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A B S T R A C T   

This study introduces an innovative co-delivery approach using the MCM-co-polymerized nanosystem, inte
grating chitosan and polyethylene glycol, and targeted by the MUC-1 aptamer (MCM@CS@PEG-APT). This 
system enables simultaneous delivery of the GFP plasmid and doxorubicin (DOX). The synthesis of the nano
system was thoroughly characterized at each step, including FTIR, XRD, BET, DLS, FE-SEM, and HRTEM ana
lyses. The impact of individual polymers (chitosan and PEG) on payload retardation was compared to the co- 
polymerized MCM@CS@PEG conjugation. Furthermore, the DOX release mechanism was investigated using 
various kinetic models. The nanosystem’s potential for delivering GFP plasmid and DOX separately and simul
taneously was assessed through fluorescence microscopy and flow cytometry. The co-polymerized nanosystem 
exhibited superior payload entrapment (1:100 ratio of Plasmid:NPs) compared to separately polymer-coated 
counterparts (1:640 ratio of Plasmid:NPs). Besides, the presence of pH-sensitive chitosan creates a smart 
nanosystem for efficient DOX and GFP plasmid delivery into tumor cells, along with a Higuchi model pattern for 
drug release. Toxicity assessments against breast tumor cells also indicated reduced off-target effects compared to 
pure DOX, introducing it as a promising candidate for targeted cancer therapy. Cellular uptake findings 
demonstrated the nanosystem’s ability to deliver GFP plasmid and DOX separately into MCF-7 cells, with rates of 
32% and 98%, respectively. Flow cytometry results confirmed efficient co-delivery, with 42.7% of cells showing 
the presence of both GFP-plasmid and DOX, while 52.2% exclusively contained DOX. Overall, our study explores 
the co-delivery potential of the MCM@CS@PEG-APT nanosystem in breast cancer therapy. This system’s ability 
to co-deliver multiple agents preciselyopens new avenues for targeted therapeutic strategies.   

1. Introduction 

Cancer, especially breast cancer, poses a significant challenge to 
modern medicine due to its complexity and varied nature. To address 
this, researchers have turned to innovative treatments, such as co- 
delivery systems [1,2]. These systems are designed to carry and 

release multiple therapeutic agents—like genes and drugs—directly to 
cancer cells, aiming to improve treatment outcomes while minimizing 
side effects [3]. 

Gene therapy is a critical component of these strategies. It targets 
cancer at a genetic level, offering the potential for highly precise treat
ments [4]. However, delivering therapeutic genes accurately to cancer 

* Corresponding author at: Applied Physiology Research Center, Cardiovascular Research Institute, Isfahan University of Medical Sciences, Hezarjerib Ave, Isfahan 
8174673461, Iran. 

E-mail address: shariati_l59@yahoo.com (L. Shariati).  

Contents lists available at ScienceDirect 

Biomedicine & Pharmacotherapy 

journal homepage: www.elsevier.com/locate/biopha 

https://doi.org/10.1016/j.biopha.2024.116465 
Received 24 December 2023; Received in revised form 11 March 2024; Accepted 15 March 2024   

mailto:shariati_l59@yahoo.com
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2024.116465
https://doi.org/10.1016/j.biopha.2024.116465
https://doi.org/10.1016/j.biopha.2024.116465
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biomedicine & Pharmacotherapy 173 (2024) 116465

2

cells without affecting healthy ones is a major hurdle [5,6]. This has led 
to the development of advanced delivery mechanisms, such as smart 
delivery systems that can intelligently release their therapeutic payload 
at the right place and time [7,8]. Chitosan, a naturally occurring 
biopolymer, stands out in this context for its ability to change behavior 
in different environments, making it particularly useful for targeting the 
acidic surroundings of tumor cells [9]. 

In a research study, nanoparticles made of poly-(lactic-co-glycolic 
acid) were coated with chitosan using its pristine structure [10]. Fluo
rescein isothiocyanate-labeled CRISPR/Cas9 complex was delivered via 
this method, and subsequent cellular uptake investigations suggested 
that the complex was inside the nucleus of cells. Furthermore, using the 
CRISPR/Cas9 plasmid delivery system to treat the human embryonic 
kidney cell line caused the expression of green fluorescence protein to be 
80% suppressed [10]. 

On the other hand, mesoporous silica nanoparticles, specifically 
MCM-41, have recently established as a promising platform for gene and 
drug delivery. MCM-41 possesses unique physicochemical attributes, 
high biocompatibility, and tunable pore sizes. These characteristics have 
made it a subject of increasing interest in both gene and drug delivery for 
its ability to protection nucleic acids and drug molecules [11,12]. In our 
more recent study, we developed a drug delivery system based on 
mesoporous silica@chitosan@gold nanosystem to enhance delivery of 
curcumin into breast and colon tumor cells. In this research, it was 
shown that the pores on the surface of MCM-41 enhance drug loading 
onto the nanosystem, and the presence of pH-sensitive chitosan nano
particles creates a smart nanosystem, eventually leading to the delivery 
of more curcumin into the desired cells [13]. 

Aptamers have also emerged as a promising targeted class of mo
lecular recognition agents for cancer cell targeting that can be used to 
selectively target cancer cells or tumor-associated biomarkers [14–16]. 
Mucin 1 (MUC-1) targeting aptamers can selectively bind to the MUC-1 
protein found on the surface of many cancer cells. By specifically tar
geting cancer cells, MUC-1 aptamers can be used as a powerful tool for 
cancer diagnosis and treatment while avoiding non-cancerous cells, 
reducing side effects and increasing the efficacy of treatment [17,18]. It 
is noteworthy to mention that in our recent studies we used molecular 
dynamics simulations to evaluate the interaction of payloads with the 
MUC-1 aptamer. It was indicated that when the aptamer specifically 
binds to the MUC-1 receptor, its double strands separate under the low 
pH condition, leading to the drug release [13,19,20]. Overall, the use of 
MUC-1 aptamers in cancer cell targeting holds great promise for 
improving cancer diagnostics and therapeutics. 

In the current project, we explore the potential of a co-delivery 
nanosystem based on MCM-41. We modified this system with a copol
ymer of chitosan-poly ethylene glycol (PEG) and then functionalized it 
with MUC-1 aptamer-targeting molecules, enhancing its specificity. 
Incorporating doxorubicin (DOX), a potent chemotherapy drug, into the 
proposed co-delivery system further boosts its therapeutic potential. The 
addition of DOX to our co-delivery nanosystem not only enhances gene 
therapy but also takes advantage of the drug’s proven success in treating 
breast cancer. 

Overall, this study aims to evaluate the effectiveness of this smart co- 
delivery nanosystem in the context of breast cancer therapy. By using 
the advantages of smart delivery systems, harnessing the potential of 
gene therapy, exploiting on DOX’s efficacy, and integrating chitosan- 
PEG copolymerization, holds promise for the future of next-generation 
pharmaceutics in breast cancer. 

