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ABSTRACT: By means of employing 11-mercaptoundeca-
noic acid (11-MUA) as a reducing agent and protecting ligand,
we present straightforward one-pot preparation of fluorescent
Ag/Au bimetallic nanoclusters (namely AgAuNCs@11-MUA)
from AgNO3 and HAuCl4 in alkaline aqueous solution at room
temperature. It is found that the fluorescence of AgAuNCs@
11-MUA has been selectively quenched by Cu2+ ions, and the
nonfluorescence off-state of the as-prepared AgAuNCs@11-
MUA−Cu2+ ensemble can be effectively switched on upon the
addition of histidine and cysteine. By incorporating Ni2+ ions
and N-ethylmaleimide, this phenomenon is further exploited
as an integrated logic gate and a specific fluorescence turn-on assay for selectively and sensitively sensing histidine and cysteine
has been designed and established based on the original noncovalent AgAuNCs@11-MUA−Cu2+ ensemble. Under the optimal
conditions, histidine and cysteine can be detected in the concentration ranges of 0.25−9 and 0.25−7 μM; besides, the detection
limits are found to be 87 and 111 nM (S/N = 3), respectively. Furthermore, we demonstrate that the proposed AgAuNCs@11-
MUA-based fluorescent assay can be successfully utilized for biological fluids sample analysis.
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■ INTRODUCTION

Owing to their intrinsic high sensitivity and spatiotemporal
resolution, fluorescent sensors are undoubtedly one of the most
efficient and accessible devices that have been used in
biologically relevant molecular recognition1−3 and biomedical
diagnosis.4,5 Thereinto, choosing correct fluorescent materials
and transformation of the sensing events into changes in the
fluorescent signal are two key issues for fluorescent sensing.
Over the past few decades, highly fluorescent noble metal
nanoclusters (NCs, typically Au and Ag) have attracted
significant attention as one candidate of the most promising
fluorescent sensors, due to their ultrasmall size, good
biocompatibility, and obvious intrinsic fluorescence.6−8 Relative
to Au nanoclusters (AuNCs), Ag nanoclusters (AgNCs) usually
have lower photo- and thermo-stability, but greater quantum
yields.9−11 Recently, several fluorescent Ag/Au bimetallic NCs
(AgAuNCs) with superior chemical and physical properties
have been prepared and the introduction of Ag into the AuNCs
could produce significant fluorescent enhancement.12−14 These
advances in the synthetic process and emission mechanism of
AgAuNCs shall benefit for the development of more sensitive
sensing techniques. Simultaneously, among the different types
of protecting agents, thiolate ligands are the most commonly
adopted candidates for noble metals NCs due to their readily

modification, potential selective recognition function and
extraordinary stability of the resultant NCs, which are beneficial
to the fabrication of NC-based fluorescent sensors.8,15,16 Thus,
by ingenious integration of a suitable receptor binding group
into the thiolate molecules, metal ions sensors for Hg2+, Cr3+,
Cu2+, and Ag+ have been well developed based on the
propensity to quench the fluorescence of thiolate-NCs.6−8,17−21

Prompted by several organic molecules/metal ions complex-
based fluorescence turn-on assays,22,23 the noncovalent NCs@
ligands−metal ions ensembles have also been proposed and
applied in a competitive sensing system,24−26 where the target
analytes readily recover the fluorescence by selectively
snatching the metal ions from NCs because of the higher
coordination reactivity between analytes and metal ions than
that between NCs@ligands and metal ions.
Being the naturally occurring amino acids, both histidine

(His) and cysteine (Cys) play critical roles in human lives and
many critical bioactivities.1 For instance, His is an important
neurotransmitter and its metabolism disorder is an indicator for
psychological disorders and many diseases.27,28 Similarly, the
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deficiency of Cys in the human body29 results in hair
depigmentation, skin lesions, edema, lethargy, liver damage,
and loss of muscle and fat, whereas an elevated Cys level is
known to result in cardiovascular and Alzheimer’s diseases.30,31

