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� A novel ultra-red fluorescent protein
smURFP was used as a BV-sensing
element.

� Detecting condition was systemati-
cally optimized base on structural
information.

� Physical conditions such as pH and
salt concentration can regulate the
attachment.

� The LOD of our biosensor (0.4 nM in
serum) was the lowest one reported
thus far.
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The important role of BV in clinical diagnostics of liver-related diseases has been established in veteri-
nary medicine. However, the sensitivity and selectivity of the current BV assays remain relatively low
compromising its wider application in clinical diagnosis. Herein, we developed a rapid and sensitive BV-
detecting biosensor based on a novel far-red fluorescent protein smURFP, which produced fluorescence
only through specific interaction with its cofactor BV. In our study, the binding of BV to smURFP was then
systematically optimized based on the structures of the smURFP þ BV complex to increase the sensitivity
of our biosensor. A wide linear range from 0 mM to 25 mM was obtained in both chicken and human
serum. The limit of detection (LOD) and limit of quantification (LOQ) for BV was as low as 0.4 nM and
1.5 nM in human serum, and 0.4 nM and 1.2 nM in chicken serum. To our knowledge, this is the lowest
LOD that has ever been reported for a BV biosensor. Our study sheds light on the biological and clinical
analysis of BV.
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1. Introduction

Biliverdin (BV) is a natural green-colored bile pigment. In the
spleen, BV is produced by heme oxygenase (HO) opens the tetra-
pyrrole ring of heme from senescent erythrocytes, which is rapidly
converted to bilirubin (BR) by biliverdin reductase (BVR) [1].
Although BV was initially regarded as a catabolite, several studies
have proposed its useful effects such as cytoprotective [2,3], anti-
inflammatory [3,4], and anti-oxidative effects [5,6]. Also, BV has
also been suggested to function as an HIV-1 protease inhibitor [7,8].
Pre-clinical researches have already been done by in vivo admin-
istration of BV for explaining its beneficial effects in physianthropy
such as the regulatory role of BV in transplantation, endotoxemia,
vascular injury, and inflammatory disorder models [6,9,10].
Recently, two groups proved that BV could even work as an
inherent photoacoustic imaging probe for cancer imaging in vivo by
using its near-infrared adsorbing property [11,12]. Moreover, in
veterinary medicine, it has been suggested that increased concen-
tration of BV in serum indicates anemia caused by intoxication,
infection, liver problems or biliary obstruction in birds and reptiles
[13,14]. High exposure to toxic compounds producing hemolytic
anemia in birds, such as lead, can be manifested by gall-bladder
enlargement, viscous bile and green-stained feces [15]. Biliverdi-
nuria is the sign of hepatic disease which occurs as the result of a
serum accumulation of BV that exceeds the renal threshold in
veterinary practice. Besides, BV is an important avian eggshell
pigment which gives the eggshell a blue-green hue, which pos-
sesses important physiological properties [16]. Blue eggshell
coloration in species with biparental care may function as a post-
mating sexual signal of female quality to their mates [17], also
may indicate female immunocompetence and condition [18].
Although standard BV test have been established in veterinary
medicine as birds and reptiles have little biliverdin reductase ac-
tivity, it has not been included in standard diagnostic testing in
physianthropy. However, studies using BV as a natural substance in
clinical diagnosis and treatment indeed have increased the demand
for fast and accurate quantification of BV in human biological
samples.

High-performance liquid chromatography is the most
commonly used one for direct detection of BVmolecules in samples
[19,20]. Mass spectrometry and fiber enhanced resonance Raman
spectroscopy have also been developed based on the fundamental
physical properties of BV [21,22]. However, these traditional direct
methods have often been criticized due to their high cost,
cumbersome operation, and requirement of skilled individuals. In
recent years, some indirect methods for BV detection have been
developed to overcome the issues related with direct methods.
They are based on using sensory elements that can recognize and
interact with BV and then produce detectable signals. Sanu et al.
reported a fluorescent probe based on an L-cysteine modulated
copper nanoclusters for the determination of BV [23]. Novotna et al.
applied liposomes and micelles as sensory elements to build a
chiroptical method for the analysis of BV [24]. Although the after-
mentioned indirect methods can be operated in simple, econom-
ical and rapid ways, the sensitivity and selectivity of these methods
remain relatively low. Therefore, it is crucial to develop an indirect
method with high sensitivity and selectivity.

