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Development of aptatheranostics for glioblastoma (GB) requires investigating aptamer interactions with cells. 
The paper has described flow cytometry (FC) assessment of direct interactions of fluorescent anti-CD133 
aptamers with cells, focusing on cell cultures derived from patient GB (CCPGB). Conventional cell lines with 
different levels of CD133 mRNA, Caco-2 and HCT116, were used to compare interactions with known 2′FY-RNA 
aptamer A15 and DNA aptamers of Ap and Cs series, labeled with FAM and Cy5. In addition, interactions of 
certain non-aptameric oligonucleotides were studied. In the case of antibody interactions with cells, FC signals, 
mean fluorescence intensities (MFIs), correlated with sizable amounts of CD133 mRNA in Caco-2 cells, and 
CCPGBs 107 and G01. Unexpectedly, MFI per se could not be the solid indicator of specific interactions of 
aptamer - CD133/cell. Instead, two types of interactions, target CD133-driven and off-target membrane-asso
ciated ones, contribute to MFI. The latter was notably observed for CCPGB Sus/fP2 with tiny CD133 mRNA 
amount. To prove specificity of aptamer - CD133/cell interactions, titration experiments have been performed, 
revealing half-saturation concentrations of 120±27 for 2′FY-RNA A15 and 180±12 for DNA Cs5 with Caco-2 
cells. This knowledge is an essential step to develop aptatheranostics for GB.

1. Introduction

Glioblastoma multiform (GB) is an aggressive brain tumor with poor 
prognosis. The current treatment protocol, Stupp Regimen, includes 
surgery, radiation therapy, temozolomide chemotherapy [1] which 
provides about a year of patient survival [2]. Efficiency of GB treatment 
is hindered by infiltrative nature, population heterogeneity, including 
GB stem-like cells (GSC) [3], genetic and metabolic variations [4], 
cellular plasticity [5], and propensity for genetic mutations. 
Post-treatment GSC remnants have tumorigenesis potential [6] leading 
to recurrence [7]. The GSC marker CD133 has garnered significant 
attention [8,9]. Novel strategies, like multifunctional drug delivery 
systems targeted by Molecular Recognition Elements (MoREs), are 
needed [10]. Despite the limitations of antibodies - poor localization, 
penetration, and accumulation [11] immunotheranostics is an inten
sively developing area. To address these challenges, the development of 
alternative MoREs, like artificial `scaffold’ proteins [12], is in progress.

Aptamers, nucleic acid-based `chemical antibodies,’ offer a 

promising solution, addressing issues related to synthesis reproduc
ibility, size, stability, low immunogenicity [13,14]. Advances in tar
geting CSCs with aptamers have been reported [15]. Anti-CD133 SELEX 
has been performed on whole cells overexpressing CD133 (Cell-SELEX). 
The composition of cellular membrane complicates interactions of 
aptamers with membrane proteins on cells [15], not to mention the 
challenges posed by endocytosis.

Comparing the properties of already discovered aptamers is crucial, 
because of differences in application conditions. First attempts have 
been made [16]. Aptamer Consortium is working on recommendations 
to uniform that matter [17]. Therefore, aptamer validation remains 
essential. Flow cytometry (FC) is a preferred method for studying 
aptamer interactions with cells. Besides, for cancer research it is crucial 
to apply unique continuous cell cultures from patient GB (CCPGBs). Two 
hundred publications have described the application of FC for CD133 
study of GB cells, with only a few addressing the use of aptamers, and 
none focusing on CCPGB. It is worth mentioning, that the translation of 
aptamers into biomedicine strictly confines experimental conditions, 
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like avoiding extra competitors, contrary to routine aptamer research 
that focuses on measuring affinity and specificity [15,17].

