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ABSTRACT

ARTICLE HISTORY

Poor aqueous solubility of chemotherapeutics such as SN38 (7-ethyl-10-hydroxycamptothecin) and the
associated systemic adverse effects are serious limitations of their clinical use. To improve the drug
delivery efficiency of such compounds, they were covalently conjugated to hydrophilic macromolecular
carriers that specifically deliver the drug moiety to the tumour cells. In the current study, we developed
a PEGylated acetylated carboxymethylcellulose conjugate of SN38 which was covalently attached to an
aptamer against a cancer stem cell marker, CD133. Then, the designed nanoplatform was used to specifically deliver SN38 to colorectal cancer cells. The results demonstrated that the synthesized conjugate
was self-assembled to nanoparticles with 169 nm in size and poly dispersity index of 0.11. Besides, the
targeted self-assembled nanoparticles could significantly enhance the cellular uptake by CD133-expressing HT29 cell line confirmed by fluorescent microscopy and flow cytometry. Moreover, our results
revealed that the targeted self-assembled nanoconjugate exhibited significantly lower IC50 in HT29 cells
overexpressing CD133 compared to non-targeted self-assembled nanoconjugate. The promising data
suggest that the prepared targeted self-assembled drug conjugate nanoparticles possess the potential
to offer the desirable physicochemical properties thereby enhancing the solubility and the therapeutic
index of poorly soluble cytotoxic agents.
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Introduction
Colorectal cancer is the third most deadly and commonly
diagnosed malignancy in both men and women. It is estimated that approximately 135,430 new cases were diagnosed
with colorectal cancer in 2017 in USA and it caused death of
about 50,260 individuals in 2017 [1]. To fight against colorectal cancer, there are local and systemic treatments which
their usage is dependent on the stage and the type of the
cancer. One of the chemotherapeutics used as the first-line
therapy of metastatic colorectal cancer is irinotecan (CPT-11,
a derivative of camptothecin) which its antineoplastic effect is
through inhibiting DNA-topoisomerase I complex [2].
Carboxylesterases available in liver and tumour convert irinotecan to its active metabolite named 7-ethyl-10-hydroxycamptothecin (SN38) which is approximately 1000 folds more
cytotoxic than irinotecan [3]. Thus, direct administration of
SN38 could enhance the therapeutic index of the prodrug [4].
However, therapeutic use of SN38 is limited by two factors: (1)
its hydrophobicity which affects the aqueous solubility and (2)
its low stability at physiologic pH (i.e. pH: 7.4) in which the
lactone ring of SN38 is hydrolysed and inactivated [5].
Considering the aforementioned limitations, administration of
high doses of SN38 and irinotecan is associated with severe
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diarrhoea and myelosuppression [6]. To overcome the previously mentioned problems, several approaches were developed such as encapsulation of the lipophilic drug moiety into
nanoparticles such as micelles [7], liposomes [8], solid lipid
nanoparticles (SLN) [9], and dendrimers [10].
Another approach is to enhance the solubility and stability
of the hydrophobic drug moieties through conjugation of the
drug to hydrophilic polymers. In fact, there are several
polymer-drug conjugates entering clinical trials such as N-(2hydroxypropyl)methacrylamide (HPMA)-conjugated doxorubicin PK-1 (FCE-28068) [11], HPMA-conjugated paclitaxel
(PNU-166945), polyglutamic acid (PGA)-conjugated paclitaxel
(paclitaxel polyglumex, CT-2103) [12], PGA-conjugated camptothecin (CT-2106), and polyethylene glycol (PEG)-conjugated
camptothecin [13]. It was shown that the development of
polymer-drug conjugates led to enhanced aqueous solubility
and stability of the drug, improved pharmacokinetics and biodistribution, probably due to longer blood circulation time,
and enhanced permeation and retention (EPR) effect [14]. In
a recent study, a novel polymeric backbone made of PEG and
acetylated carboxymethylcellulose (CMC) was conjugated to
docetaxel (DTX) via ester linkage. The results of the study
demonstrated its superior safety and effectiveness compared
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to currently approved Taxane chemotherapeutics such as
DTX and Abraxane which is albumin bound paclitaxel [15].
Although nanoparticle-based drug delivery systems
improved the drug delivery efficiency and reduced the
adverse effects of the free drug, there are still problems with
nonspecific transportation of the chemotherapeutics and the
associated severe systemic toxicity [16].
Targeted delivery of therapeutics specifically to the tumour
cell population would be a great approach to combat such
problems. In fact, recent studies revealed that a small subpopulation of tumour cells named as cancer stem cells (CSCs) is
responsible for tumour initiation and recurrence [17,18].
Transportation of the cytotoxic agents directly to such cells
could help to eradicate cancers especially recurrent metastatic ones. CSCs possess stem-like properties which are
multi-drug resistant as they overexpress drug efflux proteins
[19] and proteins related to DNA repair [18]. Growing evidence demonstrated that CD133 (prominin-1) is an important
cell surface receptor of CSCs which is claimed to be related
with tumorigenesis [20]. It was previously proved that CD133
activity is linked to Notch signalling pathway which is in relation with cell fate and differentiation of intestinal epithelium
[21]. Recently, an RNA aptamer against CD133 was developed
which indicated promising targeted delivery efficiency [22].
In the current study, we conjugated SN38 to PEG-acetylated CMC polymer backbone to improve the cellular uptake
and therapeutic efficiency of SN38 as an anticancer agent.
After evaluating the physicochemical properties of the
designed nanoparticles, we covalently conjugated the selfassembled nanoparticle to RNA aptamer against CD133 which
is an important cell surface receptor overexpressed in CSCs.
In fact, the main goal of our study was to enhance the delivery efficiency of SN38 to CD133 overexpressed HT-29 cells.
Thereafter, the therapeutic effectiveness of the final drug
delivery platform was investigated in vitro.

