized with chitosan (ch) by covalent grafting mediated by aminopropyl triethoxysilane (APTES) via gluta-
raldehyde as the linker. Co-delivery of MTX and STAT3 siRNA to MCF7 cells was demonstrated in cells
by flow cytometric analysis and confocal laser scanning fluorescence microscopy for use in breast can-
cer treatment. MTX either competitively inhibits the dihydrofolate reductase (DHFR) receptor or sup-
presses the STAT3 metabolic pathway. STAT3 protein plays an essential role in cell division,
proliferation and survival. Reduction of the protein by both MTX and STAT3 siRNA, achieved by
chMSNs, significantly decreased the viability of breast cancer cells compared to single treatments alone.
Cellular uptake of modified NPs was increased over time when additional free MTX was added impli-
cating the DHFR receptor in uptake. In addition, protein corona compositions coated the NPs outer sur-
face, were different between the NPs with and without drug potentially modulating cellular uptake.
This study is the first report on co-delivery of MTX and STAT3 siRNA by chitosan modified MSNs.
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Introduction

Although cancer therapy has developed over the recent dec-
ades, the delivery of hydrophobic chemotherapeutic agents
is still one of the main challenges for clinical applications in
the treatment of cancers [1,2]. Therefore, novel drug delivery
systems based on nanomaterials have been synthesized to
carry different types of hydrophobic anticancer drugs [3–5]. A
recent drive has been to develop nanoparticle (NP) systems
for the co-delivery of drugs [6]. One of the most attractive
nanocarriers for high capacity loading of hydrophobic anti-
cancer drugs are mesoporous silica nanoparticles (MSNs) due
to their large pore volume, controllable pore size, uniform
particle size, high surface area and biodegradability [7].
Functionalized MSNs that can simultaneously carry an anti-
cancer drug and siRNA to the intended tumour site repre-
sents a promising method for cancer treatment [8]. In
addition, the internalization of modified MSNs by tumour
cells can be affected by the attachment of serum proteins,
the “protein corona”, on the external surface of NPs [9].

Methotrexate (MTX) is a promising anticancer drug for use
in breast cancer therapy due to competitive inhibition of the

dihydrofolate reductase (DHFR) receptor, which suppresses
DNA synthesis. MTX is a structural analogue of the natural
DHFR-binder folate, but with a 1000 folds higher affinity [10].
The structural similarity between MTX and folic acid has been
reported to allow MTX in loaded NPs to act as a targeting
agent to tumour cells [11]. MTX produces several other mod-
ulations of cell function via suppression of a number of meta-
bolic pathways, it can significantly induce apoptosis by
inhibiting the signal transducer and activator of transcription
factor 3 (STAT3) in the JAK/STAT pathway in tumour cells
[12]. In addition, increasing doses of MTX leads to overex-
pression of the DHFR gene in cancer cells, which affects cel-
lular uptake [13].

STAT3 is a transcription factor that plays an essential role
in cell division, proliferation and survival [14]. The activation
of STAT3 protein as oncogenic protein is frequently detected
in breast cancer cells and inhibition of STAT3 by a relatively
new system using short RNA interference (siRNA) provides
a novel approach to inhibit human tumour cells [15].
Nanodelivery systems can co-deliver anticancer drugs and
nucleic acids cancer therapy [16]. Meng et al. [17] demon-
strated amine-functionalized MSNs for the delivery of dual
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drug/siRNA to overcome doxorubicin resistance in
a xenograft.

MSNs with surface silanol groups are not suited to capture
directly many drug molecules [18], but MSNs can be modified
by various functional groups including amines, carboxylic
acids and thiols. Several recent reports have considered
amine-modified MSNs as promising structures for the delivery
of a range of negatively charged drug molecules [19]. Several
surface chemistries at MSNs, e.g. allowing pH sensitivity, have
been applied for carrying different types of drugs and biomo-
lecules with controllable drug release [20].