The paper has described FC to analyze direct interactions of fluo
rescent 2′FY-RNA aptamer A15 [18], DNA aptamers of Cs [19] and Ap 
series [20] with cells, reference colorectal cancer cell lines Caco-2, 
НСТ116, and original CCPGBs 107, G01, and Sus/fP2 [21]. For fluo
rescent antibodies, mean fluorescent intensities (MFIs) correlated with 
CD133 mRNA amounts for Caco-2 cells and CCPGBs 107, G01, revealing 
population heterogeneities for CCPGBs. More complex patterns were 
revealed with fluorescent aptamers. We suggest that MFI is a result of 
two types of interactions: CD133-driven and membrane-associated. 
When CD133 mRNA amounts are high, MFI reflects mainly 
aptamer-CD133 interactions. If CD133 mRNA amounts are low, 
membrane-associated events dominate, leading to varied MFI patterns. 
Therefore, MFI per se could not indicate CD133 existence on a cell sur
face; only titration experiments could certify specific binding. The ac
quired knowledge is crucial for future studies of CCPGBs pursuing 
translation of aptatheranostics, and more general - therapeutic nucleic 
acids, into biomedicine.

2. Materials and methods

Aptamer nucleotide sequences are listed in Table 1. Chromato
graphically pure oligonucleotides were purchased from GenTerra Ltd. 
(Russia). Aptamers, labeled with either 5′-FAM or 5′-Cy5, were prepared 
in Dulbecco phosphate buffer saline (DPBS, PanEco Ltd, Russia), con
taining 10 mM KCl, 5 mM MgCl2. Refolding was performed by heating to 
95 ◦C for 5 min, followed by cooling to room temperature.

Anti-human CD133 APC-conjugated antibodies (Clone No W6B3C1, 
E-AB-F1268E, isotype - mouse IgG1) for flow cytometry were purchased 
from Elabscience Biotechnology Inc. (USA). Salmon DNA was sourced 
from Sigma-Aldrich (USA), sounded, and stored frozen. Yeast tRNA was 
obtained from Invitrogen (USA).

Human colorectal adenocarcinoma cell line Caco-2 (HTB-37 - ATCC) 
was purchased from Avtsyn Research Institute of Human Morphology of 
"Petrovsky National Research centre of Surgery" (Moscow, Russia). Cells 
were grown in RPMI growth medium with sodium pyruvate (PanEco 
Ltd., Russia) supplemented with 10% fetal calf serum (FCS), 1% HEPES, 
1% GlutaMAX and 1% streptomycin (all Invitrogen, USA); at 37 ◦C in a 
5% CO2 atmosphere.

Human colon cancer cell line HCT 116 (CCL-247 - ATCC) was pur
chased from the Russian collection of cell cultures of the Institute of 
Cytology of the Russian Academy of Sciences (St. Petersburg, Russia). 
Cells were grown and maintained in culture using Dulbecco’s Modified 
Eagle Medium DMEM (PanEco Ltd., Russia) supplemented with 10% 
FCS, 1% HEPES, 1% GlutaMAX and 1% streptomycin (all Invitrogen, 
USA); at 37 ◦C in 5% CO2.

Continuous cell cultures derived from surgical samples of patient GB, 
107, G01, Sus/fP2 [21] were developed in the Laboratory of Neuro
genetics of the N.N. Burdenko Research Institute of Neurosurgery 
(Moscow, Russia). Cells were grown and maintained in culture using 

DMEM/F12 with sodium pyruvate (Servicebio, China) supplemented 
with 10% FCS, 1% HEPES, 1% GlutaMAX and 1% streptomycin (all 
Invitrogen, USA); at 37 ◦C in a 5% CO2 atmosphere.

Cells were maintained for fewer than 3–7 passages after thawing; and 
1.5 million cells were seeded for experiments.

2.1. Flow cytometry monitoring of fluorescent antibody and aptamers 
interactions with cells

Cells were harvested at 80% confluence and trypsinized with 1 ml of 
0.25% trypsin-EDTA (PanEco Ltd, Russia). After centrifugation at 1000 g 
for 3 min, cells were resuspended in DPBS, 5 mM MgCl2, and counted. 
Cells were spun down and resuspended in growth media with 10% FCS 
and 106/ml incubated at 37 ◦C for 1 hr for surface regeneration.

