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ABSTRACT: In this work, a simple and highly selective colorimetric method
has been developed for quantifying trace-level ATP using Fe3O4 nanoparticles
(Fe3O4 NPs). It was discovered that Fe3O4 NPs could present the dramatically
enhanced catalysis once anchored with ATP-specific aptamers (Apts), which is
about 6-fold larger than that of bare Fe3O4 NPs. In the presence of ATP,
however, the Apts would be desorbed from Fe3O4 NPs due to the Apts-target
binding event, leading to the decrease of catalysis rationally depending on ATP
concentrations. A colorimetric strategy was thereby developed to facilitate the
highly selective detection of ATP, showing the linear concentrations ranging
from 0.50 to 100 μM. Subsequently, the developed ATP sensor was employed
for the evaluation of ATP in blood with the analysis performances comparably
better than those of the documented detection methods, showing the potential
applications in the clinical laboratory for the detective diagnosis of some ATP-
indicative diseases. Importantly, such a catalysis-based detection strategy should be extended to other kinds of nanozymes with
intrinsic catalysis properties (i.e., peroxidase and oxidase-like activities), promising as a universal candidate for monitoring
various biological species simply by using target-specific recognition elements like Apts and antibodies.

Adenosine triphosphate (ATP), an unstable high-energy
phosphate complex, is one of the important signaling

molecules and multifunctional nucleotides in biomedical
systems.1 It can serve as a direct source of energy required
for tissues and cells to conduct their life activities like cells
metabolism, known as the “molecular unit of currency” of
intracellular energy transfer.2 Especially, ATP levels in the
body are closely related to some serious diseases such as
Parkinson’s syndrome and Alzheimer’s diseases.3,4 To date,
many efficient strategies have been developed for the
determination of ATP such as high performance liquid
chromatography,5 mass spectrometry,6 fluorimetric assay,7−9

and electrochemistry assay.10,11 However, most of the current
analysis approaches may generally suffer from some short-
comings such as operation complication, cost ineffectiveness,
time consumption, and especially disability of on-site
application due to bulky measurement equipment.12 There-
fore, the development of a simple, selective, sensitive, and field-
deployable tactics for detecting ATP especially those in
complicated biological media is an attractive but challenging
target to pursue.
Moreover, the rapid development of nanozymes has opened

new doors for the construction of various biosensors.13−15 As
alternatives to natural enzymes, nanozymes have attracted
increasing attention due to multiple advantages of low-cost,
bulk-preparation, and greater stability over natural en-

zymes.16,17 Presently, many nanomaterials such as carbon
nanomaterials,18 noble metals (i.e., Au and Pt),19 and
especially metal oxide nanoparticles (NPs) like Fe3O4 NPs

20

have been found to possess the enzyme-like catalysis activities.
Among which, Fe3O4 NPs inherently with a weak peroxidase-
like catalysis have concentrated special application interests in
the fields of chemical catalysis, biomedical detection, and
magnetic separation.21 In particular, some colorimetric
biosensors have been constructed for the determination of
H2O2 and glucose using Fe3O4 NPs and different catalysis
enhancers.22−25 For example, Dong’s group constructed 3D
porous graphene/Fe3O4 NPs composites with enhanced
catalysis activity for the glucose detection.23 Sun et al.
developed a nanozyme-based colorimetric method for H2O2
detection using catalytic PtPd-Fe3O4.

25 Nevertheless, most of
the nanozymes-based sensing strategies applied for the
bioanalysis of disease biomarkers such as proteins, DNAs,
and small molecules may still suffer from the poor detection
selectivity because of lacking specific recognition elements.
Recent studies have indicated that DNAs may act as enzyme
regulators to tune the catalysis of some nanozymes like Fe3O4
NPs and AuNPs.26−29 For example, Vipul Bansal and coworks
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reported that DNAs could conduct an inhibitory effect on the
catalysis activity of AuNPs because of the physical obstruction
or electrostatic repulsion.27 Liu’s group, however, discovered
that oligonucleotides could enhance the intrinsic enzymatic
activity of Fe3O4 NPs by contributing to the increased
enzyme−substrate affinity.29

