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Although real-time label-free fluorescent aptasensors based on nanomaterials are increasingly recognized as a useful 

strategy for the detection of target biomolecules with high fidelity, the lack of an imaging-based quantitative 

measurement platform limits their implementation with biological samples. Here we introduce an ensemble strategy for a 

real-time label-free fluorescent graphene (Gr) aptasensor platform. This platform employs aptamer length-dependent 

tunability, thus enabling the reagentless quantitative detection of biomolecules through computational processing 

coupled with real-time fluorescence imaging data. We demonstrate that this strategy effectively delivers dose-dependent 

quantitative readouts of adenosine triphosphate (ATP) concentration on chemical vapor deposited (CVD) Gr and reduced 

graphene oxide (rGO) surfaces, thereby providing a cytotoxicity assessment. Compared with conventional fluorescence 

spectrometry methods, our highly efficient, universally applicable, and rational approach will facilitate a broader 

implementation of imaging-based biosensing platforms for the quantitative evaluation of a range of target molecules.

Introduction 1 

The vast majority of biological and biomedical studies on the 2 
molecular and cellular levels rely on imaging to acquire information 3 
on the specific cellular responses to factors such as chemical agents, 4 
mechanical stress, and genetic modifications. In most imaging 5 
approaches, observation and image acquisition are entirely 6 
visualization-oriented. However, several aspects of the resultant 7 
images can often be quantified using processing software. In 8 
particular, fluorescence microscopy has been widely used to 9 
determine the quantitative localization of target molecules in living 10 
cells

1-3
, to study the dynamics of biomolecules during biochemical 11 

reactions,
4,5

 and to measure the specific interactions of cellular 12 
macromolecules.

6
 To these ends, various techniques such as 13 

fluorescence photobleaching-based analysis,
7,8

 fluorescence 14 
resonance energy transfer (FRET),

9,10
 and fluorescence lifetime 15 

imaging
11,12

 have been developed. These techniques have become 16 
indispensable for in vitro and in vivo studies. While numerous 17 
fluorescence microscopy-based methods for quantifying the levels 18 
of target proteins have been developed, these methods have not 19 
yet achieved sufficient accuracy and sensitivity to enable the 20 
determination of molecule concentrations from fluorescence 21 
intensities. Current methods also have not yet achieved absolute 22 

quantitative analysis as an integral part of a biosensing system. 23 
Generally speaking, fluorescence spectrometry has predominantly 24 
been used to quantify biologically important molecules. 25 

For these reasons, a fluorescence imaging-based platform 26 
enabling the real-time quantitative monitoring of receptor-target 27 
interactions has the potential to be a novel and powerful 28 
bioanalytical tool. The development of such a fluorescence imaging-29 
based quantitative technique requires receptors such as antibodies, 30 
enzymes, and aptamers that specifically bind to the desired target 31 
analytes. These receptor-target interactions can be quantified by 32 
the changes in fluorescence intensity upon binding. In particular, 33 
short oligonucleotide aptamers have become a very significant 34 
molecular tool for quantitative diagnostics.

13
 Compared with 35 

biosensors developed using other receptors such as antibodies and 36 
enzymes, aptamer-based biosensors offer unprecedented benefits 37 
for the analysis and quantification of a wide range of target 38 
molecules.

14
 Considering the high specificity and affinity of 39 

aptamers for a large number of targets ranging from small 40 
molecules

15
 to large proteins

16,17
 and even cells,

18,19
 the integration 41 

of quantitative fluorescence microscopy (QFM) with an aptamer-42 
based biosensing platform has the potential to provide a simple, 43 
powerful, and versatile approach. This integration also promises to 44 
extend the capability of imaging from qualitative to quantitative 45 
analysis. The development of an effective imaging-based 46 
aptasensor platform requires receptor immobilization, which yields 47 
better spatial distribution and improved aptamer stability over a 48 
range of factors such as ionic strengths, pH, and temperatures.20,21 49 
Receptor immobilization can be achieved with large-area high 50 
quality monolayered two-dimensional (2D) nanomaterials such as 51 
graphene (Gr) and reduced graphene oxide (rGO). However, current 52 
fluorescent aptasensors, particularly those based on carbon 53 
nanomaterials, are not yet suitable for use in imaging-based 54 
quantification techniques. The fluorescent aptasensors developed 55 
so far utilize fluorescent dye-labeled aptamers; therefore, their 56 
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covalent immobilization complicates signal detection due to the 57 
high quenching capabilities of these carbon nanomaterials.

22,23
 In 58 

addition, fluorescent dye labeling of aptamers is expensive, tedious, 59 
and often involves multiple chemical reactions. Moreover, 60 
fluorescent dye labeling can also alter aptamer stability and 61 
selectivity.

24
 Therefore, appropriate label-free fluorescent 62 

aptasensors must be developed. The integration of such covalently 63 
attached aptasensors with a signal amplification strategy is a 64 
promising approach for an imaging-based platform enabling highly 65 
accurate and precise quantitative fluorescence evaluation.  66 

Label-free quantitative measurements with signal amplification 67 
can be achieved with intercalating dyes such as SYBR Green-I (SGI), 68 
which binds specifically and robustly to double-stranded 69 
deoxyribonucleic acid (dsDNA) molecules.

25
 This intercalating dye 70 

has shown temperature stability which enables it to be commonly 71 
used in quantitative polymerase chain reaction within a range of 72 
temperature and is also stable within physiological pH limits at 73 
which biomolecular detection and quantification have been 74 
typically performed. Additionally, the SGI has also shown selectivity 75 
for double-stranded aptamer-complementary DNA (cDNA) 76 
complexes with high sensitivity which makes it suitable for 77 
biomolecular detection and quantification.

