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Abstract
Uric acid (UA) is an important biomarker for clinical diagnosis. Here, we present a novel signal transduction system for the develop-
ment of UA biosensors with the characteristics of stability and ease-of-use. In this system, bacterial allosteric transcription factor HucR
was used as the bio-recognition element, and the competition betweenHucR and the restriction endonucleaseHindIII-HF to bind to the
designed DNA template was employed to enable signal transduction of UA recognized by HucR. The presence of UA can induce
conformational change of HucR, which dissociates HucR from the designed DNA template, allowing the access of the competitor
HindIII-HF to cut this DNA template. Thus, the signal of UA recognized by HucR is transduced to easily detectable DNA signal. As
proof-of-concept, we demonstrated two UA biosensors by coupling this signal transduction system with real-time quantitative PCR
(RT-qPCR) and amplified luminescent proximity homogeneous assay (Alpha), respectively. The RT-qPCR-based UA biosensor has a
detection limit of 5 nMwith a linear range up to 300 nMUA; Alpha-based UA biosensor has a detection limit of 30 nM with a linear
range of 100 nM–10μM.Moreover, the robustness of both biosensors was verified by reliably detecting UA present in a human serum
sample. Altogether, the novel UA biosensors developed in this work hold great potential for clinical application.
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Introduction

Uric acid (UA) is a primary metabolic product of purine and
its derivatives in human. It is a key biomarker for the diagnosis
of several diseases, for instance, gout, Lesch–Nyhan

syndrome, hyperuricemia, and leukemia (Perez-Ruiz et al.
2015; Zuo et al. 2011). The development of ease-of-use UA
biosensors is therefore of great importance for the early stage
warning of these diseases. Current available UA biosensors
take uricase and its catalyzing UA oxidation reaction as the
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signal recognition and signal transduction, respectively. Then,
the H2O2 generated by enzymic oxidization of UA is further
coupled with various signal amplification technologies, in-
cluding gold nanoclusters (Liu et al. 2017), semiconductor
nanoparticles (Jin et al. 2016; Jindal et al. 2013), quantum
dots (Azmi et al. 2015), and so on. These biosensors may
suffer from similar issues in practical application, e.g., poor
aqueous solubility, and vulnerability to the more complex ma-
trix. Given that the accurate detection of UA is required for
both clinical monitoring and diagnosis (Rock et al. 2013),
there is an urgent need for robust and convenient alternative
UA biosensors with quite different working principle.
Therefore, the development of novel signal transduction sys-
tem coupling with new types of bio-recognition elements of
UAwill have the genuine contributions to UA detection.

Deinococcus radiodurans can respond to UA by a MarR
family allosteric transcription factor HucR (Wilkinson and
Grove 2004). HucR represses the transcription of dr1160
which encodes a hypothetical uricase, and this repression
can be relieved by the efficient antagonist UA (Wilkinson
and Grove 2004; Wilkinson and Grove 2005). The ability of
specific response to UA enables HucR being an ideal bio-
recognition element for the development of novel UA biosen-
sors (Li et al. 2016). To get novel UA biosensors, the chal-
lenge now is how to efficiently and faithfully transduce the
signal of UA recognized by HucR to easily detectable signals.
Only a signal transduction system with characteristic of ease-
of-use and stability canmeet the requirements of UA detection
and advance its application in clinical diagnosis.

An ideal signal transduction system could transduce the
UA signal sensed by HucR to an easily detectable signal.
Considering that a variety of mature and robust DNA detec-
tion methods are used ubiquitously throughout life science
and clinical medicine, such as the commercialized real-time
quantitative PCR (RT-qPCR) (Kubista et al. 2006), digital
PCR (Morley 2014), loop-mediated isothermal amplification
(LAMP) (Zhang et al. 2014), recombinase polymerase ampli-
fication (RPA) (Zhao et al. 2015), aggregation of gold nano-
particles (AuNPs) (Saha et al. 2012), and molecular beacon
(MB) (Zheng et al. 2015), thus, we concentrated on how to
transduce the UA recognition of HucR to the easily detectable
DNA signal in the current work.