Various chemical structures and polymers have been
investigated for amine functionalization of silica nanostruc-
tures [21]. PEI, APTES and chitosan (ch) are cationic polymers
used for coating NP for packaging siRNA through electro-
static attraction [21,22]. APTES is commonly used for amine
functionalization of MSN because it has both silane and
amino groups in the structure that can be couple with silanol
groups of NPs [22]. Amongst them, chitosan, an amine-rich
natural polysaccharide, is a good biopolymer for drug deliv-
ery due to its biocompatibility, nontoxicity, high density of
cationic charges, hydrophilic properties and pH sensitivity
[23]. Several anti-cancer drugs and biomolecules have been
delivered by chMSNs, in in vitro experiments [24]. Nhavene
et al. [25] demonstrated the ability of chitosan-functionalized
MSNs for gene delivery, supporting passive uptake in HeLa
cells. Co-delivery of the anticancer drug, doxorubicin and
the p53 gene by dendronized chitosan derivative functional-
ized MSNs induced significant apoptosis in breast cancer cells
due to the synergistic effects of the two delivery con-
cepts [26].

Several silica-based nanocarriers have been designed for
the delivery of MTX [27]. However, these systems showed
large particle sizes, demanded a high concentration of the
drug being loaded or exhibited low biodegradability [28].
MTX is a hydrophobic drug that acquires a negative charge
when exposed to physiological pH and can be carried by
positively charged NPs through ionic attraction [29].

In this study, a nanoparticulate system for co-delivery of
MTX and STAT3 siRNA was developed based on functionalized
MSN (Figure 1) motivated by the hypothesis that effective
co-delivery may synergistically reduce the level of STAT3 by
combining two separate inhibition actions. APTES and grafted
chitosan provided an amine-rich surface coating allowing elec-
trostatic loading of both MTX and siRNA. Cell uptake, cytotox-
icity and STAT3 expression were studied in MCF7 cells in vitro,
demonstrating effective co-delivery, inhibited cellular division
and proliferation and decreased STAT3 expression at the
mRNA and protein level. Finally, protein corona analysis of
free modified MSNs and MTX/modified MSNs showed a lower
amount of apolipoprotein on the surface of MTX loaded NPs
that potentially influences the cellular uptake.

Materials and methods

Materials

Hexadecyltrimethylammonium bromide (CTAB), pluronicVR F-
127, 3-triethoxysilylpropylamine (APTES), tetraethylorthosili-
cate (TEOS), glutaraldehyde solution (50%), DAPI and
phalloidin-tetramethylrhodamine B isothiocyanate were from
Sigma-Aldrich (Søborg, Denmark). Dulbecco’s modified

Figure 1. Visual representation of the loading of MTX and STAT3-siRNA by chMSNs.
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Eagle’s medium (DMEM), penicillin–streptomycin (10,000U/
ml), trypsin–EDTA, chitosan (molecular weight:
100,000–300,000) were purchased from Fisher Scientific-
ACROS OrganicsTM (Geel, Belgium), MTX was from Santa Cruz
(Dallas, TX), fluorescein-5-isothiocyanate (FITC “Isomer I”),
SuperscriptTM VILOTM cDNA synthesis kit, pierce protease and
phosphatase inhibitor mini tablets, BoltTM 4–12% bis-tris plus
gels, PierceTM BCA protein assay kit and lipofectamine
RNAiMAX from Thermo Fisher Scientific (Waltham, MA),
Direct-zolTM RNA miniPrep plus was from Zymo Research
(Irvine, CA), LightCyclerVR 480 SYBR green I master was from
Roche Life Science (Basel, Switzerland), STAT3 (79D7) rabbit
mAb (#4904) was from Cell Signaling Technology (Boston,
MA), goat anti-rabbit immunoglobulins/HRP (affinity isolated,
P0448) was from Dako (Santa Clara, CA), CorningVR collagen I,
Rat tail was from Corning (Corning, NY).

Synthesis procedure and modification

Synthesis and functionalization of MSNs
MSNs were synthesized using a modified protocol from a
previously reported sol–gel procedure [29,30] and surface-
modified with 3-aminopropyltriethoxysilane (APTES) [31].

