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A novel sensing strategy for specific recognition of hemoglobin has been designed. In the presence of
trypsin, hemoglobin was cleaved to release heme which could effectively bind to a FITC-labeled guanine
(G)-rich oligonucleotide sequence to form the G-quadruplex/hemin complex. This binding process would
lead to fluorescence quenching of FITC via photoinduced electron transfer. Therefore, a fluorescence
assay for the determination of hemoglobin could be established. Under the optimized conditions, there
was a linear relationship between the fluorescence intensity of probe DNA and the hemoglobin
concentration in the range of 5-200 nmol/L, with the limit of detection (LOD) as low as 2 nmol/L.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Hemoglobin (Hb) is a metalloprotein existing in red blood cells. It
transports molecular oxygen physiologically in mammalian blood
from the lungs to tissues, and specifically interacts with three other
gases, CO,, CO and NO, which have important biological roles [1,2].
One hemoglobin molecule consists of four globular protein subunits.
Each subunit comprises a polypeptide chain and a non-protein heme
group, in which an iron atom is coordinated by protoporphyrin IX and
an imidazole nitrogen atom of a histidine residue [3,4]. Significant
variations in the hemoglobin concentration may have relationship
with several diseases, such as anemia, erythrocytosis [2], leukemia,
heart diseases, etc. [5]. Several methods have been applied for the
determination of hemoglobin, including spectrophotometry [6,7],
fluorimetry [8], electrochemistry [9-14], chemiluminescence [15], high
performance liquid chromatography [16,17] and mass spectrometry
[18]. Chen and co-workers have presented a gold nanodots-based
luminescent assay for the detection of hemoglobin in biological
samples, based on hemoglobin-induced photoluminescence quench-
ing [1]. Prasad and co-workers have synthesized a molecularly
imprinted polymer (MIP)-based electrochemical sensing system for
human hemoglobin (Hb) at the surface of quantum dots-multi-walled
carbon nanotubes (MWCNTSs) nanoconjugate [19]. Ramanavicius et al.
designed a selective immunosensor for hematoporphyrines assays
based on fluorescence quenching matrix of the conducting polymer
polypyrrole [20,21].
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Trypsin is a serine protease. Its enzymatic mechanism involves
two steps. First, the target amino acid is recognized in a substrate
binding pocket; then, the C-terminal amide bond is cleaved by
a mechanism involving a serine residue on the protease. Trypsin
preferably cleaves the C-terminal side of arginine and lysine
residues, for its deep narrow binding pocket has a negatively
charged aspartate at the bottom and binds basic amino acids via
an ionic interaction. The target amino acid for cleavage should be
positively charged and have long side chains. And the only two
amino acids which fulfill these criteria are arginine and lysine [22].

The chains of hemoglobin can be cleaved into peptide frag-
ments by trypsin [23], after that, heme groups are released. As
reported, the free heme group oxidizes immediately (less than 1 s)
in air at room temperature, making the ferrous iron transform to
its ferric state [24]. The formed hemin (Fe(Ill)-heme) is the active
cofactor for numerous enzymes, including catalases, peroxidases
and monooxygenases (including the cytochrome P450 family)
[25]. Hemin is able to bind to a G-rich oligonucleotide sequence
that can form G-quadruplex structure in the presence of Na* or
K* [26]. The resulting complex is a horseradish peroxidase (HRP)-
mimicking DNAzyme [27,28], and has been used as a catalytic
amplifier for several biorecognition events [29,30].

In this paper, we built a new assay platform for the determina-
tion of hemoglobin. Trypsin was adopted to cleave hemoglobin into
peptide fragments, and the released heme oxidized immediately.
The formed hemin could bind to a fluorescent dye-labeled G-rich
oligonucleotide sequence to form the G-quadruplex/hemin com-
plex. Such complex could act as an electron acceptor, and photo-
induced electron transfer (PET) from the fluorescent dye (FITC) to
the G-quadruplex/hemin complex would lead to quenching of the
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fluorescence of the dye [31]. Thus we were able to detect hemoglo-
bin quickly, sensitively and selectively.

2. Experimental
2.1. Materials

DNA oligonucleotides were synthesized and purified by TAKARA
Biotechnology (Dalian, China). Tris(hydroxymethyl)aminomethane
(Tris) was purchased from Sinopharm Chemical Reagent Co. Ltd.
(China). TE buffer (pH 8.0), trypsin (1:250) and dimethyl sulfoxide
(DMSO) were purchased from Beijing Dingguo Changsheng Bio-
technology Co. Ltd. (Beijing, China). Hemoglobin (bovine erythro-
cytes, BR) was obtained from Shanghai Kayon Biological Technology
Co. Ltd. Hemin (BioXtra, from Porcine, HPLC grade), pepsin, urease,
lactate dehydrogenase (LDH), glucose oxidase, bovine serum albu-
min (BSA) and human serum albumin (HSA) were obtained from
Sigma-Aldrich. All chemicals used were at least of analytical reagent
grade and used without further purification. The water used in all
experiments had a resistivity higher than 18 MQ cm.