In D. radiodurans, the regulatory role of HucR is achieved
by the competition against RNA polymerase to bind to the
target promoter region (Wilkinson and Grove 2004).
Inspired by this natural scenario, we proposed that HucR
could compete against other DNA-binding proteins to bind
to the designed DNA sequences containing the binding site
of HucR (hucO) in vitro. In this work, we chose type II re-
striction endonuclease (RE) (Pingoud et al. 2014) HindIII-HF
as the competitor, which reliably targets the recognition site to
cut the DNA sequence. Thereby, the signal transduction from
UA (target small molecule) to easily detectable DNA could be

implemented by employing the competition between HucR
and HindIII-HF to bind to the designed DNA template.
Further, we selected the widely used RT-qPCR (Kubista
et al. 2006) and amplified luminescent proximity homoge-
neous assay (Alpha) (Burlein et al. 2014; Ullman et al.
1994) as examples to couple this novel signal transduction
system and demonstrated the construction of two robust and
ease-of-use UA biosensors. The satisfied performance of these
biosensors highlights their promise as alternative approaches
for UA detection in clinic diagnosis.

Materials and methods

Reagents

The oligonucleotides (Table S1) used in this work were syn-
thesized and purified by Sangon Biotech Co. Ltd. (Beijing,
China). HindIII-HF was purchased from New England
Biolabs (Beijing, China). 2 × FastFire RT-qPCR PreMix was
obtained from Tiangen Biotech Co. Ltd. (Beijing, China).
Human serum samples were purchased from Beijing
Solarbio Science & Technology Co., Ltd. All of the solutions
were prepared in sterilized Milli-Q water (MQ, purified by
Millipore). All other chemical reagents used in this work were
analytical grade without further purification.

Plasmid construction

The optimized coding sequence (Table S2) of hucR gene
(GeneBank Accession number MH001520) was synthesized
by Synbio-Tech (Suzhou, China). Then, the sequence of
HucR was cloned into the NdeI and XhoI restriction sites of
pET23b (Novagen), resulting in the recombinant HucR with
C-terminal His-tag. The construction was confirmed by
sequencing.

Expression and purification of HucR

The recombinant HucR was expressed in Escherichia coli
BL21 (DE3). Purification of HucR was performed as previ-
ously described (Wang et al. 2016c). The concentration of
purified HucR was determined by the Bradford method using
bovine serum albumin (BSA) as a standard. The purified
HucR were analyzed by 18% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE).

Bio-layer interferometry assay

Kinetics between HucR and its target-binding site (DNATFBS)
were determined by bio-layer interferometry (BLI) assay
using an Octet RED96 system (FortéBIO) as previously de-
scribed (Li et al. 2016). Briefly, the process consisted of five
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steps: balance, DNA loading, rebalance, association, and dis-
sociation. The blank tests were carried out using HBS-EP
buffer (Li et al. 2016) instead of HucR in the association step
and were used for baseline correction.

Verification of the competition of HucR
and HindIII-HF on DNATFBS

The competitive interaction between HucR and HindIII-HF
on the designed DNA sequence (Table S1) was demonstrated
by native PAGE. TL+R, TL, and TR were obtained by annealed
primers (TL+R-s and TL+R-as for TL+R, TL-s and TL-as for TL,
TR-s and TR-as for TR, Table S1). Then, different concentra-
tions of HucR (0, 0.17, 1.7, 3.4, 16.8, and 33.5 μM), 200 nM
TL+R, and 1 × CutSmart buffer (50 mM potassium acetate,
20 mM Tris-acetate, 10 mM magnesium acetate, 100 μg/mL
BSA, pH 7.9) in a volume of 20 μL were incubated at 25 °C
for 20 min to allow complete interaction between protein and
DNA. After that, 3 U HindIII-HF was added and further incu-
bated at 37 °C for 15 min. The reaction was terminated by
heating the mixture at 85 °C for 20 min and slowly cooling to
room temperature. Next, the complexes were mixed with 5 ×
loading buffer (100 mM Tris, 25% (v/v) glycerol, 0.2 mg/mL
BSA, pH 7.9) and loaded onto a native gel. The native gel
(15% polyacrylamide) was prepared by adding 5 mL 30%
acrylamide (acrylamide:bis-acrylamide (m/m), 29:1), 1 mL
10 × TBE buffer (890 mM Tris, 890 mM boric acid, and
20 mM EDTA, pH 8.0), 5 μL TEMED, and 50 μL 10% am-
monium persulfate to a total volume of 10 mL.
Electrophoresis was performed at room temperature with
0.5 × TBE buffer (44.5 mM Tris-base, 44.5 mM boric acid,
0.05 mM EDTA, pH 8.0) as a running buffer. After electro-
phoresis, the gels were stained with SYBRGold Nucleic Acid
Gel Stain (Invitrogen) in 0.5 × TBE buffer for 30 min and
photographed under an ultraviolet trans-illuminator (Bio-Rad
GelDoc XR).