26
 Furthermore, SGI 78 

intercalation with double-stranded aptamer complexes is a simple 79 
(one step), robust, and reliable procedure for quantifying 80 
biomolecules. This label-free strategy also has the potential to 81 
enable real-time monitoring, both qualitatively and quantitatively, 82 
of analyte-aptamer interactions. 83 

Herein, the feasibility of an imaging-based platform for the 84 
quantitative assessment of therapeutic responses is demonstrated. 85 
Specifically, a label-free fluorescent nano-aptasensor was used in 86 
combination with QFM to detect and quantify adenosine 87 
triphosphate (ATP), the energy currency of cells that is essential for 88 
the execution of various functions in living organisms. The 89 
aptasensor consisted of SGI-intercalated aptamer complexes that 90 
were covalently immobilized on Gr and rGO, thus enabling 91 
qualitative and quantitative measurements of ATP. The aptasensor 92 
was also shown to exhibit length-dependent increases in 93 
fluorescence intensity and hence provides a tunable platform for 94 
biomolecule quantification. Since the sensor relies on the specificity 95 
of the interaction between the aptamer and its target molecules, 96 
this platform promises to be widely applicable to the quantification 97 
of a number of targets including ions, small biomolecules, proteins, 98 
and even cells. 99 
 100 

Results and Discussion 101 
 102 
Design scheme and strategy for label-free quantification 103 

In this study, our aims were to calibrate a QFM workflow and to 104 
use this technique to detect various concentrations of ATP in 105 
biological samples. Our workflow was designed for label-free, 106 
quantitative detection using Gr and rGO aptasensors. A schematic 107 
representation of the SGI-based label-free aptasensor is shown in 108 
Figure 1. SGI intercalates specifically into the dsDNAs with a very 109 
low background. The intercalated dsDNAs were covalently 110 
immobilized on rGO and Gr, which provide higher fluorophore 111 
counts compared with fluorescein amidite (FAM)-labeled aptamers. 112 
Previous Gr-based and rGO-based fluorescence detection strategies 113 
have demonstrated that labeling is essential for fluorescence-114 
mediated detection of target molecules on the surfaces of these 115 
two substances.

27-29
 Aptamer desorption from the Gr or rGO surface 116 

can occur even without an interaction between the aptamer and its 117 
target molecule, which limits the accuracy of detection and 118 

quantification of biomolecule concentration.
21

 For optimal stability 119 
and efficiency of biomolecule-aptamer interactions in the context of 120 
fluorescent aptasensors, the immobilization of dsDNAs on Gr and 121 
rGO using 1-pyrenebutanoic acid succinimidyl ester (PBASE) as a 122 
linker molecule appears to be the most effective strategy. This 123 
approach protects the dsDNAs from external cues and provides a 124 
fundamentally more stable platform for biomolecule detection. 125 
Hence, the covalent immobilization of aptamers used in this study 126 
results in higher accuracy of biomolecule quantification compared 127 
with other approaches. Moreover, considering the quenching 128 
properties of rGO and Gr, the aptamer complex will have 129 
significantly greater fluorescence emission compared with the 130 
fluorescence emission from the FAM-labeled aptamer duplex. In the 131 
absence of ATP, the aptamer complexes on the Gr and rGO surfaces 132 
exhibit strong fluorescence. In contrast, as the concentration of ATP 133 
increases, free ATP binds to the dsDNA-aptamer complex, causing 134 
the release of cDNA. This dissociation results in a significant 135 
reduction in the fluorescence intensity due to the release of SGI 136 
into the solution.  137 

It is apparent that our imaging-based quantitative aptasensing 138 
method relies on the change in mean fluorescent intensity due to 139 
the release of SGI from aptamer complexes; hence, the 140 
concentration of SGI used to prepare these complexes can affect 141 
the performance. In this regard, the aptamer duplexes were 142 
incubated with various concentrations of SGI until the optimal 143 
fluorescence intensity was achieved. An increment in fluorescence 144 
intensity was observed up to an SGI concentration of 485 nM for 145 
Ap1 and Fap aptamer duplexes. On the other hand, the optimal 146 
fluorescence intensity for Ap2 was attained at 738 nM SGI in the 147 
absence of ATP. Based on these observations, those concentrations 148 
were used in subsequent experiments. Therefore, quantitative 149 
microscopy-based analysis of ATP can be realized by optimizing the 150 
SGI concentration and then observing the fluorescence intensity 151 
change of SGI on each surface. 152 

 153 

 154 
 155 
Figure 1.  Schematic representation of the label-free fluorescence-156 
based strategy for ATP quantification using Gr, rGO, and SGI-157 
intercalated aptamers. A tunable fluorescence platform was 158 
developed using SGI-intercalated dsDNAs (aptamer complexes) with 159 
controlled lengths (Δd). The binding of two ATP molecules to each 160 
aptamer induces a conformational change in the dsDNA, leading to 161 
the release of SGI and cDNA from the SGI-intercalated dsDNA. The 162 
changes in fluorescence intensity are measured by quantitative 163 
fluorescence microscopy (QFM) both before and after the addition 164 
of various concentrations of ATP. These images were processed and 165 
their mean fluorescence intensities recorded in order to quantify 166 
the levels of ATP. 167 
 168 
 169 
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Processing of fluorescence signals for ATP quantification 170 
We validated the potential of our imaging-based aptasensing 171 

strategy to quantify small biomolecules in biological samples. As 172 
described in detail in the Materials and Methods section, the 173 
aptasensors were assigned to control, nontreated (NT), and 174 
experimental groups before the addition of various concentrations 175 
of ATP. The control group (equivalent to the “blank” in 176 
spectrometry) establishes the lower limit of ATP quantification, 177 
while the NT group defines the upper limit of fluorescence 178 
intensity. The images acquired from the control group did not 179 
exhibit any significant background signal; hence, the ATP activity 180 
images have excellent signal-to-background ratios. The background 181 
noise during aptasensing on glass substrate modified with aptamer 182 
complexes was obtained and compared with that of the Gr and rGO 183 
aptasensors immobilized with aptamer complexes. As seen in 184 
Figure S1, it is very apparent that aptasensing on the glass involved 185 
a higher background signal, which implies that the sensing results 186 
can be biased and affect the accuracy of quantitative 187 
measurements due to higher noise. Moreover, the Gr and rGO 188 
aptasensors also show a high binding capacity, aptamer uniformity, 189 
and stability of aptamer complexes. 190 