Dye-labeled G-rich oligonucleotide sequence (P):

5'-FITC-TTTGGGTAGGGCGGGTTGGG-3’

The oligonucleotide sequences were dissolved in TE buffer to
prepare 250 nM stock solution. Hemin stock solution was pre-
pared by dissolving hemin in DMSO, with a final concentration of
1 mM, and stored in the dark at —20 °C. All the protein solutions
were stored at 4 °C before use.

2.2. Instrument

All fluorescence measurements and spectra were obtained on
a Shimadzu RF-5301PC spectrofluorometer (Shimadzu Co., Kyoto,
Japan). In this experiment, we used a 1cm path length quartz
cuvette to measure the fluorescence spectrum. The pH value of the
buffer solution used was measured with a PHS-3C pH meter (Tuopu
Co., Hangzhou, China). The absorption spectra were performed
using a UV-1700 spectrophotometer (Shimadzu Co., Japan).

2.3. Fluorescent DNA assays

An aliquot of 2 mL dye-labeled G-rich oligonucleotide sequence
(P) in Tris-HCl buffer (25 mM, pH 8.1, containing 10 uM KCI) was
prepared to measure the initial fluorescence intensity in the quartz
cuvette. Then another DNA solution was mixed with hemin
solution and incubated for 2 h at room temperature to record
the quenched fluorescence intensity.

For the detection of hemoglobin, different amounts of hemo-
globin were mixed with trypsin and incubated for 90 min at 37 °C.
Then the solution was mixed with DNA after being cooled down to
room temperature [32]. The fluorescence intensity was detected
when the mixture has been incubated for 2 h at room tempera-
ture. The fluorescence intensity was obtained from the emission
spectrum at the wavelength of 520 nm, the excitation wavelength
was set at 480 nm. The slit widths for excitation and emission
were both set at 10 nm. The experiments to optimize for sensing
conditions were carried out under identical conditions.

3. Result and discussion
3.1. Design of the sensing strategy
A new strategy for the detection of hemoglobin has been

developed by using a fluorescent dye-labeled G-rich oligonucleo-
tide sequence (P) as the probe. Scheme 1 shows the assay strategy.
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Scheme 1. Schematic representation of the fluorescent sensor for the determina-
tion of hemoglobin.
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Fig. 1. UV-vis absorption spectra of (a) hemoglobin (200 nmol/L), (b) hemin
(800 nmol/L) and (c) hemoglobin (200 nmol/L) in the presence of trypsin
(70 mU/mL). Conditions: Tris-HCl buffer (25 mM, pH 8.1, containing 10 uM KCl),
90 min for protein digestion at 37 °C.

In this method, hemoglobin was digested by trypsin and released
heme molecules. The free heme oxidized immediately and formed
hemin. The probe DNA sequence could be folded properly and bind
hemin to form a G-quadruplex/hemin complex. Such G-quadruplex
bound hemin so tightly that the electron could transfer from FITC to
the hemin Fe" center more easily, and gave rise to the fluorescence
quenching of P [31].

UV-vis absorption spectrum (Fig. 1) shows that hemoglobin
had a strong absorption peak at 406 nm (curve a) which corre-
sponded to the R state [33], and the free hemin had a soret
absorption band centered at about 392 nm (curve b) [34]. When
hemoglobin was incubated with trypsin, the absorption peak
shifted to 398 nm (curve c), coinciding with that of hemin. The
results proved that hemoglobin was cleaved into peptide frag-
ments in the presence of trypsin, and the released heme was
oxidized to form hemin immediately. The absorption of the
complex did not overlap with the emission spectrum of P, in
which the maximum intensity was obtained at the wavelength of
520 nm. Thus, the possibility for fluorescence resonance energy
transfer (FRET) from FITC to the complex could be eliminated.
Based on previous reports, the fluorescence quenching processes
proceed via photoinduced electron transfer (PET) mechanism
[31,35].
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3.2. Detection of hemin