Anti-CD133 APC-conjugated antibodies were diluted 1:50 in growth 
media with 10% FCS and incubated with the cells for 1 h at room 
temperature in the dark. Cells were washed three times with DPBS 
containing 5 mM MgCl2, resuspended in 300 μl DPBS with 5 mM MgCl2, 
and analyzed by flow cytometry. Fluorescent aptamers (1 μM) in a 50% 
DPBS with 5 mM MgCl2 and 50% growth media with 10% FCS were 
incubated with cells for 30 min at room temperature in the dark. Cells 
were washed three times with DPBS, 5 mM MgCl2, resuspended in 300 μl 
DPBS, 5 mM MgCl2, and subjected to flow cytometry.

The binding affinity of Cy-5-aptamers was analyzed by FC using 5 ×
105 Caco-2 cells with various concentrations of aptamers. Aptamer in
teractions was performed at 25 ◦C for 30 min with aptamers at con
centrations of 0.03, 0.07, 0.13, 0.25, 0.5, and 1 μM in 50% DPBS, 5 mM 
MgCl2 and 50% growth medium with 10% FCS. The non-aptameric ol
igonucleotides 2′FY-RNA NARO and DNA dT20 at concentrations of 0.03, 
0.07, 0.13, 0.25, 0.5, 0.75 and 1 μM were used as controls and incubated 
with Caco-2 cells in the same mixture of 50% DPBS, 5 mM MgCl2 and 
50% growth medium with 10% FCS. After 30 min of incubation in the 
dark, cells were washed three times with the buffer, resuspended in 300 
μl of DPBS, 5 mM MgCl2 and submitted to FC.

Fluorescence intensity was measured with CytoFlex (Beckman 
Coulter, USA), with 30,000 events collected and analyzed by in
strument’s software. Data were processed using FlowJo v10.6.2 (FlowJo 
LCC, USA). Intact cells were identified using FSC-H vs SSC-H plot. Re
sults were presented as histograms [22]. Affinity of oligonucleotides to 
cells was determined as described earlier [18], mean fluorescence in
tensity (MFI) of intact cells was subtracted from MFI cells incubated with 
oligonucleotides.

2.2. Statistical analysis

Statistical analyses were performed using Statistica 6.1 (StatSoft, 
USA). Data are presented as means ± standard deviation of at least three 
independent experiments, p-value of less than 0.05 was considered 
statistically significant.

Table 1 
Nucleotide sequences of aptamers and oligonucleotides.

N Name Nucleotide Sequence, 5′-3′* Length, nt

1 A15 fCfСfCfUfCfCfUrAfCrAfUrArGrGrG 15
2 Cs1 ATTGCACCACAGATTGTTATTATTTAGTTTATCTCCTAGTTTAGATAGTAAGTGCAAT 58
3 Cs5 TTACATCGAGTGGCTTATAAAGTAGGCGTAGGGCTAGGCGGAGAGATGTAA 51
4 Ap1M TACCAGTGCCGTTTCCCCGGAGGGTCACCCCTGACGCATTCGGTTGAC 48
5 Ap2 TACCAGTGCGATGCTCAGGTGTGCGCCGCCCCGGCGTCCCCGACCAATGCTATCGCCACTGACGCATTCGGTTGAC 76
6 NADO** CATTTAGGACCAACACAA 18
7 NARO*** rGfCfUrArArGfCfUrGfUfCfCfUfCfCrG 16
8 dT20 TTTTTTTTTTTTTTTTTTTT 20

* r – ribo-, f - 2′-fluordeoxyribo- (2′F-).
** NADO - non-aptameric DNA oligonucleotide.
*** NARO - non-aptameric 2′FY-RNA oligonucleotide.
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3. Results

3.1. Antibodies

To standardize FC experiments, interactions of allophycocyanin 
conjugated mouse anti-human CD133 antibody with conventional Caco- 
2 cells, having high CD133 mRNA amounts, were tested. On the other 
hand, CCPGBs have variety of CD133 mRNA levels (Supplementary 
Fig. S1). Before FC, cells were incubated with antibody for 1 h at room 
temperature in the dark. Three scenarios are shown in Fig. 1. First, for 
Caco-2 cells antibody revealed homogeneous population with right 
shifted MFI (Fig. 1A). Second, for CCPGBs 107 and G01 histograms 
indicated heterogeneity (Fig. 1D, G), due to cell populations with 
different CD133 abundance. Third, for CCPGB Sus/fP2, having tiny 
CD133 mRNA amount, there is no shift (Fig. 1J).