After analyzing the background noise, the fluorescence 191 
distribution images on Gr and rGO were acquired at low 192 
magnification for a range of ATP concentrations. Images were 193 
obtained from each well with one fluorescence channel. In this 194 
manner, a large pool of image sets corresponding to ATP-aptamer 195 
interactions can be rapidly obtained. These images were then 196 
processed to establish the relationship between aptamer length, 197 
nanomaterial quenching effect, and background signal by 198 
normalizing the fluorescence signals. For this purpose, the raw 199 
fluorescence intensity of each image was converted to a normalized 200 
fluorescence intensity (Fo-F), where F represents the fluorescence 201 
intensity at a given concentration and Fo represents the initial 202 
fluorescence intensity before the addition of ATP. Initially, all 203 
images were collected and the extracted fluorescence intensities 204 
were plotted against time to analyze the time required for ATP-205 
aptamer interactions. The aptasensors were incubated with 100 μM 206 
ATP, images were acquired at 5 min intervals for 30 min, and the 207 
resultant changes in fluorescence intensity were measured (Figure 208 
2). As shown in Figure 2a, most of the fluorescence changes 209 
occurred during 5-20 min, with the fluorescence intensity stabilizing 210 
after 20 min. Moreover, enhanced fluorescence was observed on 211 
the Gr aptasensor immobilized with the Ap1 complex (see Table 1 212 
for the aptamers used in each experiment) compared with the rGO 213 
aptasensor assembled with the identical aptamer. A similar trend 214 
was observed with the Ap2 complex (Figure 2b), in which the 215 
fluorescence intensity reached saturation after 20 min. Thus, 216 
increasing the aptamer length resulted in a dramatic increase in 217 
fluorescence intensity that stabilized after 20 min for both 218 
aptamers. Importantly, increasing the aptamer length did not 219 
interfere with the ATP-aptamer interaction, as assessed by the 220 
fluorescence signal.  221 

After optimizing the time required for the saturation of ATP-222 
aptamer interaction, the acquired raw fluorescence images were 223 
processed to extract the quantitative properties of the fluorescence 224 
signals and enable the accessible presentation of this information. 225 
The workflow for ATP quantification on Gr and rGO surfaces 226 
immobilized with SGI-intercalated aptamers of different lengths is 227 
depicted in Figure 3. The aptamer distribution patterns on Gr were 228 
analyzed and redrawn as 3D interactive plots of fluorescence 229 
distribution for the selected ATP concentrations. As shown in Figure 230 
3a, the fluorescence distribution patterns indicated that the 231 

aptamers were uniformly immobilized on the Gr surface and that 232 
the fluorescence intensity decreased with increasing ATP 233 
concentration, as expected. To further establish the relationship 234 
between ATP concentration and the change in fluorescence 235 
intensity, a calibration curve was generated. As shown in Figure 3b, 236 
the normalized fluorescence intensity of the Gr-Ap1 complex 237 
increased with increasing ATP concentrations after 20 min of 238 
incubation (r

2
 = 0.996). The plot of fluorescence intensity versus 239 

ATP concentration presented a typical sigmoidal curve; moreover, 240 
the change in normalized fluorescence intensity became saturated 241 
just before the ATP concentration reached 100 μM. Most 242 
importantly, the relative fluorescence intensity decrease (ΔF/Fo) 243 
plotted against the logarithmic value of the ATP concentration was 244 
linear from 0.001 μM to 100 μM (the inset of Figure 3b), which 245 
means that ATP-aptamer recognition can be monitored by 246 
fluorescence intensity changes within this range. As shown in the 247 
inset of Figure 3c, a similar detection limit was observed with the 248 
Gr-Ap2 complex. However, the Gr-Ap2 complex exhibited a higher 249 
normalized fluorescence intensity (fluorescence enhancement) than 250 
the Gr-Ap1 complex (r

2
 = 0.995). As shown in Figure 3d, the 251 

normalized fluorescence intensity of the rGO-Ap1 complex was 252 
lower than that of the Gr-Ap1 complex. However, the rGO-Ap1 253 
complex exhibited a similar linear range of detection (r

2
 = 0.970) 254 

over ATP concentrations ranging from 0.001 μM to 100 μM (the 255 
inset of Figure 3d). A similar trend was observed with the rGO-Ap2 256 
complex (Figure 3e). Specifically, the fluorescence intensity was 257 
lower than that of the Gr-Ap2 complex but higher than that of the 258 
rGO-Ap1 complex over a similar linear range of detection (the inset 259 
of Figure 3e). The differences between the aptasensors (Gr and rGO 260 
with either Ap1 or Ap2) were highly significant (p<0.0001) and the 261 
correlation coefficients of the standard curves were always higher 262 
than 0.9. The high fluorescence intensities observed in our 263 
proposed method may be attributed to the longer aptamers that 264 
can presumably bind with more fluorophores than the shorter 265 
aptamers. Hence, aptamer length strongly influences fluorescence 266 
signal detection. Furthermore, the results also indicated that the 267 
rGO aptasensors exhibited a higher quenching efficiency compared 268 
with Gr aptasensors. Hence, these results indicate that choice of 269 
carbon nanomaterials and aptamer length can enable the tuning of 270 
imaging-based quantification without compromising the detection 271 
limit. To verify that the enhanced fluorescence was due to the 272 
increased aptamer length, the ATP concentration-dependent 273 
changes in fluorescence intensity were analyzed by standard 274 
spectrometry methods. As shown in figure S2, the Ap2 complex 275 
showed enhanced fluorescence compared with the Ap1 complex. 276 
Consistent with our previous results, increasing the ATP 277 
concentration decreased the fluorescence intensity. These results 278 
demonstrate that our sensing strategy is capable of universal 279 
detection in a label-free manner. 280 

