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Background: In recent years, non-invasive imaging technologies for early cancer detection

have drawn worldwide attention. In this study, an antinucleolin aptamer, AS1411, was

successfully conjugated to BODIPY-labeled chitosan and studied on T47D and HEK-293

cell lines.

Methods: After conjugation of the aptamer to chitosan nanoparticles and purification, its

structure was confirmed using atomicforce microscopy (AFM), electrophoretic light scatter-

ing (ELS) and dynamic light scattering (DLS). Results of AFM, DLS and ELS of both

conjugation and chitosan were compared for confirmation of conjugation. Conjugates were

mixed with BODIPY FL fluorescent dye, purified and lyophilized. The labeled conjugate was

characterized using Fourier-transform infrared spectroscopy, ultraviolet–visible spectroscopy,

ELS and DLS. In vitro cellular uptake and cytotoxic effects of BODIPY-labeled chitosan–

AS1411 aptamer conjugates were evaluated using the XTT assay on T47D and HEK-293

cells and flow cytometry on T47D cells.

Results: The data showed that uptake of BODIPY-labeled chitosan–AS1411 aptamer con-

jugate was satisfactory. Moreover, there was no statistically significant cytotoxicity of the

conjugate on either cell line.

Conclusion: The outcomes confirmed the potential application of this new targeted imaging

agent as a novel cancer diagnostic agent for molecular imaging.
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Introduction
Based on recent cancer incidence data,1 it was anticipated that in the USA, about

2 million new cases and 600,000 deaths from cancer would occur in 2018. In 2014,

the WHO reported that breast cancer had the highest number of cases and deaths

among Iranian women.2–4

Since drug-resistant breast cancer is one of the most important health problems

nowadays, detection of disease in the early stages can help physicians to use the

right drug by determining which type of cancer is growing in the patient's body.

Earlier diagnosis and intervention may help to reduce costs and the course of

treatment. Although scientists have used a number of methods for cancer diagnosis,

including endoscopy,5 physical examination,6 biopsy,7 genetic tests8 and imaging,9

targeted imaging techniques can be more powerful in determining the precise

location, size and metastasis of the tumor. Moreover, finding the right targeting

agent depends on a full understanding of the overexpressed receptors on the surface

of the individual’s cancer cells and/or using a proper and widespread biomarker on

the cancer cell surface. Nucleolin is a biomarker (protein) which exists specifically

Correspondence: Mehdi Shafiee
Ardestani
Department of Radiopharmacy, Faculty of
Pharmacy, Tehran University of Medical
Sciences, 3183815194, Tehran, Iran
Tel +98 21 2204 8173
Email Shafieeardestani@tums.ac.ir

International Journal of Nanomedicine Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2019:14 3543–3555 3543
DovePress © 2019 Taki and Ardestani. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/

terms.php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing
the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