2. Materials and methods 

2.1. Materials 

Cetrimonium bromide (CTAB), tetraethyl orthosilicate (TEOS), Poly
ethylene glycol- maleimide (PEG-Mal), and chitosan of low molecular 
weight were procured from Sigma in the United States. 1,4-Dithiothreitol 

(DTT) and Doxorubicin were obtained from Merck in Germany. The 
AddBio AddPrep Genomic DNA extraction kit was acquired from Sinaclon 
in Iran. Dulbecco’s modified Eagle medium (DMEM), penicillin/strepto
mycin (pen/strep), and trypsin-EDTA enzyme were supplied by Gibco in 
the USA. Additionally, 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenylte
trazolium bromide (MTT) and fetal bovine serum (FBS) were procured 
from Sigma, USA. The aptamer used (sequence: 5′- 
GCCCGCCGTGGCTGGGTCTTCCTTGGTCGGTCTACAAAAAAAAAA-SH- 
3′) was obtained from SBS Genetech Co. Ltd. The MCF-7 breast cancer cell 
line was acquired from the Pasteur Institute of Iran 

2.2. Characterization study 

The physicochemical attributes of the nanoconjugate produced at 
each stage were evaluated through several analytical techniques. 
Fourier-transform infrared spectroscopy (FTIR) was employed for 
spectral analysis, using a JASCO 6300 instrument from Japan. X-ray 
diffraction (XRD) patterns were acquired using an Asenware AW-DX300 
instrument from Germany to probe the crystalline structure. Surface 
morphology and structure were visualized using scanning electron mi
croscopy (SEM) performed on a TESCAN MIR3 instrument from the 
Czech Republic, as well as high-resolution transmission electron mi
croscopy (HRTEM) conducted with a JEOL JEM-ARM200CFEG UHR- 
TEM instrument from Japan. Furthermore, the Brunauer–Emmett–Teller 
(BET) analysis was utilized to study the specific surface area. The par
ticle size distribution and surface charge of the nanosystem were 
determined using a Zeta sizer (HORIBA, scientific SZ100) from Japan. 

2.3. Preparation of MCM@CS@PEG-APT nanosystem 

The MCM-41 nanoparticles were synthesized through sol-gel method 
in alkaline medium as previously reported in our study [13]. In the 
subsequent step, a chitosan and PEG polymer solution was meticulously 
prepared with a weight ratio of 1:1 (w/w). This prepared solution was 
then added drop by drop to the MCM-41 solution at a ratio of 1:2 (MCM: 
Co-polymer, w/w). Suspended MCM-41 was then exposed under soni
cation and stirrer for 12 h. The product, MCM@CS@PEG, was obtained 
by purifying the crude product using dialysis (MW cut off = 12,000 Da). 
To synthesize the final MCM@CS@PEG-APT nanoconjugate, Mucin-1 
(MUC-1) aptamer was added according to our previous study [19], in 
which the aptamer thiol (–SH) tail was first activated with DTT, while 
the activated aptamer was mixed with MCM@CS@PEG solution and 
linked to the maleimide groups on the PEG via covalent bond. Finally, 
the MCM@CS@PEG-APT was washed with buffer and was stored at 4 ◦C 
for future use. 

2.4. Loading Doxorubicin into the nanoconjugate 

Doxorubicin (DOX) was solubilized in a phosphate buffer solution 
with a pH of 7.4 and subsequently combined with the aqueous disper
sion of MCM@CS@PEG-APT at weight ratios of 1:1, 1:2, and 2:1 
(nanosystem to DOX). This mixture was vigorously agitated for a period 
of 24 hours. The concentration of pure DOX was determined by gener
ating a standard curve, which involved measuring the UV absorbance at 
488 nm for a series of DOX solutions with known concentrations in a 
phosphate buffer. The DOX-loading capacity and entrapment efficiency 
were then calculated using the following equations: 

%Loading capacity(LC)=
Total DOX added(wt)− DOX unentrapped(Wt)

Total nanocarrier(wt)
x100

(1)   
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2.5. Loading GFP plasmid into the nanoconjugate 

In order to conduct an investigation of the GFP (green fluorescent 
protein) plasmid binding affinity, 2 µg of plasmid was combined with 
varying concentrations of the nanoconjugates MCM@CS, MCM@PEG, 
and MCM@CS@PEG in deionized (DI) water at various weight/weight 
(w/w) ratios of plasmid DNA to NPs (1:10–1:640). The complexes were 
examined by electrophoretic mobility in 1% agarose gel at a voltage of 
110 V for 30 min after 30 min of incubation. A UV transilluminator was 
used to capture the images. 

2.6. Stability assay of the nanoconjugate 

The DNase I assay was employed as a model to assess the protective 
capabilities of MCM@CS@PEG (GFP) polyplexes against in vivo nucle
ases. Polyplexes, prepared with a Plasmid: NPs ratio of 100, along with a 
naked GFP plasmid solution were subjected to a series of treatments. 
Each sample was combined with 0.45 μl of DNase I and 1 μl of a 10X 
reaction buffer containing MgCl2. The resulting mixtures were then 
incubated for durations of 10, 30, and 60 minutes at 37◦C. After each 
respective incubation period, samples were incubated to 75◦C for an 
additional 10 minutes for inactivating DNase. Subsequently, agarose gel 
electrophoresis (1%) was conducted following standard procedures. The 
gel results obtained from the DNase I assay were analyzed using the UV 
transilluminator (National Institute of Health, Bethesda, Maryland, 
USA). This experimental setup allowed for the evaluation of the pro
tective effect of MCM@CS@PEG polyplexes against nucleases in a 
controlled environment. 

Furthermore, the integrity of the polyplexes was assessed in the 
presence of a competing polyanion, specifically heparin. To conduct this 
evaluation, MCM@CS@PEG (GFP) polyplexes containing 2 μg of GFP 
plasmid at a Plasmid: NPs ratio of 1:100 were subjected to incubation 
with heparin solutions of varying concentrations, ranging from 50 to 
5000 heparin IU/ml. This incubation process occurred at 37◦C for a 
duration of 30 minutes. Following incubation, the samples were 
analyzed using agarose gel electrophoresis, which was carried out at 
100 V for 35 minutes. The outcomes of the heparin competition assay 
were subsequently analyzed using a UV transilluminator. This assay 
allowed for the examination of polyplex stability under conditions of 
competition with heparin, providing insights into their behavior in the 
presence of polyanions. 

2.7. Cell compatibility assay 

Cell viability was assessed using the MTT colorimetric assay. In this 
study, MCF-7 cells, which overexpressd the MUC-1 receptor, were used 
as the positive control. Different plasmid-to-nanoparticle (NPs) ratios 
(1:25, 1:50, 1:100, 1:150, 1:200, 1:250, 1:300) were applied to treat the 
cell lines with MCM@CS@PEG-APT and MCM@CS@PEG-APT (DOX- 
GFP) for durations of 24 and 48 hours. As a reference, pure Doxorubicin 
(50 μg/ml) and untreated cells were used as the positive and negative 
controls, respectively. The absorbance was measured at 490 nm using an 
ELISA reader from Biorad, USA. 

