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TOC schematic presentation of ARTS (ATP-Regulated-T-Cell Sensor). 

A bispecific aptamer molecule that performs as a dual detection platform and detects 

cells only when a given metabolite concentration is elevated in the Tumor-Micro-

Environment. 
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Abstract: 

The current detection methods of malignant cells are mainly based on the high 

expression levels of certain surface proteins on these cells. However, many of the 

same surface marker proteins are also expressed in normal cells. Growing evidence 

suggests that the molecular signatures of the tumor microenvironment (TME) are 

related to the biological state of a diseased cell. Exploiting the unique molecular 

signature of TME, we have designed a molecular sensing agent consisting of a 

molecular switch that can sense the elevated concentration of a small molecule in the 

TME and promote precise recognition of a malignant cell. We accomplished this by 

designing and developing a bispecific aptamer that takes advantage of a high 

concentration of ATP in the TME. Thus, we report a on a prototype of a bispecific 

aptamer molecule, which performs as a dual detection platform and recognizes tumor 

cells only when a given metabolite concentration is elevated in the TME. This system 

overcomes hurdles in detecting tumor cells solely based on the elevated expression 

of cell surface markers, providing a universal platform for tumor targeting and sensing.
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Introduction: 

Unlike normal cells, malignant cells sustain their rapid anabolic and energy production 

rates by requiring extraordinary high levels of nutrients.1-3 This altered metabolic state 

of tumor cells and their interaction with the surrounding tissues form a unique 

microenvironment termed tumor microenvironment or TME.4 The biochemical 

composition of the TME is based on the survival of tumor cells and their need to 

mitigate the competition for nutrients by surrounding cells.3, 5  

Additionally, the unique chemical signatures of the TME could characterize the tumor 

cell's own metabolic needs and waste products as a reflection of their biological state.1-

7 The TME also assists tumor cells in escaping immune surveillance, orchestrating a 

remarkable ability to adapt and survive.6, 7 Accordingly, the detection and modulation 

of the TME's biochemical composition could be an exciting avenue for tumor-targeting 

owing to its prominent role in the initiation and survival of tumors.8-10 The TME is 

characterized by abnormal fluctuations, including hypoxia (low oxygen levels), low 

extracellular pH (ranging from 6.5-6.8) resulting from the upregulation of glycolysis, 

and atypical expression of tumor-related enzymes.11, 12 Recently, the ATP 

concentration was found to be 1000 to 10,000 times higher within the TME than that 

of the typical cellular environment, indicating that the concentration of ATP can be 

utilized as a secondary biomarker to detect tumor cells.7, 13 

So far, cell-surface molecular signatures of diseased cells have been the focal point 

for the design and engineering of diagnostic and therapeutic targeting molecules 

against tumor cells.14-16 Indeed, a cell's pathological state is highly correlated to 

elevated expression levels of particular molecular signatures on the cell surface. 

However, many of these same surface marker proteins are also expressed in normal 

cells leading to higher background signals.17 Consequently, significant research efforts 

are now centered on detecting altered cellular pathological states using molecules 

secreted by malignant cells, such as exosomes, microRNAs, proteins, and other 

metabolic molecules unique to the tumor cell's metabolic states.17-20 The primary 

biomarker protein-related tumorigenesis and the unique metabolic state of TME can 

be utilized as a secondary marker to enhance the specificity of detection. Thus, we 

herein sought to explore the utility of the TME's unique chemical signature as an 

avenue to detect tumor cells and their elevated protein expression specifically. We 

accomplished this by designing a bispecific aptamer with one arm towards a highly 
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expressed tumor-related metabolite ATP and the other arm towards a cell surface 

marker expressed on human T-cell lymphoma.21, 22  Thus, the functional bispecific 

aptamer molecule, described here, effectively combines two molecular signatures 

related to a disease state, namely, altered ATP concentration in TME and an elevated 

expression of the cell surface marker TCR-CD3e in T-cells.  

This prototype bispecific sensor model is termed ATP-Regulated T cell Sensor 

(ARTS), which contains an ATP aptamer and an aptamer against TCR-CD3ε 

expressed on T-cells. The ARTS molecule is designed to sense the elevated 

concentration of ATP in the TME, which then subsequently undergoes a 

conformational switch, allowing the tumor-specific arm of the bispecific aptamer to 

bind to the CD3+ T cell leukemia by targeting through the TCR-CD3ε receptor 

(Scheme 1). By combining two aptamers, we, demonstrate that a bispecific sensor 

molecule with dual specificity can serve as a superior detection platform that can 

recognize diseased cell states with higher precision. 