To test that whether UA could modulate the competition
between HucR and HindIII-HF, the interaction among TL+R,
HucR, UA, and HindIII-HF was examined by native PAGE.
UA with different concentrations (0, 0.01, 0.1, 0.5, 1, and
5 mM), 200 nM TL+R, and 33.5 μM HucR to a total volume
of 20 μL and the mixture were incubated at 25 °C for 20 min
to allow the complete interaction between DNA, HucR, and
UA. After that, 3 U HindIII-HF was added to the complexes
and further incubated for 15 min at 37 °C. Finally, the reaction
was terminated and detected by the 15% native PAGE as
described above.

Optimizing the concentrations of components for UA
biosensor coupling RT-qPCR

To optimize the template concentration for UA biosensor cou-
pling with RT-qPCR output, the annealed template consisting

of equal proportions of Template-s and Template-as
(Table S1) was diluted from 20 f. to 20 nM, i.e., seven orders
of magnitude. The volume of RT-qPCR was 20 μL, including
10 μL 2 × FastFire RT-qPCR PreMix, 2 μL annealed tem-
plate, and 0.2 μM forward (F1, Table S1) and reverse (R1,
Table S1) primers. The RT-qPCR reaction was performed on
the Roche LightCycler® 480II real-time PCR system using
hot start of 95 °C for 1 min, followed by 40 cycles at 95 °C for
5 s, 55 °C for 10 s, and 72 °C for 15 s. The real-time fluores-
cence intensity was simultaneouslymonitored after elongation
of each cycle. The concentration of template used to construct
the biosensor was optimized to a satisfied ratio of signal-to-
noise (S/N > 3). S/N was calculated as ΔCt/(ΔCtmin). ΔCt

indicated the difference between cycle threshold (Ct) values
of non-template control (NTC) and Ct values of samples.
ΔCtmin indicated the minimumΔCt. To optimize the concen-
tration of HucR, the mixture (10 μL) containing 200 pM tem-
plates, HucR (ranging from 0.05 to 1.5 nM), and 1 × CutSmart
buffer was incubated at 25 °C for 20 min to allow the binding
of HucR on the annealed template. Then, 0.05 U HindIII-HF
was added, and the mixture was incubated at 37 °C for 15 min
for digestion. The digestion reaction was inactivated at 85 °C
for 10 min. Then, RT-qPCR was conducted following the
conditions mentioned above. The proper concentration of
HucR was determined as the minimal amount of HucR that
could completely inhibit HindIII-HF to cut the designed
DNA.

To characterize the UA biosensor coupling with RT-qPCR
output, 10 μL reaction mixture consisting of 200 pM annealed
templates, 1 nM HucR, different amounts of UA from 0 to
300 nM, and 1 × CutSmart buffer were incubated at 25 °C for
20 min. The digestion and RT-qPCR reaction were imple-
mented under the same conditions mentioned above. The limit
of detection (LOD) was calculated based on 3σ/slope rule,
where σ is the standard deviation of three blank samples
(Xiang and Lu 2011).

