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Abstract: Designing a facile and rapid detection method for haptoglobin (Hp) phenotypes in human
blood plasma is urgently needed to meet clinic requirements in hemolysis theranostics. In this work,
a novel approach to qualitatively analyze Hp phenotypes was developed using a fluorescent probe of
gold nanoclusters (AuNCs). Hemoglobin-conjugated (Hb)-AuNCs were successfully synthesized
with blue-green fluorescence and high biocompatibility via one-pot synthesis. The fluorescence of
Hb-AuNCs comes from the ligand-metal charge transfer between surface ligands of Hb and the gold
cores with high oxidation states. The biocompatibility assays including cell viability and fluorescence
imaging, demonstrated high biocompatibility of Hb-AuNCs. For the qualitative analysis, three Hp
phenotypes in plasma, Hp 1-1, Hp 2-1, and Hp 2-2, were successfully discriminated according to
changes in the fluorescence intensity and peak position of the maximum intensity of Hb-AuNCs.
Our work provides a practical method with facile and rapid properties for the qualitative analysis of
three Hp phenotypes in human blood plasma.
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1. Introduction

Fluorescent nanoclusters (NCs) have been extensively utilized for biomedical applications
in fields such as bioimaging, detection, and medicine [1–6]. With many kinds of metal NCs,
recent advancements have focused on the development of gold NCs (AuNCs) with various surface
ligand modifications for detection applications [7–11]. For example, glucose-conjugated AuNCs were
applied as a target-specific fluorescent probe to quantitatively detect glucose metabolism rates by
glucose transporters overexpressed by U-87 MG brain cancer cells [12]. Glutathione-protected AuNCs
were employed to detect the biomarker of dipicolinic acid for sensing potential infections by strongly
hazardous anthrax spores with a much lower limit of detection (600-fold) than the infectious dosage [13].
Hyperbranched polyethyleneimine-assisted dual-emissive AuNCs were designed to detect highly
toxic cyanide anions based on changes in the fluorescence color caused by their surface Au(I) etched by
cyanide anions [14]. Fluorescent AuNC-modified metal-organic frameworks have served as a highly
sensitive fluorescent nanoprobe for rapid detection of nitro explosives of 2,4,6-trinitrotoluene [15].
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With the conjugation of surface ligands of small molecules, polymers, and proteins, AuNCs have been
intensively used for biomedical applications due to their easy surface modification, tunable fluorescence,
high biocompatibility, and superior specificity [16]. Several studies have demonstrated the syntheses
and applications of Hb conjugated AuNCs (Hb-AuNCs) [17–22]. However, as far as we know,
there is still no design with the use of Hb-AuNCs for the qualitative detection of haptoglobin (Hp)
phenotypes. The acute-phase Hp protein has three phenotypes in human blood plasma: Hp 1-1,
Hp 2-1, and Hp 2-2 [23–27]. In the clinic, concentrations of these three Hp phenotypes are related to
kidney failure, diabetes, autoimmune disorders, cardiovascular diseases, and hemolytic anemia [28–34].
Three ordinary approaches of spectrophotometry, immunoreactivity, and gel electrophoresis are used
to measure Hp. For the spectrophotometric analysis, the concentration of Hp is determined from the
change in absorption due to the formation of Hp–Hb complexes [35]. Moreover, with analysis of different
absorption spectra of Hp–Hb complexes, Hp–Hb complexes, free Hb, and free Hp can be quantitatively
measured with varying degrees of hemolysis. For immunoreactive assays, Hp and antisera are
mixed to form precipitates, and then the precipitates are analyzed by radial immunodiffusion and
nephelometry [36]. To detect the precipitates, nephelometry is a commonly utilized method by light
irradiation with Hp–Hb-antibody complexes in solution to obtain reflected light for further analysis.
With the use of gel electrophoresis, free Hb and Hp–Hb complexes can respectively be isolated via
alkaline electrophoresis [37]. Although spectrophotometry, immunoreactivity, and gel electrophoresis
have been developed to detect Hp, the qualitative analysis of the three Hp phenotypes still lacks a
suitable approach. Recently, an immunoturbidimetric assay and enzyme-linked immunosorbent assay
were conducted to discriminate Hp phenotypes. Designing a rapid assay for Hp phenotypes is still an
urgent task to meet clinical requirements.