Besides being present at the active site of several metal-
loenzymes, His and Cys often act as powerful detoxifiers and
regulators of metal transmission in biological fluids due to their
high binding affinity toward several metal ions.32,33 Inspired by
this potential preferential interaction between His/Cys and
metal ions, in connection with the reversible fluorescent change
of the noncovalent NCs@ligands−metal ions ensembles, we
herein describe our proposal for a AgAuNCs-based sensing
ensemble, which is amenable to selective detection of His and
Cys, respectively. In brief, we first present one-pot synthesis of
fluorescent AgAuNCs capped with 11-MUA (namely
AgAuNCs@11-MUA) from AgNO3 and HAuCl4 by simply
utilizing 11-MUA as a reducing agent and protecting ligand in
alkaline aqueous solution (Scheme 1). Subsequently, the
fluorescence of AgAuNCs@11-MUA would be quenched
upon the addition of Cu2+ ion, and the fluorescence of the
as-prepared AgAuNCs@11-MUA−Cu2+ ensemble would be
restored in the presence of His or Cys (Figure S1 in the
Supporting Information). With the separate introduction of
Ni2+ ions or N-ethylmaleimide (NEM), which showed a
corresponding recognized masking effect for His34 or Cys,35

respectively, the aforementioned ensemble has been con-
structed as an integrated logic gate for not only fluorescence
turn-on detection but also differentiation of His and Cys
(Scheme 1).

■ EXPERIMENTAL SECTION
Reagents and Materials. Silver nitrate (AgNO3), hydrogen

tetrachloroaurate trihydrate (HAuCl4·3H2O), copper(II) sulfate
pentahydrate (CuSO4·5H2O), 11-mercaptoundecanoic acid (11-
MUA), and N-ethylmaleimide (NEM) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sodium hydroxide (NaOH) and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were pur-
chased from Aladdin Industrial Corporation (Shanghai, China). NaCl,
KCl, CaCl2, MgCl2, MnCl2, FeCl3, CoCl2, NiCl2, Zn(NO3)2, PbCl2,
CdCl2, and HgCl2 were purchased from Beijing Chemical Works.
Histidine, cysteine, and other essential amino acids for the human
beings were purchased from DingGuo Biotech. Ltd. (Beijing, China)
and Sigma-Aldrich (St. Louis, MO, USA), respectively. All chemicals
used were of analytical grade at least. For all aqueous solutions, the
ultrapure water from a Millipore system was used.

Characterizations. Transmission electron microscopy (TEM) and
high resolution TEM (HRTEM) measurements were carried out by
using a FEI TECNAI F20 EM with an accelerating voltage of 200 kV
equipped with an energy dispersive spectrometer. The X-ray
photoelectron spectroscopy (XPS) measurements were performed
with Thermo ESCALAB VG Scientific 250 and equipped with
monochromatized Al Kα excitation. UV−vis absorption spectra were
recorded by a CARY 500 UV−vis-NIR Varian spectrophotometer
using a 1 cm path length quartz cell at room temperature. The
fluorescence intensity (FL) measurements were performed on a
Hitachi F-4600 spectrofluorometer (Tokyo, Japan). Inductively
coupled plasma optical emission spectrometry (ICP-OES) analysis
was conducted with an iCAP 6300 of Thermo scientific instrument.
Photostability tests were performed by using our previously reported
strategy.24

Preparation and Purification of AgAuNCs@11-MUA and
AuNCs@11-MUA. The Ag/Au bimetallic nanoclusters capped with
11-MUA (AgAuNCs@11-MUA) were synthesized according to a
modified one-pot strategy that we used to prepare AuNCs.18 Typically,
11-MUA (26.2 mg) and NaOH (0.3 mL, 1 M) were completely
dissolved in 16.7 mL of water, followed by rapid addition of the
solution of HAuCl4 (2.4 mL, 10 mM) and AgNO3 (0.6 mL, 10 mM) at
room temperature. Immediately, the thorough mixture exhibited the
red fluorescence, visible to the naked eye, under ultraviolet light, and
was then left to stand for 5 h at room temperature under no stirring,
where the solution remained colorless. The solution after synthesis was
taken into 8−14 kDa cutoff dialysis bag and dialyzed against ultrapure
water for more than 24 h with four changes, to remove all impurities.
The as-obtained purified AgAuNCs@11-MUA aqueous solution was
stored at 4 °C for further use. The element concentrations of the as-
obtained AgAuNCs were determined by ICP-OES, and we defined the
total concentration of metal (Ag and Au) as the concentration of the
AgAuNCs@11-MUA.