Optimizing the concentrations of components for UA
biosensor coupling Alpha

The modified linker DNAwas obtained by annealing primers
(L-HucR-s and L-HucR-as, Table S1). To optimize the con-
centration of linker DNA, the experiments were performed in
384-well white OptiPlates (PerkinElmer; No. 6007299) at
room temperature. The reaction mixture (25 μL) contained
5 μL of modified linker DNAwith a final concentration rang-
ing from 1 pM to 10 nM, as well as an equal volume (5 μL) of
donor beads and acceptor beads, with a final concentration of
20 μg/mL, and 10 μL of 1 × AlphaLISA universal assay buff-
er. The mixture was incubated in the dark for 60 min at room
temperature. The luminescence signal was detected on an
EnSpire Multimode Plate Reader (PerkinElmer). Raw data
were processed by subtracting the luminescence signal of
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the blank (substitute the modified linker DNAwith the same
volume of 1 × AlphaLISA universal assay buffer). The mini-
mal concentration of linker DNA that generated a sufficient
resolution (S/N > 10) was chosen to ensure high sensitivity of
the UA biosensor. Then, the proper concentration of HucR
was further optimized. First, 5 μL of modified linker DNA
with a final concentration of 0.1 nM and 5 μL of HucR (with a
final concentration ranging from 0.1 pM to 10 nM) was incu-
bated together at 25 °C for 20 min. Then, 5 μL of 0.05 U
HindIII-HF was added to the mixture. The digestion was in-
cubated at 37 °C for 15 min and terminated by incubation at
85 °C for 10 min. After slowly cooling to room temperature,
5-μL aliquots of acceptor and donor beads were sequentially
added to the mixture to a final concentration of 20μg/mL. The
mixture was incubated in the dark for 60 min, and the lumi-
nescence signal was measured as described above. When the
luminescence increased to a relatively constant level, the low-
est concentration of HucR was chosen as the optimal.

To characterize the UA biosensor coupling with lumines-
cence output, equal volume (5 μL) of 1 nMHucR and 0.1 nM
modified linker DNA and different concentrations of UA
(ranging from 0.03 nM to 1 mM) were incubated together at
25 °C for 20 min. After that, 5 μL of 0.05 U HindIII-HF was
added, and the mixture was continuously incubated at 37 °C
for 15 min and further heated at 85 °C for 10 min to terminate
the digestion. When the mixture slowly cooled to the room
temperature, 5-μL aliquots of donor and acceptor beads were
sequentially added to a final concentration of 20 μg/mL, and
the mixture was incubated in the dark for 60 min for further
luminescence detection. The LOD of the biosensor was deter-
mined as the minimal concentration of UA that gave a detect-
able signal change compared to the blank control.

Results

Principle of the signal transduction system

The detailed principle of this novel signal transduction system
is illustrated in Fig. 1. The DNA template contains a HindIII-
HF recognition site close to hucO. When UA is absent, the
HucR binds to hucO and blocks the interaction between
HindIII-HF and this template by steric hindrance. In contrast,
the presence of small molecule analyte promotes the dissoci-
ation of HucR from hucO, allowing HindIII-HF to bind to its
recognition site and cut the DNA template into two parts. By
this way, the UA signal perceived by HucR is transduced to an
easy-to-detect DNA signal (the Bsplit^ DNA template). The
intact or Bsplit^ DNA template can be conveniently detected
by many mature and robust DNA detection methods, includ-
ing RT-qPCR (Kubista et al. 2006), digital PCR (Morley
2014), LAMP (Zhang et al. 2014), RPA (Zhao et al. 2015),
AuNPs (Saha et al. 2012), MB (Zheng et al. 2015),

fluorescence resonance energy transfer (FRET) (Howell
2006), and so on.

Verification of the signal transduction system

The recombinant HucR was firstly expressed and purified to
homogeneity (Fig. 2a). Then, BLI assay was used to test the
activity of purified HucR, and the results confirmed the spe-
cific interaction between HucR and the DNA sequence con-
taining hucO, as well as UA-triggered dissociation of HucR
from HucR-DNA complexes (Fig. 2b). Subsequently, the
competitive binding of HucR andHindIII-HF on the designed
DNA template was tested by native PAGE. As shown in Fig.
2c, HindIII-HF cut the DNA template into two parts, but such
a cutting reaction was inhibited by HucR in a concentration-
dependent manner, indicating the competition of HucR and
HindIII-HF indeed occurred on the designed DNA template.
Further, whether the addition of UA could Brescue^ the cut-
ting reaction was also tested, and we observed that the amount
of cut DNA products increased in a UA concentration-
dependent manner (Fig. 2d). These results strongly support
that our proposed signal transduction system can transduce
the signal perceived by the HucR to DNA signal (i.e., the
Bsplit^ DNA template). As proof-of-concept, we further used
this signal transduction system to couple the UA recognition
of HucR with two DNA detection methods: RT-qPCR
(Kubista et al. 2006) and Alpha (Burlein et al. 2014; Ullman
et al. 1994).