Inspired by the pioneering works above, in the present work,
a simple and highly selective colorimetric analysis strategy has
been developed for quantifying the trace-levels of ATP by
using peroxidase-like Fe3O4 nanozymes, with the main sensing
procedure illustrated in Scheme 1. Herein, ATP-specific
aptamers (Apts) with phosphate backbones were anchored
onto the surface of Fe3O4 NPs, serving both as the catalysis
enhancers of Fe3O4 NPs and the specific recognition elements
of ATP. It was discovered that the peroxidase-like catalysis
activity of Fe3O4 NPs could be dramatically enhanced (about
6-fold larger) once anchored with Apts. In the presence of
ATP, the Apts would be desorbed from Fe3O4 NPs due to the
Apt-target binding, resulting in the rational decrease of
catalysis of Fe3O4 nanozymes depending on ATP concen-
trations. A colorimetric strategy was thereby developed and
subsequently applied for the selective detection of ATP in
blood with high sensitivity. To the best of our knowledge, this
is the first report on the selective colorimetric analysis for ATP
by taking advantage of the Apts-tuned catalysis of Fe3O4
nanozymes.

■ EXPERIMENTAL SECTION
Reagent and Chemicals. Adenosine 5′-triphosphate

disodium salt hydrate (ATP), guanosine triphosphate
(GTP), uridine triphosphate (UTP), cytidine triphosphate
(CTP), adenosine monophosphate (AMP), adenosine diphos-
phate (ADP), 3,3′,5,5′-tetramethyl benzidine (TMB), sodium
pyrophosphate (PPi), trisodium phosphate anhydrous (Pi),
hydrogen peroxide (H2O2), ethylene glycol (EG), ferric
chloride hexahydrate (FeCl3·6H2O), sodium acetate (NaAc),
bovine serum albumin (BSA), glutathione (GSH), ascorbic
acid (AA), L-cysteine (Cys), L-histidine (His), L-lysine (Lys), L-
tyrosine (Tyr), L-Glycine (Gly), L-phenylalanine (Phe), L-
serine (Ser), Human Serum Albumin (HSA), and Hemoglobin
(Hb), and the ATP assay kit were purchased from Sigma-
Aldrich. The ATP-specific aptamers (Apts) with the sequence
of ACC TGG GGG AGT ATT GCG GAG GAA GGT were
obtained from Sangon Biotech (Shanghai, China). All
chemicals commercially available are of analytical grade. All

aqueous solutions were prepared with ultrapure water (18.2
MΩ·cm, Millipore).

Apparatus and Instruments. Transmission electron
microscopy (TEM, Tecnai G20, U.S.A.) imaging and X-ray
diffraction (XRD, Bruker D8 Advance, Germany) were
employed to characterize Fe3O4 NPs. UV−vis absorption
spectra were recorded using UV-3600 spectrophotometer
(Shimadzu, Japan) equipped with a thermostated holder.
Colorimetric measurements were performed using Infinite
M200 PRO (TECAN, Switzerland). The Zeta-potential was
measured using a Zetasizer Nano ZS90 (Malvern, U.K.).

Preparation of Fe3O4@Apt Composites. Fe3O4 NPs
were first prepared by a modified procedure reported
previously.30 Briefly, FeCl3·6H2O (6.92 g) was dissolved in
EG solution (140 mL) to form a clear solution by stirring
vigorously, followed by addition of NaAc (9.24 g). The
mixture was stirred vigorously for 30 min to obtain a uniform
suspension. Then, the suspension was transferred into an
autoclave (200 mL capacity), and then heated at 200 °C for 8
h. The resulting black magnetic particles were collected by
magnetic separation. Subsequently, the precipitate was
magnetically separated. After being washed with water and
ethanol each for three times, the products were dried under
vacuum at 60 °C for 12 h. Furthermore, an aliquot of ATP
specific Apts (5.0 μL, 10 μM) was mixed with Fe3O4 NPs (95
μL, 50 μg/mL) in acetate buffer (0.20 M, pH 4.0) to be
incubated for 20 min. After magnetic separation, the obtained
Fe3O4@Apt composites were redispersed in 100 μL acetate
buffer (0.20 M, pH 4.0) to be stored at 4 °C for future usage.

Catalysis Activity Measurements and Kinetic Studies.
The peroxiase-like catalysis activities of Fe3O4 NPs, Fe3O4@
Apt nanozymes were investigated through the catalyzing the
oxidation of the substrate of TMB in the presence of H2O2. All
the reactions were incubated in acetate buffer (0.20 M, pH
4.0), and the UV−vis absorbance values were monitored at
652 nm using the microplate reader. The experimental
conditions of catalytic TMB-H2O2 reactions separately with
Fe3O4 NPs and Fe3O4@Apt were optimized under different
Apts dosages, reaction time, pH values, and temperatures.
Moreover, steady state kinetic assays were comparably carried
out for Fe3O4 NPs and Fe3O4@Apt, where 10 mM H2O2 or
0.50 mM TMB was used alternatively at a fixed concentration
of one substrate versus varying concentrations of the other one.
The Lineweaver−Burk plots by the double reciprocal of the
Michaelis−Menten equation were thus performed to calculate
the Michaelis constants (Km) and the maximal reaction
velocity (Vmax).