 
Results and Discussion: 
The bispecific aptamer consists of a G-quartet quadruplex ATP aptamer and an anti-

CD3ε aptamer linked with two tandem units of Hexa-ethylene glycol spacer (6 repeats, 

24 carbon spacer). Each terminus is labeled with a fluorophore and a quencher.  ARTS 

detects T-cells only when a high concentration of ATP is present, facilitating the 

enhanced dual specificity in T-cell lymphoma detection in TME.  
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Scheme 1: Design of the bispecific aptamer, facilitating a conformational change 

from state A to state B. I) ATP-Regulator T Cell-Sensor (ARTS), II) Control-1 with 

randomized ATP sequence (ARTS-R1) and III) Control-2 with randomized anti-CD3ε 

aptamer (ARTS-R2).  All three molecules possess 6-Carboxyfluorescein (6-FAM) 

and Iowa Black Fluorescence Quencher (IBFQ) on their 5' and 3' ends, respectively. 

State A is stable in the absence of the ATP; i.e., in this state, the duplex structure is 

stable, and the two reporting molecules, 6-FAM and Iowa Black, are in close 

proximity, enabling fluorescence energy transfer (FRET). State B shows the open 

conformation, which is triggered by the presence of ATP molecules, allowing the 

anti-CD3ε aptamer to detect CD3ε on Jurkat.E6 cells. 
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The ARTS design consists of two states. State A consists of an inactive anti-CD3ε 

aptamer and an ATP aptamer arranged such that the functional folds of both aptamers 

are disrupted to form a stable duplex (Scheme 1-I), bringing the fluorophore and the 

quencher in close proximity, resulting a quenched fluorescence.  

In state B, this duplex between the two aptamers can be destabilized through a 

conformational switch induced by ATP binding to ATP aptamer, simultaneously 

generating a fluorescence signal while, at the same time, releasing the primary 

aptamer against TCR-CD3ε, enabling the detection of T-cell lymphoma.  We designed 

two control molecules for this bispecific aptamer. The first control molecule 

randomizes the ATP aptamer. Termed ARTS-R1, this controller prevents the 

conformational switch of the ATP aptamer in the presence of ATP (Scheme 1-II). The 

second controller, termed ARTS-R2, randomizes an anti-CD3ε aptamer (Scheme 1-

III). Under the control of ARTS-R2, the binding of ATP to the ATP aptamer leads to a 

conformational switch promoting State B, as described above. However, although the 

fluorescence is increased, the anti-CD3ε detection on T-cell lymphoma is not possible. 

We first evaluated the thermal stability of ARTS by measuring the fluorescence 

intensity of the FAM fluorophore as a function of temperature. Below the melting 

point, ARTS forms a stable duplex structure (State A), leading to no detectable 

fluorescence signal in the system (Figure 1A-C). However, while the ARTS duplex 

structure is stable at temperatures well below its melting temperature at 75.2 °C, the 

gradual increase of temperature beyond melting point leads to a disruption of each 

aptamer's duplex structure, generating single-stranded DNA (Figure 1A-C). These 

results show the high thermostability of ARTS in physiological temperature. 

 
 
Figure 1: Thermal stability analysis as measured by fluorescence intensity as a 

function of temperature. A) ARTS, B) ARTS-R1 and C) ARTS-R2 at different 

temperatures. 
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Next, the sensitivity of ARTS was analyzed as a function of the concentration of ATP 

(Figure 2A). The experiments were conducted using a fixed concentration of ARTS 

at 250nM in Tris-HCl Buffer (10 mM, pH= 8.4) and 6 mM MgCl2. The initial baseline 

fluorescence signal was indicative of state A (absence of ATP), which was first 

recorded. Then ATP was added in a stepwise manner at 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 

and 4 mM concentrations.  The fluorescence signal increased immediately after the 

addition of 0.5 mM ATP, indicating that the addition of ATP leads to a conformational 

switch (Figure 2A). The subsequent addition of ATP further increased the 

fluorescence signal saturating at a concentration of 3.5 mM ATP, presenting a linear 

relationship between fluorescence enhancement and ATP concentration that 

resulted from the conformational switch (Figure 2B). The controls were also tested 

with different concentrations of ATP. As anticipated, the fluorescence intensity of 

ARTS-R2 increased as a function of ATP concentration in a manner similar to that of 

ARTS. In contrast, no significant change in fluorescence signal was observed for 

ARTS-R1 in the absence or presence of ATP, demonstrating the sensitivity and the 

specificity of conformational switch in response to the presence of ATP (Figure S-1 

and S-2).  