In this work, for the qualitative analysis of three Hp phenotypes, Hb was chosen as a surface ligand
to prepare Hb-AuNCs due to its high-affinity binding with Hp and cysteine residues. Hb-AuNCs were
prepared by a facile one-pot synthesis strategy as shown in Figure 1. The structural and optical
properties of Hb-AuNCs were characterized by ultraviolet–visible (UV–Vis) absorption spectroscopy,
fluorescence spectroscopy, x-ray photoelectron spectroscopy (XPS), transmission electron microscopy
(TEM), and Fourier transform infrared (FTIR) spectroscopy. The biocompatibility of Hb-AuNCs
was assessed by a resazurin dye reduction assay and fluorescence imaging. Most importantly,
fluorescent Hb-AuNCs were used to qualitatively analyze Hp phenotypes according to changes in the
fluorescence spectra of Hb-AuNCs.
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Figure 1. Schematic illustration of hemoglobin-conjugated gold nanoclusters (Hb-AuNCs) synthesis
by a facile one-pot synthesis strategy.

2. Materials and Methods

2.1. Synthesis of Hemoglobin-Conjugated Gold Nanoclusters (Hb-AuNCs)

An HAuCl4 aqueous solution (2.8 mM, 5 mL) (Alfa Aesar, Ward Hill, MA, USA) was added to
5 mL of an Hb aqueous solution (2 mg/mL) (Sigma-Aldrich, St. Louis, MO, USA). The reaction solution
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was stirred at 400 rpm in a water bath (37 ◦C) for 10 min. Afterward, 1 mL of an NaOH aqueous
solution (1 M) (Fluka, St. Gallen, Swiss) was added to the reaction. The reaction solution containing
HAuCl4, Hb, and NaOH was stirred at 400 rpm in a water bath (37 ◦C) and a dark environment for
24 h. After reacting for 24 h, the solution containing Hb-AuNCs was centrifuged at 12,000 rpm for
10 min. After centrifugation, the upper greenish-black solution containing Hb-AuNCs was collected
and stored at 4 ◦C in the dark for subsequent experiments.

2.2. Characterization Techniques

UV–Vis absorption spectrometer (JASCO V-770 Spectrophotometer, Easton, MD, USA) was applied
to measure the absorption of Hb-AuNCs. XPS (VG Microtech MT-500, London, United Kingdom)
with Al Kα x-ray source was used to analyze the oxidation state and binding properties of Hb-AuNCs.
A fluorescence spectrometer (JASCO spectrofluorometer FP-8500, Easton, MD, USA) was utilized to
detect the fluorescence of Hb-AuNCs. The Systat PeakFit 4.12 (Systat Software, San Jose, CA, USA)
software was employed to simulate fluorescence spectra. TEM (Hitachi HT-7700, Tokyo, Japan) was
applied to characterize the morphology of the Hb-AuNCs. FTIR spectroscopy (Thermo Scientific
Nicolet iS10, Waltham, MA, USA) was utilized to measure the amide groups of Hb-AuNCs.

2.3. Cytotoxicity Assay of Hb-AuNCs by Vero Cells

Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Waltham, MA, USA) with 10% (v/v) fetal
bovine serum (FBS) (Gibco, Waltham, MA, USA) was applied to culture Vero cells. The cytotoxicity of
Hb-AuNCs was measured before and after incubation with Vero cells by a resazurin dye reduction assay.
Vero cells were cultured in a 96-well plate (104 cells/well) for 24 h. After 24 h, the media in the 96-well
plate were removed, and then a phosphate-buffered saline (PBS) solution (Thermo Fisher Scientific,
Waltham, MA, USA) was utilized to wash each well cultured with Vero cells. Sequentially, Vero cells in
the 96-well plates were incubated with Hb-AuNCs dispersed in DMEM. Concentrations of Hb-AuNCs
of 2.7, 5.5, 11.0, 21.9, 43.8, 87.5, 175, 350, and 700 µg/mL were used to test the cytotoxicity. After 24 h
of incubation, resazurin (0.02 mg/mL) (Thermo Fisher Scientific, Waltham, MA, USA) was added
to each well and further incubated for an additional 4 h. The absorbances at 570 and 600 nm were
measured by a plate reader (Thermo Varioskan Flash, Waltham, MA, USA). For the cell viability assay,
each concentration of Hb-AuNCs was repeated independently at least eight times.

2.4. Measurement of Vero Cell Death by Fluorescence Imaging

To measure cell death, the SYTOX green fluorescent dye (Thermo Fisher Scientific,
Waltham, MA, USA) was applied to stain dead cells for fluorescence imaging. Thus, 5 µM of
SYTOX green was added to culture media of Vero cells in each well and incubated at room temperature
for 15 min without light irradiation. After washing with PBS, nucleic acids of total cells were stained
with Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA). Fluorescence images of total/dead
cells were obtained with fluorescence microscopy.