The preparation and purification of the monometallic Au NCs
capped with 11-MUA (AuNCs@11-MUA) are based on that of
AgAuNCs@11-MUA by just adding HAuCl4 (3.0 mL, 10 mM) instead
of the addition of a solution of HAuCl4 (2.4 mL, 10 mM) and AgNO3
(0.6 mL, 10 mM).18

Detection Procedures. To evaluate the effect of Cu2+ ions on the
fluorescence quenching of AgAuNCs@11-MUA, 0.5 mL of 20 μM
AgAuNCs@11-MUA aqueous solution, 1.0 mL of 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH
7.4) and different amounts of Cu2+ were sequentially added to a 2 mL
calibrated test tube. The mixture was diluted to volume (2.0 mL) with
ultrapure water, shaken drastically, and equilibrated for 10 min to
measure the fluorescence emission spectra.

To detect histidine, 0.5 mL of 20 μM AgAuNCs@11-MUA aqueous
solution, 1.0 mL of 20 mM HEPES buffer (pH 7.4), 4 μL of 1 mM
Cu2+ solution, and 0.2 mL of 1 mM NEM were sequentially added to a

Scheme 1. Schematic Representation of the Synthetic Strategy for AgAuNCs@11-MUA Preparation and Amino Acids Sensing
Mechanism
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2 mL calibrated test tube. The mixture was shaken thoroughly and
equilibrated for 10 min. The 10 μL of different concentration of
histidine standard solution and 286 μL of ultrapure water were then
added, and the mixture was further shaken drastically, and equilibrated
for 1 min to measure the fluorescence emission spectra.
To detect cysteine, 0.5 mL of 20 μM AgAuNCs@11-MUA aqueous

solution, 1.0 mL of 20 mM HEPES buffer (pH 7.4), 4 μL of 1 mM
Cu2+ solution, and 20 μL of 1 mM Ni2+ were sequentially added to a 2
mL calibrated test tube. The mixture was shaken thoroughly and
equilibrated for 10 min. The 10 μL of different concentration of
cysteine standard solution and 466 μL of ultrapure water were then
added, and the mixture was further shaken thoroughly, and
equilibrated for 1 min to measure the fluorescence emission spectra.
To evaluate the detection selectivity, other essential amino acids for

the human beings such as alanine, arginine, aspartic acid, asparagine,
glutamine, glutamic acid, glycine, isoleucine, leucine, lysine,
methionine, phenylalanine, proline, serine, threonine, tryptophan,
tyrosine, and valine were individually investigated and measured.
Detection of Histidine in Human Urine. Human urine samples

were collected from healthy volunteers and needed no other
pretreatments except being diluted with ultrapure water. To detect
histidine in diluted urine samples, 0.5 mL of 20 μM AgAuNCs@11-
MUA aqueous solution, 1.0 mL of 20 mM HEPES buffer (pH 7.4), 4
μL of 1 mM Cu2+ solution, and 0.2 mL of 1 mM NEM were
sequentially added to a 2 mL calibrated test tube. The mixture was
shaken drastically and equilibrated for 10 min. The 100 μL of different
concentration of histidine standard solution, 100 μL of different
concentrations of the diluted urine samples, and 96 μL of ultrapure
water were then added, and the mixture was further shaken
thoroughly, and equilibrated for 1 min to measure the fluorescence
emission spectra.

■ RESULTS AND DISCUSSION

Through the direct coreduction of AgNO3 and HAuCl4 in
alkaline aqueous solution at room temperature, we have easily
acquired the AgAuNCs@11-MUA, which appears nearly
colorless and bright red fluorescence in the presence of visible
and ultraviolet light, respectively (the inset of Figure 1A). In
contrast to the monometallic AuNCs@11-MUA, it possesses
the similar absorption spectrum, but obvious bathochromic