 

 
Figure 2: Change of fluorescence intensity of ARTS as a function of ATP 

concentration. (A) Fluorescence spectrum of ARTS in the absence of ATP and with 

0.5, 1, 1.5, 2, 2.5, 3, 3.5 and 4 mM of ATP; (B) Titration plot of ATP incubated with 

ARTS over the range of 0 - 4 mM ATP. The ARTS was prepared for the assay by 

heating at 95°C for 5 mins and then cooling down to 25 °C for 30 minutes. Nine 

samples of 250nM ARTS and different concentrations of ATP were prepared in a 
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final volume of 500 μL of Tris-HCl Buffer (10 mM, pH=8.4) and 6 mM MgCl2, followed 

by placing in a Cary Eclipse fluorescence spectrophotometer at 25 °C.  

Fluorescence spectra were produced with an error=±~2. 

 

We next examined the sequence specificity of the conformational change induced by 

ATP using 250 nM of ARTS, ARTS-R1, or ARTS-R2 in Tris-HCl Buffer (10 mM, 

pH=8.4) and 6 mM MgCl2. After recording the background fluorescence of ARTS in 

the absence of ATP, 2 mM ATP were added. As expected, ARTS-R1 showed no 

change in fluorescence in the presence of ATP compared to ARTS (Figure 3A-B). In 

contrast, ARTS-R2 with randomized anti-CD3e aptamer did undergo a conformation 

change in the presence of ATP, leading to an enhanced fluorescence signal (Figure 

3C), confirming that the CD3e-specific DNA sequence does not affect the 

conformational change of the ATP aptamer. 

 

 

Figure 3: Fluorescence spectra of the FAM fluorophore of ARTS, ARTS-R1 and 

ARTS-R2 in the absence and presence of ATP. The fluorescence spectrum of (A) 
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ARTS, (B) ARTS-R1 and (C) ARTS-R2 in the absence and presence of 2 mM ATP. 

(D) Direct comparison of spectra for the three aptamer constructs in the presence of 

2 mM ATP. (E) Bar graph of fluorescence intensity of the aptamers in the presence 

and absence of 2 mM ATP, reflecting the outcome of three independent specific 

binding experiments with and without the addition of ATP, using one-way ANOVA with 

Student's t-test performed on GraphPad Prism ns: p≤ 0.0001, ****: p≤ 0.0001. 

 

To investigate the nucleotide specificity of ARTS, we tested the conformational change 

of the ARTS constructs in the presence of different nucleotides. The change of the 

fluorescence signal was measured in the presence of ATP (blue line in Figure 4A-C), 

GTP (yellow line in Figure 4A), CTP (yellow line in Figure 4B), and UTP (yellow line in 

Figure 4C). We did not observe a significant increase in the fluorescence signal with 

control nucleotides suggesting the specificity of ARTS towards ATP. The control 

molecules ARTS-R1 and ARTS-R2 were also tested and showed no significant 

change in fluorescence intensity after the addition of GTP, CTP, or UTP (Figure S-3 

and S-4). 

 

Figure 4: Analysis of the specificity of the ATP aptamer in ARTS. A) Specificity of ATP 

aptamer in ARTS with 2 mM ATP and 2mM GTP, as measured by fluorescence 

intensity. B) Specificity of the ATP aptamer in ARTS with 2 mM ATP and 2 mM CTP. 

C) Specificity of ATP aptamer in ARTS with 2mM ATP and 2mM UTP. ARTS was 

prepared by heating at 95°C for 5 mins and then cooling down to 25 °C over a period 

of 30 minutes. Six samples of 250nM ARTS were prepared in Tris-HCl Buffer (10mM, 
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pH=8.4) and 6 mM MgCl2. To each sample was added ATP, GTP, CTP or UTP at a 

final concentration of 2 mM. 

 

Specific Binding to Jurkat E6.1 Cells:  
We next evaluated the specific recognition of T-cell leukemia known to express high 

levels of TCR-CD3e. ARTS is a bifunctional sensor, first detecting the presence of an 

altered biochemical composition in the TME, followed by the presence of tumor cells. 

To test anti-CD3ε binding, 100nM of ARTS, or its controls, were combined in solution 

with 500 µM ATP, followed by incubation for 1 hour with 1× 105 Jurkat E6.1 cells. While 

ARTS specifically recognized Jurkat. E6 cells in the presence of ATP, no specific cell 

binding was observed for ARTS-R1 and ARTS-R2, suggesting the ability of ARTS to 

detect Jurkat.E6 cells specifically (Figure 5A-E).  The affinity of the anti-TCR-CD3 

aptamer segment in ARTS towards TCR-CD3ε was evaluated using a range of ARTS 

concentrations against a fixed ATP concentration. The affinity was calculated as 135 

nM indicating that the bispecific design does not significantly alter TCR-CD3e  

aptamer’s affinity in the bispecific design (Figure 5F). We then tested the binding 

affinity of ARTS against Jurkat E6.1 cells using a fixed ARTS concentration of 100nM 

with varying concentrations of ATP (Figure 5G) to evaluate whether the bispecific 

design had altered the affinity of the ATP aptamer towards ATP.  We observed no 

significant change to the ATP aptamer's affinity to ATP (Kd=334.2 µM), suggesting 

again, that the functional fold of the ATP binding aptamer segment in the bispecific 

design is uninterrupted. 