Materials and methods
Materials
7-Ethyl-10-hydroxyl camptothecin (SN38) was obtained
from LC Laboratories (Woburn, MA). CMC sodium salt,
Mw ¼ 90,000 Da (Sigma-Aldrich, Oakville, ON), poly-(ethylene
glycol) methyl ether (mPEG–OH, Mw ¼ 2000 Da), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
HCl (EDC HCl), Rhodamine 6G, and 4-dimethylaminopyridine
(DMAP) were purchased from Sigma-Aldrich (Oakville, ON).
Roswell Park Memorial Institute (RPMI) 1640 medium, fetal
bovine serum (FBS), penicillin-streptomycin, and trypsin were
purchased from GIBCO (Darmstadt, Germany). All solvent and
chemical reagents were purchased from Merck (Darmstadt,
Germany). A single-strand RNA aptamer for CD133 reported
previously was employed as the targeting ligand [23]. The 15mer CD133 RNA aptamer (sequence: 5’-amine-C6 linker-(2’-FC) (2’-F-C) (2’-F-C) (2’-F-U) (2’-F-C) (2’-F-C) (2’-F-U)A (2’-F-C) A
(2’-F-U) AGG G 3’; where F ¼2’-fluoro, molecular weight:
4907.3 Da) was custom synthesized by MicroSynth (Balgach,
Switzerland) [20].

Cell lines
Cell lines human colon adenocarcinoma cell line HT29 and
Chinese hamster ovary (CHO) cells were procured from the
National Cell Bank of Iran, Pasteur Institute of Iran. The cells
were cultured in Dulbecco's Modified Eagle's Medium
(DMEM) high glucose medium for HT29 and caco-2 and RPMI
1640 for CHO cells which was supplemented with 10% (v/v)
heat-inactivated FBS and penicillin/streptomycin (100 U/mL)
at 37  C in a humidified atmosphere (95%) containing 5%
of CO2.