2.5. Detection of Hp Phenotypes

The method for detecting Hp phenotypes was modified from a previous study [38]. Briefly, 7 µL of
a serum sample was mixed with 5 µL Hb (8 mg/mL) and then equilibrated with 3 µL of sample buffer
(0.625 M Tris-base at pH 6.8, 0.125 mg/L bromophenol blue (Sigma-Aldrich, St. Louis, MO, USA) and
50% glycerol (v/v) (BioShop Canada Inc., Burlington, ON, Canada)). The mixture was separated by
non-reducing sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) (6% acrylamide
(Sigma-Aldrich, St. Louis, MO, USA) for the separating gel (pH 8.8) and 4% acrylamide for the stacking
gel (pH 6.8)). After electrophoresis, the gel was stained by freshly prepared peroxidase substrate
(0.05% 3,3′-diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) and 0.07% hydrogen peroxide
(Sigma-Aldrich, St. Louis, MO, USA) in PBS), and the Hp–Hb complex was visualized.
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3. Results

3.1. Optical and Structural Characterizations of Hb-AuNCs

In Figure 2a, the UV–Vis absorption spectrum of Hb exhibited a strong Soret band at a wavelength
of 405 nm. After the formation of Hb-AuNCs, the signal intensity of the Soret band decreased, and its
peak position also revealed a blue-shift from 405 to 367 nm, as shown in the UV–Vis absorption
spectrum of Hb-AuNCs in Figure 2a. The decrease in the signal intensity and blue-shift of the peak
position can be attributed to a change in the hydrophobicity of heme groups due to the formation of
Hb-AuNCs [39]. Furthermore, there was no obvious surface plasmon absorption peak at a wavelength
of ~520 nm due to the absence of gold nanoparticles [40]. The disappearance of the surface plasmon
absorption of gold nanoparticles can be ascribed to Hb-AuNCs exhibiting high oxidation states of gold
cores, which produced a shortage of free electrons to generate coherent oscillations [41–43]. To further
examine the oxidation state and binding properties, XPS spectrum of Hb-AuNCs were analyzed.
In the XPS spectrum of Hb-AuNCs in Figure 2b, the peaks of Au 4f5/2 and Au 4f7/2 were separately
located at 88.1 and 84.5 eV. For bulk gold, peaks of Au 4f5/2 and Au 4f7/2 were located at 87.4 and
84.0 eV, respectively. Compared to bulk gold, the positive shifts of Au 4f5/2 and Au 4f7/2 indicated
that Hb-AuNCs contained a lot of gold with high oxidation states in their cores, corresponding to the
results of the UV–Vis absorption spectrum of Hb-AuNCs [44]. Moreover, the fluorescence spectrum
of Hb-AuNCs was measured. Under an excitation wavelength of 314 nm, Hb-AuNCs exhibited a
maximum intensity of fluorescence at a wavelength of 430 nm as shown in Figure 2c. A small shoulder
was observed at a wavelength of 408 nm due to the Raman signal of water. Raman signal of water
was measured with the excitation wavelength of 314 nm by fluorescence spectrometer, as shown in
Figure 2d. Based on the peak simulations, the fluorescence spectrum of Hb-AuNCs was separated into
two peaks including a fluorescence spectrum of Hb-AuNCs and the Raman signal of water, as shown
in Figure 2c. The fluorescence of AuNCs was proven to be due to the ligand-metal charge transfer
between thiolate ligands and the core of AuNCs [45]. For Hb-AuNCs, based on the ligand-metal
charge transfer, electrons in the ligand of Hb were delivered to the gold cores with high oxidation
states to generate fluorescence.
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Figure 2. (a) Ultraviolet–visible (UV–Vis) absorption spectra of hemoglobin and hemoglobin-conjugated
gold nanocomposites (Hb-AuNCs); (b) X-ray photoelectron (XPS) spectra of Hb-AuNCs (black line),
the simulated peak of Au 4f5/2 (blue line) and the simulated peak of Au 4f7/2 (red line); (c) fluorescence
spectrum of Hb-AuNCs composed of the simulated fluorescence spectrum of Hb-AuNCs and the
simulated Raman signal of water. The excitation wavelength was 314 nm; (d) Raman signal of water
was measured with the excitation wavelength of 314 nm by fluorescence spectrometer.
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In the TEM image of Figure 3a, Hb-AuNCs revealed an approximately globular shape. As shown
in the histogram of Figure 3b, the size distribution of Hb-AuNCs was systematically counted according
to 100 nanoclusters in the TEM image. The average size of Hb-AuNCs was calculated to be 3.7 nm.
Overall, from a combination of optical and structural characterizations, we determined that fluorescent
Hb-AuNCs were successfully prepared by a facile hydrothermal approach. FTIR spectra of Hb and
Hb-AuNCs were applied to investigate their characteristic amide I and amide II bands. The amide I
band (1600–1700 cm−1) can be ascribed to the stretching vibrations of CO from peptide linkages in
the protein backbone. The amide II band (1500–1600 cm−1) was associated with NH bending and CN
stretching vibrations. As shown in the FTIR spectra of Figure 3c, Hb exhibited characteristic IR bands
of amide I and amide II located at 1642 and 1534 cm−1, respectively. After formation of Hb-AuNCs,
the amide I band showed no significant change. However, the amide II band revealed the increase
of intensity and the peak position was shifted from 1534 cm−1 to 1553 cm−1. Previous studies have
demonstrated that the increase in peak intensity and the shift of peak position can be attributed to the
formation of Hb-AuNCs. Based on the results of the FTIR spectra, the conjugation between Hb and
AuNCs was successfully obtained [46,47].
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3.2. Biocompatibility Assays of Hb-AuNCs