http://doi.org/10.2147/IJN.S202561

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


on the cancer cell membrane.10 As nucleolin is not over-

expressed on the normal cell surface, it can be used as

a good biomarker for determining the cancer cells using an

appropriate targeting agent (eg, aptamer, antibody or pep-

tide). AS1411 aptamer is an anticancer drug which has

entered the second phase of clinical trials for the treatment

of metastatic renal cell carcinoma. This aptamer can target

various types of cancer cells via nucleolin shape

complementarity.11–15

In biomedical nanotechnology, nano-structures are

used for delivering drugs and imaging agents to the loca-

tion of interest. This method helps to reduce the off-target

delivery of the drug/agent and consequently decreases the

toxicity of the drug or increases the precision of

imaging.16 Many different nano-structures are used in

drug/contrast agent delivery, such as liposomes, albumin-

bound and polymeric structures, quantum dots, gold and

iron oxides.17–19

Chitosan is an exciting cationic polymer which has

been exploited broadly in different fields of the medical

sciences. Chitosan is a biocompatible, biodegradable, anti-

bacterial, antifungal and non-toxic natural polymer which

can be used as a potential drug carrier. Moreover, research-

ers use chitosan to coat other forms of nano-structure

which are made of other materials, to elevate their bioa-

vailability and reduce their unwanted effects on the

body.16,20,21 Cationic nanoparticles can overcome the off-

target limitation of drugs/agents when they are applied in

the human body. On the other hand, positively charged

nanoparticles are more cytotoxic than negatively charged

nanoparticles because they have disruptive interactions

with cell membrane components during their uptake into

the cells. Moreover, they show more instability, fast clear-

ance and aggregation.22,23 Previously, Behrouz et al28 con-

structed a novel anticancer agent using 5-fluorouracil

(5-FU)-conjugated PAMAM–AS1411 aptamer conjugates

for cancer therapy. Although this study showed promising

effects in cancer therapy, PAMAM itself was toxic to

normal cells owing to its positive nature. Therefore, our

project focused on using chitosan along with a negatively

charged aptamer (AS1411) to balance the nano-structure

surface charge and overcome the above-mentioned

limitations.

Optical imaging is a technique for non-invasively

looking inside the body. It uses visible light and the

special properties of photons to obtain detailed images

of organs and tissues, as well as smaller structures

including cells and even molecules. Although in vivo

nano-optical imaging has not yet been used clinically, it

is attracting attention as a new research tool for the

following reasons. First, it significantly reduces patient

exposure to harmful radiation by using non-ionizing

radiation. The types of light used generate images by

exciting electrons without causing the damage that can

occur with the ionizing radiation used in some other

imaging techniques. Because it is much safer for patients,

and significantly faster, optical imaging can be used for

lengthy and repeated procedures over time to monitor the

progression of disease or the results of treatment. Second,

it is particularly useful for visualizing soft tissues. Soft

tissues can be easily distinguished from one another

because of the wide variety of ways different tissues

absorb and scatter light. Third, various colors of light

provide an advantage by enabling many different proper-

ties of an organ or tissue to be seen and measured at the

same time. Other imaging techniques are limited to just

one or two measurements.24,25 This research, for the first

time, aimed to prepare a novel optical diagnostic agent

for breast cancer imaging using BODIPY-labeled AS1411

aptamer–chitosan conjugates. The novel diagnostic agent

was tested for its toxicity, safety and cellular uptake.

Materials and method
Materials
AS1411 aptamer was purchased from TAG (Copenhagen,

Denmark). N,Nʹ-Dicyclohexylcarbodiimide (DCC), chito-

san nanoparticles and CaCl2 were supplied by Merck

(Darmstadt, Germany). N-Hydroxysuccinimide (NHS)

and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

hydrochloride (EDC) were obtained from Sigma-Aldrich

(St Louis, MO, USA). HEK-293 and T47D cell lines were

purchased from the Pasteur Institute of Iran (Tehran, Iran).

Dynamic light scattering (DLS) and electrophoretic light

scattering (ELS) to measure the zeta potential were per-

formed using a Malvern Nano ZS (Malvern Instruments,

Malvern, UK). Atomic force microscopy (AFM) images

were captured using a NanoWizard II (JPK Instruments,

Berlin, Germany). Fourier-transform infrared spectroscopy

(FT-IR) experiments were conducted using a Perkin Elmer

Spectrum BX-II spectrometer (Nizhni Novgorod, Russia).

All other chemical reagents were of analytical grade and

used without additional purification. The animal experi-

ments were approved by the Tehran University of Medical

Sciences (number IR.TUMS.PSRC.REC.1396.2340) and

followed the guidelines of the university ethics committee.
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Aptamer shape preparation
The 26bpAS1411 aptamerwith the sequence 5ʹ-carboxy-C10-

GGTGGTGGTGGTTGTGGTGGTGGTGG-3ʹ was pur-

chased from TAG (Copenhagen, Denmark). The aptamers

needed to form their proper shape using heating and cooling

sections. For this purpose, lyophilized aptamerswere dissolved

in 0.5 mL deionized water, then heated to 85°C for 2 minutes

and then cooled in the laboratory to reach room temperature

(25°C) for 10 minutes. This strategy helps aptamers to shape

appropriately and fixes their proper form for shape-

complementary targeting purposes.