Fig. 1 Principle of the signal transduction system. The hucO and RE
recognition site are indicated with a blue and red rectangle, respectively.
RT-qPCR, real-time quantitative PCR; Alpha, amplified luminescent
proximity homogeneous assay; LAMP, loop-mediated isothermal ampli-
fication; AuNPs, aggregation of gold nanoparticles; FRET, fluorescence
resonance energy transfer; RPA, recombinase polymerase amplification;
MB, molecular beacon
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Development of a UA biosensor by coupling
the signal transduction system with RT-qPCR

Using this signal transduction system, a novel UA biosensor
was implemented by coupling the recognition of HucR with
RT-qPCR. The principle is illustrated in Fig. 3a, and the
designed DNA template harboring both the HindIII-HF rec-
ognition site and HucR binding site hucO is shown in Fig.
3b. When the UA is absent, the HucR binds to the hucO and
blocks the interaction betweenHindIII-HF and the template.
Thus, the cutting of the template byHindIII-HF is repressed,
and the intact template can be then amplified by RT-qPCR.
In the presence of UA, the HucR is released from the tem-
plate, allowing HindIII-HF to work on its recognition and
cutting site. Thus, the amount of intact template is decreas-
ing and causing an increase of Ct values outputted by RT-
qPCR.

To get a satisfied signal, the appropriate concentration of
DNA template was determined according to the template de-
pendent fluorescence-time curves (Fig. S1a). Here, 200 pM of
DNA templates could provide a satisfied output signal resolu-
tion (S/N > 3) (Fig. S1b). Then, the concentration of HucR
was optimized. The Ct value of RT-qPCR showed negative
correlation with the concentration of HucR (Fig. S2a), indi-
cating that the competition between HucR and HindIII-HF to
bind to the designed template could be outputted by RT-

qPCR. As 1 nM of HucR could reduce the Ct value to nearly
the same level of that of the non-template control (NTC) (Fig.
S2b), this concentration was adopted to construct the UA bio-
sensor. Under the optimal concentration of the template and
HucR, this UA biosensor gave a panel of typical S-shaped
fluorescence-PCR cycle number curves with different UA
concentrations (Fig. 3c). According to the linear relationship
between Ct value and the logarithm of UA concentration, UA
can be accurately quantified within the range of 5–300 nM
(Fig. 3d), and the LODwas calculated to be 1.06 nM based on
3σ/slope rule (Xiang and Lu 2011).

Development of a UA biosensor by coupling
the signal transduction system with Alpha

In addition to RT-qPCR, we also developed another UA bio-
sensor coupling our signal transduction system to Alpha
with luminescence output. The principle is illustrated in
Fig. 4a. The linker DNA contains a HindIII-HF recognition
site close to hucO, and the 5′ ends of both strands are cova-
lently modified by biotin and digoxin, respectively (Fig. 4b).
Thus, streptavidin-coated donor beads and anti-digoxin an-
tibody-coated acceptor beads are linked together by specific
interactions with the modified linker DNA, and their dis-
tance is within the effective diffusion range of singlet state
oxygen (1O2) (< 200 nm). When the small molecule analyte

Fig. 2 Verification of the signal transduction system. a Purification of
recombinant HucR. Recombinant HucR was examined by SDS-PAGE.
Lane M, protein marker (15–170 kD). b Sensogram of interaction
between HucR and DNA sequence containing hucO with or without
UA by BLI. Bio-DNA containing hucO (10 ng/μL) was loaded on the
streptavidin sensor and then interacted with 1.0 nM HucR (black line),
20 nMHucR and 1 nMUA (blue line), and 20 nMHucR and 10 nMUA
(red line). c Demonstration of the competition between HindIII-HF and
HucR on the linker DNA (TL+R) by electrophoresis. Lane 1, digested