MSN-APTES was functionalized with chitosan through glu-
taraldehyde covalent crosslinking. Here, MSN-APTES (3mg)
was dispersed in 300 ml deionized water and sonicated for
5min. The suspension was then added dropwise to glutaral-
dehyde (1%, 150 ml) solution under stirring at 4 �C. Free gluta-
raldehyde was washed away with water after one hour.
Chitosan (1.5mg) was then dissolved in acetic acid (1% w/v,
300ml) by stirring for 2 h and the pH set to 5.0 using NaOH.
MSN-APTES-glutaraldehyde (3mg) were dispersed in water
(300ml) and added dropwise to the chitosan solution contain-
ing 1.5mg of chitosan under stirring at room temperature for
one day. Free chitosan was washed away with acetic acid
(1% w/v), then water.

Characterization of MSNs and modified MSNs
Bare MSNs and MSNs coated with APTES/chitosan were char-
acterized by transmission electron microscopy (TEM) for size
and morphology analysis on a Tecnai G2 Spirit Electron
Microscopy (120 kV, FEI Company, Hillsboro, OR, via two cam-
eras) with samples mounted on carbon coated copper grids
and stained with uranyl formate. NP surface charge (zeta
potential) was measured using Malvern Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, UK). Material refractive
index (RI) value, absorption and water dispersant RI was
defined to be 1.54, 0.00 and 1.330 respectively at 25 �C.

MTX and siRNA loading in chitosan-modified MSNs

Loading of MTX in MSN-APTES-chitosan was achieved by 1:1
w/w ratio. Free MTX was detected by HPLC and compared
with a standard calibration curve to calculate the drug load-
ing efficiency (LE%) and loading capacity (LC%) [29].

Agarose gel retardation assay was used to determine the
capability of the siRNA loading in amine-modified MSN
according to the optimal particle/nucleic acid (N/P) ratio.

Knockdown of the STAT3 mRNA expression

The ability of NP delivered siRNA to knock down STAT3
mRNA expression was evaluated with reverse transcriptase-
polymerase chain reaction (RT-PCR). Three different concen-
trations of STAT3 siRNA (10, 20 and 50 mM) [32] via lipofect-
amine RNAiMAX (Invitrogen, Carlsbad, CA) transfection
according to the manufacturer’s protocol. The MCF7 cells
without treatment and with treatment by NPs/siRNA (20 mM),
free NPs, lipofectamine/siRNA as a positive control, and free
lipofectamine were incubated for 48 h at 37 �C. The RT-qPCR
primers to detect STAT3 and GAPDH, which is used for nor-
malizing the mRNA levels, were obtained from Sigma-Aldrich
(Gillingham, UK): forward: 50-TGATCACCTTTGAGACCGAGG30,
reverse: 50-GATCACCACAACTGGCAAGG30.

Western blotting

STAT3 protein values in MCF7 cells were analysed by western
blot after treatment with free siRNA, NPs/siRNA, free MTX,
NPs/MTX, NPs/MTX/siRNA or free NPs for 48 h at 37 �C.
Untreated MCF7 cells and purified STAT3 protein from HeLa
cells were used as controls. GAPDH protein was used as the
internal control. Western blotting was achieved as described
by Mooney et al. [33].

Cellular uptake analysis

ChMSNs were labelled with FITC to study cellular uptake, via
isothiocyanate attachment to primary amine groups in chito-
san. The FITC-labelled NPs were then dispersed in water for
cellular uptake studies.

Flow cytometry
Aliquots of 5� 104 cells (MCF7) seeded into 96-well plates
were incubated at 37 �C for 48 h. Flow cytometry analysis
was used to study: FITC-labelled NPs, FITC-labelled NPs/MTX
and FITC-labelled NPs/MTX with additional free MTX (concen-
tration 10 and 1000 nM) added to cells at a dose of 25 mg/ml
for 1 and 4 h and FITC-labelled NPs/MTX and FITC-labelled
NPs/MTX/STAT3 siRNA added to cells at a dose of 25mg/ml
for 1, 2 and 4 h.