Chitosan–aptamer conjugation
Chitosan nanoparticles (Merck, Darmstadt, Germany) were

conjugated with carboxylated AS1411 aptamer using their

amine groups, as follows. To the vial containing the aptamer,

5 mL dimethyl sulfoxide (DMSO) (Merck, Darmstadt,

Germany), 100 mg EDC and 0.0071 mg NHS (Sigma-

Aldrich, St Louis, MO, USA) and sufficient CaCl2 (Merck,

Darmstadt, Germany) were added. The composition then

mixed with 100 mg of the chitosan and stirred for 24 hours

under ambient conditions. Thereafter, samples were purified

using a centrifuge (40,000 rpm for minutes), lyophilized and

stored at −20°C for further use.

BODIPY FL-labeled conjugates
Conjugates were mixed with BODIPY FL–carboxylic acid

dye (1:2 molar ratio) in the presence of EDC and NHS. The

mixture was stirred for 20 minutes at 25°C. Subsequently, the

labeled conjugates were purified using a dialysis bag against

double-distilled water (1 L) for 24 hours and lyophilized.

Labeled conjugates were characterized by fluorescence spec-

trometry at 460 nm, FT-IR, DLS and ELS compared to

chitosan and other controls.

AFM imaging
AFM images of the AS1411–chitosan conjugates and plain

chitosan were recorded in double-distilled water using

a NanoWizard II at 25°C on a microscope slide, using

intermittent contact mode (air) for conjugates and contact

mode for chitosan. Differences between the images show

the conjugation.

Hydrodynamic size distribution (DLS) and

zeta potential (ELS)
DLS and ELS of AS1411–chitosan conjugates and plain

chitosan were measured at a wavelength of 633 nm with

an OD of 0.3 using a He–Ne laser at room temperature.

Results were then compared to each other.

FT-IR
Using a Perkin Elmer Spectrum BX-II spectrometer, the

infrared spectrum was evaluated to confirm the synthesis

of the labeled AS1411–chitosan conjugates.

Molar mass measurement of the

conjugate using static light scattering
The static light scattering procedure followed the previous

method26 at five different concentrations of the conjugate

(1, 0.8, 0.6, 0.4 and 0.2 mg/mL) in deionized, pre-filtered

water at room temperature. Perfect synthesis of the con-

jugation process was confirmed by comparison between

the molecular weights of the conjugate and chitosan.

Fluorescence spectroscopy
Fluorescence spectroscopy was conducted at 460 nm to

confirm the labeling process.

Anti-proliferative evaluation using XTT

assay
For the XTT assay, cells were cultured in RPMI and

DMEM (supplemented with 10% FBS in a 5% CO2 humi-

dified incubator). The cytotoxicity of BODIPY FL-labeled

AS1411–chitosan conjugates was measured after 24 and

48 hours for T47D and after 48 hours for HEK-293 cells at

50, 100, 150, 200 and 400 mg/mL concentrations, at 450

nm, using ELISA plate readers (BioTek Instruments,

Northern Vermont, USA). Data were analyzed using

Prism 5 statistical software (n=3, P<0.05 statistically sig-

nificant) via one-way ANOVA followed by the Tukey test.

Histopathological study
The animals were killed at 2 days post-injection and the

harvested tissues (liver, kidney, heart and spleen) were

fixed in 10% neutral-buffered formalin (pH 7.26) for 48

hours, then embedded in paraffin. The 5-µm-thick sections

were prepared and stained with H&E. The histological

slides were evaluated by an independent reviewer, using

light microscopy (Olympus BX51; Olympus, Tokyo,

Japan). Any changes, including acute and chronic inflam-

matory responses, fatty changes, coagulative necrosis,

hemorrhage and hyperemia, were considered.
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In vitro cellular uptake using flow

cytometry

To measure cellular uptake, 2×106 T47D cells were

seeded in six-well plates. After 24 hours, 106 cells

were treated with BODIPY FL-labeled AS1411–chito-

san conjugates (concentration 50 mg/mL) and the rest

remained untreated as a control. Cells were incubated

for 6 hours. The cells were trypsinized and collected

after incubation. Then, they were centrifuged and

washed with PBS. Afterwards, cells were resuspended.