Polymer synthesis
Calculation of stoichiometry for the CMC polymer
The CMC-Na polymer was modified with carboxymethyl groups,
and was supplied by the manufacturer with an analyzed DS
value of 0.7: each galactose monomer unit contained 0.7 mol
carboxylic acid and 2.3 mol hydroxyl. The molecular weight of
each monomer was approximated as 162 g/mol (galactose) þ (59.01 g/mol (acid group)  0.7) ¼ 203.31 g/mol.
CMC acetylation. CMC was acetylated with a small modification of a previously reported protocol [24]. Briefly, sodium
carboxymethylcellulose (CMCNa, 90 kDa, 3 g) was carboxylated by addition of 200 mL sulfuric acid (20% v/v) and stirred
vigorously for 2 h at room temperature (RT). To neutralize the
acidic pH of the resultant, CMC-COOH, it was repeatedly
washed with dH2O using centrifugation. To completely
remove the remained water, the precipitated CMC-COOH was
washed three times with glacial acetic acid and finally suspended in a round-bottom balloon in ice bath containing of
glacial acetic acid (50 mL). Thereafter, acetic anhydride
(30 mL) and sulfuric acid (100% v/v, 1.2 mL) were added,
respectively. Then, the mixture was stirred at 50  C overnight
until a transparent solution was obtained. Finally, the solvent
was evaporated using rotary evaporator, and the precipitate
was repeatedly washed with dH2O until neutral pH was
reached. The resultant powder of acetylated CMC (CMC-Ac)
was lyophilized and stored at –20  C for further use.
The 1H-NMR spectrum of the acetylated CMC in deuterated chloroform was recorded at RT using a Bruker Avance
400 MHz NMR spectrometer (Rheinstetten, Germany).

Synthesis of conjugated di-tert-butyl dicarbonate with
SN38 (BOC-SN38)
To produce SN38-di-tert-butyl dicarbonate conjugate, SN38
(450 mg) was dissolved in dichloromethane (46 mL).
Thereafter, di-tert-butyl dicarbonate (320 mg) and pyridine
(2.8 mL) were added to the mixture and stirred at RT for 24 h,
because it was protected from light. Then, the solution was
filtered and washed with HCl solution (0.5 M). The organic
phase was separated and dried using magnesium sulphate
and then vacuum.
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Synthesis of polymer-drug conjugate
CMC-Ac (80 mg) was dissolved in a mixture of MeCN (5 mL)
and DMSO (3 mL). Then, EDC HCl (135 mg) and DMAP
(174 mg) were added to the polymer solution. Thereafter,
mPEG  OH (23 mg) and SN38-Boc (6 mg) were dissolved in
reaction mixture and stirred overnight, because it was protected from light. The mixture was concentrated using rotary
evaporator (55  C, 5 mbar). Then, the product was dissolved
in MeCN (5 mL) and precipitated using 40 mL diethyl ether.
Afterwards, the solvent was removed by vacuum and the
remaining solid material was washed twice with dH2O. The
final product was lyophilized. To investigate the presence of
SN38 and PEG in the final product and to analyse the amount
of acetylation and pegylation of the synthesized product, we
used 1HNMR. To this aim, the sample was dissolved in DMSOd6 and the spectra were evaluated at 25  C. The composition
was estimated using integration of selected signals.
Preparation and characterization of nanoparticles
The polymer-drug conjugate (CMC-Ac-SN38-PEG) (2 mg) was
dissolved in chloroform [0.6 mL/acetonitrile (0.4 mL) and
emulsified with 3 mL PVA (5% v/v)]. Then, the mixture was
added dropwise to a solution of PVA (5 mL, 1% v/v) with or
without Rhodamine 6G (200 mg/mL), because ultrasonicated
for 30 min. To remove the organic solvent, the mixture was
stirred overnight at RT. The final solution was centrifuged at
14,000 rpm for 20 min and washed three times with dH2O,
then dispersed in NaCl solution (150 mM, 1 mL).
Critical micelle concentration (CMC) of the self-assembled
nanoparticles was investigated according to the previously
reported protocol by Zhang et al. [25]. Briefly, PEG-AcCMCSN38 (5 mg) was dissolved in a solution of 1,6-diphenyl-1,3,5hextriene (DPH, 1.2 mg/mL) in acetonitrile as a solvent.
Thereafter, a serial dilution of the prepared solution was
made in acetonitrile and 100 mL of each dilution was added
dropwise to 900 mL of NaCl (150 mM). After incubation for 6 h
in a dark place, the absorption was evaluated by measuring
UV absorbance at 313 nm.
Particle size analysis was done through dynamic light
scattering with a particle size analyser at scattering angle 90 ,
4-mW He-Ne laser, 25  C (Zetasizer Nano-ZS, Malvern
Instruments Ltd., Malvern, UK). The amount of SN38 was
determined by measuring UV absorbance at 366 nm (Varian
CARY 100 UV/Vis Spectrophotometer, CA) and using a SN38
calibration curve.
The amount of SN38 grafting efficiency (GE%) and drug
content (DC%) of PEG-AcCMC-SN38 was calculated as follows:
Amount of SN38 in final product
 100
Total amount of SN38
Amount of SN38 in final product
 100:
DC% ¼
Mass of polymer
GE% ¼