Confocal microscopy
Sterilized rat tail collagen (10 ml) dissolved in PBS buffer (1ml)
coated eight-well chamber slides (ibidi) for 1 h. MCF7 cells
(5� 104) were cultured at 37 �C for 48 h. Thereafter, FITC-
labelled NPs, FITC-labelled NPs/MTX or FITC-labelled NPs/
MTX/STAT3 siRNA were added to cells at a dose of 25 mg/ml
for 4 h.

Protein corona experiments

The protein corona on MSN-APTES-chitosan and MSN-APTES-
chitosan/MTX were monitored by SDS-PAGE and BCA assay.
Therefore, 400 mg of NPs and NPs/MTX were dispersed both
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in PBS (1ml) including 10% and 90% of FBS in low-bind
microtubes for 2 h.

Protein values were measured using a PierceTM BCA
Protein Assay Kit with BSA as the calibration standards.
Triplicate experiments were performed and UV absorbance of
samples and BSA was analysed using a 96-well plate reader
(Tecan microplate reader, M€annedorf, Switzerland) at 570 nm.

Cytotoxicity assay

The cytotoxicity of MSN-APTES-chitosan, free MTX, free STAT3
siRNA and NPs loaded with MTX, STAT3 siRNA and both
MTX/siRNA was measured on MCF7 cells by the MTT assay.

Statistical analysis

All experiments were repeated in triplicate and statistically
analysed via the SPSS software (SPSS Inc., Chicago, IL) using
general linear model and Duncan’s test (multiple compari-
son method).

Details of the methods are available in the supporting
information section.

Results

Characterization of MSNs and modified-MSNs

The size, shape and structure of MSNs and amine-modified
MSNs were visualized using TEM. Figure 2(a–c) shows repre-
sentative images of MSNs (left panel), MSN-APTES (centre)
and MSN-APTES-chitosan (right panel). The NPs were uniform
and spherical with average particle size of 55.8 ± 6.4,
64.6 ± 7.4 and 74.5 ± 3.7 nm for MSNs, MSN-APTES and MSN-
APTES-chitosan, respectively. Zeta potential was measured to
determine the surface charges of the NPs in aqueous solu-
tions (Table 1). The MSNs show the expected negative charge
resulting from deprotonation of surface silanol groups [34],
while modification with APTES and then chitosan result in a
switch to positive charge.

MTX and siRNA loading in modified-MSNs

MTX was mixed with MSN-APTES-chitosan (1:1 w/w ratio) for
24 h. MSN-APTES-chitosan was dispersed in deionized water
and added dropwise to MTX-DMSO solution under stirring
followed by washing. HPLC was applied to quantify free MTX
and mathematically estimate the LE% and LC% of the sam-
ples according to a standard curve. The results in Table 1
showed that the LE% and LC% of MTX-loaded NPs were
around 13.9% and 12.2%, respectively.

The ability of NPs to load siRNA is essential for the effi-
cient delivery of this biomolecule and can be estimated via
agarose gel retardation assays. ChMSNs were complexed with
STAT3 siRNA at varying N/P ratios. The data indicated that
the STAT3 siRNA were loaded on the NPs in the threshold N/
P ratios of 75 (Figure 3) corresponding to a loading percent
around 1%, which remained the same with or without
MTX loading.

Effect of siRNA-loaded NPs on STAT3 mRNA expression

The expression of STAT3 mRNA levels was evaluated using
RT-PCR. Lipofectamine, a “gold standard” for the delivery of
exogenous DNA or RNA into cells, was used to confirm the
accuracy of the siRNA design. Experimental details are found
in section “Knockdown of the STAT3 mRNA expression”.
There was no statistically significant difference between
siRNA at the three different concentrations (Figure 4(a)), but
these were significantly different from the control samples
(p<.05). In the next step, the suppression effect of STAT3
siRNA on the expression of the STAT3 gene in transfected

Figure 2. TEM images of (a) MSNs, (b) MSN-APTES and (c) MSN-APTES-chitosan samples. The images from left to right show MSNs, MSN-APTES and MSN-APTES-chi-
tosan (scale bar: 200 nm).

Table 1. Characterization of MSNs, MSN-APTES and MSN-APTES-chitosan sam-
ples using zeta potential, evaluation of the loading efficiency (LE), loading cap-
acity (LC) percent of the MTX-loaded MSN-APTES-chitosan by HPLC, and
calculation of loading percent of siRNA-loaded MSN-APTES-chitosan by an
agarose gel retardation assay.