3.2. 2′FY-RNA aptamer Cy5-A15

Well-known 2′FY-RNA aptamer Cy5-A15 [18] has 2′-hydroxyl group 
of pyrimidine nucleotides substituted with fluorine. Non-aptameric 
2′FY-RNA oligonucleotide, Cy5-NARO, was used to reveal off-target in
teractions. A 1 μM aptamer concentration is high enough [23] to level 
out binding conditions for cells with different CD133 mRNA amounts. 

Binding was performed at room temperature for 30 min without com
petitors/blockers, like extra nucleic acids (using competitors shown at 
Supplementary Fig. S3). The 2′FY-RNA aptamer A15 was found to be 
not-toxic to cells (Supplementary Fig. S4).

Three types of MFI shifts were observed. For Caco-2 cells with high 
CD133 mRNA amount, MFI shift for Cy5-A15 is bigger than for Cy-5- 
NARO (Fig. 1B, C). Similar trends were observed for CCPGBs, except 
Sus/fP2. For CCPGB 107, having lower CD133 mRNA amount than 
Caco-2 (Supplementary Fig. S2), Cy5-A15 gave asymmetrical peak 
(Fig. 1F). For CCPGB G01, having intermediate CD133 mRNA amount 
(Supplementary Fig. S2), Cy5-A15 gave symmetrical peak but further 
right (Fig. 1I). Finally, CCPGB Sus/fP2, with tiny CD133 mRNA amount, 
MFIs for Cy5-A15 and NARO were the same, and alike for CCPGB G01 
(Fig. 1L). The data on APC-labeled antibody binding to CD133 on cells 
summarized into histograms, which are shown on the right of the flow 
cytometry results. For the heterogeneous population 107 after incuba
tion with antibodies APC-positive cells signal is shown in the histogram; 
this population is highlighted in the shaded area in the original flow 
cytometry graph.

For the sample G01 it was hard to evaluate the amount of a separate 
population of APC+ G01 cells; therefore the histogram for G01 shows 
the average signal value without separation into CD133-positive and 
CD133-negative cells.

Fig. 1. Flow cytometry data for Caco-2 cells (A-C), and CCPGBs 107 (D-F), G01 (G-I), Sus/fP2 (J-L) incubated with anti-CD133 APC-antibody (A, D, G, J), aptamer 
2′FY-RNA Cy5-A15, non-aptameric 2′FY-RNA Cy5-NARO (B, E, H, K). The antibody was diluted 1:50 and incubated for 1 hr, or 1 μM oligonucleotide was incubated 
for 30 min; both: room temperature, dark. The part of heterogeneous population of the sample 107 APC+ is shadowed. Histograms (C, F, I, L) show statistical data: * - 
p < 0.05.
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3.3. DNA aptamers Cs and Ap

Members of two series of DNA aptamers: Cs [19] and Ap [20], each 
with FAM and Cy5 fluorescent labels, were studied. Possible secondary 
structures of 2′FY-RNA aptamer A15 and DNA aptamers Ap1M, Ap2, Cs1 
and Cs5 represented in Supplementary Figure S1. DNA-aptamers were 
examined against two CD133-positive cells, Caco-2 and HCT116. The 
cell lines have different CD133 mRNA amounts; for Caco-2 CD133 
mRNA amount is an order of magnitude higher [24].