Colorimetric Assays. A typical colorimetric assay for ATP
was carried out as follows. An aliquot of 10 μL of ATP with
different concentrations was added into 200 μL acetate buffer
(0.20 M, pH 4.0) containing 50 μg/mL Fe3O4@Apt, 0.50 mM
TMB and 10 mM H2O2. The mixed solution was then
incubated at room temperature for 8.0 min. Afterward, the
absorbance values at 652 nm were recorded using the
colorimetric microplate reader. Subsequently, the assessment
of ATP levels in blood samples were performed by following
the same procedure above, of which the samples of ATP were
prepared by spiking different concentrations of ATP in blood.
All of the detections of ATP in blood samples were conducted
with the approval of Animal Ethics Committee in Qufu
Normal University, China.

Scheme 1. Main Procedure and Mechanism of the Fe3O4@
Apt-Based Colorimetric Method for Probing ATP,
Including the Apts Be Anchored on Fe3O4 NPs and Apts Be
Desorbed from Fe3O4 NPs
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■ RESULTS AND DISCUSSION

Characterization of Fe3O4 NPs and Fe3O4@Apt for
ATP Sensing. Fe3O4 NPs were synthesized by utilizing the
solvothermal method. Figure 1 shows the typical TEM image
and X-ray powder diffraction patterns of Fe3O4 NPs. It is
clearly shown that Fe3O4NPs could display a uniformly defined
spherical shape with a size of about 500 nm in diameter
(Figure 1A), as also confirmed by the SEM image shown in
Figure S1 (Supporting Information, SI). The crystalline
structures of Fe3O4 NPs were further investigated by recording
their XRD patterns (Figure 1B). One can note that the marked
diffraction peaks of crystalline Fe3O4 NPs can be obtained in
good agreement with the well-established data (JCPDS 75−
1609). Moreover, in order to validate the proposed mechanism
for the catalysis-based ATP detection, UV−vis absorption
spectra were measured comparably for Fe3O4 NPs before and
after anchored with ATP-specific aptamers (Fe3O4@Apt) for
sensing ATP, with the results shown in Figure 2A. Compared
with Fe3O4 NPs (curve a), Fe3O4@Apt (curve b) exhibits a
distinct absorption peak at 260 nm, which should belong to the
characteristic absorption peak of oligonucleotides,31 indicating
that the ATP-specific Apts were successfully anchored onto the
surface of Fe3O4 NPs by the interaction of Fe3+-phosphate
backbones of Apts. When ATP was introduced into the
Fe3O4@Apt solution (curve c), the absorption peak at 260 nm
disappeared, indicating that ATP-specific Apts might have
been desorbed from the surface of Fe3O4 NPs due to the
specific ATP-Apts binding. Moreover, the zeta potentials of
Fe3O4 NPs and Fe3O4@Apt were investigated with the data
shown in Table S1. It was found that once anchored with ATP-
specific Apts, the apparent zeta potentials of Fe3O4 NPs would
decrease from 10.30 ± 0.53 mV to −19.20 ± 0.79 mV,
suggesting the successful modification of negatively charged
Apts onto Fe3O4 NPs. Notably, the Fe3O4@Apt complex with
negative charges of Apts might allow for more oppositely
charged substrate of TMB to approach to their surfaces,
resulting in the increased substrate affinity toward the
increased catalysis activity, as evidenced in the kinetic studies
afterward. Furthermore, the zeta-potential of Fe3O4@Apt
could, as expected, be reduced in the presence of ATP,
indicating that the detachment of ATP-specific Apts from the
surfaces of Fe3O4 NPs. The results above validate the feasibility
of the proposed colorimetric strategy for the analysis of ATP
based on the Apts-tuned catalysis of Fe3O4 NPs and the
specific ATP-Apts binding event.
Aside from the phosphate backbones of Apts, once anchored

onto Fe3O4 NPs, DNA bases of Apts might conduct the
interaction with amino groups and benzene rings-derivatized
TMB substrate by hydrogen bonding and π−π stacking,
respectively, leading to the increased substrate affinity toward

the enhanced catalytic activity of Fe3O4 NPs, as confirmed
elsewhere.29 Herein, such a fact was also confirmed in the
experiments conducted according to the documented
procedure (Figure S5), of which the results are well consistent
with those reported previously.29