In this study, the kinetic behavior of FITC-labeled G-rich oligo-
nucleotide sequences in the presence of hemin (400 nmol/L) was
studied by monitoring fluorescence intensity as a function of time.
Fig. 2 shows that in the presence of K*, hemin could bind to a
fluorescent dye-labeled G-rich oligonucleotide sequence to form
the G-quadruplex/hemin complex through external n-stacking [26],
promoting the electron transfer from FITC to hemin. As a result, the
fluorescence of P was quenched. Such quenching process reached
equilibrium when P had been incubated with hemin for 2 h, proving
that all the hemin had bound to P to form the G-quadruplex/hemin
complex. We also investigated the quenching effect of hemin on the
fluorescence intensity of P (Fig. 3A). Fig. 3B shows the fluorescence
spectra changes of P with the increasing concentration of hemin
from O to 2500 nmol/L. The fluorescence intensity decreased
linearly upon increasing the concentration of hemin from
10 nmol/L to 500 nmol/L (Fig. 3A inset). The limit of detection
(LOD) corresponding to the fluorescence intensity of 3 times
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Fig. 2. Fluorescence intensity changes of P in the presence of hemin (400 nmol/L)
with different incubation times. Conditions: Tris—-HCl buffer (25 mM, pH 8.1,
containing 10 pmol/L KCl), 3.75 nmol/L P. F and F, were the fluorescence intensity
of P in the presence and absence of hemin, respectively. Error bars represent
standard deviations from three measurements.
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standard deviation obtained from 11 fluorescence measurements
in the absence of analytes was 5 nmol/L. The linear regression
equation was

Fo/F =0.97719+0.00124[hemin], nmol/L

(F and Fy were the fluorescence intensity of P in the presence
and absence of hemin, respectively), with R>=0.992. The relative
standard deviation for determination (n=3) of 50 nmol/L hemin
was 1.0%.

3.3. The effect of pH

The effect of pH on the enzymatic digestion reaction of trypsin
has been investigated over the range of pH 7.5-8.7. Firstly, as
shown in Fig. 4, the fluorescence quenching efficiency increased
with the increase of pH. Then the maximum fluorescence quench-
ing efficiency appeared at pH 8.1. When pH was further increased,
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Fig. 4. The effect of pH on the fluorescence intensity ratio F/F, of P in the presence
of hemoglobin and trypsin. Conditions: Tris—-HCl buffer (25 mM, containing
10 pmol/L KCl), 3.75 nmol/L P, 100 nmol/L hemoglobin and 70 mU/mL trypsin,
90 min for protein digestion at 37 °C and 2 h for fluorescence quenching. F and Fo
were the fluorescence intensity of P in the presence and absence of hemoglobin,
respectively. Error bars represent standard deviations from three measurements.
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Fig. 3. (A) The corresponding relationship between Fo/F and the concentration of hemin. The inset shows the Stern-Volmer linear plot between Fo/F and the concentration of
hemin in the range of 10-500 nmol/L. (B) The fluorescence spectra of P in the presence of different concentrations of hemin: (a) 0, (b) 10 nmol/L, (c) 50 nmol/L, (d) 150 nmol/L,
(e) 200 nmol/L, (f) 300 nmol/L, (g) 400 nmol/L, (h) 500 nmol/L, (i) 750 nmol/L, (j) 1000 nmol/L, (k) 1500 nmol/L, (1) 2000 nmol/L, and (m) 2500 nmol/L. Conditions: Tris—-HCl
buffer (25 mM, pH 8.1, containing 10 pmol/L KCI), 3.75 nmol/L P, 2 h for fluorescence quenching. F and F, were the fluorescence intensity of P in the presence and absence of
hemin, respectively. Error bars represent standard deviations from three measurements.
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the quenching efficiency decreased quickly over the range of pH
8.1-8.7. According to previous report, trypsin was most active
under slightly alkaline conditions [36]. The maximum fluorescence
quenching efficiency at pH 8.1 shows that the activity of trypsin
was the highest at pH 8.1, and the result was consistent with a
previous report [37]. At pH 8.1, more chains of hemoglobin were
cleaved into peptide fragments and more heme groups were
released to form the G-quadruplex/hemin complex. Thus the
fluorescence of P was quenched more efficiently. So we chose pH
8.1 buffer in the further study.

3.4. Effect of the concentration of trypsin

As shown in Fig. 5, when the concentration of hemoglobin was
fixed (100 nmol/L), the fluorescence intensity ratio F/Fy (F and Fy
were the fluorescence intensity of P in the presence and absence of
hemoglobin, respectively) of P decreased with the increasing
trypsin concentration. Then the fluorescence intensity ratio was
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Fig. 5. The effect of trypsin concentration on the fluorescence intensity ratio F/F, of P.
Conditions: Tris—HCI buffer (25 mM, pH=48.1, containing 10 umol/L KCl), 3.75 nmol/L
P, 100 nmol/L hemoglobin, 90 min for protein digestion at 37°C and 2h for
fluorescence quenching. F and F, were the fluorescence intensity of P in the presence
and absence of hemoglobin, respectively. Error bars represent standard deviations
from three measurements.
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nearly unchanged when the concentration of trypsin reached
70 mU/mL, indicating that hemoglobin was cleaved completely.
Therefore, 70 mU/mL trypsin was used in the further experiments.