Aptamer conjugation
PEG-AcCMC-SN38 or Rhodamine 6 G-loaded PEG-AcCMC-SN38
self-assembled nanoparticles were suspended in DNase/RNase
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free water (2 mg/mL) and incubated with EDC (25 mg) and
NHS (10 mg) while gently stirred for 1 h at RT. To prepare
aptamer-tagged nanoparticles, the final N-hydroxysuccinimide-activated particles were further incubated with 20 mL of
the stock solution of aptamer (1 mM) and stirred for 18 h at
4  C. Finally, to purify the aptamer-tagged self-assembled
NPs, the reaction was centrifuged at 13,000 rpm for 15 min
and washed three times with dH2O.

Physiochemical properties of self-assembled
nanoparticles
Field emission scanning electron microscopy (FE-SEM, Mira III
FEG, TESCAN-UK, Ltd.) was performed. Sample preparation
was done as follows: the sample was dissolved in dH2O
(1 mg/mL), dehydrated on a metal stub, coated with 40 nm
gold, and used for imaging.

In vitro release of SN38
Four milligram of the synthesized self-assembled nanoparticles (PEG-AcCMC-SN38) were suspended in PBS (pH: 7.4,
10 mL) containing 30% fetal bovine serum (FBS) or citrate
buffer (pH: 5.5, 10 mL). Then, 500 mL of samples was placed
into several microtubes in a shaker incubator (37  C, 70 rpm)
and at specified time points, the sample in a specific microtube was withdrawn and mixed with 500 mL of ethyl acetate
and centrifuged at 13,000 rpm for 15 min to separate the
layers containing free SN38. Then, the amount of SN38 was
determined spectrophotometrically at 366 nm.

Cellular uptake using flow cytometry
HT29 (ATCC, Manassas, VA) and CHO cells (ATCCV CCL-61TM)
were seeded in six-well plates at density of 1  105 cells/well.
After 24 h, the cells were incubated for 2 h with either targeted or non-targeted Rhodamine 6 G-loaded PEG-CMC-AcSN38 NPs. Then, the culture medium was removed; the cells
were detached and centrifuged at 1400 rpm for 10 min. The
cell pellet was washed three times with cold PBS and suspended in an FCM buffer (0.1% of sodium azide and 2% of
FBS in PBS). The intensity of the Rhodamine 6G fluorescence
of cells was determined on a BD FACSCalibur equipped with
488 lasers in the FL2 channel. The data were analyzed using
WinDMI 2.9 analysis software.
R

Cellular uptake using fluorescence microscopy
To evaluate the specific targeting efficiency of the aptamerconjugated nanoparticles, HT-29 and CHO cells were seeded
at a density of 1  105 per well in a six-well plate for 24 h.
Then, targeted or non-targeted Rhodamine 6G-loaded PEGCMC-Ac-SN38 NPs were incubated with the cells for 2 h.
Afterwards, the cells were washed five times with cold PBS
and analyzed using JULI inverted-fluorescence microscope
(Oxford, UK).
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Figure 1. Chemical structure of PEG-AcCMC-SN38.