In this study, we developed a simple and fast fluorescent
biosensor foe BV detection using smURFP that was a novel near-
infrared fluorescent protein developed in the laboratory of Roger
Y. Tsien [25]. smURFP requires BV binding and covalent attachment
to produce fluorescence. Therefore, it was an ideal target to test our
strategy. We systematically optimized the interaction between BV
and smURFP based in the recently reported crystal structure of BV
and smURFP [26]. Finally, we obtained a limit of detection (LOD) for
2

BV was as low as 0.4 nM in both human and chicken serum. To the
best of our knowledge, this is the lowest LOD that has ever been
reported for the BV sensor. We also obtained a wide linear range
from 0 mM to 25 mM which is among the best obtained for the
thrombin assay as well.

2. Experimental procedures

2.1. Expression and purification of smURFP protein

Coding sequences for smURFP were codon-optimized and syn-
thesized from GENEWIZ (Tianjin, CHINA). The plasmid pET-28b
(þ)-SUMO-smurfp was transformed into E. coli BL21 (DE3) strain.
The strains were grown in LB broth containing 100 mg mL�1

kanamycin at 37 �C, 220 rpm to an OD600 of ~0.6. Protein expression
was then induced by adding 0.5 mM IPTG and further cultured at
16 �C, 220 rpm for 16 h. The cells were harvested and followed by
high pressure cell disruption. Cell lysate was then collected using
centrifugation (18,000 rpm, 45 min, 4 �C). Ni-NTA affinity resin (GE
Healthcare, USA) was used to capture the 6*His- &SUMO-tagged
target proteins in lysate and SUMO tag were removed through on-
column cleavage using SUMO protease (ULP) at 4 �C for 18 h. The
resulting protein of interest was then applied to a HiTrap™ Q 5 mL
column (GE Healthcare, USA) in a linear gradient from 0 mM to
1000 mM NaCl with 50 mM Tris-HCl (pH 8.0). The target protein
was collected and further purified using a Superdex 75 10/300 GL
column (GE Healthcare, USA) in a buffer consisting of 150mMNaCl.
The purified smURFP was identified by 15% SDS-PAGE.

2.2. Preparation of the BV solutions and other chemicals

BV (Sigma-Aldrich, USA) stock solution (100 mM) was prepared
in dimethyl sulfoxide (DMSO). The stock solution was further
diluted to 10 mM in different buffers to prepare other BV solutions
and stored at �20 �C. BV solution (10 mM) was further diluted in
optimal buffer, human serum (Hongquan Bio, CHINA), or chicken
serum (Bossbio, CHINA) to prepare the rest of the BV solutions,
which were aliquoted. Hematin (BBI Life Sciences, CHINA) was
prepared at 10mM and bilirubin (Frontier Scientific, USA) at 10mM
in DMSO. BVMe2 (Sants Cruz Biotechnology, USA) was prepared at
10 mM in DMSO. Appropriate dilutions of each were made in hu-
man serum, chicken serum, or the optimal buffer.

2.3. Measuring the fluorescence of smURFP þ BV

50 mL of the purified smURFP solution that had been thawed on
ice and centrifuged at 12,000 rpm for 10min at 4 �Cwas placed into
black 96-well plates, followed by 50 mL of BV sample and mixed by
pipetting. Fluorescence (excitation: 642 nm; emission: 670 nm)
was measured after incubation at 4 �C in the dark using the Per-
kinElimer EnSpire®multimode plate reader with the Z-position set
at 18,500 mm, gain set at optimal, and 8 reads per well. All samples
were assayed in duplicate.

2.4. Optimization of the binding of BV to smURFP

The effects of pH and salt concentration on the binding of BV to
smURFP was investigated. Aliquots of the smURFP proteins were
added to a 50 mM Tris-HCl buffer solution at different pH (7.4, 8,
9.4, and 11) to a final concentration of 1 mM. Also, BV solutions were
prepared at different pH to a final concentration of 10 mM. Mean-
while, solutions of smURFP and BV were prepared in 50 mM Tris-
HCl, pH 8 buffer solution at different salt concentrations (over the
range of 0 mMe1000 mMNaCl). Fluorescence of smURFPþ BV was
measured at the above different buffer conditions. The dissociation
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constant between BV and smURFP in different buffer conditions
were then carried out at 4 �C with the GE Microcal iTC 200, using
250 rpm stirring and 90 s delay between succeeding injections to
the sample cell (800 mL). The first injection of a reduced volume
(0.2 mL) of BV sample was followed by 18 injections of 2 mL. The
sample cell was filled with smURFP solution (100 mM)while 50mM
BV solution was placed in the syringe. The solubility of the BV
chromophore in different buffer conditions was also measured by
the Thermo Fisher Scientific UVeVis Nano Drop 2000 spectro-
photometer. All samples were assayed in duplicate.