2.8. Drug release and kinetic assay 

To assess the in vitro drug release profile, MCM@CS@PEG-Apt (DOX) 
nanoparticles (1% wt.) were dispersed in phosphate-buffered saline 
(PBS) at two different pH values, 5.5 and 7.4, and agitated at 37◦C. At 

predetermined intervals, the buffer solution in the vials was collected for 
UV-Vis analysis at 488 nm, and fresh buffer solution was added in place 
of the collected sample. The drug release percentage was calculated 
using the following formula: 

%Drug release =
The amount of drug release(wt)

Total amont of curcumin in the nanoconjugate(wt)
× 100

(3) 

Next, we systematically investigated the kinetics of DOX release 
using various models, including Zero-order, First-order, Korsmeyer- 
Peppas, and Higuchi models. To identify the most appropriate kinetic 
model for DOX release, data fitting was performed using Grafpad Prism 
software. Subsequently, the regression coefficient (R2) was utilized to 
determine the model that best describes the release of DOX over time. In 
all the equations that follow, "Mt" represents the quantity of DOX 
released at a specific time point: 

Zero order model : Mt = Kt (4)  

Where K is the zero-order kinetic constant. 

First order model : Mt = − Kt (5)  

Where K is the first order kinetic constant. 

Korsmeyer − Peppas : Mt = Ktn (6)  

Where K is the Korsmeyer-Peppas constant, and n is the release exponent 
that shows the drug release mechanism. 

Higuchi : Mt = Kt0/5 (7)  

Where K is the Higuchi constant. 

2.9. Cellular uptake assay 

MCF-7 cells were seeded in 6-well plates at a density of 4 × 105 cells 
per well. After 24 hours, the cells were transfected with various conju
gates, including MCM@CS@PEG-APT, MCM@CS@PEG-APT (GFP), 
MCM@CS@PEG-APT (DOX), and MCM@CS@PEG-APT (GFP-DOX), 
using a plasmid-to-NPs ratio of 100. To enhance transfection efficiency, 
the culture medium was replaced with 250 μl of serum-free RPMI 1640. 
Subsequently, polyplexes were added to the wells and incubated for 
5 hours. Finally, the cell culture medium was replaced with fresh com
plete medium. Additionally, the transfection efficiency of lipofectamine 
3000 combined with GFP plasmid and pure DOX was evaluated as 
positive controls following the manufacturer’s instructions. After 
24 hours, the transfected cells were observed using fluorescence mi
croscopy (Nikon-TE2000-U, Japan). And, for flow cytometry analysis, 
cells were washed with PBS and detached using trypsin-EDTA for 
5 minutes in an incubator. Once trypsin-EDTA action was neutralized, 
cells were centrifuged at 1500 rpm for 5 minutes and resuspended in 
PBS (pH 7.4). Flow cytometry analysis (Calibur, BD, USA) was employed 
to assess transfection results, utilizing fluorescence channel 1 (FL-1) to 
detect GFP plasmid and fluorescence channel 2 (FL-2) to detect DOX. 

2.10. Statistical study 

GraphPad Prism software version 9 and SPSS software (version 21) 
were employed for quantitative data analysis. Non Parametric analysis 

%Entrapment efficiency(EE) =
Total DOX added(wt) − DOX unentrapped(Wt)

Total DOX added(wt)
x100 (2)   
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of variance (Mann–Whitney U test) was performed for statistical com
parisons. The results are presented as mean values with accompanying 
standard deviations (SD), and statistical significance was determined at 
a threshold of Pvalue≤0.05 

3. Results and discussion 

In this investigation, an innovative codelivery nanosystem was 
designed and fabricated that demonstrates the ability to efficiently 
transport two distinct therapeutic payloads: a plasmid containing the 
GFP gene and the potent anticancer agent Doxorubicin. The main 
foundation of this nanosystem is composed of MCM-41 that have been 
coated with a co-polymer including chitosan and polyethylene glycol 
(PEG). This precise material integration offers a multifaceted platform 
that could improve the delivery of targeted genes and drugs for the 
treatment of cancer. 

Mesoporous silica nanoparticles (MCM-41) were chosen as the pri
mary component of this nanosystem due to a number of benefits they 
provide. Their inherent high drug loading capacity allows the efficient 
encapsulation of both the GFP gene plasmid and Doxorubicin, enabling a 
multifaceted therapeutic approach [21]. Additionally, MCM-41’s high 
surface area provides sufficient surface for loading substantial drug 
payloads, while the customizable pore size offers control over drug 
release kinetics, a crucial factor in optimal therapeutic effects. However, 
the interaction between MCM-41’s silanol groups (Si-OH) and cellular 
membranes poses potential toxicity concerns, demanding the necessity 
for modifications to enhance biocompatibility within biological systems 
[22]. This challenge is addressed, in this project, through the incorpo
ration of a chitosan-PEG coating. This combination not only reduces 
potential systemic toxicity associated with MCM-41 but also causes 
controlled and sustained release of drug molecules, thereby enhancing 

treatment efficacy. Furthermore, the chitosan-PEG coating facilitates 
precise targeting by minimizing steric hindrance between targeting li
gands and biomarkers, thus enhancing the accuracy of therapeutic de
livery [23]. 

The integration of targeted MUC-1 aptamers into the nanosystem 
could specifically recognise and bind to the MUC-1 antigen, which is 
overexpressed on breast tumor cells. This targeted approach enables not 
only high specificity in detecting cancer biomarkers but also ensures the 
precise delivery of therapeutic agents to the tumor site [24,25]. The 
synergistic integration of the designed nanosystem’s components, 
including MCM-41’s capabilities, chitosan-PEG’s biocompatibility 
enhancement, and the precise targeting potential of the MUC-1 aptamer, 
yields a multifunctional platform with notable benefits. Scheme 1 il
lustrates the step-by-step fabrication of the nanosystem. 

3.1. Characterization study 

The comprehensive analysis of chemical composition and interfacial 
interactions throughout each stage of nanosystem synthesis was con
ducted via FTIR spectroscopy. In Fig. 1A, the FTIR spectra of four pivotal 
phases in the nanosystem’s progression are presented: MCM-41, 
MCM@CS, MCM@CS@PEG, and MCM@CS@PEG-APT (DOX). The 
FTIR spectrum of MCM-41 reveals distinct characteristics, including a 
broad band at 3440 cm− 1 corresponds to O–H group stretching vibra
tions. Additionally, peaks at 1090 cm− 1, 972 cm− 1, and 468 cm− 1 align 
with Si-O-Si, Si-OH, and Si-O groups respectively, revealing the MCM- 
41’s silica framework and surface functionality [26]. The FTIR spectrum 
of MCM@CS demonstrates new bands at around ~3620 cm− 1 and 
~3200 cm− 1, attributed to –OH and –NH stretching vibrations [27]. 
Further, the peak at 1648 cm− 1 can be attributed to –CH2 deformation 
vibrations of the quaternary ammonium group. These shifts validate the 

