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Abstract: Serum bilirubin is an important biomarker for the diagnosis of various types of liver
diseases and blood disorders. A polydopamine/gold nanoclusters composite film was fabricated for
the fluorescent sensing of free bilirubin. Bovine serum albumin (BSA)-stabilized gold nanoclusters
(AuNCs) were used as probes for biorecognition. The polydopamine film was utilized as an adhesion
layer for immobilization of AuNCs. When the composite film was exposed to free bilirubin, due to
the complex that was formed between BSA and free bilirubin, the fluorescence intensity of the
composite film was gradually weakened as the bilirubin concentration increased. The fluorescence
quenching ratio (F0/F) was linearly proportional to free bilirubin over the concentration range of
0.8~50 µmol/L with a limit of detection of 0.61 ± 0.12 µmol/L (S/N = 3). The response was quick,
the film was recyclable, and common ingredients in human serum did not interfere with the detection
of free bilirubin.
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1. Introduction

Bilirubin is an endogenous compound derived from the breakdown of hemoglobin.
Approximately 250~300 mg bilirubin is formed daily in a normal adult. More is formed in the
neonate [1]. Bilirubin can be categorized into two forms: conjugated bilirubin and unconjugated
bilirubin (or free bilirubin), depending on whether there is glucuronidation or not [2]. After glucuronide
conjugation, conjugated bilirubin becomes water-soluble and is nontoxic to tissue. Free bilirubin
(fBR) is highly toxic because it can pass through the cell membrane and brain barrier due to its
hydrophobicity [3]. Under normal conditions, most of the bilirubin can be metabolized in the liver
by conjugating mainly with glucuronic acid, allowing for excretion in the bile [4]. The complex
metabolism of bilirubin is disturbed easily by liver dysfunction, leading to high levels of fBR in blood.
Excessive fBR has an affinity to nervous tissue and can deposit on brain tissue to cause brain damage
or even death [5,6]. Serving as a diagnostic marker of liver and blood disorders, the analysis of fBR is
clinically desirable.

As concerns fBR detection in serum samples, various methods can be found in the reported
literature. The classical methods are usually based on diazo reactions or vanadate oxidation [7], but the
reaction is indirect (needing an accelerator substance) and pH-dependent. Methods using bilirubin
oxidase, peroxidase, or an artificial enzyme have been developed for electrochemical detection of
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fBR [8,9]. The disadvantages of electrochemical fBR biosensors are that they may be susceptible to
interference from electroactive species in the sample and the response could be limited to the molecular
oxygen in the solution. Some methods using sophisticated instruments have also been applied to
improve the selectivity and limit of detection (LOD), such as high-performance liquid chromatography
(HPLC) on a reverse-phase (RP) C18 support coupled with thermal lens spectrometric detection [10],
liquid chromatography-mass spectrometry (LC-MS) utilizing a molecularly imprinted sol–gel xerogel
for bilirubin microextraction [11], and microfluidic chip-capillary electrophoresis [12].

Fluorescence is a powerful tool in the analytical field owing to its simplicity of implementation,
high specificity, and high sensitivity [13–15]. For bilirubin, no fluorescence in the visible region is
observed at room temperature. However, fluorescence appears when a zinc acetate/Tris-DMSO
solution is added to a bilirubin solution [16]. Some fluorescent probes have been developed for the
sensitive and selective determination of fBR. For instance, Ru(bipy)3

2+ [17] and a yttrium–norfloxacin
complex [18] were used as fluorescence probes for fBR based on the quenching effect. A bovine
serum albumin (BSA)-stabilized copper nanocluster that was modulated by Fe (III) [19] and mimetic
peroxidase [20] was fabricated for bilirubin quantification by fluorescence enhancement. Water-soluble
polyfluorenes with a D-glucuronic acid appendage [21], a metal organic framework [22], and a
fluorescent new imine [23] were designed for fBR determination utilizing the fluorescence resonance
energy transfer (FRET) mechanism.