2.5. Characterization of the BV detection sensor

BV solutions were prepared in optimal buffer, buffer 1 (50 mM
Tris-HCl, pH 7.4, 900 mMNaCl) and buffer 2 (50 mM Tris-HCl, pH 8,
0 mM NaCl), respectively, to a series of different final concentra-
tions (0.5, 1, 2.5, 5, 10, 15, 20, 25, 30, 40, and 50 mM). smURFP so-
lution was prepared to a final concentration of 100 mM in optimal
buffer, buffer 1 and buffer 2, respectively. Samples were mixed and
fluorescence was measured after incubation. All samples were
assayed in duplicate. Calibration standards ranging from 0.001 mM
to 25 mM were added to the plate for each measurement. Linear
regressionwas used to calculate the equation for determining of BV
concentration. The limit of detection (LOD) was determined by
calculation from the yield of fluorescence of the negative control,
increased by 3� standard deviation (SD): LOD ¼ meanblank þ 3�
SD. The limit of detection (LOD) was determined by calculation
from the yield of fluorescence of the negative control, increased by
3� standard deviation (SD): LOQ ¼ meanblank þ 10� SD.

2.6. Sensing of BV in serum

Biological BV samples were prepared by spiking human serum
and chicken serumwith known concentration of BV solution to give
various concentrations (1, 5, 10, 25, 50, 100, 500, 1000, 5000, and
10,000 mM). Standard BV samples were prepared in optimal buffer to
different concentrations as well. smURFP solution was prepared in
the optimal buffer to a concentration of 100 mM. Biological BV
sampleswhose concentrationwas higher than 25 mMwere diluted to
10 mM in optimal buffer. Fluorescence was measured after incuba-
tion. Each sample was assayed in duplicate, and the concentration
was compared with the actual concentration by calculating the
relative error. In addition, solutions containing single or combination
of molecules (BV only, BR only, hematin only, BVMe2 only, BV þ BR,
BV þ hematin, BV þ BVMe2, and BV þ BRþ hematinþ BVMe2) were
prepared in the same procedure to determine the selectivity of BV
assays.

2.7. Pretreatment of clinical samples

Clinical BV samples were prepared by diluting real human
serum sample to 40% in optimal buffer. Centrifuge the diluted
sample for at 4 �C,15,000�g for 30min. 50 mL of diluted samplewas
placed into black 96-well plates, followed by 50 mL of 100 mM pu-
rified smURFP in optimal buffer. Fluorescence was measured after
incubation. 50 mL of diluted samples were further diluted by spiking
with 50 mL optimal buffer and 100 mL of 20% clinical serum samples
were used for LC-MS method. Patient's serum samples were pro-
vided by Tianjin Women's and Children's Health Centre (TWCHC)
and the above substances were used as provided.

2.8. LC-MS analysis of BV

The quantitative analysis of BV by LC-MS was perfomed using
Triple Quad Mass Spectrometer (Agilent, USA) and operated in the
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positive ion mode. Each sample (20 mL) was injected into a
250 � 4.6 mm HyPURITY™ C18 column (Thermo Scientific, USA)
with a flow rate of 0.8 mL/min. For gradient elution, mobile phase A
was H2O/acetonitrile/HCOOH ¼ 98/2/0.1 and mobile phase B was
H2O/acetonitrile/HCOOH ¼ 2/98/0.1. The linear and stepwise
gradient was programmed as follows: 0e1 min: 10% solvent B;
1e1.5 min: 10e49% solvent B; 1.5e3 min: 49% solvent B; 3e13 min:
49e52% solvent B; 13e13.5 min: 52e100% solvent B; 13.5e14 min:
100-10% solvent B; 14e20 min: 10% solvent B. BV was detected in
MRMmode bymonitoring the transitions of them/z 583 to 297. The
spray voltage was 3500 V, the vaporizer temperature was 275 �C,
and the ion transfer tube temperaturewas 350 �C. Calibration curve
was determined using standard BV samples which were prepared
by spiking human serumwith known concentration of BV solution
to give various concentrations (0.00001, 0.0001, 0.001, 0.01, 0.1, 10,
and 25 mM).When determining calibration curve using HPLCmode,
BV was detected in DAD mode by monitoring the absorbance at
388 nm.