NP cytotoxicity studies
MTT assay
Both CD133 positive (HT29 cells) and negative (CHO cells) cell
lines were seeded into 96-well plates at 5  103 cells/well and
incubated for 24 h. Then, different concentrations of SN38
were prepared in DMEM containing 10% of FBS (0.25, 0.5, 1,
2, 5, 10, 20, and 30 mg/mL). Afterwards, targeted and non-targeted CMC-Ac-SN38-PEG NPs containing equivalent amounts
of SN38 were also dispersed in DMEM containing 10% of FBS
and added to each well. After incubation for 6 h, the media
was changed with fresh, complete medium, and was further
incubated in a humidified incubator for 24 h at 37  C.
Thereafter, MTT (20 mL, 5 mg/mL in PBS) solution was added
to each well and further incubated for another 4 h. The MTT
solution was then aspirated from the wells and the formazan
crystals were solubilized with DMSO (100 mL). The absorbance
was measured at 570 nm with a reference wavelength of
630 nm using the aforementioned InfiniteV 200 PRO multimode microplate reader from Tecan Group Ltd. (M€annedorf,
Switzerland).
R

Calcein assay
Moreover, we studied the cytotoxicity of the designed nanoplatforms using fluorescent microscopy according to a previously reported procedure [26]. Briefly, cells were seeded at a

density of 1  105 per well in a six-well plate. After 24 h, they
were treated with both targeted and non-targeted CMC-AcSN38-PEG NPs and free SN38 at different concentrations of
SN38, in DMEM containing 10% of FBS (0.25, 0.5, 1, 2, 5, 10,
20, and 30 mg/mL). After 6 h, the media was changed and the
cells were incubated for another 24 h at 37  C. Thereafter, the
cells were incubated with calcein-AM (2 mL, 25 mM) for 30 min.
Then, they were washed several times with PBS (pH: 7.4,
100 mM) and analyzed using JULI inverted-fluorescence
microscope (Oxford, UK).

Statistical analysis
Statistical analysis was performed using one-way analysis of
variance (ANOVA) test, and p value .05 was considered
significant.

Results and discussion
Synthesis and characterization of polymerdrug conjugate
To fabricate PEG-AcCMC-SN38 conjugate as shown in Figure 1,
acetylated CMC was produced. CMC acetylation helps to
decrease the gelling property, enhance solvent solubility, and
produce high yield of conjugation to SN38 [27]. To this aim,
CMC was oxidized to CMC-COOH and incubated with acetic

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY

S1163

Figure 2. (A) 1HNMR spectra of Na-CMC in deionized water, (B) 1HNMR spectrum of Ac-CMC in DMSO-d6, and (C) 1HNMR spectrum of PEG-AcCMC-SN38
in chloroform.

anhydride. Figure 2(A,B) illustrates 1HNMR spectra of CMCNa
and acetylated CMC (AcCMC). The resonance peak at 3–5 ppm
was assigned to protons of CMC structure (Figure 2(A)). The resonance peak at 2 ppm was assigned to the protons of the acetyl group of AcCMC structure (Figure 2(B)). By calculating the
relative molecular weights and considering the integration of
the peaks, the acetylation efficiency was estimated to
be 91.3%.
SN38 has two hydroxyl groups: one of them is phenolic
and more reactive for functionalization. Moreover, due to the
stabilized lactone ring of SN38, 20-OH group was more reactive. Therefore, SN38 phenolic group was protected via reaction with di-tert-butyl dicarbonate and a single peak
approximately 1.6 ppm in 1HNMR spectrum confirmed it
(Figure 2(C)).
Thereafter, PEG/BOC-SN38 was conjugated to AcCMC backbone via esoteric bonds using EDC/NHS chemistry to obtain
PEG-AcCMC-SN38. 1HNMR spectrum of PEG-AcCMC-SN38 is
shown in Figure 2(C). The high-intensity resonance peak at
3.6 ppm was related to methylene protons of PEG. Using the
relative molecular weights and peaks integrals, the amount of
CMC PEGylation was estimated to be approximately 9.8%.
Also, the presence of CMC in the construct was confirmed by
the resonance peak at 3–5 ppm. The resonance related to
methylene groups of SN38 was observed at 1.2 ppm. On the
other hand, the resonance peak at 8.3 ppm which related to
aromatic protons of SN38 confirmed the drug conjugation to
the AcCMC backbone.