The specificity of the anti-CD3ε aptamer in ARTS was further evaluated using TCR-

CD3 negative cell lines (Figures S-5 and S-6). We used ARTS and ARTS-R1 in the 

presence of 500 µM ATP with Jurkat E6.1 cells (Figure S-5A), Ramos cells (Figure S-

5B), and CA46 cells (Figure S-5C). The overall binding ratio between ARTS and 

ARTS-R1 using TCR-CD3 positive and negative cell lines (Figure S-5D) shows that 

ARTS specifically detects only TCR-CD3e positive Jurkat E6.1 cells in response to 

ATP concentration. The analysis of binding of ARTS and ARTS-R2 to Jurkat E6.1 cells 

in the absence and presence of 500 µM ATP (Figure S-6A) using control Ramos cells 

(Figure S-6B), and CA 46 cells (Figure S-5C and S-6D) confirms the specificity of 

ARTS towards Jurkat E6.1 cells mediated by the conformational switch induced by 

ATP. Collectively, the observed high specificity of ARTS against CD3e-expressing 
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Jurkat E6.1 cells, suggests the specificity, robustness, and general applicability of this 

bispecific design in tumor detection. 

 

Figure 5: Analysis of specificity and affinity of ARTS, ARTS-R1 and ARTS-R2 against 

TCR-CD3e expressed on Jurkat E6.1 cells. A) Flow cytometry binding assay of ARTS 
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targeting Jurkat E6.1 cells in the presence of ATP (Red) and in the absence of ATP 

(Grey). B) Flow cytometry binding assay of ARTS-R1 targeting Jurkat E6.1 cells in the 

presence of ATP (Red) and in the absence of ATP (Grey). (C) Flow cytometry binding 

assay of ARTS-R2 in the presence of ATP (Red) and in the absence of ATP (Grey). 

All were folded by preincubating with either 500 µM ATP or without ATP, followed by 

incubation with 1× 105 Jurkat E6.1 cells for 1 hour in CSB. D) Binding ratio of ARTS in 

the presence and absence of ATP using ARTS-R1's background fluorescence signal. 

E) Binding ratio of ARTS in the presence and absence of ATP using ARTS-R2's 

fluorescence background. The results were analyzed using one-way ANOVA with 

Student's t-test performed on GraphPad Prism **: p=0.0021, **: p=0.0009. F) Affinity 

curve of ARTS against Jurkat E6.1 cells as a function of ARTS concentration (10, 20, 

50, 100, 125, 200, and 250 nM). G) Affinity curve of ARTS against Jurkat E6.1 cells 

plotted as a function of ATP concentration (10, 100, 200, 300, 400 and 500μM).  

 

Conclusion 
DNA-based systems, specifically aptamers, serve as a promising molecular tool owing 

to their low cost and easily modifiable synthetic analogs with favorable 

pharmacokinetic properties to design modular DNA architectures.23-26 Bispecific 

designs of aptamers has been evalutated for thereapeutic development before.27, 28 

However, to our knowledge, there are no bispecific aptamers desgins have been 

explored for sensing and detection. We herein demonstrated a DNA aptamer-based 

bispecific system to enhance the specificity of tumor cell detection by utilizing the 

unique biochemical composition of the TME. This dual-specific design exploited both 

the dynamic nature of DNA self-assembly and the specific recognition ability of 

aptamers toward small molecules and proteins. By combining these features, we 

introduced a de novo, in situ aptamer-based sensor as a superior platform for sensing 

tumor cells with added specificity to the biochemical features of the TME. We showed 

that ARTS could be activated in the presence of a high concentration of ATP and that 

T-cell binding was only promoted under these conditions. Thus, our prototype design 

introduces a novel concept of sensor design while expanding aptamer versatility in the 

design of sensors and smart diagnostic platforms. 
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Materials and Methods: 
Cell cultures and reagents: 
Jurkat, Clone E6.1 (T lymphocyte), cells were purchased from the American Type 

Culture Collection (ATCC). The cell line was cultured in HyClone RPMI-1640 (+25mM 