3. Results and discussion

3.1. Purification and characterization of smURFP

Rodriguez et al. found that the smURFP þ BV complex initially
formed a nonfluorescent high-affinity complex before covalent
attachment to BV [25]. This result indicated that the development
of fluorescence by smURFP þ BV involved two-step kinetics, which
comprised of non-covalent BV binding and covalent BV attachment
as shown in Fig. 1A. Fig. 1B shows that smURFP can covalently bind
BV through the C52 residue [26], which is the basis for us to develop
a BV detection sensor. The non-covalent binding of BV to smURFP
was elucidated by the recently reported 3D structure of
smURFPþ BV [26]. Amino acids such as R47, R54, D55, S77, I78, S89,
and S100 interacted with BV through hydrogen bonding in the
binding pocket of BV except for the C52 residue that covalently
interacted with BV (Fig. 1B). This high-resolution structure
confirmed that non-covalent bonds also contributed to the binding
of BV to smURFP. It is known that the non-covalent interactions
between molecules are controlled by several forces such as
hydrogen bonds, electrostatic interactions, hydrophobic, and van
der Waals forces [27,28]. Among them, hydrophobic and electro-
static forces are much stronger than hydrogen bonding and van der
Waals forces [29,30]. Fig. 1C and D shows the charge distribution
and degrees of hydrophobicity of the binding pocket of smURFP,
respectively. Fig. 1C shows that the empty BV binding pocket of
smURFP was surrounded by positive charges. In contrast, there
were marked changes in the electrostatic surface potential map of
this binding pocket after BV binding as no obvious changes shown
in hydrophobicity map between before and after the binding of BV
(Fig. 1D). All these structural features strongly implied that non-
covalent interaction such as electrostatic force may be involved in
the binding of BV to smURFP. Therefore, we proposed that we could
enhance the binding of BV to smURFP by intentionally optimizing
the physical non-covalent interactions between them to increase
the final fluorescence of smURFP and ultimately to increase the
sensitivity of our sensor.

To test our idea, we firstly produce the smURFP protein that was
intended to be used as the BV-sensing element. Fig. 1E shows the
result of purification of smURFP with gel filtration chromatography
suggested high purity of smURFP after purification. According to
the previous reports, only BV bound to the active smURFP could
produce fluorescence [25,31]. As shown in Fig. 1F, fluorescence was
generated only when the smURFPwasmixedwith BV as neither the
protein itself nor the BV could individually produce fluorescent
signals. These results indicated that smURFP maintained biological



Fig. 1. Purification and characterization of smURFP. (A) Two-step binding between BV and smURFP. (B) X-ray crystal structure of smURFP covalently bound to BV through the C52
residue and interaction of amino acids with BV through hydrogen bonding in the BV-binding pocket (PDB 6FZN). (CeD) The charge distribution and hydrophobicity degrees of the
BV-binding pocket (PDB 6FZO; PDB 6FZN). The left is pocket without a BV chromophore and the right is pocket with a covalently bound BV chromophore. (E) Gel filtration
chromatography and SDS-PAGE of smURFP (F) Comparison of smURFP, BV, and smURFP þ BV. The top indicates white light and the bottom indicates fluorescence. (G) Normalized
absorbance and fluorescence spectra of smURFP with different concentrations of BV.
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activity after the production process. The absorbance and emission
spectra of smURFP þ BV were also characterized using different
concentrations of BV (Fig.1G and Fig. S1A&B). A peak at 642 nmwas
the characteristic absorbance peak of the complex of smURFPþ BV.
The characteristic peaks at about 390 nm and 280 nm were
attributed to the absorbance signals of BV (Fig. S1C) and smURFP
protein (Fig. S1D) respectively. The emission spectra of smURFP
contained a major peak centered at 670 nm, which was consistent
with the previous report [25]. It was evident that the BV concen-
tration had a marked effect on the intensity of fluorescence emis-
sion of smURFP þ BV. This result strengthened our hypothesis that
BV concentration can be measured by monitoring the changes in
the emission intensity of smURFP þ BV.