We have tested interactions of FAM-DNA aptamers with cells Caco-2 
and HCT116 (Fig. 2, Supplementary Fig. S5). For both cell lines, there 
were rightward shifts. For Caco-2 cells, MFI values were 3800 au for 
Ap1M and 4400 au for Cs5 (Fig. 2A, B, D), with no shift observed for 
non-aptameric oligonucleotide NADO (Fig. 2C, D). MFIs for cells 
HCT116 were bigger: 6500 au for Ap1M and 5200 au for Cs5 (Fig. 2E, F, 
H). However, contrary to Caco-2 cells, NADO did slightly interacted 
with HCT116 cells (Fig. 2G, H). Results for two other family members, 
Ap2, Cs1, were similar to Ap1M, Cs5, as shown in Supplementary 
Fig. S5.

More sensitive Cy5-derivatives of Ap1M and Cs5 were tested with 
Caco-2 cells (Fig. 3A-C). Both aptamers gave MFI rightward shifts: Ap1M 
showed an MFI of 7400 au, and Cs5 showed 5200 au, compared to Caco- 
2 cells autofluorescence at 1400 au. Essentially, for CCPGB 107, histo
grams of interactions with Ap1M and Cs5 aptamers displayed multiplex 
profiles (Fig. 3D, E).

Binding parameters of aptamers: 2′FY-RNA A15, DNA Cs5, and non- 
aptameric oligonucleotides: 2′FY-RNA NARO, DNA dT20, were assessed 
using Caco-2 cells. Plotting MFIs vs oligonucleotide concentrations 
revealed typical binding curves (Fig. 4E, G), proving specific in
teractions of aptamers A15 and Cs5. Calculated concentrations of half- 
saturation were 120 ± 27 nM for A15 (Fig. 4E), and 180 ± 12 nM for 
Cs5 (Fig. 4G). Contrary, interactions of NARO and dT20 yielded linear 
profile, proving non-specific interactions (Fig. 4F, H).

4. Discussion

One of the main directions in the development of targeted cancer 
therapy is theranostics, a combination of diagnostics and therapy. 
Immunotheranostics applies antibodies as Molecular Recognition Ele
ments (MoREs) to detect molecular oncomarkers in tumors, and subse
quently utilizes antibody-drug conjugates to eradicate targeted cells. A 
notable and successful example of theranostics is targeting of the EGFR- 
2 oncomarker [25].

Considering theranostics applications, an intra-heterogeneous tumor 
could be roughly classified as having different types of cells. Actively 
proliferating cells has both a high number of cells and a high number of 
markers per cell, as they promote the tumor growth. For the ‘hibernat
ing’ cancer stem cells (CSC) or glioblastoma stem cells (GSCs), there is 
no consensus on set of molecular markers yet. Therefore, it is a great 
value to work out new methods and approaches for theranostics of GSC, 
including a development of new MoREs, like scaffolds and aptamers. 
Selecting CD133 as a marker for the current study we understand that 
both a number of CD133+ cells and a number of CD133 per cell could be 
low, not mentioning transitional expression. Aptatheranostics requires 
an understanding of direct interactions of aptamers with CD133 on cells. 
Besides, a progress in theranostics using novel MoREs could help iden
tify novel types of cancer cells, as it was also shown in the present 
research.

4.1. Antibodies

Our study initiated by using an anti-CD133 allophycocyanin-anti
body to study interactions with cells (Fig. 1A, D, G, J). Anti-CD133 APC- 
labeled antibody clone specific for AC133 epitope [27], have been 
chosen. CD133 mRNA amounts rather than protein amounts were taken 
as references. Despite protein amounts seems more reasonable, they 
yielded variable data due to difference in processing and glycosylation 
of CD133, antibodies polymorphism, feeding discussions on CD133 

Fig. 2. Flow cytometry data on interactions of cells Caco-2 (A-D) and HCT116 (E-H) with 1 μM FAM-DNA: Ap1M (A, E, D, H), Cs5 (B, F, D, H), NADO (C, G, D, H); 
room temperature, 30 min, dark. Histograms (D, H) show statistical data, * - p < 0.05.
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Fig. 3. Flow cytometry data on interactions of cells Caco-2 (A-C), CCPGB 107 (D, E) incubated with 1 μM Cy5-DNA: Cs5 (A, D), Ap1M (B, E); room temperature, 30 
min, dark; histogram (C) shows statistical data * - p < 0.05.