3.5. Detection of hemoglobin

Under the optimum conditions, we studied the relationship
between the fluorescence intensity of P and the concentration of
hemoglobin. As shown in Fig. 6, the fluorescence intensity of P
decreased with the increase of hemoglobin concentration. Then, a
plateau was reached when the concentration of hemoglobin was
750 nmol/L. A linear quenching equation was obtained of

Fo/F =0.96962 +0.00605[hemoglobin], nmol/L

in a concentration range of 5-200 nmol/L, with the correlation
coefficient (R?) of 0.992, as shown in Fig. 6A inset. The limit of
detection (LOD) corresponding to the fluorescence intensity of
3 times standard deviation obtained from 11 fluorescence mea-
surements in the absence of analytes was 2 nmol/L. Compared
with other methods (Table 1) [1,13,16,38-40], our method had the
wider linear range and the similar LOD. The relative standard
deviation for determination (n=3) of 10 nmol/L hemin was 2.1%.

3.6. Selectivity

Here, we also investigated the selectivity of the designed
fluorescent sensing method. As shown in Fig. 7, five different
enzymes (70 mU/mL trypsin, pepsin, urease, LDH and glucose
oxidase) were adopted to digest hemoglobin (100 nmol/L) under
the same condition. 38.3% quenching was observed for P in the
presence of hemoglobin and trypsin, while in the presence of
hemoglobin and other enzymes, none of these enzymes could
produce noticeable P fluorescence intensity changes. These results
clearly demonstrate that the assay highly depends on trypsin. We
also tested the effect of other proteins, 100 nmol/L bovine serum
albumin (BSA) and 100 nmol/L human serum albumin (HSA),
on the fluorescence of P in the presence of 70 mU/mL trypsin.
The results show that they did not significantly interfere with
our assay.
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Fig. 6. (A) The corresponding relationship between Fo/F and the concentration of hemoglobin. The inset shows the Stern-Volmer linear plot between Fo/F and the
concentration of hemoglobin in the range of 5-200 nmol/L. (B) The fluorescence spectra of P in the presence of different concentrations of hemoglobin: (a) 0, (b) 5 nmol/L,
(c) 10 nmol/L, (d) 25 nmol/L, (e) 50 nmol/L, (f) 75 nmol/L, (g) 100 nmol/L, (h) 125 nmol/L, (i) 150 nmol/L, (j) 200 nmol/L, (k) 300 nmol/L, (1) 400 nmol/L, (m) 750 nmol/L,
(n) 1000 nmol/L, and (o) 1500 nmol/L. Conditions: Tris—HCl buffer (25 mM, pH 8.1, containing 10 pmol/L KCl), 3.75 nmol/L P, 70 mU/mL trypsin, 90 min for protein digestion
at 37 °C and 2 h for fluorescence quenching. F and F, were the fluorescence intensity of P in the presence and absence of hemoglobin, respectively. Error bars represent

standard deviations from three measurements.
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Table 1
Comparison of different methods for the determination of hemoglobin.

Technique Linear range Detection limit Ref.
(nmol L) (nmol L~ 1)
Electrochemistry 50.0-300.0 10.0 [13]
10.0-20,000.0 5.0 [38]
100-1000 - [39]
10-500 48 [40]
High performance liquid 2.5-50 - [16]
chromatography
Fluorimetric method 1.0-10 0.5 [1]
5-200 2 This work
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Fig. 7. Study on the effect of trypsin, pepsin, urease, LDH, glucose oxidase, BSA and
HSA on the detection process. (0: DNA, 1: hemoglobin+trypsin, 2: hemoglo-
bin+ pepsin, 3: hemoglobin+urease, 4: hemoglobin+LDH, 5: hemoglobin+glu-
cose oxidase, 6: BSA+trypsin, and 7: HSA+trypsin) Conditions: Tris—HCl buffer
(25 mM, pH 8.1, containing 10 pmol/L KCI), 3.75 nmol/L P, 90 min for protein
digestion at 37°C and 2h for fluorescence quenching. F and F, were the
fluorescence intensity of P in the presence and absence of hemoglobin, respectively.

0.5

4. Conclusion

In this paper, we developed a sensitive and selective fluorescent
sensing method for the detection of hemoglobin by using a
fluorescent dye-labeled G-rich oligonucleotide sequence as the
probe. One hemoglobin molecule contained four non-protein heme
groups that would be released and oxidized when hemoglobin was
cleaved by trypsin under proper conditions. The formed hemin was
able to bind to the FITC-labeled G-rich oligonucleotide sequence
and the G-quadruplex/hemin complex could accept the photoin-
duced electron from FITC, resulting in the fluorescence quenching of
FITC. By measuring the fluorescence intensity, we were able to
detect hemoglobin quantificationally. The low detection limit and
high selectivity have made our approach a potential method for
recognizing hemoglobin efficiently.
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