3.2. Optimization of the binding of BV to smURFP

After we obtained the purified smURFP, we developed the
sensor by first optimizing the non-covalent binding conditions of
BV to smURFP based on our hypothesis. It is well known that
several physical parameters including pH and salt concertation can
influence the non-covalent interaction between molecules
[32e34]. Hence, we systematically investigated the effects of pH
and salt concertation on the binding of BV to smURFP. As we
mentioned above, the fluorescence of smURFP was dependent on
the binding of BV to smURFP. Therefore, we measured the fluo-
rescence of smURFP þ BV complex at different pH values and salt
concentrations to optimize their interaction. As shown in Fig. 2A,
pH had a visible influence to the binding of BV to smURFP. The
complex showed the highest fluorescence intensity at pH 8. When
the pH values were lower or higher than 8, the fluorescence
4

intensities of the smURFP þ BV complex were decreased. The salt
concentration also affected the outcome of the fluorescence of the
smURFP þ BV complex (Fig. 2A). The fluorescence of the complex
increased rapidly with the increase of salt concentration, and
gradually reached a plateau at the concentration of 900 mM NaCl.
Moreover, we measured the Kd between BV and smURFP in the
same conditions as mentioned above to further optimize the
physical conditions for the binding of BV to smURFP. As shown in
Fig. 2B, it was evident that pH affected the Kd between BV and
smURFP. The lowest Kd value was obtained at pH 8 reflecting a
strong interaction between BV and smURFP at this condition.
Fig. 2B shows that the concentration of NaCl also had an obvious
impact on the Kd values of the smURFP þ BV complex with the
lowest Kd attained at 900 mM NaCl. At this stage, we conclude that
physical conditions influence the binding of BV to smURFP. The
optimal pH and salt concentration we obtained for further sensor
construction was found to be pH 8 and 900 mM NaCl. Besides,
considering pH and salt concentration affected the outcome of the
fluorescence of smURFPþ BV complex, we inferred that this may be
due to the changes in the binding amount of BV to the smURFP
resulting in different fluorescence intensities. We, therefore,
measured the relative chromophorylation by comparing the typical
absorption of BV (388 nm) with protein absorption at 280 nm,
providing an indication of the amount of bound BV to smURFP at
the above-mentioned conditions. As shown in Fig. 2C, the pattern of
change in the binding amount of BV to smURFP was identical to the
fluorescence intensities of the smURFP þ BV complex at different
pH and salt conditions. These optimization results indicated that
physical conditions directly influenced the binding amount of BV to
smURFP.



Fig. 2. Optimization of the condition for smURFP þ BV. (A) Fluorescence intensity of the binding of BV to smURFP at different pH and NaCl concentrations. (B) The dissociation
constant of the smURFP þ BV complex at different pH and NaCl concentrations. (C) Binding amount of BV to smURFP at different pH values and salt concentrations.
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3.3. Characterization of BV detection sensor

As shown in Fig. 3A, the fluorescence of the smURFP þ BV
complex increased rapidly with an increase in BV concentration
and gradually reached a plateau after the concentration of BV
reached 25 mM. Therefore, the linear range of our sensor was
determined within the range of 0 mMe25 mM of BV at the optimal
buffer condition. Also, the linearity is well demonstrated in human
serum solution (Fig. 3B) and chicken serum solution (Fig. 3C). In
healthy individuals, BV levels are low in the plasma and are strongly
Fig. 3. Determination of the linear range and calibration curve. (A) Fluorescence intensi
condition, (B) human serum solution, and (C) chicken serum solution. (D) Calibration curve i
solution, and (F) chicken serum solution.

5

correlated with BR as BVR can efficiently reduce BV to BR in the
peripheral organs [9,35]. Moreover, it has been reported that a low
concentration of BV had a direct influence on the inflammatory and
antiviral response in vivo [3,36]. These published data indicated
that the linear range of our sensor was suitable for biological and
medical studies. Fig. 3D shows that the LOD of our sensor was
0.4 nM in the buffer solution. To the best of our knowledge, this is
the lowest LOD that has ever been reported. We also determined
the LOD of our sensor in human (Fig. 3E) and chicken serum
(Fig. 3F) and the results showed that the LOD remained as low as
ty of smURFP þ BV over the BV concentration range of 0 mMe50 mM in optimal buffer
n the linear range of 0 mMe25 mM BV in the optimal buffer condition, (E) human serum



Table 1
Summary of the published reports of determining BV concentration.