Sample Zeta potential MTX LE% MTX LC%
siRNA

loading% (N/P)

1. MSNs –40.0 ± 0.0 – – –
2. MSN-APTES þ32.8 ± 0.1 11.5 ± 0.0 10.4 ± 0.0 –
3. MSN-APTES-chitosan þ45.0 ± 0.6 13.9 ± 0.0 12.2 ± 0.0 1.0
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MCF7 cells was analysed at the mRNA levels by RT-PCR assay.
Therefore, the cell samples treated with siRNA-loaded NPs
were compared to cell samples exposed to siRNA-loaded lip-
ofectamine, free siRNA, free NPs, free lipofectamine and

untreated. The data revealed a decrease in the STAT3 mRNA
levels of around 27% with STAT3 siRNA-loaded NPs, which
was significantly different compared to control samples
(Figure 4(b)).

Figure 3. Agarose gel retardation assay of MSN-APTES-chitosan to STAT3 siRNA, complexed at different nanoparticle to nucleic acid (N/P) ratios.

Figure 4. STAT3 mRNA expression using the RT-PCR method. (a) Three different concentrations of STAT3 siRNA (10, 20 and 50 mM) were mixed with lipofectamine
RNAiMAX, followed by adding to MCF7 cells and compared to lipofectamine treated or untreated cells as controls. (b) The cell samples treated with siRNA-loaded
NPs were compared to cell samples exposed to siRNA-loaded lipofectamine, free siRNA, free NPs, free lipofectamine and untreated cells. Different letters indicate
significant differences in mean values for each variable (p<.05).
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Effect of siRNA-loaded NPs on STAT3 protein

The presence of STAT3 protein was determined by western
blot analysis using different samples including cells treated
with free siRNA, NPs/siRNA, free MTX, NPs/MTX, NPs/MTX/
siRNA and free NPs compared to untreated cells and purified
STAT3 protein from HeLa cells as the controls. The western
blot results showed that the treated samples with both MTX
and siRNA double loading in chMSNs and MTX-loaded
chMSNs substantially decreased the STAT3 protein (Figure 5).

Cellular uptake analysis

MTX and siRNA were loaded at FITC-labelled MSN-APTES-chi-
tosan and thereafter the cellular uptake of the complexes by
MCF7 cells was analysed using flow cytometry and confocal
microscopy. Figure 6(a) shows that the uptake of NPs with or
without MTX was increased either by the exposure time or
by the addition of extra free MTX. The flow cytometry results
in Figure 6(b) also indicated that the cellular uptake of NPs
with MTX or with both MTX and siRNA was increased with

Figure 5. Western blot results of the presence of STAT3 protein. The numbers were implied to (1) purified STAT3 protein from HeLa cells as the controls, the other
samples were pointed to the STAT3 protein from the MCF7 cells, treated with (2) STAT3 siRNA/NPs, (3) free NPs, (4) MTX/NPs, (5) MTX/siRNA/NPs, (6) free NPs and
(7) untreated cells as the second controls (8) GAPDH protein as the internal control. NPs: MSN-APTES-chitosan.

Figure 6. Flow cytometry analysis of MCF7 cells treated with (a) FITC-labelled NPs with or without MTX as well as the cells exposed to FITC-labelled NPs/MTX with
extra 10 and 1000 nM of free MTX added for 1 or 4 h, compared to untreated cells. (b) FITC-labelled NPs/MTX and FITC-labelled NPs/MTX/STAT3 siRNA after 1, 2 and
4 h, compared to untreated cells. NPs: MSN-APTES-chitosan. Different letters indicate significant differences in mean values for each variable (p<.05).
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time. Moreover, the largest uptake was seen for co-delivery
of MTX and siRNA after 4 h. The overall larger fluorescence
observed in Figure 6(b) versus Figure 6(a) likely related to a
difference in fluorescence labelling between the NP batches
used in these experiments.