Most of the abovementioned sensors were developed by dispersing the fluorescent probes in
solutions for bilirubin sensing and the probes were difficult to recycle. Apparently, these one-off
sensors may increase the reagent consumption, experimental cost, and risk of environmental pollution.
Thus, developing a surface sensor is necessary to overcome these disadvantages. Gold nanoclusters
(AuNCs) are a new kind of fluorescent nanomaterial with the advantages of a long lifetime, a large
Stokes shift, and biocompatibility. AuNCs have found application in cell imaging, enzyme mimics,
biosensors, and photovoltaics [24–28] Gold nanoclusters have been studied extensively in solution.
However, only a few studies have discussed the production of an optical AuNCs film. Chen’s group
reported a recyclable fluorescent AuNCs membrane for copper (II) ion sensing by using the excellent
membrane-forming ability of BSA under the isoelectric point [29]. The thick film (ca. 100 µm) resulted
in a relatively long response time (10 min). AuNCs were also embedded into polymeric hosts for optical
measurements [30,31]. For a sensing purpose, physical entrapment by a polymer would produce a
thick film and suffer from leaching of the AuNCs.

In this work, we prepared a gold nanoclusters film supported on polydopamine (PDA) for
fluorescent sensing of fBR. BSA-templated AuNCs were covalently bonded onto polydopamine film.
BSA acted as the biorecognition element for fBR and AuNCs as the fluorescence reporting unit. The film
showed a good response towards fBR by fluorescence quenching.

2. Materials and Methods

2.1. Reagents and Instrumentations

Bovine serum albumin (BSA) and chloroauric acid (HAuCl4.3H2O) were purchased from
Sigma-Aldrich and Shanghai Reagent (Shanghai, China), respectively. Glutaraldehyde, bilirubin,
and all other reagents used in the experiment were obtained from Aladdin Reagent (Shanghai,
China). Bilirubin (1 mg) was first dissolved with 0.1 M NaOH (0.1 mL) and then diluted with 50 mM
phosphate-buffered solution (PBS) (pH 7.4) to 10 mL to obtain a stock solution (171 µM). Chemicals
and solvents were all of analytical reagent grade unless otherwise stated. Ultrapure water (18.2 MΩ,
Milli-Q, Millipore) was used throughout the experiment.

Fluorescence spectra and UV-vis absorption spectra were measured with a Hitachi F-4600
spectrofluorophotometer and a Hitachi UH-5300 spectrophotometer, respectively. Scanning electron
microscopy (SEM) images were obtained from a field emission SEM (Hitachi S-4800). The morphology
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and size of the gold nanoclusters were characterized by a JEOL 2100 high-resolution transmission
electron microscope (HRTEM) operating at an accelerating voltage of 200 kV.

2.2. Preparation of the Gold Nanoclusters Film by Polydopamine Adhesion

AuNCs were synthesized according to [32]. All glassware used in the preparation of AuNCs
should be cleaned first with aqua regia and then rinsed thoroughly with ultrapure water. A solution
of HAuCl4 (20 mL, 10 mM, 37 ◦C) was added to BSA solution (20 mL, 50 mg/mL, 37 ◦C) under
vigorous stirring. After 2 min, NaOH solution (1 M) was introduced until pH = 12, and the mixture
was incubated at 37 ◦C for 8 h. The solution color changed from light-yellow to light-brown and finally
to deep brown. The obtained AuNCs were further purified by dialysis (MWCO 35 kDa) in ultrapure
water for 24 h to remove excessive reactants. The final solution was lyophilized and stored at 4 ◦C for
further use.

Dopamine was dissolved in 10 mM Tris-HCl (pH 8.5). A quartz glass chip was cleaned sequentially
with acetone, ethanol, and water under ultrasonication. Then, the chip was vertically dipped into
dopamine solution (2 mg/mL) under mild stirring at room temperature for 12 h. Through the
self-polymerization of dopamine, polydopamine particles were formed and coated onto the substrate.
The coated surface was rinsed with distilled water and dried under a stream of nitrogen. The chip
was dipped in 2% concentration of glutaraldehyde for 2 h, washed subsequently in water, and dried
with nitrogen. Finally, the composite film was obtained by incubating polydopamine with 50 mg/mL
AuNCs in PBS buffer (50 mM, pH 7.4) in a moisture chamber at room temperature for 8 h. After
incubation, the chip was rinsed with PBS to remove the unreacted AuNCs, dried in air, and stored at
4 ◦C for use.

2.3. Fluorescence Measurements

The chip with the PDA/AuNCs film was mounted with a solid sample holder and placed in a
10 mm quartz cuvette. The cuvette was positioned in the fluorimeter to ensure excitation and emission
at 45 degrees to the surface. An edge filter (long wave pass, 500 nm) was used before the emission
monochromator to cut off the scattered light from excitation. The split width for the excitation and
emission monochromators was set at 5 nm. Different concentrations of bilirubin solutions (2 mL) were
added to the cuvette and equilibrated with the film for 2 min. The fluorescence emission intensity was
recorded at 597 nm with an excitation wavelength of 487 nm at 25 ± 1 ◦C.