Scheme 1. Stepwise schematic of the nanosystem synthesis: First, MCM-41 was synthesized using a surfactant-assisted sol-gel method. Subsequently, the surface 
of MCM-41 was modified with a copolymer of chitosan and polyethylene glycol-maleimide (PEG-Mal). In the next stage, the MUC-1 aptamer, serving as a targeted 
agent, was attached to PEG-Mal through ester bonds, resulting in the formation of MCM@CS@PEG-APT. Following aptamer attachment, the anticancer drug DOX 
was loaded into the nanosystem, yielding the final nanosystem denoted as MCM@CS@PEG-APT (DOX). Finally, the GFP plasmid was introduced into the nano
conjugate, creating a co-delivery platform termed MCM@CS@PEG-APT (DOX-GFP) for combined therapeutic and genetic payload delivery. 
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successful chitosan modification of MCM-41 and the presence of corre
sponding functional groups. The FTIR analysis confirmed the physical 
interactions between MCM and PEG, particularly through the identifi
cation of a distinct absorption band for PEG’s aliphatic CH groups within 

the 2800–3000 cm− 1 range [28]. This band indicates the presence of 
methylene (CH2) groups in the PEG chain and suggests that the 
MCM-41’s major pore structure is maintained in the MCM@CS@PEG 
formulation [29]. Regarding the presence of DOX into the nanosystem, 

Fig. 1. (A) The FTIR spectra of nanoconjugates: (i) MCM-41, MCM@CS, MCM@CS@PEG, MCM@CS@PEG-APT(DOX), (B) The XRD patterns of MCM-41, MCM@CS, 
MCM@CS@PEG, (C) the N2 adsorption/desorption isotherms and the pore size distributions of MCM-41 and MCM@CS, and MCM@CS@PEG conjugates. 
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the FTIR spectrum of MCM@CS@PEG-Apt (DOX) confirms DOX pres
ence through distinct absorption bands at around 1650 cm− 1, indicative 
of significant C––O stretching vibrations inherent to amide groups [30]. 
Characteristic absorption bands within the 1500–1600 cm− 1 range 
correspond to C––C stretching vibrations, obviously confirming the 
presence of the aromatic ring structure. Detection of these absorption 
bands in the FTIR spectrum of the loaded nanosystem firmly affirms the 
successful encapsulation of DOX within the nanosystem. 

The crystal structures of MCM-41, MCM@CS, and MCM@CS@PEG 
were precisely examined using X-ray diffraction (XRD), and the results 
are depicted in Fig. 1B. In the low-angle XRD pattern of MCM-41, 
distinct peaks were observed, including a prominent reflection peak at 
2θ = 2.6◦, associated with the (100) plane, along with two relatively 
weaker reflection peaks at 2θ = 4.4◦ and 5.1◦, corresponding to the 
(110) and (200) planes, respectively. These peaks serve as characteristic 
indicators of the 2D mesoporous silica structure [31]. The interaction of 
chitosan with MCM-41 (MCM-41@CS) led to emerge new peaks at 2θ =
14.55◦, 30.85◦, and 43.55◦, confirming the presence of chitosan in the 
nanostructure [32]. On the other hand, the XRD pattern of 
MCM@CS@PEG demonstrated broader diffraction bands at 2θ = 22.5◦, 
indicating an increased level of amorphous character [33]. Remarkably, 
the influence of MCM-41 on the arrangement of the PEG molecular chain 
within the polymer’s crystal lattice was evident. This effect disrupted the 
crystalline order of PEG, thereby validating the effective conjugation of 
PEG to MCM-41 through physical interactions. 

Fig. 1C illustrates the N2 adsorption/desorption isotherms for MCM- 
41, MCM-41 functionalized with chitosan (MCM@CS), and MCM@CS 
functionalized with PEG (MCM@CS@PEG). The isotherms exhibited a 
type-IV pattern based on the IUPAC classification, confirming the pres
ence of a characteristic mesoporous structure in the synthesized mate
rials [34]. Additionally, the Barrett-Joyner-Halenda model (BJH) 
analysis revealed a narrow pore size distribution, as depicted in Fig. 1C. 
The pore diameters (DBJH), BET surface area (BET), and total pore 
volumes (Vtotal) properties of MCM-41, MCM@CS, and MCM@CS@PEG 
conjugates are summarized in Table 1. Notably, the functionalization of 
the MCM-41 surface with chitosan and PEG resulted in reduced pore 
volume, surface area, and pore size values, suggesting that these poly
mers modified the surface characteristics of MCM-41 

The loading of doxorubicin into the nanosystem followed incorpo
rated into the final nanoconjugate known as MCM@CS@PEG-APT. 
Computational modeling in our previous work study demonstrated 
that DOX intercalates into the double-stranded regions of the aptamers 
through non-covalent interactions, in addition to being adsorbed into 
the mesoporous pores of the nanosystem [19]. The loading capacity of 
DOX and its entrapment efficiency were determined by quantifying the 
adsorbed pure DOX post-loading, with measurements carried out using a 
standard curve relationship with DOX in PBS [19]. Consequently, a 1:1 
ratio between the nanosystem and DOX with 99.42% loading capacity 
and entrapment efficiency was selected as the optimal ratio for further 
investigations (Table 2). 

Table 3 presents the surface charge and the average hydrodynamic 
radius of the nanosystem at different stages of synthesis. Initially, MCM- 
41 exhibited a negative charge of approximately − 60 mV, owing to the 
presence of sulfide groups on its surface. Following the surface modifi
cation with chitosan, the negative charge was reduced to around 

− 12 mV. The introduction of PEG in the synthesis of MCM@CS@PEG 
further shifted the ζ-potential to approximately − 1.5 mV due to the NH 
groups of the maleimide in the end of PEG. Subsequently, the attach
ment of aptamers to the nanoconjugate increased the ζ-potential to 
− 12.3 mV, primarily due to the negative charge of DNA. However, the 
loading of DOX into the final nanoconjugate altered the ζ-potential to 
− 4.1 mV (with a PDI of 0.25), primarily due to its positive charge. In 
summary, these results indicate the formation of a moderately stable 
final suspension, characterized by proper dispersibility. This is advan
tageous for stability, as uniform particle sizes tend to exhibit more 
predictable interactions and have a reduced tendency to aggregate or 
settle. The hydrodynamic size of MCM-41 and MCM@CS falls within the 
range of 200–300 nm. In contrast, the average hydrodynamic size of 
MCM@CS@PEG, MCM@CS@PEG-APT, and MCM@CS@PEG-APT 
(DOX) is less than 1 µm. 

Further analysis encompassed the utilization of HRTEM and FE-SEM 
techniques to demonstrate the morphology, textural attributes, and 
distribution of elements within the nanoconjugates. HRTEM images of 
MCM-41 indicated homogenous nanospheres arranged in a hexagonal 
pattern, complete with channel structures (Fig. 2A). The 
MCM@CS@PEG nanoconjugate similarly presented spherical nano
particles of distinct form, highlighting the successful grafting of 
CS@PEG onto the MCM-41 framework, thereby preserving its internal 
porous configuration (Fig. 2B). 