Then, 104 cells per sample were taken to carry out flow

cytometry.

In vivo fluorescence imaging
For fluorescence in vivo imaging, all mice were anesthe-

tized with ketamine 100 µg/mL. BODIPY FL-labeled

conjugates were injected into mice (n=3) through the

tail vein. Images were acquired 1 and 2 hours after

injection.

Results
Characterization of BODIPY FL-labeled

chitosan–aptamer conjugates
Figure 1 displays the chemical synthesis of the labeled

nano-conjugate. An FT-IR spectrum of the conjugate is

shown in Figure 2. FT-IR spectrum wave numbers of

chitosan are: 3416.32 (OH), 2873.62 (CH stretching),

1638.97 (CO carbonyl), 1520.07 (NH), 1423.83 (CH-

OH) and 1384.20 (CH2-OH) cm−1. FT-IR spectrum

wave numbers of the conjugates labeled with

BODIPY FL are: 953.46 (PO bond in the phosphates),

3431.23 (OH), 3005.42 (CH stretching), 1661.31 (CO

carbonyl), 1407.24 (C=N) and 1316.81 (C=C) cm−1.

DLS and ELS graphs of labeled AS1411–chitosan con-

jugates, AS1411–chitosan conjugates and plain chito-

san are shown in Figure 3. Based on the results,

size=60 nm and zeta potential=13.4 mV were obtained

for the chitosan, and size=106 nm and zeta potential=

−5.25 mV were obtained for the conjugates. As is

obvious from the results, the size of the particles
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increased and their zeta potential became more nega-

tive after conjugation with a negatively charged apta-

mer. These results confirm the correct synthesis of the

chitosan and conjugate. The increased size of the con-

jugate shows the perfect conjugation. Also, the reduced

zeta potential of the labeled conjugate confirms that

labeling was done successfully. AFM images of the

AS1411–chitosan conjugates and plain chitosan are

shown in Figure 4. It can be seen in these images

that the conjugates are more spherical in their two-
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dimensional shape and conical in the three-dimensional

image in comparison to the plain chitosan. The cross-

sectional graphs measure the physical values of the

particles. From the cross-sectional graphs, the charac-

teristics of the particles were measured, including the

physical size (both 10.00×10.00 µm), average

roughness Ra (chitosan 32.08 nm; conjugate 28.62

nm), root mean square roughness Rq (chitosan 37.96

nm; conjugate 31.00 nm) and peak-to-valley roughness

Rt (chitosan 115.5; conjugate 82.33 nm). The average

molecular weight for the conjugate was 7.06±0.624

kDa, as shown in Figure 5. Results obtained from
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ultraviolet–visible (UV-Vis) spectroscopy (Figure 6)

and fluorescence spectroscopy (Figure 7) confirmed

that the labeling process was done perfectly.

Anti-proliferative evaluation using XTTassay
Based on the statistical analysis of data yielded by the

XTT assay, BODIPY FL-labeled AS1411–chitosan

conjugates had no significant toxicity on any of the

T47D cells at 24 hours after treatment or HEK-293

cells at any concentration. On the other hand, for

T47D cells at 48 hours after treatment, it showed sig-

nificant toxicity at all concentrations. Data were ana-

lyzed using Prism 5 statistical software (n=3, mean ±

SEM, P<0.05 statistically significant) via one-way
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ANOVA followed by the Tukey test. Graphs are pre-

sented in Figure 8.

Histopathological study
All H&E-stained tissue sections from control and treat-

ment groups were evaluated histologically.