HEPES, +L-Glutamine) medium supplemented with 100 units/mL penicillin- 

streptomycin 1% (Corning), 1% MEM Non-Essential Amino Acids (Gibco) and 10% 

fetal bovine serum (Heat Inactivated, Gibco). All cell lines were routinely evaluated on 

a Flow Cytometer (FACScan, Becton Dickinson) for the expression of CD marker 

using anti-hCD3ε (PE-conjugated Mouse IgG1, R&D Systems) antibody to 

authenticate the cell line. All conformational assays were tested using Adenosine-5’-

triphosphate, ATP, from a stock solution of 100 mM (ThermoFisher). The specificity 

assay was performed using 2 mM of Adenosine-5’-triphosphate, ATP, Uridine-5'-

triphosphate, UTP, Cytidine-5’-triphosphate, CTP, and Guanosine-5’-triphosphate, 

GTP, from a stock solution of 100mM (ThermoFisher). All aptamer solutions were 

prepared in 10 mM Tris-HCl (Thermo Scientific) adjusted to pH=8.4, with 6 mM MgCl2 

(Sigma Aldrich) from a stock solution of 1M Tris-HCl (ThermoFisher). All DNA 

sequences were ordered HPLC-purified from Integrated DNA Technologies (IDT) and 

dual-modified with 6-Carboxyfluorescein (6-FAM) and Iowa Black Fluorescence 

Quencher (IBFQ) at the 5' and 3', respectively. 

 

Preparation of Solutions: 
All bispecific molecules: ARTS, ARTS-R1 and ARTS-R2, were reconstituted in 10 mM 

Tris-HCl, pH= 8.4, to make a 100 µM stock solution, gently shaking for 3 hours and 

then refrigerated overnight to dissolve. Afterwards, the accurate concentrations of 

each aptamer were determined using a UV-Vis spectrophotometer (Thermo Scientific) 

at 260 nm wavelength. A sub-stock solution of 10 µM was prepared for all aptamer 

molecules by dilution of each of the respective stock solutions with 10 mM Tris-HCl, 

pH= 8.4, and 6 mM MgCl2 buffer to prepare the various working solutions. 

 

Cell Binding Buffers: 
All binding assays were performed using a Cell Suspension Buffer (CSB) composed 

of HyClone RPMI-1640 (+25mM HEPES +L-Glutamine) medium containing 200 mg/L 

tRNA (Sigma-Aldrich), 2 g/L Bovine Serum Albumin (BSA, Fisher Scientific) and 200 

mg/L Salmon Sperm DNA solution (Invitrogen). 
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Aptamer Folding Conditions: 
Prior to mixing with cells for binding assay, the aptamers were prepared in 10 mM Tris-

HCl, pH= 8.4, and 6 mM MgCl2 buffer placed in 95°C for 5 mins to denature undesired 

secondary structures, followed by cooling down to 25 °C in a 5% CO2 incubator for 30 

minutes to fold into the most stable secondary structure in the presence of ATP.  

 

Thermal stability of the aptamer: 
 To check thermal stability, 250 nM of each molecule (in 500 µL 10 mM, Tris-HCl, pH= 

8.4, and 6mM MgCl2) were placed in a Supermicro quartz cuvette for fluorescence 

measurements using the Cary Eclipse fluorescence spectrophotometer with a Cary 

temperature controller (Agilent). The emission wavelength used in the thermal stability 

assays was the emission wavelength of the 6-FAM fluorophore, λem = 520 nm, and the 

excitation wavelength was λex= 495 at different time points (each 5 mins) with 

temperature changes from 10 °C to 90 °C. 

 

Investigation of aptamer conformation:  
All molecules (ARTS, ART-R1 and ARTS-R2) were prepared in a final volume of 500 

µL 10 mM Tris-HCl, pH= 8.4, with 6 mM MgCl2, to make a final concentration of 250 

nM. All molecules were folded, as described above, transferred to a Supermicro quartz 

cuvette, and then placed in the Cary Eclipse fluorescence spectrophotometer at 25 

°C. The fluorescence intensity of ARTS was measured at different concentrations of 

ATP in the range of 0-4 mM. The solutions were mixed well prior to fluorescence 

measurements. The excitation wavelength of the 6-FAM fluorophore was λex = 495 

nm, and emission was scanned between λem = 505 and 600 nm. The emission slit was 

5 nm, whereas the excitation slit was 10 nm. The fluorescence intensity of each 

molecule was measured in the absence of ATP and then in the presence of ATP at 

final concentrations of 0.5-4 mM. The mean of three separate measurements of 0 mM 

ATP and 2 mM ATP concentration was plotted to study the ATP-dependent 

fluorescence. 