Furthermore, examination of the final nanoconjugates through FE- 
SEM, as presented in Fig. 3A, revealed consistently dispersed and uni
form nanospheres, with an average diameter ranging from 10 to 13 nm. 
The conclusive chemical composition analysis of the ultimate nano
system (MCM@CS@PEG-APT (DOX)) was accomplished through EDAX 
point analysis. This study provided a comprehensive conception of the 
element distribution on the surface, confirming the presence of carbon 
(C), oxygen (O), nitrogen (N), and sulfur (S) (Fig. 3B). Accordingly, C 
and O were in accord with the MCM-41 matrix; N was attributed to the 
chitosan, PEG, and DOX; and the presence of S aligned with the aptamer- 
confirming the forming a linkage at the aptamer terminus (Fig. 3C). 

3.2. Retardation and Stability Study 

The nanoconjugate was used as a carrier to adsorb plasmid via 
electrostatic adsorption to perform plasmid delivery. The interactions 
between the nanoconjugate and GFP-plasmid were analyzed by elec
trophoretic mobility in 1% agarose gel with various weight/weight (w/ 
w) ratios of GFP-plasmid DNA to NPs (Fig. 4A). Here, the comparative 
analysis of MCM-41 functionalized with individual polymers—chitosan 

Table 1 
Total pore volumes (Vtotal), BET surface area (SBET), and Pore diameters (DBJH) 
from N2 adsorption–desorption isotherms for MCM-41, and MCM@CS, and 
MCM@CS@PEG.  

Nano- 
conjugate 

BET pore volume 
(cm3/g) 

BET surface area 
(m2/g) 

BJH pore 
diameter (nm) 

MCM-41  1.1571  705  1.9 
MCM@CS  1.04  678  1.64 
MCM@CS@PEG  0.1088  32.86  1.2  

Table 2 
Comparison of the loading capacity and the entrapment efficiency of different 
ratio of nanosystem and drug.  

Nanoconjugate Ratio 
(Nanosystem: 
Drug) 

Loading 
capacity (%) 

Entrapment 
efficiency (%) 

MCM@CS@PEG- 
APT(DOX) 

1:1  99.42  99.42 
1:2  48.7  97 
2:1  190  99.3  

Table 3 
The zeta potential and the hydrodynamic radius size of nanoconjugates.  

Nanoconjugate Zeta (ζ) potential 
(mV) 

Hydrodynamic radius size 
(nm) 

MCM-41  -60 345 
MCM@CS  -12 360 
MCM@CS@PEG  -1.5 <1 µm 
MCM@CS@PEG-APT  -12.3 <1 µm 
MCM@CS@PEG-APT 

(DOX)  
-4.1 <1 µm  
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and PEG—versus the co-polymerized MCM@CS@PEG was evaluated. 
The results of investigation revealed that both chitosan-functionalized 
MCM-41 and PEG-functionalized MCM-41 significantly enhanced 
payload retention compared to bare MCM-41. As demonstrated in 
Fig. 4A, naked plasmid as a negative control showed a sharp band 
compared to the other bands that their intensity was reduced with 
increasing weight ratios (GFP-plasmid/NPs). Besides, it was revealed 
that plasmid could bind with MCM@CS and MCM@PEG to form stable 
DNA-nanoconjugate complexes (polyplexes) at weight ratios larger than 
1:640 because no free plasmid was detected. However, the co- 
polymerized MCM-41, MCM@CS@PEG, absorb plasmid at the ratio 
(1:100), confirming that the plasmid was entrapped in the well con
taining MCM@CS@PEG and completely disappeared in the supernatant. 
Hence, the MCM@CS@PEG configuration exhibited a remarkable 
reduction in payload retardation compared to the individual polymer- 
coated complements. This was attributed to the balanced interplay be
tween chitosan and PEG, which collectively optimized the release ki
netics of the payloads [35]. Notably, the retarded movement of plasmid 
entrapped in the nanoconjugate on agarose gel showed that 
MCM@CS@PEG, as delivery carrier, can condense plasmid efficiently. 

Gene delivery carriers play a pivotal role in protecting DNA payloads 
against degradation, a fundamental factor for their efficacy in thera
peutic applications. In this study, the ability of the designed nanocarrier, 
MCM@CS@PEG polyplexes, to shield GFP-plasmid DNA from degra
dation by employing DNase I as a model enzyme was assessed. In 
Fig. 4B, Lane 1 serves as a DNA marker, offering a reference point for the 
molecular weight of the GFP-plasmid, and lane 2 is the naked GFP- 
plasmid. Lanes 3, 4, and 5 show the naked GFP-plasmid exposed to 
DNase I for 10, 30, and 60 minutes, respectively. Conversely, lanes 7, 8, 
and 9 display the MCM@CS@PEG polyplexes loaded with GFP-plasmid 

(GFP-plasmid/NP ratio: 100) subjected to the same DNase I treatment 
over the same time intervals. 

The bands corresponding to the naked GFP-plasmid, seen in lanes 3, 
4, and 5, are progressively demolished with increasing exposure time to 
DNase I. In contrast, the bands representing the MCM@CS@PEG poly
plexes in lanes 7, 8, and 9 exhibit not reduction in intensity. This stark 
contrast in the susceptibility to DNase I degradation between naked 
GFP-plasmid and the polyplex-encapsulated GFP-plasmid highlights the 
effectiveness of the designed nanocarrier system. Notably, the 
MCM@CS@PEG polyplexes successfully preserved the integrity of the 
GFP-plasmid for a duration of up to 60 minutes. The remarkable sta
bility observed in the polyplex-encapsulated GFP-plasmid can be 
attributed to the robust ionic bonding interactions that occur within the 
nanocarrier system [36]. Specifically, the amino groups present in chi
tosan PEG interact strongly with the phosphate groups of the DNA 
plasmid. This interaction forms a protective shield around the genetic 
material, preventing its degradation by nucleases [37]. 

In another crucial stability assessment, MCM@CS@PEG polyplexes 
were created at a plasmid/NPs ratio of 100 and exposed to varying 
concentrations (5–5000 IU/ml) of heparin, a highly charged polyanion 
known for its interaction with nucleic acids and various nanoparticles. 
In the gel electrophoresis results, Lane 1 represents the DNA marker, 
Lane 2 corresponds to the naked GFP-plasmid, while Lanes 3–7 display 
polyplexes with a plasmid/NPs ratio of 100, subjected to different 
concentrations of heparin ranging from 50, 500, 1000, 2500, to 5000 
IU/ml, respectively. As shown in Fig. 4C, the absence of detectable 
plasmid bands in the gel lanes where the GFP-plasmid was preserved 
within the nanosystem is a significant finding. This outcome suggests 
that the nanosystem exhibits a remarkable capacity to bind and protect 
the loaded plasmid DNA. This is a critical attribute for any gene delivery 

Fig. 2. (A) HRTEM images of MCM-41 with (i) 50 nm and (ii) 20 nm magnification, (B) The FE-SEM micrographs of MCM@CS@PEG nanoconjugates with two 
different magnifications. Scale bar, 100 μm. 
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system intended for biomedical applications, as it underlines the nano
system’s ability to protection the genetic material from potential 
degradation. In fact, the competition between heparin and the nano
system for binding sites on the plasmid DNA is a central aspect of this 
experiment. Heparin, due to its negatively charged nature, competes for 
binding with positively charged components within the nanosystem, 
such as cationic polymers or other DNA-binding moieties. The fact that 
the plasmid DNA remained securely encapsulated within the nano
system, even when exposed to varying concentrations of heparin, im
plies the robustness of the nanosystem’s plasmid-binding properties. 
This robust binding capability is indicative of the nanosystem’s stability 
and its potential to navigate the challenges posed by the complex bio
logical environment of the human body [38]. 