The cellular uptake and intracellular distribution of the
NPs with or without loading drugs were analysed using con-
focal microscopy. After 4 h of incubation of MTX-loaded NPs,
MTX/STAT3 siRNA-loaded NPs and free NPs with MCF7 cells,
increased intracellular FITC fluorescence was observed in the
cytoplasm, the most obvious for the cells treated with MTX/
STAT3 siRNA-loaded NPs (Figure 7). These results were in line
with the results from flow cytometry.

Protein corona analysis

Protein coronas formed on the chMSNs surfaces with or with-
out MTX after incubation in 10% or 90% of FBS were ana-
lysed by SDS-PAGE and the BCA assay. The results presented
in Figure 8(a), indicated a broad distribution of proteins that
interacted with free NPs and MTX/NPs. Specific bands
showed a major contribution of proteins around 10, 15, 25,
55 and 70 kDa. The overall amount of protein was increased
for a higher percentage of FBS. In addition, the total protein

band frequency was increased by the presence of MTX, more
clear for the 90% FBS samples, while the amount of the pro-
teins at around 25 kDa was decreased. This band has been
related to apolipoprotein A-I-like protein [35]. The results of
the BCA assay are shown in Figure 8(b), indicating that the
total values of protein corona were higher for the increased
percentage of FBS or with the presence of MTX. The BCA
assay data confirmed the SDS-PAGE analysis.

Cell cytotoxicity assay

An MTT assay was used to analyse the cytotoxicity of MTX/
siRNA-loaded NPs to breast cancer cells. The cytotoxicity for
cells treated with MTX/siRNA-loaded NPs was significantly
higher than others at 1 mM concentration of MTX (Figure 9),
giving a viability of MCF7 cells around 50% while the value
for free NPs was around 88%. Co-delivery of MTX and STAT3
siRNA showed a stronger effect than the delivery of either
MTX or STAT3 siRNA at this concentration suggesting that
co-delivery of MTX and STAT3 siRNA is a more efficient
method for use in the treatment of breast cancer cells.
Higher overall concentrations showed a lower cytotoxicity for
both free MTX and the MTX/siRNA NPs (see supplemen-
tary figure).

Figure 7. Confocal microscopy images of MCF7 cells (a) MCF7 cells treated with NPs/FITC, (b) MCF7 cells treated with MTX/NPs/FITC, (c) MCF7 cells treated with
MTX/siRNA/NPs/FITC at 37 �C for 4 h. FITC was shown as green fluorescence, actin filaments (red) were stained with phalloidin-TRITC and cell nuclei (blue) were
stained with DAPI. NPs: MSN-APTES-chitosan.

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY 35

https://doi.org/10.1080/21691401.2022.2030746
https://doi.org/10.1080/21691401.2022.2030746


Discussion

In this study, co-delivery of MTX and STAT3 siRNA by chMSNs
was revealed as an efficient method for inducing cytotoxicity
in breast cancer cells and with a potential for use in breast
cancer treatment. One of the major challenges in NP based
drug delivery relates to maintaining the particle size of the
final functionalized delivery vehicle between 10 and 100 nm,
as the ideal size for EPR effects [33,36]. Importantly in this
study, the size of the synthesized MSNs could be decreased
below 100 nm using Pluronic F127 (Figure 2(a)) and kept

below 100 nm during subsequent functionalization with
APTES, chitosan (Figure 2(b,c)). Surface functionalization of
MSNs by APTES and chitosan molecules was confirmed by
zeta potential analysis (Table 1). Chitosan as a positive bio-
polymer was chosen to give the potential for the pH-sensi-
tive properties of the NPs [37]. In addition, the surface
positive charge of chMSNs was the effective factor in drug
loading due to electrostatic interactions with negatively
charged drug molecules.