shifts of fluorescence emission and excitation peaks (320 and
630 nm for AgAuNCs vs 280 and 610 nm for AuNCs) (Figure
1A and Figure S2 in the Supporting Information). Using
Rhodamine B (quantum yield = 31% in water) as the reference,
the quantum yields of our as-prepared fluorescent nanoclusters
in aqueous solution were determined as ∼4.2% for AgAuNCs@
11-MUA and ∼2.4% for AuNCs@11-MUA. The results
illustrated that the introduction of silver allowed a fluorescence
enhancement compared to the recent AuNCs@11-MUA. In
addition, as shown in Figure S3 in the Supporting Information,
the fluorescence intensity of AgAuNCs@11-MUA only
decreased <20% under ultraviolet light irradiation for 2 h,
which indicated its good photostability and did not differ
significantly from the case of AuNCs@11-MUA.
The XPS of the as-prepared fluorescent nanoclusters shows

that a higher binding energy of Au 4f7/2 of the AgAuNCs
(∼84.0 eV) was observed compared to that of AuNCs (∼83.7
eV) (Figure 1B). It is illustrated that a higher percentage of Au+

exists in the resultant bimetallic AgAuNCs, compared to that in
the monometallic AuNCs.36,37 Simultaneously, the XPS spectra
of Ag 3d and S 2p (Figure S4 in the Supporting Information)
have confirmed the domination of Ag in its zero valence form
and 11-MUA as the protecting ligand in the resultant
AgAuNCs. In addition, transmission electron microscopy
(TEM) (Figure S5A in the Supporting Information) and high
resolution TEM (HRTEM) (Figure 1C) were used to evaluate
the size distribution and morphology of AgAuNCs@11-MUA,
which revealed an average diameter of 1.71 ± 0.19 nm, roughly
spherical and well monodisperse for the AgAuNCs (Figure
1D). Furthermore, we have used ICP-OES in the determination
of gold, silver, and sulfur elements in the resultant AgAuNCs@
11-MUA and the calculated molar ratio of Ag-to-Au (1:4.1) is
close to the ratio of the initial AgNO3 and HAuCl4 (1:4) (Table
S1 in the Supporting Information). The elemental composi-
tions of the AgAuNCs were also qualitatively confirmed from
the EDX spectra (Figure S6 in the Supporting Information). All
of these experimental results have demonstrated that
AgAuNCs@11-MUA with superior performance can be easily
prepared by a direct one-pot synthetic approach.
To construct the sensing ensemble at a nonfluorescence off-

state and investigate the interference of other metal ions to
potential detection, a variety of metal ions (Na+, K+, Ca2+,
Mg2+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, Pb2+, Hg2+, and
Cd2+) were systematically introduced into the pH 7.4 HEPES
buffer of AgAuNCs@11-MUA (5 μM). Upon treatment with
different metals, the fluorescence of AgAuNCs was found to be
unambiguously quenched just by Cu2+, while a slight decrease
in fluorescence was induced by Co2+ and Ni2+ (Figure 2A). The
selective interaction between AgAuNCs and Cu2+ had been
further investigated. As indicated in Figure 3, the addition of
Cu2+ into the AgAuNCs solution resulted in that the
fluorescence intensity of 11-MUA-AuNPs was quenched
gradually with the increasing concentration of Cu2+ (0.1−5
μM). It was substantiated that 2 μM of Cu2+ could induce
∼90% quenching of the initial fluorescence intensity, and this
concentration of 2 μM for Cu2+ would be employed to
construct the following sensing ensemble.
Subsequently, the as-prepared AgAuNCs@11-MUA−Cu2+

ensemble in buffer was treated respectively with twenty
essential amino acids, and the fluorescence intensity ratios of
sensing ensemble in the absence and presence of 10 μM various
amino acids were recorded. As shown in Figure 2B, both His
and Cys could recover the fluorescence of Cu2+-quenched

Figure 1. (A) UV−vis absorption (black), FL excitation (blue), and
emission (red) spectra of AgAuNCs@11-MUA. The inset shows the
photographs of AgAuNCs under the visible (left) and ultraviolet light
(right). (B) XPS spectra of Au 4f for AgAuNCs (black) and AuNCs
(red). (C) HRTEM image of the AgAuNCs@11-MUA. (D) Size
distribution of the AgAuNCs@11-MUA in diameter.
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AgAuNCs, but other amino acids did not induce significant
change in the fluorescence emission intensity. In the control
experiment, the fluorescence of the sole AgAuNCs@11-MUA
without Cu2+ in HEPES buffer exhibited a nearly negligible
alteration in the presence of twenty various essential amino
acids (Figure S7 in the Supporting Information).
Due to its intrinsic paramagnetic properties and high