Overall, these results signify that the designed polyplexes hold great 
promise for effective gene delivery applications within the human body. 
Their ability to withstand the degradative effects of various nucleases, 
such as DNase I, as well as heparin suggests that they can protect DNA 
payloads during transit through bodily fluids and tissues, ultimately 
enhancing the success of gene therapy. 

3.3. Cell compatibility study 

The assessment of biocompatibility is a pivotal aspect in the devel
opment of nanosystems for targeted drug delivery and gene therapy 
applications. In this study, an MTT assay was conducted to evaluate the 
specific cell toxicity and targeted drug delivery capabilities of the 
nanosystem, providing valuable insights into its potential for biomedical 
application. 

In this investigation, MCM@CS@PEG-APT, MCM@CS@PEG-APT 
(DOX-GFP), and pure DOX were exposed to MCF-7 cell line, as positive 

overexpressing MUC-1, for 24 and 48 h. As depicted in Fig. 5A, treated 
cell line displayed no significant signs of toxicity when exposed to 
varying concentrations of MCM@CS@PEG-APT at both 24 and 48-hour 
intervals. These findings highlight the remarkable biocompatibility of 
the synthesized nanoconjugate. This biocompatibility is of paramount 
importance as it underscores the nanosystem’s compatibility with living 
cells, a prerequisite for any viable drug delivery carrier. 

Besides, the assessment of cytotoxicity for pure DOX and 
MCM@CS@PEG-APT (DOX-GFP), as illustrated in Fig. 5B, further em
phasizes the nanosystem’s potential as an effective cancer nanocarrier. 
Notably, parent DOX, as the positive control, exhibited cytotoxicity on 
the MCF-7 cell line, consistent with its well-known chemotherapeutic 
effects. However, the cytotoxicity of MCM@CS@PEG-APT (DOX-GFP) 
was notably lower, measuring approximately 28.51% and 39.29% at 24 
and 48 hours, respectively. These results indicate that the nanosystem 
efficiently delivers chemotherapeutic drugs to the intended tumor cells 
while mitigating potential adverse effects. This is a critical advantage, as 
it suggests that the nanosystem can enhance the therapeutic index of 
chemotherapeutic agents, reducing off-target toxicity to healthy tissues. 

Furthermore, the observed differences in toxicity at two-time in
tervals when using a Plasmid:NPs ratio of 1:100 are intriguing. This 
concentration of the nanoconjugate was identified as the optimal con
centration for further investigations, signifying its potential for 
controlled and targeted drug delivery. 

3.4. pH-dependent DOX release and kinetics study 

The pH-responsive release of DOX was investigated under two 
distinct pH conditions, namely pH 7.4, representative of physiological 
conditions, and pH 5.5, mimicking the acidic environment typically 

Fig. 3. Characterization of the final nanoconjugate (MCM@CS@PEG-APT(DOX)) through FE-SEM imaging and elemental analysis: (A) FE-SEM image displaying the 
final nanosystem with an average size of 34 nm, (B) Elemental composition percentage within the nanosystem, and (C) Surface element distribution, including 
Carbon (C), Oxygen (O), Nitrogen (N), Sulfur (S), and combined elements. 
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Fig. 4. (A) Gel Electrophoresis Examination of Plasmid Binding with Nanoparticles: (i) MCM@CS, (ii) MCM@PEG, and (iii) MCM@CS@PEG in a 1% agarose gel. A 
GFP-plasmid, and NPs (MCM@CS@PEG) were used as references. (B) DNase I Protection Assay: Gel Line 1: DNA marker; Line 2: Naked GFP-plasmid; Line 3, 4, and 5: 
Naked GFP-plasmid treated with DNase I for 10, 30, and 60 minutes, respectively; Line 7, 8, and 9: Polyplex with GFP plasmid/NPs ratio of 100 treated with DNase I 
for 10, 30, and 60 minutes, respectively. (C) Heparin Competition Assay of MCM@CS@PEG (GFP) Polyplexes: Gel Line 1: DNA marker; Line 2: Naked GFP-plasmid; 
Line 3–7: Polyplex with plasmid/NPs ratio of 100 subjected to different concentrations of heparin (50, 500, 1000, 2500, 5000 IU/ml). 

Fig. 5. Cell Viability Assay of MCF-7 (MUC-1 Positive Cells): (A) Treatment with different plasmid DNA/NPs ratios using MCM@CS@PEG-APT, and (B) Treatment 
with MCM@CS@PEG-APT (DOX-GFP) and pure DOX, all at a concentration of 50 µg/ml, assessed at two intervals of 24 and 48 hours. Each experiment was con
ducted three times, and the results are presented as means ± SD. Significant differences are indicated by "****P value < 0.0001" and "***P value < 0.0007". 
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Fig. 6. . (A) Drug release profiles of the nanosystem at two distinct pH values: 5.5 and 7.4. (B) Utilization of various kinetic models (Zero Order, First Order, 
Korsmeyer-Peppas, and Higuchi) to investigate the mechanism of DOX release. 
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found in malignant tumor tissues (Fig. 6A). The release pattern can be 
described into two phases: (i) Burst Release: Occurring within the initial 
twelve hours, this phase involves the release of physically associated 
DOX located on the surface of the nanoconjugate. (ii) Sustained Release: 
This phase is associated with the gradual release of DOX molecules 
encapsulated within the pores of MCM-41 and those situated between 
the two strands of the aptamer. 

A total drug release of 46% and 73% was achieved over 10 days at pH 
values of 7.4 and 5.5, respectively. The release mechanism of DOX from 
MCM@CS@PEG-APT can be explained based on the structural response 
of chitosan and the double strands of DNA aptamer within the nano
system in response to changes in pH. Specifically, the amino groups 
(–NH2) present on chitosan molecules and DOX undergo protonation at 
acidic pH levels, resulting in the formation of a cationic polyelectrolyte 
nature for chitosan [39]. Therefore, the hydrophobicity and solubility of 
DOX increase, while the hydrophobic interaction between DOX and 
nano-conjugate reduces. 

The study of kinetic drug release holds paramount importance in the 
development of drug delivery systems, as it provides valuable insights 
into the controlled release of therapeutic agents. In this study, a 
comprehensive analysis of various kinetic models was employed to 
investigate the release behavior of DOX from the nanoconjugate. The 
selected models included the Zero order, First order, Korsmeyer-Peppas, 
and Higuchi models, each offering distinct insights into the underlying 
release mechanisms. The modeling parameters and their corresponding 
values are summarized in Table 4. 