Micrographs of control tissues showing the normal

cells are presented in Figures 9 and 10. Micrographs

of treated tissues showed no histopathological changes

in liver and hepatic cords. There was no sign of sinu-

soidal congestion. In general, data obtained from the

histopathological study showed no indication of inflam-

matory response or necrosis in cells indicating in vivo

toxicity in tumor tissues, as shown in Figure 11.

In vivo fluorescence imaging
To evaluate the uptake of conjugates, fluorescence ima-

ging was acquired at two different times. Figure 12

shows the accumulation of AS1411–chitosan labeled

with BODIPY FL 1 and 2 hours post-injection in the

tumor site compared to the control group.

Accumulation in the liver (Figure 13) was clearly

visualized at 2 hours after injection, indicating that

metabolism of labeled AS1411–chitosan was probably

taking place in the liver.

In vitro cellular uptake using flow

cytometry
Flow cytometry data (Figure 14) show an appropriate

uptake (58%) of labeled conjugate into the T47D cells

(red). The black graph is the untreated T47D control.

Discussion
In this study, for the first time, AS1411 aptamer was con-

jugated to the chitosan nano-structure and the conjugates

were labeled with BODIPY FL for cancer diagnosis applica-

tions. For this purpose, chitosan nanoparticles were conju-

gated with the aptamer using DMSO, EDC and NHS. To

label the conjugate with BODIPY FL, they were mixed

together. Formation of conjugation was confirmed using

DLS, ELS, FT-IR, UV-Vis and AFM. Based on the peaks

obtained from the areas of 1638 cm−1 in the chitosan and

1653 cm−1 in the conjugates, which, respectively, represent

amines in the chitosan and amide bonds between the chitosan

and aptamers in the conjugate, it can be concluded that proper

conjugation has taken place. The increase in the conjugate

size compared to intact chitosan demonstrated that conjuga-

tion was done perfectly. The reduced zeta potential of the

labeled conjugate confirmed that labeling was successful.

Data yielded from AFM spectroscopy confirmed the size of

the nano-structure. UV-Vis spectroscopy showed clear and

sharp peaks around 260 and 500 nm, indicating the conjuga-

tion of aptamer AS1411 and BODIPY dye, respectively. The

shift in the maximum intensity of the labeled conjugate to

longer wavelengths, validated by fluorescence spectroscopy,

indicated that the labeling process was successful and suita-

ble uptake of labeled conjugate in T47D cells had taken

place.

Mohammadzadeh et al27 constructed a novel cancer

diagnostic agent using AS1411 aptamer–anionic linear

globular dendrimer–G2 conjugates carrying a contrast

agent (Iohexol). They used different in vitro and in vivo

tests to evaluate the imaging ability, safety and targeting

nature of the drug. They also reported that this new diag-

nostic agent has no toxicity in normal tissues, so it can

specifically target cancer cells. The targeted nature of the

diagnostic agent makes it a promising tool for tumor

computed tomography (CT) imaging.

Previously, Behrouz et al28 used the same aptamer

(AS1411) conjugated with PAMAM dendrimer–PEG car-

rying 5-FU for the treatment of gastric cancer. They

labeled the dendrimer with BODIPY FL. Their targeted

nanomedicine showed promising results in reducing the

number of cancer cells, as well as non-toxicity of the drug

in vitro and in vivo.

Positively charged nanoparticles such as PAMAM have

a major drawback, which is related to their charge.

Positively charged nanoparticles are more toxic than neu-

tral or negatively charged nanoparticles because they form
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unwanted interactions with the negatively charged cell

membrane.23 Thus, in this study, a positively charged

chitosan was used with a negatively charged aptamer to

form a negatively charged conjugate, which ensures the

safety of this newly prepared conjugate for normal cells in

the body.
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Figure 8 XTT assay results of BODIPY FL-labeled AS1411–chitosan conjugates on T47D cells at (A) 24 hours and (B) 48 hours, and (C) on HEK-293 cells (n=3, data

presented as mean ± SEM).