Drug content and polymer grafting
Grafting efficiency of BOC-SN38 to PEG-AcCMC was 24.43%,
and the amount of conjugated SN38 was found to be 1.33%
which was determined by UV spectrophotometry at 366 nm.
The drug content of the prepared drug-conjugate could be
considered acceptable in comparison with previously
reported SN38 prodrugs comprising SN38-glucuronide, IMMU130, and EZN-2208 which have 3.7% of drug loading. It
should be noted that in the aforementioned prodrugs, polymer-drug conjugation [28].

Critical micelle concentration
CMC of PEG-AcCMC-SN38 was investigated using the fluorescent dye 1,6-diphenyl-1,3,5-hextriene (DPH). The absorption
intensity of DPH enhanced significantly above the CMC of
the synthesized PEG-AcCMC-SN38 as it was incorporated into
hydrophobic core of the micelles. Thus, the abrupt change in
absorption intensity was regarded as the CMC value.
As shown in Figure 3(A), CMC of our self-assembled structures was determined to be 0.006 mg/mL. In comparison to
the CMC of the previously reported prodrugs such as
hyaluronic  paclitaxel conjugates (7.8 lg/mL) and poly(glutamyl glutamine PTX) (25 lg/mL), the synthesized prodrug
demonstrated low CMC in the same range of mg/mL.
The low CMC values of the synthesized prodrug suggested
that the self-assembled nanoparticles prepared from these
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prodrugs are thermodynamically stable and can better maintain micellar integrity upon dilution [29,30].

Preparation and characterization of nanoparticles
To prepare self-assembled nanoparticles, PEG-AcCMC-SN38
solution in MeCN and DMSO emulsified with PVA (3 mL, 5%
v/v). Then, the mixture was added drop-wise to a 5 mL solution of 1% of PVA while ultrasonicated for 30 min. Then, the
self-assembled nanoparticles were
purified
through
centrifugation.
After self-assembly of the particles in aqueous media, particles size and zeta potential were determined. We assume
that the hydrophobic and hydrophilic moieties rearrange in
aqueous media, so that hydrophilic groups would stay in the
surface while hydrophobic moieties would aggregate in the
inner core to produce a water-soluble formulation with the
least free energy level. The morphology of self-assembled
nanoparticles is shown in Figure 3(B). Scanning electron
microscopy (SEM) image revealed that the designed nanoparticles were spherical and homogenously dispersed with size
of 120–200 nm confirming the results obtained from dynamic
light scattering.
Table 1 indicates size distribution, particle size, and zeta
potential of nanoparticles (PEG-AcCMC-SN38) and aptamerconjugated nanoparticles. Mean particle size of nanoparticles

was 169.9 ± 3.5 nm with polydispersity index (PDI) of 0.11.
Zeta potential of the nanoparticles was determined in hydrophilic media. The results showed that the surface charge of
nanoparticles was –21.6 mv.

Aptamer-conjugated nanoparticles
Afterwards, the aptamer against CD133 was conjugated covalently to the self-assembled PEG-AcCMC-SN38 nanoparticles
through EDC/NHS chemistry. The Apt-PEG-AcCMC-SN38 NPs
was 171.5 ± 2.6 in size with PDI of 0.13 (Table 1). The
obtained results demonstrated that the aptamer conjugation
do not have any impact on the size and polydispersity index
of the NPs.
Compared to self-assembled PEG-AcCMC-SN38 NPs, the
zeta potential of the self-assembled Apt-PEG-AcCMC-SN38
NPs was –12.1 mv which significantly increased after aptamer
conjugation.