MTX and siRNA with a negative charge in physiological
pH can be attracted to the surface of chMSNs with the

Figure 8. Protein corona analysis. (a) SDS-PAGE gel electrophoresis. The first and end lines implied two repeats of the markers. The adsorbed proteins on the sur-
face of (1 and 2) two repeats of NPs incubated in 10% of FBS, (3 and 4) two repeats of MTX/NPs incubated in 10% of FBS, (5 and 6) two repeats of NPs incubated
in 90% of FBS and (7 and 8) two repeats of MTX/NPs incubated in 90% of FBS. The intensity of the bands revealed the abundance and relative composition of the
protein corona that covered the surface of the nanoparticles. (b) BCA assay analysis of the total values of protein corona. The adsorbed proteins on the surface of
NPs incubated in 10% of FBS, MTX/NPs incubated in 10% of FBS, NPs incubated in 90% of FBS, and MTX/NPs incubated in 90% of FBS. NPs: MSN-APTES-chitosan.
Different letters indicate significant differences in mean values for each variable (p<.05).
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loading capacity of MTX and siRNA being around 12% and
1%, respectively (Table 1, Figure 3). Several studies have
shown that the drugs and biomolecule loading capacity of
functionalized MSNs could be significantly improved com-
pared to un-functionalized NPs [38,39]. Recently, different
nanocarriers have been studied for co-delivery of various
types of drugs and nucleic acids [40]. Meng et al. [17]
reported that the doxorubicin and the Pgp siRNA loading
capacity of PEI-modified MSNs was about 3.3% (w/w) and
1%, respectively. The high loading capacity for MTX achieved
here indicates that the mesopores of NPs have been largely
filled with the drug molecules providing an effective loading.
The loading step with siRNA gives a smaller loading as
expected as the siRNA will be unable to enter the mesopores
because of its larger size and likely remains on the outer sur-
face. The MTX also appears to functionalize the outer surface
since the adsorption of proteins (too large to enter the meso-
pores) from the media is somewhat altered (Figure 8(a,b)).

Co-delivery of all drug components by modified NPs
improved cellular uptake which simultaneously led to
enhanced the cellular uptake of siRNA-loaded NPs [41].

Cellular uptake of FITC-labelled chMSNs with or without
MTX that was measured by flow cytometry analysis was
increased with both MTX/NPs exposure time and also by the
addition of additional free MTX values (Figure 6(a)).
Increasing the dose of the MTX leads to overexpression and
the increase of the levels of DHFR on the surface of cancer
cell membranes [13]. Hence, we propose that the uptake of
MTX/NPs resulted at least in part from receptor mediated
interactions with DHFR explaining the increased cellular
uptake of MTX-loaded chMSNs compared to chMSNs after
4 h. However, the main uptake route likely does not involve
DHFR. Moreover, the values of cell uptake were enhanced
using both MTX and siRNA-delivered by NPs (Figure 6(b)).
The results of confocal microscopy were also confirmed the
flow cytometry data and show that MTX loading leads to
more internalization of the NPs (Figure 7).

MTX-loaded chMSNs were exposed to different FBS con-
centration (10% and 90%) and were then analysed by SDS-
PAGE and the BCA assay. The lower concentration of FBS is
routinely used in cell culture studies while the 90% FBS
media better represents the concentrations of protein
expected in vivo (albeit without the full set of plasma pro-
teins). The protein corona contains a limited set of the FBS
proteins which are up-concentrated from the media as has
been shown for other particle types and indicating that
after exposure to proteins the NP gains a specific protein
corona profile, the so called biological identity proposed to
modulate cellular uptake [42,43]. The highly positive surface
charge of the NPs allows it to interact strongly with the
most net negatively charged serum proteins. BSA (mass
�66 kDa protein) appears to be well represented in that
corona likely as a result of its high bulk concentration
allowing it to interact with the NP early with the electro-
static attraction preventing it from being replaced by other
serum proteins. Interestingly, the total amount of protein
was increased for MTX loading particles compared to
unloaded NPs (Figure 8), suggesting that the interaction of
proteins was enhanced by the presence of MTX. Shahabi
et al. [44] reported that endocytic uptake of doxorubicin-
loaded silica NPs that were covered with protein corona
facilitated the cellular accumulation of the drug. In the cur-
rent study, in the MTX-loaded chMSNs samples, the pres-
ence of proteins around 25 kDa was significantly decreased
compared to free chMSNs. This band was related to apoli-
poprotein A-I-like protein [45]. Apo A1 is seen to be part of
the protein coronas of many NP types and in particular at
bare silica NPs. This indicates that the MTX may prevent
interaction of the Apo A1 with the core particle surface and
perhaps alter the availability of the chitosan for other pro-
teins. Ritz et al. [46] showed that the cellular uptake of the
NPs decorated with some apolipoproteins was significantly
decreased. Therefore, a decrease in this protein value due
to the presence of the MTX may explain the observed