Fig. 4. Flow cytometry data on a titration of cells Caco-2 with Cy5-derivatives: A15 (A), NARO (B), Cs5 (C), dT20 (D); 1 µM, room temperature, 30 min, dark. Binding 
curves: A15 (E), NARO (F), Cs5 (G), dT20 (H).
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functioning [8,26]. Though CD133 mRNA amounts should not correlate 
with the protein amounts, for evaluation of interaction scenarios, it 
could be more relevant.Conventional Caco-2 cells have high CD133 
mRNA amount. For CCPGB 107, CD133 mRNA amount was 2.9 times 
bigger, than for CCPGB G01, and for CCPGB Sus/fP2, CD133 mRNA 
amount was undetectable (Supplementary Fig. S1). Interactions of 
antibody with cells Caco-2 gave big MFI shift on FC (Fig. 1A). For 
CCPGBs 107 and G01, the flow cytometry histograms of anti-CD133 
antibody–cells interactions were wide, reflecting intra-tumoral hetero
geneity. There were a correlation between CD133 mRNA amounts and 
MFIs (Fig. 1A, D, G, J). In contrast, CCPGB Sus/fP2, which had very tiny 
amounts of CD133 mRNA, exhibits no shift in histogram of anibody-cell 
interactions (Fig. 1J).

4.2. 2′FY-RNA aptamer А15

For aptamer studies, we used commercially available 2′-fluorpyr
imidine aptamer A15, known to interact with the glycosylated AC133 
epitope (CD133/1) [18]. Unlike most aptamer studies [15,17], we did 
not pre-block cells with extra nucleic acids, having in mind a translation 
of aptatheranostics into biomedicine (experiments for blocking Caco-2 
cells with nucleic acid pretreatment were described in Supplementary 
Fig. S3). Direct interactions of aptamer A15 with Caco-2 cells yielded big 
rightward MFI shift, 30,000 au (Fig. 1C), comparable to shifts of anti
body interactions (Cy5-label of aptamers is a fluorescent analog of 
APC-label of antibodies) (Fig. 1A).

Downgrading CD133 mRNA amount for CCPGB 107, aptamer A15 
yielded widened peak with maximum at 22,000 au (Fig. 1F). Further 
downgrading CD133 mRNA amount for CCPGB G01 led to a narrow 
peak with unexpectedly significant MFI shift to 150,000 au, (Fig. 1I), 
which overlaps with right shoulder for CCPGB 107. CD133 mRNA 
amount of CCPGB 107 indicate tentative threshold value for aptamer 
A15 flow cytometry detection of target CD133-driven interactions. This 
value for aptamer A15 (2.9) is higher than the value for antibody (1.0), 
which could fit with their affinity differences.

CCPGB Sus/fP2, despite tiny CD133 mRNA amount, exhibited the 
same big MFI, 150,000 au (Fig. 1L). Probably big MFI reflects essential 
off-target membrane-associated events. Analogous effect was found 
earlier [28]. Non-aptameric oligonucleotide NARO also interacted with 
cells, yielding MFIs as roughly one third of aptameric MFIs (Fig. 1E, H, 
K). It is exception for CCPGB Sus/fP2, having equal MFIs for NARO and 
aptamer A15 (Fig. 1M), which means a preponderance of non-target 
membrane-associated events.

Therefore, MFI per se does not indicate a presence of CD133 receptor 
on cells. MFI is generated by interplay of at least two events: target 
CD133-driven, and off-target membrane-associated. MFIs for second 
events are governed by cell nature only, with no rules yet. Lack of MFI 
correlation with tabular CD133 mRNA levels for cell lines HT-29, PLC/ 
PRF/5, and PA-1 was also reported in literature [18], but with no 
comments. No surprise that for 2′FY-RNA aptamer A15 comparing to 
antibody, membrane-associated events are more pronounced. A reason 
could be an increased hydrophobicity of 2′FY-RNA backbone [29]. 
Therefore, it is worth comparing properties of 2′FY-RNA aptamer with 
DNA aptamer.