 

Specificity of ARTS towards ATP over GTP, UTP and CTP: 
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Prior to starting the specificity assay, 250 nM of each construct in 500 µL Tris-HCl (10 

mM, pH=8.4, 6 mM MgCl2) was folded and mixed with 2 mM of each nucleotide (ATP, 

UTP, GTP and CTP). The solutions were transferred to a quartz cuvette and placed 

in a fluorescence spectrophotometer at 25 °C. The excitation wavelength of the 6-FAM 

fluorophore was λex = 495 nm, and the emission was scanned between λem = 505 and 

600 nm. The emission slit was 5 nm, whereas the excitation slit was 10 nm.  

Cell binding assays: 

Jurkat E6.1 cells were prepared by washing three times with 3 mL HyClone RPMI-

1640 (+25mM HEPES +L-Glutamine) medium prior to aptamer binding. All sequences 

were prepared at an initial concentration of 200 nM from 1 μM sub-stock solutions in 

10 mM Tris-HCl, pH= 8.4, and 6 mM MgCl2. Prior to mixing aptamers with the cells, 

200 nM of ATRS or control molecules in Tris-HCl (10 mM, pH=8.4, 6 mM MgCl2) were 

folded at 95 °C for 5 minutes and then transferred to 25 °C for 30 minutes.  

After folding, 75 μL of ARTS with and without ATP were mixed with 75 μL of 1× 105 

Jurkat E 6.1 in CSB to give a final concentration of 100 nM for the aptamer molecule 

and 500 μM for ATP in a total volume of 150 μL. A equal volume of buffer was added 

to the sample that served as a control without ATP. Binding of each aptamer was 

analyzed using flow cytometry by counting 5000 events. As a positive control, Jurkat 

E6.1 cell lines were incubated with 5 μL of 25 μg/mL anti-hCD3ε antibody (PE-

conjugated Mouse IgG1, R&D Systems) or 2 μL of 200 μg/mL isotype control (PE 

Mouse IgG1, κ, BD Biosciences) for 30 minutes on ice, followed by a wash with 2 mL 

of RPMI-1640 medium and reconstitution in 250 μL RPMI-1640 medium. Binding 

events were monitored in FL1 Green (515-545 nm) for the aptamer and in FL2 Yellow 

(565-605 nm; 564-606 nm) for the antibody, counting 5000 events using flow 

cytometry.  
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Specificity assay with different cell lines: 

Jurkat E6.1, Ramos, and CA46 cells were prepared by washing three times with 3 mL 

HyClone RPMI-1640 (+25mM HEPES, +L-Glutamine) medium prior to aptamer 

binding to the cells. All sequences were prepared at an initial concentration of 200 nM 

from 1 μM sub-stock solutions in 10 mM Tris-HCl, pH= 8.4, and 6 mM MgCl2. Aptamers 

and cells were first mixed; then 200 nM of each construct in Tris-HCl (10 mM, pH=8.4, 

6 mM MgCl2) were folded at 95 °C for 5 minutes and then transferred to 25 °C for 30 

minutes.  

After folding, 75 μL of each construct sample were mixed with 75 μL containing 1× 105 

of each cell line in CSB to give a final concentration of 100 nM for the ARTS constructs 

and 500 μM for ATP (5μL from stock solution of 100mM) in a total volume of 150 μL. 

An equal volume of buffer was added to the sample that served as a control without 

ATP. Binding of each aptamer was analyzed using flow cytometry by counting 5000 

events. As a positive control, Jurkat E6.1 cells were incubated with 5 μL of 25 μg/mL 

anti-hCD3ε antibody (PE-conjugated Mouse IgG1, R&D Systems) or 2 μL of 200 

μg/mL isotype control (PE Mouse IgG1, κ, BD Biosciences) for 30 minutes on ice, 

followed by a one-time wash with 2 mL of RPMI-1640 medium and reconstitution in 

250 μL RPMI-1640 medium. As a negative control, Ramos and CA46 cell lines were 

incubated with 5 μL of 25 μg/mL anti-hCD3ε antibody (PE-conjugated Mouse IgG1, 

R&D Systems) or 2 μL of 200 μg/mL isotype control (PE Mouse IgG1, κ, BD 

Biosciences) for 30 minutes on ice, followed by a one-time wash with 2 mL of RPMI-