Investigation of Catalysis-Based Sensing Perform-
ances. The peroxidase-like catalysis properties of Fe3O4 NPs
and Fe3O4@Apt were comparably investigated in the absence
and presence of ATP by using the TMB-H2O2 reactions
(Figure 2B). One can see that Fe3O4 NPs showed a little of
catalysis activity for the oxidation of TMB in the presence of
H2O2 (curve a). Moreover, the peroxidase-like catalysis activity
of Fe3O4 NPs could be greatly enhanced (about six times
higher) after coated with ATP-specific Apts (curve c), as
obviously revealed by the reaction solution with a deeper blue
color (Figure 2B, inset). When ATP was added into the
Fe3O4@Apt-containing reaction solution, the specific ATP-
Apts binding could trigger the desorption of the Apts from
Fe3O4 NPs, thereby causing a decrease in the catalysis of
Fe3O4@Apt for the TMB-H2O2 reactions (curve d). It is worth
noting that comparing with bare Fe3O4 NPs, the resulted
Fe3O4@Apt could display the even lower catalysis after adding
high-level ATP (i.e.,100 μM), presumably due to the fact that
the formed Apts-ATP complex with negative charges might
preferentially interact with the positively charged TMB, so as
to hinder its approaching to Fe3O4 NPs resulting in the
reduced efficiency in catalyzing the TMB-H2O2 reactions.
Besides, the effects of ATP on the peroxidase-like activity of
bare Fe3O4 NPs were also investigated. As can be seen from
Figure 2B (curve b), interestingly, the direct addition of ATP
could enhance the peroxidase-like activity of Fe3O4 NPs to
some extent, in good consistence with the investigations
previously reported.32 Yet, it indicates that the ATP-triggered
decrease in the catalysis activity of Fe3O4@Apt should be
resulted from the specific ATP-Apts binding that has caused
the desorption of Apts from Fe3O4NPs.

Investigations on Catalysis Conditions of Fe3O4@Apt.
The main catalysis conditions for the Fe3O4@Apt were
investigated with the TMB-H2O2 reactions in comparison
with bare Fe3O4 NPs, including the amounts of ATP-specific
Apts, temperatures, pH values, and reaction time (Figure S2).
First, the effects of the amounts of ATP-specific Apts on the
catalysis performances of Fe3O4@Apt were explored. As shown
in Figure S2A, higher Apts concentrations could cause greater
enhancement in the catalysis of Fe3O4@Apt until 600 nM of
Apts, over which the enhancement of catalysis might be not
significant, presumably owing to the saturation of Apts
anchored on Fe3O4NPs. This experimental data may alsoFigure 1. (A) TEM images and (B) XRD patterns of Fe3O4 NPs.

Figure 2. (A) UV−vis spectra of (a) Fe3O4NPs, (b) Fe3O4@Apt, (c)
Fe3O4@Apt + ATP, (B) UV−vis spectra and corresponding
photographs (inset) of the TMB-H2O2 reactions products: (a)
Fe3O4NPs, (b) Fe3O4NPs+ ATP, and (c) Fe3O4@Apt, and (d)
Fe3O4@Apt + ATP.
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demonstrate that it is the anchored ATP-specific Apts rather
than free ATP-specific Apts in solution that have increased the
catalysis activity of Fe3O4 NPs. In addition, the amounts of
Apts anchored on Fe3O4 NPs were investigated by measuring
the absorbance changes of Apts at 260 nm in the solutions
before and after adding Fe3O4 NPs with known dosages. The
results indicate that the average amount of Apts on a single
Fe3O4 NP was calculated to be about 2.46 × 10−27 mol per
particle (Figure S3). The temperature-dependent catalysis
performances of Fe3O4@Apt were investigated by taking
Fe3O4NPs as a comparison (Figure S2B). Accordingly, the
developed Fe3O4@Apt composites exhibited the highest
catalysis activities at about 30 °C, in good consistence with
that of bare Fe3O4 NPs. Furthermore, the pH value-dependent
catalysis of Fe3O4@Apt was comparably studied, revealing that
for Fe3O4@Apt and bare Fe3O4 NPs should conduct the more
effective catalysis at lower pH values ideally as pH 4.0 (Figure
S2C). It also indicates that the introduction of ATP-specific
Apts should induce no change in the pH-dependent trend of
catalysis activity, but has increased their activities at each of pH
values. That is, the modification of ATP-specific Apts can
extend the catalytic applications of Fe3O4 NPs over a wide pH
range. Besides, as shown in Figure S2D, the optimal time for
the catalysis reactions was found to be 8.0 min. Therefore, the
catalysis reactions should be carried out under the optimal
conditions of Apts concentration of 600 nM, 30 °C, pH 4.0,
and reaction time of 8.0 min. Besides, in order to explore the
possible effects of H2O2 on the Apts attachments on Fe3O4
NPs, the fluorimetric measurements of FITC-labeled Apts
onto Fe3O4 NPs were performed in the presence of H2O2 with
varying concentrations. One can note from Figure S4A that
H2O2 might conduct no significant inhibition on the Apts
attachments onto Fe3O4NPs, except for the ones at very high
concentrations (i.e., 1.0 M), which should not be attempted
under the testing conditions. Similarly, as shown in Figure S4B,
TMB may also exert no apparent effect on the modification of
the Apts onto the surfaces of Fe3O4 NPs.
Studies on Steady-State Catalysis Kinetics. To further