4.3. DNA aptamers series Cs and Ap

Little is known on anti-CD133 DNA aptamers. To gain information 
comparable with RNA aptamer A15, we tested DNA aptamers Cs [19] 
and Ap [20] in a similar way. Interactions of FAM-DNA aptamers Ap1M, 
Cs5 with conventional cell line Caco-2 yielded MFI right shifts 
(Fig. 2A–D). There was no shift in the case of the control non-aptameric 
DNA oligonucleotide (NADO, Fig. 2C). Interactions of the DNA-aptamers 
with HCT116 cell line, despite having lower CD133 mRNA amount, 
resulted in even bigger rightward shifts, along with widened histograms 
(Fig. 2E–H), probably due to off-target membrane-associated events. 

Therefore, an anomalous tendency for DNA aptamers, similar to that we 
previously observed for 2′FY-RNA aptamer A15, has been sustained 
despite the differences in the chemical nature of both backbone and 
fluorescent label. The behavior of NADO is in a vein of this tendency.

Comparing Cy5-labeled DNA aptamers with 2′FY-RNA aptamer A15 
(Fig. 1C, F, I, L), we found that DNA aptamers showed lower MFI values 
with cells Caco-2 and CCPGB 107 (Fig. 3). Understanding all provisos of 
fluorescence, MFI values for DNA aptamers are less than for 2′FY-RNA 
aptamer A15, probably due to lower affinities. Nevertheless, like the 
antibody (Fig. 1D) and unlike 2′FY-RNA aptamer A15 (Fig. 1F), DNA 
aptamers are more sensitive to heterogeneity of CCPGB 107 (Fig. 3D, E), 
and hydrophobicity difference could be a reason.

4.4. Affinities of fluorescent Cy5 derivatives of 2′FY-RNA aptamer 
A15, DNA aptamer Cs5, and non-aptameric oligonucleotides NARO 
and dT20 to Caco-2 cell line

The MFI, indicating an amount of bound ligand to a target cell, per se 
does not reveal either affinity or specificity of interactions. Therefore, 
titration experiments are required. Conventional cell line Caco-2 was 
titrated with Cy5-labeled aptamers 2′FY-RNA A15, DNA Cs5, and non- 
aptameric NARO and dT20 (Fig. 4). Titration experiments with Cy5- 
oligonucleotides revealed linear correlations for non-specific binding 
of NARO and dT20 (Fig. 4B, D). Contrary to that, both RNA A15 and DNA 
Cs5 aptamers showed specific interactions (Fig. 4E, G). The calculated 
half-saturation concentrations are 120±27 and 180±12 nM, respec
tively, with RNA aptamer A15 showing slightly more affinity, than DNA 
aptamer Cs5. Because ‘a cell’ is not ‘a molecule’, we use the term ‘con
centration of half-saturation’ instead of Kd. Both aptamers were origi
nally selected against overproducing CD133 cells [18,19]. Published 
quasi-Kd values align with our findings: 82 nM for cell lines НТ− 29 [18], 
and 32 nM for Hep3B [30], having transcription levels 49.7 and 143.2 
nTPM, respectively [24]. DNA aptamer Cs5 gave quasi-Kd value 16,3 ±
6,8 [19] for transfected cell line (CHO)-K1 having assumed high CD133 
mRNA levels. All data fit with a hypothesis that for cells with low levels 
of CD133, contribution of off-target membrane-associated interactions 
are more pronounced, thereby increasing measured concentrations of 
half-saturation.

In conclusion, the development of aptatheranostics for GB using 
CCPGBs will face different cases, depending on an aptamer type, CD133 
status, and properties of cell membrane. DNA and 2′FY-RNA aptamers 
interact with cells differently, influenced by enhanced hydrophobicity of 
2′FY-RNA. The flow cytometry signal probably is generated by two 
events: target aptamer interactions with CD133, and off-target mem
brane-associated events, which are not yet understood. The less CD133 
amount cells have, the bigger deposit of membrane-associated effects is. 
The acquired knowledge is an essential step toward a translation of 
aptamers into theranostics of GB, and more generally, therapeutic 
nucleic acids into biomedicine.
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