As mentioned earlier, the accuracy of aptasensing is defined by 281 
the signal-to-noise ratio and minimum detectable quantity of the 282 
analyte. Hence, to demonstrate the sensitivity, the designed 283 
imaging-based Gr and rGO aptasensing platforms were compared 284 
with the quantitative capability of glass substrate. Following 285 
aptamer complex immobilization, the glass substrates were 286 
incubated with ATP at concentrations ranging from 10 pM to 1000 287 
µM. As shown in the Figure S3, detection using our quantitative 288 
fluorescence microscopy method demonstrated that the Gr and 289 
rGO aptasensor platforms had three-fold higher sensitivity than the 290 
glass substrate. As shown in Figure S3a, the normalized 291 
fluorescence intensity of the glass-Ap1-complex increased with 292 
increasing ATP concentration after 20 min of incubation. However, 293 
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it is very evident that the glass substrate displayed a detection limit 294 
of 0.1 µM due to a poor signal-to-noise ratio (SNR) compared to 295 
those of Gr and rGO aptasensors, which exhibited an improved 296 
sensitivity of ATP detection with a detection limit of 0.01 nM. As 297 
shown in Figure S3b, the glass substrate immobilized with Ap2-298 
complex presented a detection limit similar to Ap1-complex. 299 
However, as seen in Gr and rGO aptasensors, a change in aptamer 300 
length showed fluorescence enhancement on the glass substrate. 301 
As the signal increased, however, the relative noise level also 302 
increased, illustrating that glass is inappropriate for use as a 303 
tuneable platform. This verifies that the change in fluorescence 304 
signal became increasingly more precise due to the quenching 305 
capability of these carbon nanomaterials, which increase the 306 
fluorescence signal relative to the noise level. Therefore, combined 307 
with the advantage of no autofluorescence in the SGI 308 
excitation/emission region, better signal-to-noise ratios of Gr and 309 
rGO aptasensors offer vastly improved sensitivity for quantification 310 
of biomarkers in biological cultures. Hence, the glass-based 311 
aptasensors immobilized either with Ap1 or Ap2 were inferior to 312 
the Gr and rGO aptasensors.  313 

Additionally, to establish the sensitivity of our imaging-based 314 
quantitative method and to confirm that each aptamer-ATP 315 
interaction could account for the changes in mean fluorescence 316 
intensity during quantification, our system was verified with grid 317 
placement, where the system divides the total image area into 318 
various small segments (pixels). The pixels spatially sample the 319 
change in ATP-aptamer interaction, such that each pixel epitomizes 320 
a distinct fixed area in a specific location on the aptasensor. After 321 
acquisition of the digital images of ATP binding to aptamers at 322 
various concentrations, the fluorescence intensity at each pixel was 323 
calculated. For this purpose, the computer-generated datasets of 324 
multiple images with known ATP concentrations were used to first 325 
determine the minimum region of interest (ROI) necessary to obtain 326 
accurate and precise estimates of fluorescence intensities. As soon 327 
as the grid was overlaid, the changes in the fluorescent signals of 328 
these areas of the image datasets obtained pre- and post-ATP 329 
treatment were quantified. The spatial distribution of ATP-aptamer 330 
interaction, as shown in Figure 3a, the reduction in intensity value 331 
changes from one image to the next. For any sample size, it was 332 
observed that the mean fluorescence intensity calculated by 333 
overlaying the grid at various locations was sequentially decreased 334 
with change in ATP concentration. The method generated precise 335 
measurements over the entire range of aptamer densities. Thus, 336 
this imaging-based aptasensor is not biased by high-density 337 
aptamer conditions with relatively ultra-low background noise. We 338 
also found that the fluorescence signal intensity was directly 339 
proportional to dsDNA length, which means that the biomolecule 340 
detection platform can be tuned by modulating the aptamer length. 341 
The image processing results and calibration curves revealed a 342 
substantial degree of linearity between the relative fluorescence 343 
intensity and the ATP concentration. The calibration curve obtained 344 
from the analysis of many images indicated that wide-field 345 
microscopy measurements are quantitative, since they exhibited a 346 
linear response to different ATP concentrations.  347 

The selection of nanomaterial depends on the observed SNR 348 
during aptasensing while using a wide-field microscopy. Similarly, 349 
the length of aptamer can be adjusted according to the detection 350 
limit. The combination of higher SNR and low detection limit 351 
defines the accuracy and precision in our imaging-based 352 
quantitative aptasensing method. In this study, the magnitudes of 353 
the normalized fluorescence intensities were higher on Gr than on 354 
rGO; moreover, a higher signal was achieved with a longer aptamer 355 

complex (Ap2) than with a shorter aptamer complex (Ap1). The 356 
results obtained with the Gr and rGO aptasensors with different 357 
aptamer lengths revealed that the linear response was sustained 358 
and also demonstrated similar relative fluorescence scales upon 359 
normalization. The plots of the relative fluorescence changes reflect 360 
variations in the quantitative relationship between fluorescence 361 
intensity and ATP concentration. Thus, the similar slopes obtained 362 
with both aptamers indicate that our image processing method 363 
conserves the relative relationship between fluorescence intensity 364 
and ATP concentration for quantitative detection. 365 

 366 

 367 
 368 
Figure 2. Analysis of ATP-aptamer interactions. Fluorescence 369 
intensity changes (Fo-F) were obtained at 5 min intervals in the 370 
presence of 100 μM ATP and plotted over time. The fluorescence 371 
stabilized after 20 min for (a) Gr as well as (b) rGO immobilized with 372 
either Ap1 or Ap2. 373 