In vitro release of SN38
SN38 release profile of PEG-AcCMC-SN38 was investigated at
physiological and acidic pH conditions. The results demonstrated that less than 10% of the conjugated drug was
released after 96 h in both acidic and neutral environments
(Figure 3(C)) indicating the stability of the designed

Figure 3. (A) Critical micelle concentration of PEG-AcCMC-SN38. (B) Field emission-scanning electron microscopy (FE-SEM) image of PEG-AcCMC-SN38 self-assembled
nanoparticles. (C) Release profile of SN38 from PEG-AcCMC-SN38 self-assembled nanoparticles in PBS (pH: 7.4) containing 30% of FBS and citrate buffer (pH: 5.5)
for 96 h.
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formulation. The obtained results verified that the ester linkage between AcCMC and SN38 would be stable during the
transport in the blood circulation thereby increasing
its stability.
It should be noted that the aforementioned ester linkage
between drug and AcCMC backbone could easily be cleaved
upon its exposure to intracellular esterase which may further
enhance the therapeutic index of the conjugated drug while
reducing its systematic toxicity [31].

Cellular uptake using flow cytometry
One of the important features of the targeted delivery systems is to bind specifically to the target cells. To evaluate the
ability of our designed system to bind to CD133 positive cells
(HT-29 cell line) [32,33], we incubated the cells with either
Rhodamine-loaded PEG-AcCMC-SN38 or Apt-PEG-AcCMCSN38 for 2 h.
Moreover, as for negative control, excess amount of free
CD133 aptamer (2 lg/well) was added to the wells 30 min
before the cellular uptake experiment.
The obtained results demonstrated that the fluorescent
intensity of HT29 incubated with Rhodamine-loaded PEGAcCMC-SN38 was similar to that of treated cells with free
aptamer prior to the addition of Rhodamine-loaded Apt-PEGAcCMC-SN38 in amplitude (Figure 4(A)).
Addition of an excess amount of CD133 aptamer prior to
cellular uptake experiment, as a free competing ligand for
Rhodamine-loaded
Apt-PEG-AcCMC-SN38
significantly
decreased the internalization efficiency of aptamer-targeted
self-assembled NPs. However, for HT29 cells treated with
Rhodamine-loaded Apt-PEG-AcCMC-SN38, the fluorescent
intensity was increased by 71%, whereas the fluorescence
intensity of the cells treated with Rhodamine-loaded PEG-

Table 1. Characteristics of targeted and nontargeted self-assembled structures
in terms of size, polydispersity index (PDI), and zeta potential.
Sample name

Size (nm)

PDI

Zeta potential (mv)

PEG-AcCMC-SN38
Apt-PEG-AcCMC-SN38

169.9 ± 3.5
171.5 ± 2.6

0.11
0.13

–21.6
–12.1
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AcCMC-SN38 was increased by 48%. The difference between
fluorescent intensity of the experiment groups was probably
due to the conjugated CD133 aptamers on the surface of
NPs, which bound to the CD133 receptor on the surface of
HT29 cells, resulting in enhanced cell attachment and
internalization.
Besides, we studied the targeting efficiency of Rhodamineloaded PEG-AcCMC-SN38 and Rhodamine-loaded Apt-PEGAcCMC-SN38 towards the CD133 negative cells (CHO cell line)
(Figure 4(B)). The obtained results illustrated that there was
no difference between the two treated groups in cellular
uptake efficiency suggesting that the receptor-mediated
endocytosis provided higher uptake of the aptamer-conjugated system in CD133 positive cell line (HT29).

Cellular uptake using fluorescent microscopy
To further study, the specific targeting efficiency of aptamerconjugated nanoparticles to both CD133 positive and negative cell lines, fluorescence microscopy was performed to
determine if the targeted nanoparticles remain bound to the
surface of the cells or they were internalized into cytoplasm.
Figure 5(A) clearly indicates that the Rhodamine-loaded AptPEG-AcCMC-SN38 was mainly accumulated in the HT29 cells.
Accordingly, Apt-PEG-AcCMC-SN38 could be internalized into
the target cells and carried the anticancer drugs into the cell.
Compared to Rhodamine-loaded Apt-PEG-AcCMC-SN38, the
amount of Rhodamine-loaded PEG-AcCMC-SN38 that entered
HT29 cells were much less suggesting again that the CD133
aptamer enhanced the uptake of nanoparticles into the
CD133 þ cells (HT29).
On the other hand, the fluorescence intensity of free
aptamer-treated HT29 cells prior to the Rhodamine-loaded
Apt-PEG-AcCMC-SN38 incubation was identical to that of
Rhodamine-loaded
PEG-AcCMC-SN38
incubated
with
HT29 cells.
It should be noted that there was no difference
between all groups (Rhodamine-loaded Apt-PEG-AcCMC-SN38
vs. Rhodamine-loaded PEG-AcCMC-SN38 treatments) in
CD133-CHO cell line which further proved the selectivity and
specificity of the CD133 RNA aptamer (Figure 5(B)).