compare the peroxidase-like catalysis activity of Fe3O4 NPs and
Fe3O4@Apt, the steady-state kinetics studies were performed
(Figures S6 and S7). Within the suitable range of H2O2 and
TMB concentrations, the typical Michaelis−Menten curves of
Fe3O4 NPs (Figure S6A and C) and Fe3O4@Apt (Figure S7A
and C) were obtained. Accordingly, the apparent Michaelis−
Menten parameters were calculated by the typical Line-
weaver−Burk double reciprocal curves (Figures S6B and D
and S7B and D). The so obtained Michaelis constant (Km) and

maximal reaction velocity (Vmax) values were summarized in
Table S2. Typically, a lower Km value means a higher affinity of
catalyst to the substrate.33 As shown in Table S2, as for the
substrate of H2O2, the Km value of Fe3O4@Apt is about four
times higher than that of Fe3O4 NPs, indicating that a higher
H2O2 concentration should be required to achieve the maximal
activity. Moreover, one can see that Fe3O4@Apt can present
about three times lower Km value than Fe3O4NPs for the TMB
substrate, suggesting that Fe3O4@Apt should possess a higher
affinity toward TMB. In addition, itwas noteworthy that
Fe3O4@Apt could exhibit the higher Vmax values than Fe3O4
NPs. The data above indicate that the Fe3O4@Apt should
possess the higher catalysis activity than Fe3O4NPs, so as to
ensure the catalysis-based colorimetric analysis of ATP
afterward.

Detection Performances of the Fe3O4@Apt-Based
Colorimetric Assay for ATP. Considering the possible
interference of other kinds of substances coexisting in the
complicated biological media like blood, the responses of the
Fe3O4@Apt-based analysis method to ATP and other kinds of
ions, small molecules, and proteins were comparably
investigated with the results shown in Figure 3, including the
additional ones shown in Figure S8. One can see from Figures
3A and S8A that the responses to other possibly co-existing
substances might be negligibly low when compared with that
of ATP. Moreover, it should be pointed out that the Apts may
have similar affinities for ATP, ADP, and AMP. Hence, they
were herein determined at the different concentrations
according to their actual level ratios in blood, i.e., ADP and
AMP levels can be less than 20% of that of ATP.34 It was found
that ADP and AMP could cause about 14% response of ATP,
displaying little interference on the practical detection of ATP
in blood. Importantly, they could display no significant effect
on the ATP detection when separately mixed with ATP, as
clearly shown in Figures 3B and S8B. Therefore, the developed
Fe3O4@Apt-based colorimetric method can promise the highly
selective analysis for ATP especially those in the complicated
samples such as blood. Besides, the storage stability of Fe3O4@
Apt composites were explored (Figure S9). As expected, no
obvious changes was observed in the absorbance values of
catalytic reaction solutions, even the Fe3O4@Apt composites
were stored up to 6 weeks, demonstrating the long-term
stability of the catalytic probes.