Figure 9 Histopathological sections of (A) kidney, (B) liver, (C) heart and (D)

spleen in the control group. H&E stain, ×100.
Figure 10 Histopathological sections of (A) liver, (B) heart, (C) spleen and (D)

kidney in the treatment group. H&E stain, ×100.
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As clearly shown in the anti-proliferative assay, the pre-

pared conjugate had no toxicity on normal cells (HEK-293) at

any concentration. Also, there was a slight increase in the

number of cells after treatment with increasing concentrations

of the conjugate. The conjugate showed cytotoxicity on T47D

cells 48 hours after treatment. These results confirmed the data

obtained from the histopathological assay. Therefore, it can be

used as a safe diagnostic and therapeutic agent for cancer

detection and treatment. According to findings from the histo-

pathological assay, tissues were normal and the toxicity did not

occur in normal tissue, but increased cell death was observed

in tumor tissue compared with the control group.

A number of aptamers are used as anticancer drugs,

such as MUC-1,29 AS141130 and A10 aptamers.31–34

Sayari et al designed a novel targeted carrier for a poorly

soluble, highly toxic anticancer drug (SN38). They used

MUC-1 aptamer conjugated with chitosan nanoparticles as

a carrier. Based on their results, the prepared SN38-

carrying chitosan–MUC-1 could be an efficient actively

targeted, soluble and low-toxicity anticancer drug for clin-

ical applications.35 MUC-1 can be used to target only

a number of cancer cell lines (pancreatic, epithelial ovar-

ian, invasive lung, prostate, primary lung and breast can-

cers, and circulating tumor cells).36 MUC-1, a heavy (80

bp) aptamer, has limitations in targeting and entering the

most cancerous cell lines using shape complementarity.

However, AS1411 aptamer, a 26 bp single-strand
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Figure 11 Histopathology of treated breast cancer. Thick arrows: glandular for-

mation; arrowheads: bizarre cell formation; asterisks: massive necrosis; thin arrows:

mitotic figures. H&E stain.
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oligonucleotide, can target a number of different cancer

cells. Small aptamers can facilitate uptake of the nanopar-

ticle/drug/agent and their delivery to the tissue or cell of

interest.32,37 According to the results, it can be seen that

there was a good uptake of the labeled conjugate to the

T47D cells. In vivo fluorescence imaging showed consid-

erable uptake in the tumor site at 1 and 2 hours after

injection. Increased uptake in the liver at 2 hours after

injection indicated that the majority of the metabolic pro-

cesses of labeled AS1411–chitosan probably took place in

the liver.

The useful properties of chitosan nanoparticles are not

limited to cancer therapy applications; they can also be

utilized in diagnostic techniques. As an example, in 2018,

Choi et al reported that iodine–echogenic glycol chitosan

nanoparticles can be used as efficient CT and ultrasound

imaging agents for tumor diagnosis.38 For decades, deli-

vering imaging or therapeutic agents through the blood–

brain barrier has been a serious challenge in diseases such

as epilepsy, and the use of nanoparticles helps scientists to

overcome this limitation. For instance, Kaur et al reported

on an engineered PLGA–chitosan nanoparticle used to

transport anti-epileptic TRH analogs targeted to the brain

through intranasal delivery.39

All in all, data on the in vitro cellular uptake of BODIPY-

labeled chitosan–AS1411 aptamer conjugate into T47D cells

and their toxicity in cancerous (T47D) and normal (HEK-

293) cells showed promising results, which confirmed it as

a novel diagnostic agent that can be used in cancer detection
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than 50% (ie, 58%) for the conjugates (red) compared to the untreated control

(black).
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in the future. However, more studies on the in vivo behavior

of this conjugate need to be conducted.

Conclusion
This research investigated the effects of BODIPY-labeled

chitosan–AS1411 aptamer conjugates on breast cancer cells

(T47D) compared to normal kidney cells (HEK-293).

Based on the data yielded, this conjugate can be used as

a potential diagnostic agent for fluorescent imaging of can-

cer cells, with no cellular toxicity on normal cells.
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