Figure 9. Cytotoxicity assay of free NPs, free MTX, free siRNA, MTX/NPs, siRNA/NPs and MTX/siRNA/NPs samples for different MTX concentrations (1–0.1lM) using
MCF7 cancer cells. Different letters indicate significant differences in mean values for each variable (p<.05).
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increase of the cellular uptake of the MTX/chMSNs com-
pared to unloaded NPs.

The results of RT-PCR to analyse the effect of siRNA-loaded
NPs on STAT3 mRNA expression, compared to free siRNA,
showed that the adsorption of the siRNA to the NPs may pre-
serve it from the effects of endonuclease enzymes [47].
Transfection of STAT3 siRNA leads to degradation of the
STAT3 mRNA and inhibits breast cancer cell division and pro-
liferation [48]. Western blot data showed that the STAT3 pro-
tein levels were decreased due to treatment of cells with
MTX/NPs and MTX/STAT3 siRNA/NPs (Figure 5). Although co-
delivery of MTX and STAT3 siRNA by chMSNs caused a
greater reduction in STAT3 protein content, the use of MTX/
NPs also significantly reduced the protein compared to the
control sample, some metabolic pathways, especially the
JAK/STAT pathway, were shown to be suppressed by MTX
[49,50]. Therefore, the presence of the MTX in the MTX/
STAT3 siRNA/chMSNs can cause the additive effect of MTX
and STAT3 siRNA on reducing STAT3 protein content.

The results of cytotoxicity effects demonstrated that co-
delivery of MTX and siRNA by chMSNs at the concentration
of 1.0mM of MTX had significant effects (p<.05) on cancer
cell division and proliferation after 24 h. In addition, the cell
cytotoxicity data revealed that the best “synergistic” effect
was seen in higher MTX concentration, where the siRNA con-
centration was also higher, and this effect was not significant
at the lowest concentration of MTX (0.1 mM) as well as lowest
siRNA concentration (Figure 9). The MTX not only inhibits
DHFR but can also suppress the JAK/STAT pathway and
decreased the STAT3 protein levels [9,14]. Moreover, the pres-
ence of STAT3 siRNA and cleavage of the STAT3 mRNA led to
decrease in the amounts of STAT3 proteins in tumour cells
[15]. Therefore, the lack of this protein due to the additive
effects of MTX and STAT3 siRNA, likely contributed to the
reduction of cell division, proliferation and survival.

Our study showed that the co-delivery of MTX and STAT3
siRNA loaded in the chMSNs in a better concentration dose
resulted in a greater cellular uptake and a clear decrease in
the viability of MCF7 cells. This co-delivery system is of inter-
est for use in the development of breast cancer therapies.

Conclusions

Our study indicates the synthesis of MSNs and functionaliza-
tion of the NPs with positively charge materials containing
amine groups. The amine modified MSNs with uniform spher-
ical morphology and nano-scale size were used for high load-
ing of two anticancer agents including MTX and STAT3
siRNA. The co-delivery of the MTX/siRNA/NPs to the MCF7
cells was monitored by cellular uptake. Increasing the dose
of the MTX leads to DHFR overexpression and an increase in
cellular uptake. In addition, the abundance of the protein
corona coated at the NPs could potentially change cellular
uptake. The total amounts of protein corona on the surface
of chMSNs were increased by the presence of MTX on the
NPs. Cell cytotoxicity data indicated that the co-delivery of
MTX and STAT3 siRNA by chMSNs, tested on the MCF7 cell
lines (at 1.0 mM of MTX) had significant effects on cancer cell

division and proliferation and reduced the viability of breast
cancer cells. Co-delivery of MTX and STAT3 siRNA by this
effective nano-scale NP makes them of high interest for
application in breast cancer.
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