 374 

 375 
Figure 3. ATP quantification on Gr and rGO surfaces immobilized 376 
with SGI-intercalated aptamers of different lengths. (a) Interactive 377 
3D surface plot of the changes in fluorescence intensity at various 378 
concentrations of ATP. Images were first acquired for the 379 
nontreated (NT) group before any ATP was added. The normalized 380 
changes in fluorescence intensity (F-Fo) were recorded for 381 
aptamers of different lengths and for different 2D carbon 382 
nanomaterials. Different concentrations of ATP were quantified on 383 
(b) a Gr-Ap1 aptasensor, (c) a Gr-Ap2 aptasensor, (d) an rGO-Ap1 384 
aptasensor, and (e) an rGO-Ap2 aptasensor. The insets in (b), (c), 385 
(d), and (e) indicate the changes in the normalized signal (F/Fo) as 386 
the ATP concentration is varied. All data were expressed as mean ± 387 
SEM. 388 
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Validation of ATP quantification in a drug-induced cytotoxicity 389 
assay 390 
After establishing a calibration curve, it is imperative to validate the 391 
ability of the assay to generate quantitative data for unknown 392 
samples. We validated our aptasensing methodology by evaluating 393 
the relationship between drug exposure, ATP depletion, and 394 
cytotoxicity. Hence, our imaging-based quantitative measurement 395 
platform was applied to quantify ATP as an index of cytotoxicity in 396 
drug-treated cells. The rescaled fluorescence values were then 397 
appropriately combined with the average ATP concentrations, 398 
which were calculated from the Gr and rGO aptasensors 399 
immobilized with the Ap1 and Ap2 aptamer complexes. Next, cell 400 
viability was calculated as the quotient of ATP to total fluorescence 401 
signal. This aptasensing approach was used to evaluate the efficacy 402 
of a number of commercially available generic anticancer drugs 403 
against HeLa cells in an in vitro assay. The cytotoxic responses of 404 
HeLa cells to three well-characterized oncology drugs are shown in 405 
Figure 4. Noticeable cytotoxic responses to the drugs were 406 
reflected in the image data and were also apparent in the ΔF/Fo 407 
values and ATP concentrations. These latter two values were thus 408 
metrics for the treatment response. As shown in Figure 4a, F/F0 409 
reached ~1.0 for both aptasensors at 100 μM 5-fluorouracil (5-FU). 410 
Thus, no detectable ATP was released, indicating that >99.9% of the 411 
cells were killed after continuous drug exposure. The rGO 412 
aptasensor (Figure 4b) exhibited a similar trend when the relative 413 
fluorescence intensity was plotted against the ATP concentration. 414 
For both the Gr and rGO aptasensors, the average ATP 415 
concentration reached 7.55±0.861 μM after exposure to 1 μM 5-FU, 416 
which corresponds to a 36% reduction in cell viability. In contrast, 417 
an 87% reduction in cell viability was observed with 10 μM 5-FU, 418 
with an average ATP concentration of 1.55± 0.082 μM. Our results 419 
indicate that 5-FU reduces cell viability in a dose-dependent 420 

manner and that the concentration required to kill 50% of the cells 421 
(IC50) ranges from 1-10 μM. To evaluate the sensitivity of this 422 
approach, a comparative cytotoxicity analysis was performed 423 
between imaging-based and spectrometry-based ATP quantification 424 
methods. As shown in Figure S4a, treatment with 5-FU resulted in a 425 
50% reduction in cell viability at concentrations ranging from 1-10 426 
μM.  427 

A similar trend was observed for both aptamers, thereby 428 
recapitulating the results obtained with the Gr and rGO 429 
aptasensors. As shown in Figure 4c and d, only 0.02% of all HeLa 430 
cells survived after exposure to 1 μM doxorubicin and a 50% 431 
reduction in ATP concentration was observed at concentrations 432 
ranging from 0.001 to 0.005 μM. These results indicate that 433 
doxorubicin treatment greatly decreases cell viability; hence, the 434 
ATP concentrations were also measured by spectrometry. As shown 435 
in Figure S4b, treatment with doxorubicin (0.005 μM) caused a 436 
58.4% reduction in the ATP concentration (5.186± 0.466 μM); 437 
moreover, the observed IC50 value of doxorubicin ranged from 438 
0.001 to 0.005 μM. Thus, the average ATP concentrations and cell 439 
viabilities obtained using the spectrometry-based method were 440 
highly comparable with those obtained with the Gr and rGO 441 
aptasensors. The cytotoxic effect of gemcitabine was also examined 442 
by measuring the fluorescence intensities from the rescaled images. 443 
As shown in Figure 4e, HeLa cells cultured in the absence of 444 
gemcitabine contained up to 11.59± 0.869 μM ATP as measured by 445 
the Gr aptasensor. A similar trend was observed with the rGO 446 
aptasensor (Figure 4f), for which the average ATP concentration as 447 
quantified by Ap1 and Ap2 was 11.51 ± 0.672 μM. This value is 448 
highly comparable with that of the Gr aptasensor. Moreover, 449 
gemcitabine exhibited dose-dependent cytotoxicity in HeLa cells. 450 
Specifically, the relative fluorescence intensity started at 0.289± 451 
0.033 and increased to 1.0 when cells were exposed to 10 μM 452 

Figure 4. Imaging-based quantitation of ATP using the Gr and rGO aptasensors after the addition of cytotoxic drugs to HeLa cells. 
The relative fluorescence intensity, F/Fo, and the corresponding ATP concentration are shown for each drug treatment condition. ATP 
was quantified on the Gr aptasensor with either Ap1 or Ap2 after exposure of cells to (a) 5-fluorouracil, (c) doxorubicin, or (e) 
gemcitabine. Similarly, ATP was quantified after exposure of cells to (b) 5-fluorouracil, (d) doxorubicin, or (f) gemcitabine. The dotted 
line represents the IC50 range; all data were expressed as mean ± SEM. 
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gemcitabine, while the ATP concentration decreased from 11.5 μM 453 
to below the limit of detection. These experiments revealed that 454 
our assay was able to establish a linear relationship between the 455 
drug concentration and the relative fluorescence intensity. As 456 
shown in Figure S4c, according to the spectrometry-based method 457 
the ATP concentration decreased from 12.59 ± 0.564 μM to 6.486 ± 458 
0.895 μM when cells were incubated with 0.01 μM gemcitabine. 459 
This trend was similar to that seen with our Gr and rGO 460 
aptasensors.  461 

Overall, the wide-field microscope images of ATP-aptamer 462 
interactions after exposure of cells to 5-FU, doxorubicin, or 463 
gemcitabine (or a nontreated control) indicate that these drugs all 464 
reduce cell viability. Specifically, treatment with these drugs 465 
resulted in increased relative fluorescence intensities, indicating 466 
that the cellular ATP concentrations were decreased. This method 467 
thus provides a simple and rapid means for reporting fractional 468 
inhibitory concentrations; furthermore, our method was validated 469 
by spectrometry-based measurements of ATP concentrations after 470 
drug treatment. It is evident that the ATP concentrations calculated 471 
from the calibration curve revealed similar patterns of drug 472 
cytotoxicity to those obtained with spectrofluorometry methods. 473 
Therefore, based on these data, our imaging-based label-free 474 
aptasensing approach is an attractive alternative to conventional 475 
assays for the fast and reliable quantitative evaluation of drug 476 
cytotoxicity. Since our approach is imaging-based and quantitative, 477 
it can also be integrated with other cell imaging results to obtain 478 
viability statistics and to quantify the extent of heterogeneity in the 479 
treatment response.  480 

Moreover, our strategy omits the need for labeling protocols, 481 
which can lead to false positive signals, are cost-intensive to 482 
develop, and exhibit limited selectivity compared with other 483 
fluorescent aptasensors that require dual-labeling of aptamers with 484 
molecular beacons

30-33
 or fluorophore donors and acceptors.