1640 medium and reconstitution in 250 μL RPMI-1640 medium. Binding events were 

monitored in FL1 Green (515-545 nm) for the aptamer and in FL2 Yellow (565-605 

nm; 564-606 nm) for the antibody, counting 5000 events using flow cytometry.  
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Figure S-1: Titration assay of ARTS-R1 using different concentrations of ATP. A) 
Fluorescence spectrum of ARTS-R1 in the absence and presence of 0.5, 1, 1.5, 2, 2.5, 
3, 3.5, and 4 mM ATP. B) The calibration plot of ARTS-R1 over the range of 0.5, 1, 1.5, 
2, 2.5, 3, 3.5, and 4 mM ATP. The titration assay was done using 250 nM ARTS-R1 
prepared in 500 μL of 10 mM Tris-HCl with 6 mM MgCl2, pH= 8.4. TheARTS-R1 was 
folded by heating at 95°C for 5 mins to denature undesirable secondary structures and 
then cooling to 25°C for 30 mins. Following this, the construct was transferred to a 
quartz cuvette and placed in the Cary Eclipse fluorescence spectrophotometer so the 
fluorescence intensity without ATP, and with 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 mM ATP 
(final concentrations) could be measured. The fluorescence spectra were measured 
using an excitation wavelength of the 6-FAM fluorophore lex= 495 nm, and thus 
emission was scanned between lem= 505-600 nm. The fluorescence spectrum of the 
dimer was measured at a slit width of 5 nm for emission and 10 nm for excitation. 
ARTS-R1, with randomized ATP aptamer segment, shows no significant increase in 
fluorescence intensity of the ARTS-R1 as a function of ATP. 
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Figure S-2: Titration assay of ARTS-R2 using different concentrations of ATP. A) 
Fluorescence spectrum of ARTS-R2 in the absence and presence of  0.5, 1, 1.5, 2, 2.5, 
3, 3.5 and 4 mM ATP.  B) The calibration plot of ARTS-R2 over the range of 0.5, 1, 1.5, 
2, 2.5, 3, 3.5 and 4 mM ATP. The titration assay was done using 250 nM of ARTS- R2 
prepared in 500 μL of 10 mM Tris-HCl with 6 mM MgCl2, pH= 8.4. The ARTS-R2 was 
folded by heating at 95°C for 5 mins to denature undesirable secondary structures and 
then cooling to 25°C for 30 mins. Following this, the construct was transferred to a 
quartz cuvette and placed in the Cary Eclipse fluorescence spectrophotometer so the 
fluorescence intensity without ATP, and with 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 mM ATP 
(final concentrations) could be measured. The fluorescence spectra were measured 
using excitation wavelength of the 6-FAM fluorophore λex= 495 nm, and thus emission 
was scanned between λem= 505-600 nm. As expected, ARTS-R2 with ATP aptamer 
shows a significant increase in fluorescence intensity with ATP. 
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Figure S-3: Analysis of the specificity of the ARTS-R1. 
A) Specificity of ARTS-R1 with 2 mM ATP and 2mM CTP. B) Specificity of the ARTS-R1 
dimer with 2 mM ATP and 2 mM GTP. C) Specificity of the ARTS-R1 with 2mM ATP 
and 2mM UTP. The ARTS-R1 was prepared for the assay by heating at 95°C for 5 
mins, and then cooling down to 25°C over 30 minutes. Four samples of  250 nM ARTS-
R1 were prepared in a final volume of 500 μL in 10 mM Tris-HCl, with 6 mM MgCl2, pH= 
8.4. Next, 2 mM of each nucleotide (ATP, GTP, CTP and UTP) was added to respective 
sample. Following this, the construct was transferred to a quartz cuvette and placed in 
the Cary Eclipse fluorescence spectrophotometer so the fluorescence intensity of 2mM 
ATP, GTP, CTP and UTP could be measured. The fluorescence spectra were 
measured using excitation wavelength of the 6-FAM fluorophore λex= 495 nm, and thus 
emission was scanned between λem= 505-600 nm. The fluorescence spectrum of each 
molecule was measured at a slit width of 5 nm for emission and 10 nm for excitation.  
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Figure S-4: Analysis of the specificity of the ARTS-R2. 
A) Specificity of ARTS-R2 with 2 mM ATP and 2mM CTP. B) Specificity of the ARTS-R2 
with 2 mM ATP and 2 mM GTP. C) Specificity of the ARTS-R2 with 2mM ATP and 2mM 
UTP. The ARTS-R2 was prepared for the assay by heating at 95°C for 5 mins, and then 
cooling down to 25°C over 30 minutes. Four samples of  250 nM ARTS-R2 were 
prepared in a final volume of 500 μL in 10 mM Tris-HCl, with 6 mM MgCl2, pH= 8.4. 