For further application as a biomedical sensor, the cell viability of Hb-AuNCs was evaluated
by a resazurin dye reduction assay. Vero cells cultured in DMEM without Hb-AuNCs were used as
the control. Water-soluble Hb-AuNCs at different concentrations of 2.7, 5.5, 11.0, 21.9, 43.8, 87.5, 175,
350, and 700 µg/mL were separately incubated with Vero cells to examine cell viability. As shown in
Figure 4, all cell viabilities of Hb-AuNCs at concentrations of 2.7~700 µg/mL were >80%. High cell
viabilities indicated that Hb-AuNCs exhibited no significant cytotoxicity.
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To further investigate the cytotoxicity of Hb-AuNCs, fluorescence images of Vero cells incubated
with Hb-AuNCs were examined. In Figure 5, blue and green pseudocolors indicate fluorescence
signals of total Vero cells including both live and dead cells (stained with Hoechst 33342) and dead
Vero cells (stained with SYTOX green), respectively. For the control, not incubated with Hb-AuNCs,
Vero cells homogeneously grew as indicated by the blue pseudocolor as shown in Figure 5 (top left).
There was no detectable green pseudocolor, indicating no dead Vero cells in the control, as shown
in Figure 5 (top middle). After incubation with Hb-AuNCs, Vero cells also revealed homogeneous
growth as indicated by the blue pseudocolor, as shown in Figure 5 (bottom left). There were only
slight signals of green pseudocolor in the Vero cells incubated with Hb-AuNCs, indicating high
biocompatibility of Hb-AuNCs, as shown in Figure 5 (bottom middle). Overall, the results of the cell
viability assays suggest that Hb-AuNCs could be a potential fluorescent probe for biomedical sensors
based on their biocompatibility.Polymers 2020, 12, x FOR PEER REVIEW 7 of 11 
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Figure 5. Fluorescence images of Vero cells incubated with hemoglobin-conjugated gold nanoclusters
(Hb-AuNCs). In the control experiments, Vero cells were cultured with Dulbecco’s modified Eagle’s
medium (DMEM).

3.3. Qualitative Analysis of Hp Phenotypes by Hb-AuNCs

There are three different phenotypes of haptoglobin of Hp 1-1, Hp 2-1, and Hp 2-2, as shown in
Figure 6a. Hp 1-1 is composed of two units of α1β. The β chain is formed of 245 amino-acid residues
(40 kDa), and the α1 chain is formed of 83 amino-acid residues (9 kDa) [38]. In Hp 2-1, the α1β
chain is conjugated with different units of α2β and finally conjugated with α1β to form (α1β)2(α2β)n