3. Results and Discussion

3.1. Characterization of PDA/AuNCs Film

Gold nanoclusters were prepared by using BSA as a reducing and protecting agent. The solution
was dark brown and emitted intense red fluorescence under ultraviolet (UV) light (365 nm). As depicted
in the HRTEM image, AuNCs were spherical particles with an average diameter of ca. 1 nm. The
lattice fringes of AuNCs had a discerned lattice spacing of 0.25 nm, which was ascribed to the d spacing
of the {111} crystal plane of metallic Au (Figure 1A). The lattice spacing value is consistent with the
previous report [33].

The absorption and fluorescence spectra of AuNCs are presented in Figure 1B. The BSA-AuNCs
had a weak peak centered at 280 nm, which belonged to the absorption of BSA (Figure 1B). For the
AuNCs solution, there were two excitation peaks centered at 370 nm and 495 nm, respectively. When
excited at 370 nm, the BSA-AuNCs displayed dual emission peaks at 440 nm and 638 nm. The weak
blue peak came from BSA surface oxidation species and the strong red emission arose from the core
AuNCs unit.
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Figure 1. HRTEM images of gold nanoclusters (AuNCs) (A) and their absorption and fluorescence
spectra (B).

The PDA film was prepared by the self-polymerization of dopamine in alkali media. SEM was
carried out to characterize the morphology of the PDA film before and after AuNCs immobilization
(Figure 2). As shown in Figure 2A, polydopamine nanoparticles with diameter of about 100 nm were
formed spontaneously onto the quartz glass. Polydopamine film was used as an adhesion layer to
immobilize the BSA-AuNCs for bilirubin sensor fabrication. The film surface became smooth after
BSA-AuNCs immobilization (Figure 2B).

Figure 2. SEM images of the PDA film (A) and PDA/AuNCs film (B).

The UV-Vis spectra of the PDA and PDA/AuNCs film are shown in Figure 3. There was no
obvious absorption peak for the PDA film. Once BSA-AuNCs were bonded onto PDA, a broad peak
centered at 280 nm was observed, which was attributed to BSA absorption. The PDA/AuNCs film
was transparent under visible light and emitted strong red fluorescence under UV light (365 nm)
(Figure 3A). The fluorescence spectra of the film are presented in Figure 3B. No obvious fluorescence
band of polydopamine was observed. After BSA-AuNCs were immobilized, the film emitted the
typical red emission of AuNCs. Compared to BSA-AuNCs solution, the excitation at 370 nm and the
emission at 440 nm of the film disappeared. Moreover, the wavelengths of excitation and emission were
blue-shifted to 487 nm and 597 nm, respectively. The blue shift may be ascribed to the binding between
BSA-AuNCs and the solid PDA film, which restricted the molecular motion, and the intercluster
distance became very short. The cluster−cluster interactions changed the energy transfer between the
surface ligands of neighboring clusters and increased the energy spacing between the ground state
and the excited state, resulting in a blue-shift emission [30].

The fluorescence of the AuNCs/PDA film could be modulated by changing the concentration of
AuNCs solution for binding. Concentrations of 20, 30, 40, 50, and 60 mg/mL AuNCs solutions were
investigated for film fabrication, and the fluorescence intensities were 30 ± 5, 53 ± 8, 78 ± 12, 257 ±
14, and 464 ± 24, respectively. It is obvious that a higher concentration of AuNCs for immobilization is
favorable for improving the fluorescent performance of the film.
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Figure 3. UV-Vis spectra (A) and fluorescence spectra (B) of AuNCs/PDA film (Ex: excitation, Em:
Emission). Inset: images of the PDA film (left), the PDA/AuNCs film (middle) under visible light, and
the AuNCs/PDA film under UV light (365 nm) (right).

3.2. PDA/AuNCs Film for Fluorescent Sensing of fBR

It is known that fBR is transported in blood by binding strongly with serum albumin to form
a water-soluble complex before liver metabolism, and this binding lowers the level of fBR in blood
plasma [1]. Based on the interaction between fBR and the BSA template of AuNCs, a PDA/AuNCs
composite film was designed for the sensitive and selective determination of fBR. In the sensing film,
BSA and AuNCs acted, respectively, as the recognition component and the signal reporting unit for
bilirubin detection. It was found that fBR could significantly quench the fluorescence emission of the
sensing film due to the formation of a non-fluorescent complex. Therefore, by using the PDA/AuNCs
composite film as a sensing platform, a method was established for fluorescent determination of fBR
in serum.