product (TR) of TL+R. Lane 2, digested product (TL) of TL+R. Lane 3,
TL+R. Lanes 4 to 9, the concentrations of HucR were 0, 0.17, 1.7, 3.4,
16.8, and 33.5 μM, respectively, and the concentration ofHindIII-HFwas
0.15 U/μL for each of them. d Modulation of the competition between
HucR and HindIII-HF by UA. Lane 1, TR. Lane 2, TL. Lane 3, TL+R.
Lanes 4 to 9, the concentrations of HindIII-HF and HucR in each lane
were 0.15 U/μL and 33.5 μM, respectively. The concentrations of UA
were 0, 0.01, 0.1, 0.5, 1, and 5 mM, respectively
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is absent, the HucR binds to its hucO and blocks the inter-
action between HindIII-HF and linker DNA. Upon laser ex-
citation at 680 nm, the photosensitizer inside the donor beads
converts ambient oxygen to excited 1O2, which can diffuse
to the adjacent acceptor beads and make the acceptor beads
produce extensive luminescence signals at 615 nm. In con-
trast, the presence of small molecule analyte promotes the
dissociation of HucR from hucO, then HindIII-HF binds to
its recognition site and cuts the linker DNA into two parts,
causing the separation of donor beads from acceptor beads.
Therefore, 1O2 cannot diffuse to the acceptor beads to trigger
luminescence.

To get a satisfactory luminescence signal (S/N > 10), the
concentrations of linker DNA and HucR were optimized as
0.1 and 1.0 nM, respectively (Fig. S3a and b). Under the
optimal conditions, performance of this biosensor was char-
acterized. Luminescence signal showed a UA concentration-
dependent manner (Fig. 4c, d): an obvious luminescence
signal change was observed when the concentration of UA
was higher than 30 nM; and the change of luminescence
signal reached a plateau value when the UA concentration
was more than 10 μM. Thus, UA can be detected in the range

of 100 nM–10 μM, and the LOD was determined to be
30 nM.

Selectivity and reproducibility of the developed UA
biosensors

Under the optimal conditions, the selectivity of the two UA
biosensors was evaluated. Analogues of UA including xan-
thine, guanine, hypoxanthine, and adenine were measured by
both UA biosensors. We observed that the analogues of UA
could not be detected even at higher concentration using both
of our developed UA biosensors (Fig. 5a, b). These results
indicated the proposed strategy could detect UAwith satisfac-
tory sensitivity and selectivity. Reproducibility of the con-
structed UA biosensors was evaluated by relative standard
deviation (RSDs) of six repetitive measurements for three dif-
ferent levels of UA. The RSDs of the UA biosensor with RT-
qPCR output were 6.4, 7.1, and 5.7% for 10, 50, and 100 nM
UA, respectively; and the RSDs of the UA biosensor with
luminescence output were 9.4, 8.7, and 7.7% for 500 nM,
1 μM, and 10 μM UA, respectively. These results indicate
the satisfactory reproducibility for UA detection.

Fig. 3 UA biosensor by coupling the developed signal transduction
system with RT-qPCR. a Working mechanism of the RT-qPCR-based
UA biosensor. The hucO and HindIII-HF recognition sites are indicated
with blue and red rectangles in the template DNA, respectively. b The
sequence of template DNA. The hucO is indicated with blue base-pairs.
The palindromic sequence in the hucO is underlined. The HindIII-HF
recognition site is indicated in red box. The primers of RT-qPCR are

designed at the end of linker DNA. c Amplification plot of RT-qPCR
with different UA concentrations in the range of 0–300 nM. NTC was
the non-template control. d Relationship between Ct value and UA con-
centration. Experiments were performed in triplicate. Data were the av-
erage of three repeats. For d, results were expressed as mean ± standard
deviation (SD)
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Application in real sample detection

To investigate the validity of the developed UA biosen-
sors to clinical samples, recovery testing was carried out
by spiking UA solution into human serum (diluted with
PBS buffer). The spiked samples with the concentration

of 200 nM and 1 μM of target were measured; the recov-
eries were 95–104% for UA biosensor with RT-qPCR
output, and 92–107% for UA biosensor with lumines-
cence output, respectively. These data indicate that the
developed UA biosensors could be used in practical
applications.