Figure 4. Flow cytometry histogram showing the cellular uptake of Rhodamine 6G encapsulated PEG-AcCMC-SN38, Apt-PEG-AcCMC-SN38 and Apt-PEG-AcCMCSN38 þ free aptamer and untreated cells as control in CD133 positive cells, HT-29 cells (A) CD133 negative cell, (B) CHO cells.
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Figure 5. Fluorescent microscopy images showing the cellular uptake of Rhodamine 6G encapsulated Apt-PEG-AcCMC-SN38, PEG-AcCMC-SN38 and Apt-PEG-AcCMCSN38 þ free aptamer as a competitive ligand in (A) CD133 positive cells, HT-29 cells (B) CD133 negative cells, CHO cells.

Cytotoxicity studies
MTT assay
The cellular uptake experiment showed that the CD133
aptamer-conjugation enhanced the cellular uptake of selfassembled NPs by CD133-overexpressing HT29 tumour cells.
However, it is not known that how this would influence the
transportation of conjugated SN38 to the cells. To investigate
the issue, in vitro cytotoxicity of free SN38, PEG-AcCMC-SN38
or Apt-PEG-AcCMC-SN38 was evaluated in HT-29 and
CHO cells.
The cytotoxicity results of either Apt-PEG-AcCMC or PEGAcCMC did not exhibit pronounced cytotoxicity (data not
shown), suggesting that the synthesized polymeric backbone
was relatively nontoxic to the cells and that the detected
cytotoxicity was caused by the conjugated SN38.
As shown in Figure 6(A), Apt-PEG-AcCMC-SN38 was significantly more cytotoxic to HT29 cells compared to the PEG-

AcCMC-SN38 indicating that the targeted formulation could
specifically bind to the CD133 receptors present on the surface of HT29 cells and successfully be internalized via receptor-mediated endocytosis (p  .05).
In contrast to HT29 cell line, there was no significant difference between the Apt-PEG-AcCMC-SN38 and PEG-AcCMCSN38 in CHO cell line as CD133 negative cells (Figure 6(B)).
Obtained results demonstrated that the RNA aptamer against
CD133 increased the cytotoxicity of Apt-PEG-AcCMC-SN38
into CD133 overexpressing HT29 tumour cells. Moreover, the
Apt-PEG-AcCMC-SN38 enhanced the SN38 cytotoxicity to the
HT29 tumour cells while showing no efficacy towards the
CHO cells.
This is consistent with the results obtained by flow cytometry in which CD133 aptamer increased the uptake of AptPEG-AcCMC-SN38 into HT29 cells but not in CHO cells. The
results suggest that the CD133 aptamer may selectively

ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY

S1167

Figure 6. Cytotoxicity of Apt-PEG-AcCMC-SN38, PEG-AcCMC-SN38 and the free drug in (A) HT-29 cells as CD133 positive cell and (B) CHO cells as CD133 negative cell.

Figure 7. Fluorescent microscopy images showing the cytotoxic effect of different groups compared to control in HT-29 cells as CD133 positive cells and in CHO
cells as CD133 as negative cells.
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increase the transportation of conjugated SN38 (prodrug) to
HT29 cells. The RNA aptamer against CD133 showed high
selectivity against HT29 cells. In this regard, the versatility of
MUC1, AS1411, and EpCAM conjugated NPs against AGS,
HT29, and MCF-7 cell lines was previously reported and the
obtained results verified the enhanced cytotoxicity and
uptake of aptamer-targeted systems in comparison with nontargeted ones [34–38].
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