Notably, choosing the most suitable mathematical model contributes 
to achieving the highest degree of correlation coefficient, which accu
rately reflects the drug release kinetics. In our investigation, it was 
evident that the Higuchi square root model [pH 7.4 (R2 = 0.92) and pH 
5.5 (R2 = 0.91)] exhibited the best fit when compared to other kinetic 
models. Consequently, it can be concluded that the release profile of the 
nanosystem predominantly follows a diffusion mechanism. This implies 
that the release kinetics of MCM@CS@PEG-APT (DOX) are rely on both 
the diffusion rate and the gradual degradation of the nanosystem com
ponents [40]. Notably, previous research has also reported the appli
cability of this model to spherical systems, highlighting its relevance in 
characterizing the slow-release kinetics of DOX [41–43]. 

On the other hand, it is crucial to note that the mechanism of drug 
release is influenced by several factors, such as the type of modification 
(e.g. polymer composition), the drug’s own characteristics, and the 
properties of the materials used in the nanosystem [44]. In our study, the 
release rate of DOX from MCM@CS@PEG-APT nanoparticles is moder
ated owing to the presence of copolymerization on the nanoparticle 
surface. This copolymerization leads to an extended diffusion rate of 
DOX, allowing it to migrate from one site to another, thereby contrib
uting to the observed gradual and sustained release behavior. 

Additionally, the structural behavior of the double-stranded DNA 
(dsDNA) aptamer at different pH values influences the release mecha
nism of DOX from the MCM@CS@PEG-APT nanosystem in addition to 
the pH environment [45]. This process involves the penetration of the 
pH medium, dissolution of DOX, and gradual leaching of DOX through 
the interstitial pores of MCM-41, as well as between the two strands of 
the aptamers. The release rate follows a proportionality to the square 
root of time, highlighting the complex interplay of multiple factors 

within the drug release mechanism. 
Overall, these findings indicate the slow-release pattern of the 

nanoconjugate, with its tumor-targeting capabilities and controlled drug 
release, has the potential to reduce the side effects associated with 
conventional chemotherapy. 

3.5. Cellular uptake of GFP-plasmid and DOX 

To investigate the targeted GFP-plasmid transfection and targeted 
drug delivery, fluorescent microscopy and flow cytometry were used.  
Fig. 7 presents both fluorescent and visible light microscopy images, 
showing GFP expression in plasmids following the uptake of polyplexes 
and lipofectamine reagent by MCF-7 cells after 24 hours. As illustrated 
in Fig. 7A, the nanosystem MCM@CS@PEG-APT as a negative control, 
did not exhibit any detectable fluorescent intensity after incubation. 
This observation is significant and aligns with the results obtained from 
flowcytometry. In contrast, the fluorescent intensity observed in MCF-7 
cells transfected with lipofectamine, the positive control, clearly dem
onstrates successful GFP expression in the cells. It is noteworthy that the 
transfection efficiency of the synthesized polyplex was observed to be 
lower than that achieved with Lipofectamine, but this reduction was not 
significant (p value>0/05). This finding highlights the potential for 
achieving better transfection outcomes and suggests that further 
refinement of the MCM@CS@PEG-APT polyplex system may be neces
sary to match or exceed the efficiency of lipofectamine as a well-known 
reference. 

Furthermore, to assess the targeted drug delivery capabilities of the 
synthesized nanosystem, a cellular uptake study was conducted to 
elucidate the internalization of DOX within the loaded nanosystem. The 
aptamer exhibits a strong affinity for the MUC-1 receptor, enabling 
specific binding to the target. In the context of the slightly acidic pH 
environment surrounding tumor cells, this high-affinity interaction 
prompts the separation of the double strands of the aptamer, ultimately 
facilitating drug release. As depicted in Fig. 7B, the nanosystem did not 
exhibit any discernible fluorescence signal. This observation holds 
profound significance, confirming the validity of the nanosystem as a 
negative control. In contrast, the internalization of pure DOX, a well- 
established chemotherapeutic agent, served as the positive control in 
our study. The resulting images displayed a robust and high-intensity 
red fluorescence, confirming the successful internalization of DOX. In 
the following, DOX loaded into the nanosystem exhibited a comparably 
high red fluorescence intensity. This result is of great significance, as it 
highlights the capability of the nanosystem to efficiently encapsulate 
and deliver the therapeutic payload, DOX, to the target cells. 

Furthermore, for a quantitative assessment of cellular uptake, the 
measurements of fluorescence intensity was performed, evaluating both 
the GFP-expressing plasmid and DOX. This analysis was performed using 
flow cytometry after a 24-hour incubation period with MCF-7 cells. Flow 
cytometric analysis revealed that Lipofectamine achieved a transfection 
rate of approximately 38%, while the polyplexes carrying GFP achieved 
a transfection efficiency of approximately 31% (Fig. 8). Although lip
ofectamine is a popular and effective transfection reagent, its draw
backs, including cytotoxicity, short-term transgene expression, and the 
risk of immune reactions, underscore the necessity for developing 
alternative delivery methods [46,47]. The nanosystem 
MCM@CS@PEG-APT presents several advantages, including reduced 
cytotoxicity, the potential for long-term gene expression, and custom
ization for specific applications. Although, there was no significant 
difference in transfection efficiency between two groups, ongoing 
refinement and optimization efforts will be the priority of the next 
research. By addressing these challenges, the nanosystem can poten
tially become a superior choice for gene delivery and targeted therapy in 
breast cancer and beyond. 

According to literatures, it is demonstrated that chitosan-based pol
yplexes with a molecular weight (Mw) of 50 kDa or less exhibit notably 
high transfection efficiency. This phenomenon can be attributed to the 

Table 4 
Results of different kinetics models in terms of K, slope, and R2.  

Kinetics 
Model 

pH: 7.4 pH: 5.5 

K Slope R2 K Slope R2 

Zero order  0.1698  17.531  0.7475  0.2382  25.994  0.7679 
First order  -0.0009  1.9099  0.8266  -0.0019  1.8682  0.8802 
Korsmeyer- 

Peppas  
0.3575  0.9017  0.5816  0.3753  1.0502  0.5076 

Higuchi  0.3709  -3.8586  0.9266  0.2488  -3.8639  0.901  
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inverse relationship between the molecular weight of chitosan and the 
polyplex’s ability to release plasmids [48]. As the molecular weight of 
chitosan increases, the capacity of the polyplex to effectively release 
plasmids decreases. Conversely, polyplexes with a molecular weight as 
low as 5 kDa demonstrate significantly reduced transfection efficiency, 
primarily due to their limited capacity to bind effectively with plasmids 
[49]. In this work, we have used a medium molecular weight of chito
san, striking a balance that allows to optimize transfection efficiency. 
Similarly, in a recent study researchers employed a carrier derived from 
chitosan polyplex, which modified by introducing hyaluronic 
acid-conjugated triptorelin as targeting agents [16]. This nanocarrier 
was utilized for the delivery of CRISPR/Cas9 plasmids, resulting in a 
transfection efficiency of approximately 22%. However, in our current 
study, we innovatively employed the co-polymerization of chitosan and 
PEG. This strategic modification substantially enhanced the plasmid 
delivery efficiency, achieving an impressive transfection rate of 31%. 
This outcome serves as evidence to the remarkable efficacy of the 
designed nanosystem. 