34,35
 485 

Our system not only overcomes technical barriers to use standard 486 
spectrometry methods for the detection of biomolecules on 487 
nanomaterials in a non-solution form, but also provides qualitative 488 
and quantitative information about the interaction that is typically 489 
not achieved in conventional assays. Furthermore, our strategy 490 
amplifies the signal several fold, which facilitates fluorescence 491 
detection. Previous studies using fluorescent dye-labeled aptamers 492 
covalently immobilized on nanomaterials such as Gr and rGO have 493 
revealed that the quantitative detection of small molecules in 494 
biological samples by fluorescence microscopy is complicated by 495 
the high quenching capabilities of these materials and the 496 
insufficient detection limit of most wide-field microscopes. 497 
Importantly, fluorescence measurements have shown that tight SGI 498 
binding coupled with long dsDNA molecules yields substantially 499 
higher intensities than those achieved with labeled aptamers on Gr 500 
and rGO surfaces. Due to the increased fluorescence quenching on 501 
Gr and rGO, our SGI-based signal amplification strategy not only 502 
yields a signal suitable for biomolecular detection, but also offers a 503 
label-free sensing platform. The binding of ATP and other molecules 504 
to their cognate aptamers is reversible.

36
 Hence, the key advantage 505 

of this label-free strategy is the ease by which aptasensors can be 506 
generated and regenerated. Thus, this label-free aptasensing 507 
strategy offers a reusable platform for the quantification of various 508 
analytes. Another major advantage of our imaging-based 509 
aptasensing methodology is that it can simultaneously generate 510 
qualitative and quantitative readouts of cell viability in response to 511 
various treatments when cells are labeled with the appropriate 512 
detection dyes. 513 
 514 

Regeneration of aptasensors 515 
Moreover, the reusability of aptasensors were evaluated after 516 

regeneration treatment. As shown in the Figure S5, the florescence 517 
intensity detected from the regenerated Gr and rGO aptasensors 518 
immobilized either with Ap1 or Ap2 aptamer complexes were 519 
almost the same as that on the newly prepared aptasensors, 520 
signifying that the aptamer complex modified surface was not 521 
destroyed during regeneration treatment. The fluorescence signal 522 
was reduced by only 3.5% after 10 times of regeneration, which 523 
underlines the reusability of aptasensors. As shown in the Figure S6, 524 
the aptasensors have shown similar trend and the same limit of 525 
detection after the tenth regeneration which signifies the accuracy 526 
and reusability of regenerated aptasensors. 527 

Conclusions 528 

Small biomolecules play crucial roles in various physiological 529 
processes; thus, the quantitative detection of these molecules has 530 
become a topic of great interest. Here, we introduced a robust 531 
imaging-based, label-free approach to rapidly obtain quantitative 532 
readouts from aptasensors. Our rational integration of an imaging-533 
based methodology with an image processing pipeline, which 534 
allows quantitative assessment through the subtraction of 535 
background and normalization of fluorescence signals, will 536 
potentially have a broad range of applications ranging from basic 537 
research to high-content drug screening. Moreover, our 538 
aptasensing quantification methodology does not require high-end 539 
microscopic instrumentation or specific techniques, making it 540 
suitable for the routine assessment of various biological entities. 541 
Although we focused the present study on carbon nanomaterials 542 
and drug screening, our methodology is universally applicable for 543 
the quantification of diverse biological targets including 544 
oligonucleotides, cells, hormones, enzymes, and small 545 
biomolecules. With the implementation of the appropriate cell 546 
culture system, our technique could also be adopted for 547 
simultaneous live/dead cell screening and biomolecule 548 
quantification in a high-throughput manner. Thus, the addition of a 549 
3D cell culture system to our platform will enable efficacious drug 550 
screening with continuous dose-response monitoring. Moreover, 551 
changes in the biomolecule concentration can be calculated by 552 
determining the fluorescence intensities through image analysis. 553 

 554 

Experimental 555 
Chemicals 556 

All chemicals, reagents, and oligonucleotides were purchased 557 
and used without further purification. Aptamers, including 558 
fluorescein amidite (FAM)-tagged versions thereof and their 559 
corresponding complementary sequences (cDNAs), were purchased 560 
from Integrated DNA Technologies, Inc. (IDT, Coralville, IA, USA) 561 
(Table 1).  562 

Phosphate-buffered saline (PBS), 3-aminopropyltriethoxysilane 563 
(APTES), SYBR Green-I (SGI), and adenosine triphosphate (ATP) were 564 
purchased from Sigma-Aldrich (St. Louis, MO, USA), whereas 1-565 
pyrenebutyric acid N-hydroxysuccinimide ester (PBASE) was 566 
purchased from Molecular Probes (Life Technologies, Gaithersburg, 567 
MD, USA). The HeLa cell line was obtained from the Korea Cell Line 568 
Bank (Seoul, Korea); RPMI 1640 medium was procured from 569 
Corning Inc., USA. 5-fluorouracil was purchased from Ameresco Co. 570 
(Solon, OH, USA) and doxorubicin and gemcitabine were purchased 571 
from Cayman Chemicals (Ann Arbor, MI, USA). 572 
 573 

Page 6 of 9Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



Nanoscale  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx Nanoscale, 2015, 00, 1-9 | 7  

Please do not adjust margins 

Please do not adjust margins 

Table 1. Aptamers and their complementary DNA used in this 574 
study. 575 

 576 
S. 

No. 