Fig. 4 UA biosensor by coupling the developed signal transduction
systemwith Alpha. aWorkingmechanism of Alpha-based UA biosensor.
The hucO and HindIII-HF recognition sites are indicated with blue and
red rectangles in the linker DNA, respectively. b The sequence of linker
DNA. The hucO is indicated with blue base-pairs. The palindromic se-
quence in the hucO is underlined. The HindIII-HF recognition site is
indicated in red box. The 5′ ends of both strands are covalently modified

by biotin and digoxin, respectively. c Relationship between luminescence
output andUA concentrations in the range of 0–100 nM.ΔLuminescence
signal = I0 − I. I0 and I are the luminescence intensities of the sensing
system without and with UA, respectively. d Linear relationship between
ΔLuminescence signal and UA concentration. Experiments were per-
formed in triplicate. Data were the average of three repeats. For c and d,
results were expressed as mean ±SD

Fig. 5 Evaluation of the specificity of our developed biosensors. a
Specificity of the RT-qPCR-based UA biosensor. For each chemical,
200 nM was used. Mixture contains 200 nM each chemicals of UA,
Xan, Gua, Hxan, and Ade. b Specificity of the Alpha-based UA biosen-
sor. For each chemical, 2 μM was used. Mixture contains 2 μM each

chemicals of UA, Xan, Gua, Hxan, and Ade. UA, uric acid; Xan, xan-
thine; Gua, guanine; Hxan, hypoxanthine; Ade, adenine. Each reaction
was run in triplicate, and data shown were the average of three repeats.
Results were expressed as mean ± SD
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Discussion

Development of UA biosensors is of great significance in
clinic monitoring and diagnosis, as UA is an important bio-
marker of many diseases (Perez-Ruiz et al. 2015; Zuo et al.
2011). Current available UA biosensors usually use the
uricase as the signal recognition element to catalyze the
oxidization of UA to produce allantoin, CO2, and H2O2, then
H2O2 is further employed as transduction signal to trigger
various reactions (Fang et al. 2016; Wang et al. 2016a;
Wang et al. 2016b), such as coupling H2O2-sensitive quantum
dots (Azmi et al. 2015). However, the instability of H2O2

gives these uricase-based biosensors some aspects of limita-
tions such as poor sensitivity, stability, and reproducibility
(Ghosh et al. 2015). In order to develop alternative UA bio-
sensors with distinct principle, in this work, we designed and
implemented a simple, efficient, and robust signal transduc-
tion system by employing a new type of UA signal recogni-
tion element HucR. Different to H2O2 produced by uricase,
our signal transduction system can transduce the UA recogni-
tion of HucR to the DNA signal which is quite stable and
easily quantified using various mature DNA detection
methods. As proof-of-concept, coupling this system with
RT-qPCR and Alpha, we have demonstrated two novel UA
biosensors with high sensitivity (nanomolar levels, Figs. 3c
and 4c), good selectivity (Fig. 5), and excellent reproducibility
(RSDs < 10%). Compared with reported uricase-based UA
biosensors, our aTF-based UA biosensor is one of the most
sensitive ever reported, especially for UA biosensor coupling
with RT-qPCR output (Table S3). In addition to the sensitivity,
the significant advantage of our UA biosensor is that UA
could be detected in an easy-to-implement manner with two
modes of signal output (RT-qPCR mode and luminescence
mode). These results demonstrate that our signal transduction
system is reliable, robust, and ease-of-use and could fulfill the
requirements of clinical diagnosis.

Our UA signal transduction system transduces the UA rec-
ognition of HucR to Bsplit^ DNA signal, which is compatible
to many reliable and cost-effective DNA detection methods in
theory. In addition to RT-qPCR and Alpha used in this work,
there are various mature DNA detection methods and kits
which are commercially available for laboratory test or on-
site detection, such as digital PCR (Morley 2014), LAMP
(Zhang et al. 2014), RPA (Zhao et al. 2015), and AuNPs
(Saha et al. 2012). Therefore, coupling our signal transduction
system with these different DNA detection methods, diverse
UA biosensors can be constructed with various detection sen-
sitivity and linear range to meet the different UA detection
requirements.

In summary, we demonstrate a new signal transduction
system for the development of UA biosensors with improved
features. This system could transduce the signal of UA recog-
nized by HucR to easily detectable DNA signal. Thus, the

mature and robust DNA detection methods could be extended
to the quantification of UA. As proof-of-concept, two novel
UA biosensors were developed by coupling with the widely
used RT-qPCR and Alpha. The sensitivity, stability, and ease-
of-use characteristics of the UA biosensors highlight its po-
tential as an alternative approach for UA detection in clinic
diagnosis. Overall, this work provides a new strategy for the
development of UA biosensors. Considering that large num-
bers of aTFs in bacteria show high specificity to diverse small
molecule effectors (Libis et al. 2016), our work has reference
significance to develop other aTF-based small molecule
biosensors.
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