(n = 0, 1, 2 . . . ). Hp 2-2 is composed of various numbers of (α2β)n (n = 3, 4, 5 . . . ) to form a linear
structure, and the linear structure sequentially forms the cyclic structure of Hp 2-2. For the native-PAGE
of Figure 6b, plasma revealed phenotypes including the monomeric form of Hp 1-1 and polymeric
patterns of Hp 2-1 and Hp 2-2. The monomeric form of Hp 1-1 was composed of (α1β)2 as indicated
in Figure 6a. For Hp 2-1, the monomeric form of (α1β)2 and polymeric form of (α1β)2(α2β)1 were
observably revealed in the native-PAGE results in Figure 6b. Moreover, Hp 2-2 also showed polymeric
forms of (α2β)n. For subsequent phenotype detection, three different phenotypes of Hp 1-1, Hp 2-1,
and Hp 2-2 in plasma were respectively measured by Hb-AuNCs.
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To detect Hp phenotypes, human blood plasma with three different Hp phenotypes of Hp 1-1,
Hp 2-1, and Hp 2-2 was prepared. In this work, plasma (5 µL) with three different Hp phenotypes was
respectively added to 100 µL of an Hb-AuNC solution (700 µg/mL), and then the mixtures were mixed
by vortexing for 5 min. After vortexing for 5 min, the fluorescence spectra of the mixtures containing
Hb-AuNCs and plasma were measured, as shown in Figure 7. Compared to the fluorescence spectrum
of Hb-AuNCs, the fluorescence spectrum of Hb-AuNCs with Hp 1-1 revealed an increase in the
maximum intensity from 2892 to 6082, and the peak position of the maximum intensity was red shifted
from 430 to 448 nm. For Hp 2-1 with Hb-AuNCs, the fluorescence spectrum showed an increase in the
maximum intensity from 2892 to 3953, and the peak position of the maximum intensity was red shifted
from 430 to 439 nm. After Hb-AuNCs were mixed with Hp 2-2, the fluorescence spectrum exhibited a
slight increase in the maximum intensity from 2892 to 3054, and the peak position of the maximum
intensity was red shifted from 430 to 431 nm. A previous study demonstrated that the domain of
Hp serine protease exhibited extensive conjugation with the α- and β-subunits of Hb to form tightly
bound Hp–Hb complexes [48]. Furthermore, cysteine residues of proteins are an important ligand to
encapsulate and stabilize AuNCs due to the strong Au–S bonds between the surface of AuNCs and
thiol groups of cysteine. The number of cysteines can cause a shift in the fluorescence spectrum of
AuNCs [49]. Moreover, concentrations of Hp 1-1, Hp 2-1, and Hp 2-2 in plasma were demonstrated to
be in the order of Hp 1-1 (184 ± 42 mg/dL) > Hp 2-1 (153 ± 55 mg/dL) > Hp 2-2 (93 ± 54 mg/dL) [38].
Therefore, after Hb-AuNCs were mixed with Hp, Hp-Hb-AuNCs were formed. With the increase
in cysteines, Hp-Hb-AuNCs revealed an increase in the maximum fluorescence intensity and a red
shift of the peak position of the maximum intensity compared to that of Hb-AuNCs. With the highest
concentration in plasma, Hp 1-1 conjugated with Hb-AuNCs exhibited the strongest fluorescence
intensity and greatest red shift of the peak position of the maximum intensity compared to those
of Hp 2-1 and Hp 2-2 conjugated with Hb-AuNCs. Overall, based on changes in the fluorescence
intensity and the peak position of the maximum intensity of Hp-Hb-AuNCs, the three different Hp
phenotypes in plasma of Hp 1-1, Hp 2-1, and Hp 2-2 were successfully qualitatively analyzed by
fluorescent Hb-AuNCs.
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4. Conclusions

In summary, fluorescent Hb-AuNCs were successfully synthesized via a facile hydrothermal
synthesis method. With the formation of Hb-AuNCs, the absorption spectrum of Hb-AuNCs revealed a
decrease in the signal intensity and a blue-shift from 405 to 367 nm of the Hb Soret band due to a change
in the hydrophobicity of the heme groups. Based on results of the XPS analysis, Hb-AuNCs exhibited
peaks of Au 4f5/2 and Au 4f7/2 separately located at 88.1 and 84.5 eV because of a lot of gold with
high oxidation states in their cores. The fluorescence spectrum of Hb-AuNCs demonstrated the
maximum fluorescence intensity at a wavelength of 430 nm under an excitation wavelength of 314 nm.
For structural characterization, Hb-AuNCs showed an approximately globular shape, and their average
size was calculated to be 3.7 nm. Moreover, Hb-AuNCs were verified to have high biocompatibility
according to a cell viability assay and fluorescence images of Vero cells. To detect the three different
Hp phenotypes, fluorescent Hb-AuNCs were successfully qualitatively analyzed in plasma because of
the formation of Hp-Hb-AuNCs. Overall, our work demonstrated that fluorescent Hb-AuNCs can be
applied for the clinical diagnosis of three different Hp phenotypes.
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