coordination ability to special organic groups (such as carboxyl,
amine, and thiol groups), Cu2+ has the tendency to reduce the
fluorescence of several fluorescent materials through proper
binding sites and a series of related assay systems have recently
been developed.23−25 Likewise, the Cu2+−induced quenching
mechanism of AgAuNCs@11-MUA in this report should be
referred to the coordination of Cu2+ with the carboxyl group of
11-MUA, as well as the subsequent formation of the AuNCs@
11-MUA−Cu2+ ensemble.24 Several previous reports have
elucidated that the interaction between His/Cys and Cu2+

has higher coordination reactivity compared to the affinity
between the sole carboxyl group and Cu2+.33,38,39 Therefore, it
is not surprising that the nonfluorescence off-state of the

AuNCs@11-MUA−Cu2+ ensemble would be effectively
switched on by the addition of His or Cys due to the seizure
and snatching of Cu2+ from the ensemble by His/Cys. This
sensing mechanism has also been confirmed from the further
TEM experiments (Figure S5 in the Supporting Information).
Taking Cys as an example, upon the sequential addition of Cu2+

and Cys, the typical TEM images and corresponding size
distribution histograms of the AgAuNCs@11-MUA solution
showed negligible change, which implied that the reversible
competitive coordination of Cu2+ between AgAuNCs@11-
MUA and Cys could be drawn into the fluorescence quenching
and restoring process. The case of the addition of His had a
similar phenomenon, and the data are not shown here.
To further improve the detection selectivity and differentiate

His and Cys, we added a common Cys scavenger, NEM, for
eliminating the interference of Cys, and a recognized His-
binding metal ions, Ni2+, for shieldding His in the AgAuNCs@
11-MUA−Cu2+ ensemble-based assay. As NEM selectively
masked Cys, we were able to quantitatively evaluate the His by
using the sensing ensemble, whereas an opposite result was
found in the presence of Ni2+. This phenomenon for chemically
driven molecular switches, which can be converted from one
fluorescent state into another by an external additive stimulus,
can be described and manipulated as molecular logic gates.40,41

As shown in Figure 4, the AgAuNCs−Cu2+ ensemble-based
integrated logic gates exhibit fluorescence emission as the
optical output in response to four inputs: Cys, His, Ni2+, and
NEM. In the case of no input, the relative fluorescence intensity
(I/I0 at 630 nm) of AgAuNCs−Cu2+ ensemble relative to the
initial AgAuNCs remained only about 0.1. However, if either
Cys or His was the input, the relative intensity increased to
more than 0.5. In addition, after NEM or Ni2+ shielding the Cys
or His, separately, there was precious little free Cys or His to
snatch the Cu2+ and no obvious fluorescence recovery as the
output. The output ratio below and above the threshold value
of 0.3 defined as “0” and “1”, respectively. Considering the 16
input modes, with each input mode corresponding to a result,
the fluorescent experimental results are shown in Figure 4B,C.
The truth table shows the results of each input mode in Figure
4D, and the logic scheme of the integrated logic gate composed
of two INHIBIT gates and one OR gate is described in Figure
4E. The His/Cys concentration-dependent fluorescence
enhancement has been quantitatively investigated by using
the AgAuNCs@11-MUA−Cu2+ ensemble as the amino acids
sensor. As indicated in Figure 5A, a continuous increase in the
fluorescence of the AgAuNCs@11-MUA−Cu2+ ensemble was
observed with the gradual addition of His (0.25−50 μM) in the
presence of 100 μM NEM.
Along with the His concentrations increasing from 0.25 to 9

μM, the intensity ratios (I/I0 at 630 nm, where I0 and I are the
corresponding fluorescence intensities in the absence and
presence of His, respectively) displayed a quasilinear relation-
ship (the inset of Figure 5B). The regression equation could be
described as I/I0 = 1 + 0.442 [His] (R2 = 0.995). Under the
current experimental conditions, the detection limit of His was
estimated to be 87 nM, at a signal-to-noise ratio of 3. Likewise,
a continuous increase in the fluorescence of the AgAuNCs@11-
MUA−Cu2+ ensemble was achieved with the gradual addition
of Cys (0.25−50 μM) in the presence of 10 μM Ni2+, and the
intensity ratios I/I0 showed a quasilinear relationship with the
Cys concentration within the range of 0.25 to 7 μM (Figure
5C,D). The regression equation could be described as I/I0 = 1
+ 0.347 [Cys] (R2 = 0.992), and the detection limit of Cys was