Next, 2 mM of each nucleotide (ATP, GTP, CTP and UTP) was added to respective 
sample. Following this, the construct was transferred to a quartz cuvette and placed in 
the Cary Eclipse fluorescence spectrophotometer so the fluorescence intensity of 2mM 
ATP, GTP, CTP and UTP could be measured. The fluorescence spectra were 
measured using excitation wavelength of the 6-FAM fluorophore λex= 495 nm, and thus 
emission was scanned between λem= 505-600 nm. The fluorescence spectrum of dimer 
was measured at a slit width of 5 nm for emission and 10 nm for excitation. The results 
show high fluorescence intensity in the presence of ATP nucleotides, and low 
fluorescence intensity in the presence of GTP, CTP, and UTP nucleotides, 
demonstrating that the specificity of the ATP aptamer in ARTS-R2. 
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Figure S-5: Analysis of specificity of ARTS compared with ARTS-R1 with different 
cell lines. 
A) Analysis of specificity of the anti-CD3ε aptamer in the ARTS compared with ARTS-
R1 control in the absence (black line) and presence of 500 𝜇M ATP (red line) with 
Jurkat E6.1 cells. B) Analysis of specificity of the anti-CD3ε aptamer in the ARTS 
compared with ARTS-R1 control in the absence and presence of 500 𝜇M ATP with 
Ramos cells. C) Analysis of the anti-CD3ε aptamer in the ARTS compared with ARTS-
R1 control in the absence and presence of 500 𝜇M ATP with CA46 cells. D) Overall 
binding ratio using ARTS-R1 as background signal comparing Jurkat E6.1 cells to 
Ramos and CA46 cell lines. All constructs were prepared for the assay by heating at 
95°C for 5 mins to denature undesirable secondary structures and then cooled to 25°C 
for 30 minutes. Next, 75 µL of the molecule, final concentration 100nM, was incubated 
with 75 µL  of 1 × 105   Jurkat E6.1, Ramos or CA46 cells for one hour. 500 µM ATP 
was added to respective samples and similar volume of CSB buffer was added to the 
other samples. Binding of each aptamer was analyzed using flow cytometry by counting 
5000 events. As a positive control, Jurkat E6.1 cell lines were incubated with 5 μL of 25 
μg/mL anti-hCD3ε antibody (PE Conjugated Mouse IgG1, R&D System) or 2 μL of 200 
μg/mL isotype control (PE Mouse IgG1, κ, BD Biosciences) for 30 minutes on ice, 
followed by a one-time wash with 2 mL of RPMI-1640 medium and reconstituted in 250 
μL RPMI-1640 medium. Binding events were monitored in FL1 Green (515-545nm) for 
the aptamer and in FL2 Yellow (565-605 nm; 564-606 nm) for the antibody, counting 
5000 events using flow cytometry. 
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Figure S-6: Analysis of specificity of ARTS compared with ARTS-R2 with different 
cell lines. 
A) Analysis of specificity of the anti-CD3ε aptamer in the ARTS compared with ARTS-
R2 control in the absence (black line) and presence of 500 𝜇M ATP (red line) with 
Jurkat E6.1 cells. B)  Analysis of specificity of the anti-CD3ε aptamer in the ARTS 
compared with ARTS-R2 control in the absence and presence of 500 𝜇M ATP with 
Ramos cells. C) Analysis of the anti-CD3ε aptamer in the ARTS compared with ARTS-
R2 control in the absence and presence of 500 𝜇M ATP with CA46 cells. D) Overall 
binding ratio using ARTS-R2 as background signal comparing Jurkat E6.1 cells to 
Ramos and CA46 cell lines. All dimers were prepared for the assay by heating the 
dimers at 95°C for 5 mins to denature undesirable secondary structures and then 
cooled to 25°C for 30 minutes. Next, 75 µL of the construct, final concentration 100nM, 
was incubated with 75 µL  of 1 × 105   Jurkat E6.1, Ramos or CA46 cells for one hour. 
500 µM ATP was added to respective samples and similar volume of CSB buffer was 
added to the other samples. Binding of each aptamer was analyzed using flow 
cytometry by counting 5000 events. As a positive control, Jurkat E6.1 cell lines were 
incubated with 5 μL of 25 μg/mL anti-hCD3ε antibody (PE Conjugated Mouse IgG1, R&D 
System) or 2 μL of 200 μg/mL isotype control (PE Mouse IgG1, κ, BD Biosciences) for 
30 minutes on ice, followed by a one-time wash with 2 mL of RPMI-1640 medium and 
reconstituted in 250 μL RPMI-1640 medium. Binding events were monitored in FL1 
Green (515-545nm) for the aptamer and in FL2 Yellow (565-605 nm; 564-606 nm) for 
the antibody, counting 5000 events using flow cytometry. 