Figure 3. (A) The responses of the developed Fe3O4@Apt-based
analysis method to different substances alone including 1.0 mM of
Na+ and K+; 50 μM of ATP, Cu2+, His, Try, Lys, AA, BSA, GTP,
CTP, UTP, Cys, GSH, Pi, and PPi; and 10 μM of AMP and ADP. (B)
The responses of the developed method to ATP when separately
coexisting with different substances.

Figure 4. Calibration curves of the relationships between the
absorbance responses obtained at 652 nm and different concen-
trations of ATP ranging from 0.50 μM to 100.0 μM (Inset:
corresponding colorimetric photographs).

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.9b04116
Anal. Chem. 2019, 91, 14737−14742

14740

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04116/suppl_file/ac9b04116_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.9b04116


Under the optimal conditions, the developed colorimetric
strategy was employed for the detections of ATP with different
concentrations in acetate buffer (0.20 M, pH 4.0) (Figure 4). It
was observed that with the increasing of ATP concentrations,
the absorbance values of the catalytic reaction products could
gradually decrease, as more apparently exhibited in the
photographs of the corresponding solutions (Figure 4, inset).
A linear relationship was thus obtained for the ATP detection
showing the linear concentrations ranging from 0.50 to 100
μM, with the limit of detection (LOD) of about 0.090 μM as
estimated by 3σ rule.
Colorimetric Analysis of ATP in Samples. The

application feasibility of the Fe3O4@Apt-based detection
method was evaluated for the ATP samples with different
concentrations spiked in human blood samples on the basis of
the standard addition method (Table 1). It was found that the
measured ATP concentrations could be considerably close to
those of the added ATP ones. Also, the obtained recoveries of
these ATP-spiked samples are in the range of 98.28−99.62%,
with the relative standard deviations ranging from 1.98% to
3.12%. In addition, the results for ATP in blood obtained by
the developed method were compared with these obtained by
the ATP assay kit, and summarized in Table S3. A statistical
calculation of t test (α = 0.05) was performed to explore the
accuracy of these results. Accordingly, no significant difference
of the anlaysis results was observed between the developed
ATP colorimetric method and the commercial ATP assay kit.
Moreover, the analysis performances of the developed
colorimetric analysis strategy were investigated by comparing
with other documented analysis methods, with analysis results
summarized in Table S4. It is found that the developed
Fe3O4@Apt-based method can exhibit better or comparable
detection performances in terms of the detection ranges and
LODs. Therefore, the developed Fe3O4@Apt-based colori-
metric method can allow for the selective detections of ATP in
the complicated samples like blood.

■ CONCLUSIONS

In summary, a simple colorimetric biosensing strategy has been
developed for the quantification of ATP with high selectivity
and sensitivity. The proposed ATP sensor exploits the inherent
peroxidase-like catalysis activity of Fe3O4 NPs by combining
with the high specificity of ATP-specific Apts. It was found that
Fe3O4NPs could present the greatly improved catalysis activity
once anchored with ATP-specific Apts, which was about 6-fold
larger than that of bare Fe3O4 NPs. In the presence of targeting
ATP, the Apts-target binding event would trigger the structural
changes of Apts so as to be desorbed from the Fe3O4 NPs
surface, leading to the rationally lowering catalysis activities
depending on the ATP concentrations. Moreover, the
developed colorimetric analysis strategy was applied for the
direct detection of ATP showing a good linearity in the ATP
concentration range of 0.50−100 μM with the detection limit
of 0.090 μM, which detection performances are comparably

better than those of most of the other colorimetric methods
documented. It can feature some specific advantages such as
high specificity, visual read-out, fast response (8.0 min.), and
no requirement of expensive instruments. Therefore, this
colorimetric ATP analysis method holds great potential of
applications in the clinical laboratory for the diagnosis of some
ATP-indicative diseases such as Parkinson’s syndrome and
Alzheimer’s diseases. More importantly, such a catalysis-based
detection proposal should be extended as a universal
bioanalysis format for other kinds of nanozymes to be widely
applied for the analysis of various biological species simply by
using target-specific recognition elements like Apts and
antibodies.
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Table 1. Practical Analysis of ATP in Blood Samples

samples 1 2 3 4

detected (μM) 6.15 ± 0.54 6.21 ± 0.76 6.32 ± 0.43 6.37 ± 0.51
added (μM) 10.00 20.00 40.00 80.00
total detected (μM) 15.94 ± 1.25 26.11 ± 0.94 45.83 ± 0.53 84.89 ± 0.89
RSD (%) 2.34 3.12 1.98 2.87
recovery (%) 98.69 99.62 98.94 98.28
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