Figure 2. (A) FL intensity ratios (I0/I at 630 nm, where I0 and I are
the FL intensities in the absence and presence of the analytes,
respectively) for the AgAuNCs (5 μM) measured after the addition of
2 μM various individual metal ions in 10 mM HEPES buffer at pH 7.4.
(B) FL intensity ratios (I/I0 at 630 nm) for the AgAuNCs@11-MUA−
Cu2+ ensemble measured after the addition of 10 μM various
individual amino acids in pH 7.4, 10 mM HEPES buffer.

Figure 3. (A) FL emission spectra of the AgAuNCs@11-MUA in the
presence of different Cu2+ ions concentrations (top to bottom, 0−5
μM). (B) Relative fluorescence intensities (I0/I at 630 nm) for
AgAuNCs vs the Cu2+ concentrations. Inset: plots of I0/I against the
Cu2+ ions concentrations. Measurements were performed by using 5
μM AgAuNCs in pH 7.4, 10 mM HEPES buffer.
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estimated to be 111 nM (S/N = 3). Besides, the tolerance
experiments showed that the selective detection of Cys and His
had been slightly affected by the coexistence of other amino
acids (Figure S8 in the Supporting Information). It was
noteworthy that Ni2+ not only showed an effective masking
ability for His but also could trigger an obvious reduction in the
fluorescence of the AgAuNCs@11-MUA (Figure 2A),
especially when the concentration was above 10 μM (data
not shown). Thus, our proposed bioassay has certain limits in
Cys sensing in the presence of too many potentially interfering
His molecules.
To evaluate the feasibility of our fluorescence turn-on

detection method in real biological samples, we tested the
potential interference effect of coexistent proteins in our
bioassay. Taking two common proteins, human serum albumin
and trypsin as examples, the existence of these control proteins
(10 μg/mL) had little influence on the recognition behavior of
the AgAuNCs−Cu2+ sensing ensemble (Figure S9 in the
Supporting Information). Furthermore, the potential applica-
tion of this proposed bioassay was illustrated through the
further His analysis in diluted human urine samples.34 As
shown in Table S2 in the Supporting Information, the
quantitative recoveries (94.4% to 110.3%) of spiked His have

unambiguously demonstrated that the AgAuNCs−Cu2+
ensemble remained the His sensing ability, despite the
interference from several complex components in human
urine. Meanwhile, our detected concentrations of histidine (748
to 846 μM) in the human urine samples are consistent with its
normal levels in human urine and that by other developed
sensors.34,42

■ CONCLUSION

In summary, we first developed a straightforward one-pot
strategy to synthesize fluorescent AgAuNCs@11-MUA, whose
fluorescence was found to be selectively quenched by Cu2+

ions. By means of the reversible competitive coordination of
Cu2+ between the certain amino acids and sole carboxyl group,
the exquisite AgAuNCs@11-MUA−Cu2+ ensemble can be
constructed as an integrated logic gate for specifically
recognizing and differentiating His or Cys in the presence of
Ni2+ or NEM. Moreover, our proposed fluorescence turn-on
assay allows to sensitively detecting His in human urine samples
with no need of any sample pretreatment procedures except
dilution.

Figure 4. (A) Photographs of the AgAuNCs@11-MUA−Cu2+ ensemble for 16 input modes and the initial AgAuNCs as the control. (B) FL
emission spectra of the AgAuNCs@11-MUA−Cu2+ ensemble for 16 input modes of the integrated logic gate and the initial AgAuNCs as the control.
(C) FL intensity ratios (I/I0 at 630 nm, where I and I0 are the corresponding FL intensities for the 16 input modes and initial AgAuNCs).
Measurements were performed by using 5 μM AgAuNCs in pH 7.4, 10 mM HEPES buffer. (D) Truth table and (E) logic scheme of the integrated
logic gate of INH and OR. The output ratio below and above the threshold value of 0.3 defined as “0” and “1”, respectively.
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