BV sample Method Detection limit (nM) Linear range (mM) Reference

Chicken/human serum smURFP 0.4 0e25 This work
Chicken serum iRFP 20 0e10 [37]
Avian liver and spleen iRFP 3.1 0e1 [38]
Human serum HPLC-TLS/HPLC-DAD 1.2/60 0.0025e0.25/0.01e0.5 [19]
PBS FERS 130 0e2.5 [22]
Pericardial fluid HPLC 310 0e8.3 [39]
Water medium L-cys-CuNCs 233 0.5e40 [23]

Fig. 4. Determination of the selectivity of smURFP. (A) Fluorescence intensity of smURFP after addition of 25 mM BV, 500 mM BR, 500 mM hematin, and 500 mM BVMe2 in optimal
buffer condition, (B) human serum solution, and (C) chicken serum solution. (D) Fluorescence intensity of smURFP after addition of 25 mM BV, 25 mM BR, 25 mM hematin, and 25 mM
BVMe2 in optimal buffer condition, (E) human serum solution, and (F) chicken serum solution. The optimal buffer condition was pH 8 and 900 mM NaCl. Blank: sample without
molecules. H: hematin.
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0.4 nM in these conditions. The comparisons of our LOD and linear
range with other studies have been summarized in Table 1.
Meanwhile, the LOQ and sensitivity in buffer and serum solution
were determined to be 1.4 nM and 16.0 RFU1 nM�1 in buffer, 1.5 nM
and 11.7 RFU nM�1 in human serum, and 1.2 nM and 10.9 RFU nM�1

in chicken serum, respectively. All calibration curves used for
determining BV concentrations had R2 values greater than 0.999. To
prove that our optimization did cause positive influences on the
linear range of the calibration curve and the sensitivity of the
sensor, as well. We determined the linear range and calibration
curves in conditions that are not the optimal one. Any change in the
pH (Fig. S3A) or salt concentration (Fig. S3B) decreased the linear
range of our sensor indicating that the physical conditions
1 RFU: Relative fluorescence units.

6

significantly influence the linear range as well.
BR and hematin are two of the most common BV analogs in

mammalian blood as both these molecules contain a tetrapyrrolic
structure, which may cause a non-specific binding to the smURFP.
Therefore, competitive recognition studies were also carried out in
presence of those two interfering molecules at low (25 mM) and
high concentrations (500 mM) in buffer, human serum and chicken
serum (Fig. 4). Our sensor selectively sensed BV irrespective of the
concentration or combination of the BR and hematin. Together, this
data indicated that our sensor was able to detect BV specifically in
serum.
3.4. Sensing of BV in serum

As the major challenge for BV detection is its quantification in a
complex biological fluid-like serum, we applied our sensor to



Table 2
Accuracy of determination of BV concentration in serum.a

Actual concentration (mM) Determined concentration (mM) Relative error

Human serum
0 < LOD ND
1 1.01 ± 0.05 0.05
5 5.14 ± 0.22 0.04
10 10.05 ± 0.60 0.06
25 25.24 ± 0.69 0.03
50 49.95 ± 1.04 0.02
100 100.26 ± 2.41 0.02
500 500.54 ± 5.49 0.01
1000 1005.72 ± 18.31 0.02
5000 4999.31 ± 122.33 0.02
10,000 10038.43 ± 291.49 0.03
Chicken serum
0 < LOD ND
1 1.01 ± 0.04 0.03
5 5.00 ± 0.21 0.04
10 10.01 ± 0.42 0.04
25 25.27 ± 0.84 0.03
50 50.08 ± 0.76 0.01
100 100.08 ± 1.03 0.01
500 501.48 ± 15.45 0.03
1000 998.75 ± 25.05 0.02
5000 5017.66 ± 63.81 0.02
10,000 9995.92 ± 207.42 0.02

a Each sample was assayed in duplicate. < LOD ¼ below the limit of detection;
ND ¼ not determined.
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detect different amounts of BV in human and chicken serum
samples. Briefly, certain known concentrations of BV were added
into healthy chicken and human serum. The reliability of our senor
was verified by comparing the measured concentrations of BV by
our sensor with the pre-determined concentrations of the added
BV. The results obtained confirmed the reliability of our biosensor
system in quantitative BV detection in both human and chicken
serum (Table 2), and buffer (Table S1) as well.
Table 3
Quantitative determination of BV concentration in clinical sample.a