On the other hand, to determine the targeting properties of 
MCM@CS@PEG-APT (DOX) and drug delivery efficiency, the MCF-7 
tumor cell line has been treated with both pure DOX and drug-loaded 
carrier (MCM@CS@PEG-APT (DOX)). Flow cytometry analysis was 
applied to evaluate the nanoconjugate uptake by the MUC1-positive 
cells. As shown in Fig. 8, 95% of free drug was uptake by cells based 
on the fluorescent signals generated by pure DOX, whereas the drug 
uptake of MCM@CS@PEG-APT (DOX) for MUC-1-positive cells is about 
98%. Thus, these results confirm that MCM@CS@PEG-APT (DOX) is 
selectively taken up by the MUC-1-positive tumor cells, and the inter
calation of DOX within the MUC-1 aptamer does not affect its binding 
properties. In our recent work, we developed a nanocarrier based on 
graphene oxide graphene oxide, strategically functionalized with PEG, 
gold nanoparticles and incorporating MUC-1 aptamer [50]. This 
approach successfully facilitated the delivery of DOX into breast tumor 
cells, yielding an impressive efficiency rate of approximately 54.10%. 
However, the novel nanosystem developed in this current study repre
sents a significant advancement. It has demonstrated an exceptional 

capability to enhance the delivery of DOX, achieving an outstanding 
efficiency rate of up to 95%. These findings are pivotal in advancing the 
development of this nanosystem as a promising tool in cancer therapy, 
offering improved precision and safety in the delivery of chemothera
peutic agents. 

3.6. Co-delivery study 

A significant aspect of the study involved the co-delivery of two vital 
agents, GFP plasmid and DOX, using the innovative nanosystem 
MCM@CS@PEG-APT. Co-delivery is particularly persuasive as it opens 
up possibilities for multifunctional therapeutic strategies. To assess the 
co-delivery efficiency, we utilized fluorescence microscopy and flow 
cytometry to analyze the extent to which cells simultaneously contained 
both GFP-plasmid and DOX, shedding light on the nanosystem’s ability 
to transport multiple payloads concurrently. 

Fluorescence microscopy images obtained from transfected MCF-7 
cells revealed distinct green and red fluorescence signals, correspond
ing to GFP-plasmid and DOX, respectively (Fig. 9A). These findings 
provide visual confirmation of the successful co-delivery of both plasmid 
and drug by the nanosystem. Flow cytometry results further substanti
ated this co-delivery efficiency, demonstrating that 42.7% of cells 
exhibited the presence of both GFP-plasmid and DOX, while 52.2% of 
cells exclusively contained DOX (Fig. 9B). This outcome underlines the 
nanosystem’s competence in orchestrating the simultaneous delivery of 
multiple therapeutic agents, a capability with far-reaching implications 
for advancing therapeutic outcomes. Remarkably, cells treated with 
MCM@CS@PEG-APT, employed as a negative control, exhibited negli
gible fluorescence intensity in both fluorescent channels (FL-1 and FL- 
2). This observation is of particular significance as it highlights the 
nanosystem’s specificity and efficiency in selectively delivering thera
peutic agents, reinforcing its potential for applications requiring syner
gistic therapeutic actions and precise targeting for enhanced therapeutic 
efficacy. 

The ability to co-deliver therapeutic agents holds immense promise 
for cancer therapy. In the context of breast cancer, for instance, co- 

Fig. 7. Fluorescent and Light Microscopy Images of Transfected MCF-7 Cells: (A) Displaying fluorescent and light intensity images of cells transfected with 
MCM@CS@PEG-APT, Lipofectamine 3000-GFP plasmid, and MCM@CS@PEG-APT (GFP) polyplex at 24 hours post-transfection. (B) Showing fluorescent and light 
intensity images of cells treated with MCM@CS@PEG-APT, pure DOX, and MCM@CS@PEG-APT (DOX) at 24 hours post-treatment. The data are representative of 
three independent biological experiments, with three replicates in each experiment. Scale bar, 100 μm. 
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delivery can offer synergistic effects. GFP plasmid, a gene expression 
marker, provides valuable insights into cellular behavior, enabling real- 
time monitoring of transfection efficiency. Simultaneously, DOX, a 
potent chemotherapeutic agent, targets and eradicates cancer cells. By 
delivering these agents together, our nanosystem presents the oppor
tunity to combine gene expression monitoring and chemotherapy within 
a single platform. This not only enhances the precision of cancer therapy 
but also provides a means to tailor treatment strategies based on real- 
time feedback. 

4. Conclusion 

In summary, our study has successfully developed and characterized 
the MCM@CS@PEG-APT nanosystem for targeted co-delivery of 
plasmid DNA and DOX to breast cancer cells. Through comprehensive 
experiments, it was demonstrated that this innovative nanocarrier effi
ciently encapsulates and delivers both genetic material and chemo
therapeutic agents, indicating a notable loading capacity of 99.42% for 
DOX at a 1:1 nanosystem to drug ratio. This high loading efficiency is 
complemented by the nanosystem’s pH-responsive release behavior, 
which significantly enhances drug delivery to the acidic microenviron
ment of tumors, with a total release of 73% at pH 5.5 over 10 days 
compared to 46% at physiological pH (7.4). 

Furthermore, the cellular uptake studies revealed a remarkable ef
ficiency, with 98% of the targeted cells internalizing the DOX-loaded 
nanosystem, underscoring its precision in reaching and affecting can
cer cells. The nanosystem’s ability to co-deliver DOX and plasmid DNA 
was confirmed through fluorescence microscopy and flow cytometry, 

with 42.7% of cells exhibiting both GFP and DOX signals. This indicates 
not only the nanosystem’s capacity to transport multiple therapeutic 
agents simultaneously but also its potential to enable synergistic treat
ment strategies. important, the nanosystem demonstrated excellent 
biocompatibility, with significantly lower cytotoxicity observed in MCF- 
7 cells treated with MCM@CS@PEG-APT (DOX-GFP) compared to pure 
DOX, highlighting its safety profile and the reduced risk of adverse 
effects. 

Overall, the MCM@CS@PEG-APT nanosystem represents a signifi
cant advancement in the field of targeted cancer therapy, offering a 
multifunctional platform for the precise and efficient delivery of thera
peutic agents. Its development paves the way for more effective, 
personalized treatment strategies, marking a crucial step towards the 
realization of precision medicine in cancer care. As we move forward, 
our focus will be on further optimizing this nanosystem and exploring its 
applicability across a broader range of cancer types, aiming to bring this 
promising technology closer to clinical application. 
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