Detail Name Sequence 

1.  Aptamer 1 Ap1 5’-ACC TGG GGG AGT ATT GCG 
GAG GAA GGT-C3-NH2-3’ 

 Complementary 
sequence to 
Ap1 

 5’-ACC TTC CTC CGC AAT ACT 
CCC CCA GGT-3’ 

 
2. 

 
Aptamer 2 

 
Ap2 

5’-TTT TTT TTA GTC TGG AAG 
GAG GCG TTA TGA GGG GGT CCA 
GAC TAT TTT TTT-C3-NH2-3’ 

 Complementary 
sequence to 
Ap2 

 5’-TGG ACC CCC TCA TAA CGC 
CTC CTT CCA GAC TAA AAA AAA-
3’ 

3.  FAM labeled 
aptamer 

Fap 5’-FAM- C3-ACC TGG GGG AGT 
ATT GCG GAG GAA GGT-NH2-3’ 

 Complementary 
sequence to 
Fap 

 5’-ACC TTC CTC CGC AAT ACT 
CCC CCA GGT-3’ 

 577 
Preparation of the substrates modified with 2D nanomaterials 578 

The rGO-modified glass substrate was prepared as described 579 
elsewhere.

37
 Briefly, the modified Hummer’s method was used to 580 

synthesize graphite oxide (GO).
38

 Layered GO was exfoliated, 581 
dispersed in water, and sonicated for 2 h to generate single-layer 582 
GO nanosheets. The sonicated GO solution was subsequently spun 583 
by centrifugation and the aqueous layer was discarded. The 584 
remaining GO was resuspended in water and used for all further 585 
procedures. Prior to the addition of GO, the glass substrates were 586 
cleaned and treated with 3% (3-aminopropyl)triethoxysilane 587 
(APTES), which promotes the formation of a positively charged 588 
surface through the addition of amine groups. The treated glass 589 
substrate was incubated with GO solution for 1 h and then washed 590 
thoroughly. To generate the rGO film, the immobilized GO substrate 591 
was reduced with hydrazine monohydrate (Alfa Aesar, Ward Hill, 592 
MA, 99.9% purity) at 60 °C for 12 h and then subjected to thermal 593 
annealing for 2 h at 200 °C. 594 

Gr deposition and transfer were performed as in our recent 595 
study.

39
 Briefly, the chemical vapor deposition (CVD) method was 596 

employed to deposit a single layer of Gr (25 µm thick) on Cu foil. A 597 
screen protector film was utilized to transfer the Gr sheet onto the 598 
substrate using the hydrogen bubbling method. Briefly, hydrogen 599 
bubbles were introduced in between the Gr sheet and the 600 
hydrophilic Cu foil, which released Gr from the Cu foil and allowed 601 
the Gr to attach onto the screen protector film. Later, the Gr on the 602 
screen protector film was carefully attached to the glass substrate. 603 
This step resulted in the transfer of Gr to the glass substrate due to 604 
its higher adhesion. 605 

 606 
Aptamer immobilization 607 

An equimolar mixture (1 μM) of the aptamers and their 608 
corresponding cDNA sequences was made in Tris buffer. The 609 
mixture was incubated at 90 

o
C for 5 min to denature all 610 

components and to prevent the formation of self-complementary 611 
or secondary structures, which interfere with the formation of 612 
dsDNA complexes (i.e., aptamer complexes). The mixture was then 613 
cooled to room temperature over 45 min and the resultant dsDNAs 614 
were stored at 4 oC until further use. For label-free fluorescence-615 
mediated ATP detection, 485 nM SGI solution was added to the 616 
dsDNA solution that had been prepared with either Ap1 or Fap. As 617 

expected, the higher was the concentration of SGI intercalated with 618 
the Ap2-cDNA due to a large number of oligonucleotides, the 619 
greater was the length of Ap2 required compared to Ap1. Here, 738 620 
nM SGI solution was added to the dsDNA solution prepared with 621 
Ap2. The reactions were incubated for 10 min, thus allowing SGI to 622 
intercalate into the dsDNA molecules.  623 

Subsequently, a 1-pyrenebutanoic acid succinimidyl ester 624 
(PBASE)-based method was used to covalently immobilize the 625 
aptamer complexes on the Gr and rGO surfaces as described 626 
elsewhere.

40
 In this approach, the amine-reactive PBASE acts as a 627 

linker molecule between the aptamers and Gr/rGO. The PBASE 628 
linker molecules attach to the Gr surface through a π-π stacking 629 
mechanism. The Gr and rGO substrates were incubated with 10 mM 630 
PBASE in dry dimethylformamide for 1 h at RT to achieve 631 
functionalization. The substrates were then rinsed with dimethyl 632 
formamide (DMF), washed three times with PBS, and then washed 633 
with water.  634 

For aptamer immobilization on glass substrate, the glass slides 635 
were cleaned with piranha solution (H2SO4:H2O2 in a 3:1 ratio) for 1 636 
h and subsequently rinsed with DI water and dried in nitrogen flow. 637 
The glass substrates were then immersed in 2% (v/v) 3-638 
aminopropyltriethoxysilane (APTES) in ethanol for 30 min at RT. The 639 
amine-modified substrates were then successively rinsed with 640 
ethanol and DI water and subsequently immersed in glutaraldehyde 641 
(2.5%) solution. The glass slides were kept in the solution for 1 h at 642 
room temperature and rinsed sequentially with DI water so as to 643 
eliminate all excess glutaraldehyde.  644 

The aptamer complexes were added to the Gr, rGO and glass 645 
substrates and incubated overnight. In case of rGO and Gr, the 646 
terminal amine group of the aptamers reacts with the amine-647 
reactive PBASE molecules, thus resulting in the formation of 648 
covalent bonds between PBASE molecules and the aptamers. 649 
Unbound aptamer complexes were removed from the substrates 650 
via a PBS wash. The modified substrate was then incubated with 651 
various concentrations of ATP and fluorescence images were 652 
recorded as described below. 653 
 654 
Fluorescence microscopy image analysis and ATP quantification  655 