Clinical sample smURFP

Determined concentration (mM) Relative

#1-1 0.37 ± 0.14 0.03
#1-2 0.49 ± 0.24 0.03
#1-3 0.65 ± 0.24 0.03
#1-4 0.48 ± 0.16 0.02
#1-5 0.44 ± 0.06 0.06
#2-1 0.51 ± 0.09 0.02
#2-2 0.35 ± 0.10 0.02
#2-3 0.91 ± 0.12 0.03
#2-4 0.95 ± 0.09 0.02
#2-5 0.51 ± 0.14 0.03
#2-6 0.56 ± 0.09 0.03
#2-7 0.47 ± 0.13 0.02
#2-8 0.98 ± 0.09 0.02
#3-1 1.53 ± 0.10 0.02
#3-2 0.97 ± 0.18 0.04
#3-3 0.89 ± 0.06 0.01
#3-4 0.98 ± 0.03 0.04
#3-5 1.34 ± 0.09 0.03
#3-6 0.91 ± 0.17 0.04
#3-7 1.86 ± 0.14 0.03
#3-8 1.92 ± 0.16 0.02
#3-9 2.69 ± 0.19 0.02
#3-10 2.71 ± 0.17 0.02
#3-11 2.25 ± 0.31 0.03
#3-12 2.19 ± 0.02 0.02

a Each sample was assayed in duplicate.
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3.5. Quantification analysis of BV in clinical samples and
comparison with LC-MS method

The clinical human serum samples were collected from 25
different human blood, of which sample No. #1-1 to #1e5 were
from BR test negative patients, and sample No. #2-1 to 3e12 were
from BR test half-positive or positive patients who were suspected
to have hepatic disease. Clinical BV samples were quantitatively
analyzed both using our biosensor system, traditional LC-MS
method, and HPLC method as well to verify the reliability of our
senor by comparing those three different methods. The LOD of LC-
MS and HPLC method is 0.006 mM (Fig. S5) and 0.02 mM (Fig. S6),
respectively, which is higher than our sensor. The results obtained
confirmed the reliability of both our biosensor system in quanti-
tative BV detection and traditional LC-MS method in real clinical
human serum sample (Table 3). It shows generally higher BV con-
centrations in samples from suspected hepatic disease patients in
both quantitative analysis results. It shows some differences be-
tween the two numerical value when the BV concentration calcu-
lated to be relatively low as there is no huge difference when the BV
concentration was higher. However, it shows that our sensor does
have enough sensitivity in determining BV concentration in real
samples.
4. Conclusions

We systematically exploited and optimized the physical inter-
action between BV and a far-infrared fluorescent protein smURFP to
increase the sensitivity of a BV detection biosensor. Structure based
optimization strategy used in our study can be applied to other
similar studies to increase biosensor sensitivity. Our sensing system
has a high potential for quantification of large numbers of samples
in clinical research. In addition, other BV-related detection is also
very easy to be implemented based on our current system. For
example, we can convert BV to BV to detect its concentration.
LC-MS

error Determined concentration (mM) Relative error

0.42 ± 0.03 0.02
0.60 ± 0.04 0.03
0.65 ± 0.03 0.02
0.26 ± 0.04 0.03
0.32 ± 0.03 0.02
0.49 ± 0.04 0.03
0.35 ± 0.09 0.04
0.94 ± 0.03 0.02
0.94 ± 0.03 0.02
0.55 ± 0.03 0.02
0.24 ± 0.03 0.02
0.25 ± 0.06 0.02
0.97 ± 0.07 0.03
1.13 ± 0.06 0.04
1.00 ± 0.04 0.03
0.84 ± 0.04 0.03
0.98 ± 0.05 0.03
1.27 ± 0.03 0.03
0.80 ± 0.07 0.02
1.88 ± 0.07 0.04
1.91 ± 0.10 0.04
2.72 ± 0.08 0.04
2.50 ± 0.08 0.04
2.24 ± 0.07 0.04
2.19 ± 0.08 0.04
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The proposed method has a high applicability as commercial
kits or protocol as the use of the biophysically the brightest near-
infrared fluorescent protein smURFP which covalently bind to BV
makes the limit of detection of the method the lowest that has ever
been reported for a BV biosensor to our knowledge. But the
methods also have some limits that it still needs further optimi-
zation and development to decrease the detection error in rela-
tively low BV concentration range, so that it could have greater
applicability of clinical use.
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