For ATP quantification, a standard curve was first generated by 656 
incubating the Gr, rGO and glass aptasensors (immobilized with 657 
either Ap1 or Ap2 aptamer complexes) with a range of ATP 658 
concentrations (10

-5 
to 100 μM) for 20 min. Similarly, for 659 

intracellular ATP quantification, freshly prepared lysates of HeLa 660 
cells were added to the designated wells prior to imaging. Images 661 
were acquired after the appropriate incubation periods using a 662 
fluorescence microscope (Olympus, IX-81, Japan) equipped with a 663 
CCD camera and image acquisition software (Cellsense, Olympus). 664 
All images were recorded at the same pixel size. Images were 665 
analyzed using ImageJ software with the appropriate plugins 666 
(Wayne Rasband, National Institute of Health, Bethesda, MD, USA). 667 
Before calculating the fluorescence intensities, the width, height, 668 
and coordinates of a region of interest (ROI) were defined. The 669 
same dimensions were strictly used in the analysis of all other 670 
images. Pixel volumes at 5-40x magnification were calculated for 671 
each 1 μm of sample depth using the conversion factor 1000 L = 1 672 
m3. The overall mean changes in fluorescence intensity upon the 673 
addition of varying concentrations of ATP were calculated by 674 
spatially averaging the SGI fluorescence intensities. All images were 675 
recorded and stored in a preallocated system folder for offline 676 
processing. The control group consisted of Gr and rGO substrates 677 
without immobilized aptamer complexes, while the nontreated (NT) 678 
group consisted of Gr and rGO substrates that had been 679 
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immobilized with aptamer complexes before all experiments. These 680 
control and NT groups were used to correct variability due to auto-681 
fluorescence, imaging constraints, and minor equipment drift over 682 
time. Thus, these groups were important for ensuring accurate 683 
quantitative analysis of ATP concentrations. Furthermore, to assess 684 
the quenching capability of Gr and rGO and their role in significant 685 
background reduction, which can lead to accurate quantitative 686 
measurement, a comparative analysis of background signals was 687 
performed on glass substrate. Nonspecific signals on Gr, rGO and 688 
glass substrates were removed using background subtraction 689 
performed with the rolling-ball algorithm (Squassh protocol, 690 
MOSAIC). This algorithm removes all signals that cannot be 691 
accounted for after deconvolution and denoising of the quantitative 692 
measurements. The fluorescence intensity measurements were 693 
then rescaled and the mean fluorescence intensities were 694 
determined.  695 

The addition of ATP induces the release of intercalated SGI from 696 
the aptamer complexes, resulting in a reduction of the fluorescence 697 
intensity. To quantify this reduction, the time required for ATP-698 
aptamer interaction were first determined by plotting the 699 
fluorescence intensity over time. In subsequent experiments, the 700 
calibrated images were investigated for concentration-dependent 701 
changes in fluorescence. 702 

As a control, the fluorescence intensities after the addition of 703 
various concentrations of ATP were quantified using an optical 704 
spectrophotometer (BioTek Synergy HT reader). These experiments 705 
were performed in 96-well plates and the volume was corrected for 706 
a 1 cm path length. Data were recorded at an excitation wavelength 707 
of 494 nm and an emission wavelength of 521 nm. 708 
 709 
Intracellular ATP quantification 710 

To demonstrate the efficacy of our strategy, we first validated 711 
the ability of the aptasensor approach to quantify intracellular ATP 712 
in the absence of any drug treatment, thus providing a viable cell 713 
count. To this end, HeLa cells were grown in culture flasks in RPMI-714 
1640 medium supplemented with 10% FBS. Cells were incubated in 715 
a 5% CO2 atmosphere at 37 °C and grown until reaching ∼70% 716 
confluency. At this point, cells were detached with trypsin 717 
treatment. After detachment, fresh culture medium was added to 718 
deactivate the trypsin. Harvested cells were collected by 719 
centrifugation at 500 g for 5 min, washed twice with PBS, and then 720 
suspended in Tris buffer. The cells were then serially diluted to 721 
obtain cell suspensions ranging from 10

2
 - 10

6
 cells/ml and lysed by 722 

sonication. Cell lysates were then clarified by centrifugation at 500 723 
g for 3 min at 4 °C. To avoid ATP hydrolysis by intracellular factors, 724 
all lysates were generated immediately before the start of each 725 
experiment. The supernatants were collected and immediately used 726 
in ATP assays as described above. 727 

This ATP quantification method was also applied to a 728 
cytotoxicity assay. To this end, HeLa cells were treated with various 729 
concentrations of doxorubicin, 5-fluorouracil, and gemcitabine, 730 
which are commonly used in chemotherapy regimens. After 731 
treatment with these drugs, the intracellular ATP levels were 732 
quantified. Briefly, cells were grown in monolayers as described 733 
above, washed with PBS, and then incubated with drugs at the 734 
indicated concentrations (doxorubicin, 1-10 μM; 5-fluorouracil and 735 
gemcitabine, 0.01-5 μM) for 24 h. At the end of the incubation 736 
period, the intracellular ATP concentrations were immediately 737 
assessed.  738 

As a control, drug-induced cytotoxicity was also analyzed by 739 
spectrometry. In this experiment, the fluorescence spectra of 740 

solutions containing either Ap1 or Ap2 complexes were recorded 741 
after 20 min of incubation with the cell lysates.  742 

 743 
Aptasensor regeneration studies.  744 

Following the imaging-based quantitative measurements using 745 
tunable platforms on different nanomaterials with ATP aptamers 746 
immobilized, wells were washed for 10 min in PBS followed by 747 
regeneration in new buffer. Regeneration was performed by 748 
soaking aptasensors in 10% SDS in 1x buffer for 10 min and then 749 
immersing in hot water followed by copious washing with double 750 
distilled water. After washing, the aptasensors were incubated with 751 
their respective complementary sequences overnight and then SGI 752 
solution was added to the dsDNA for the formation of aptamer 753 
complexes. The quantitative measurements were performed in the 754 
resulting regenerated aptasensors with the same procedure 755 
described above to analyze the fluorescence recovery. 756 
 757 
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