Fluorescence may be influenced by pH and temperature. Hence, their effect on the fluorescence
response of the film to bilirubin was investigated by adjusting the temperature and pH value of
PBS solution (50 mM) (Figure 4). Figure 4A illustrates the value of F0, F, and F0/F (where F0 and F
are the fluorescence intensities for the sensing film in the absence and presence of 50 µM bilirubin,
respectively) of the film at different pH values. The change in pH value exerted a moderate influence
on F0 and F. The relatively low fluorescence quenching F0/F of the film in pH < 7.4 media might be
ascribed to the decrease in bilirubin solubility at a lower pH value. However, higher pH values could
destroy the formation of the bilirubin–BSA complex to reduce fluorescence quenching. Physiological
pH (7.4) was suitable for bilirubin detection. The effect of temperature on bilirubin sensing is shown in
Figure 4B. A higher quenching efficiency was achieved beyond physiological temperature, while the
BSA-AuNCs exhibited a drop in emission intensity upon raising the temperature. Hence, bilirubin
determination could be carried out at 25 ◦C.

Figure 4. The effect of pH (T = 25 ◦C) (A) and temperature (pH = 7.4) (B) on the fluorescence response
of the AuNCs-PDA film to bilirubin (50 µM).
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When the PDA/AuNCs film was exposed to bilirubin, the fluorescence of AuNCs was quenched
notably due to the formation of a non-fluorescent BSA–bilirubin complex. The interaction equilibrated
within 2 min. The fluorescence intensities of the film at 597 nm decreased gradually as the bilirubin
concentration was increased (with an excitation wavelength of 487 nm) (Figure 5A).

Figure 5. (A) Fluorescence quenching of the PDA/AuNCs film caused by increasing concentrations
of bilirubin. Inset is the dynamic fluorescence quenching over time upon bilirubin (10 µM) addition.
(B) The calibration curve for bilirubin sensing when using 50 mg/ml (square) and 60 mg/ml (triangle)
of AuNCs for immobilization. Three repeat measurements were done for each set of data. Inset displays
the linear curve in the concentration region of 0–3 µM bilirubin.

The fluorescence of the PDA/AuNCs film was gradually quenched by increasing the concentration
of bilirubin (Figure 5A). The calibration curve was established by using the PBS solution at pH 7.40
and 25 ◦C. The sensing ability of the film could be adjusted by changing the concentration of AuNCs
for immobilization. Using a lower concentration of AuNCs (≤50 mg/ml), the film had higher bilirubin
sensitivity than those with a higher concentration of AuNCs (≥60mg/ml). A wider linear range could
be achieved when the film was prepared in a higher concentration of AuNCs, as shown in Figure 5B.
Taking sensitivity and linear range into account, 50 mg/ml of AuNCs was suitable for film preparation.
The linear curve of the film was achieved in the concentration range of 0.8~50 µM. The calibration
equation was expressed as: F0/F−1=0.0291C (µM)−0.0067, with an LOD of 0.61 ± 0.12 µM of bilirubin
(S/N = 3). The relative standard deviation for the five replicate measurements of 10 µM was 2.3%.

Santhosh et al. reported a fluorometric probe based on human serum albumin (HSA)-stabilized
AuNCs for fBR detection in homogenous solution, which had a linear range of 1~50 µM and an LOD
of 0.246 µM (S/N = 3) [34]. The main differences between our work and Santhosh et al.’s are as follows:
(1) AuNCs were bound covalently onto the PDA film by surface chemistry. The film sensor could be
recycled and was integrated easily with the device, avoiding an increase in reagent consumption and
experimental cost. (2) Covalent immobilization of AuNCs helped to improve the sensitivity. In this
film sensor, BSA acted as the biorecognition unit for fBR. Although the binding of BSA with bilirubin is
2–13 times weaker than that of HSA, this sensor achieves a comparable sensitivity and linear range to
the reported literature [34]. Moreover, BSA is cheaper than HSA. (3) AuNCs in the surface binding state
had distinct fluorescence properties. Being different from the situation of probes in solution or polymer
solids, the molecular motion of BSA-AuNCs on PDA/AuNCs film is inhibited completely [30,35].
Thus, the energy spacing might be altered, resulting in blue-shift fluorescence both for excitation and
emission. On the other hand, surface immobilization would change the distribution of probes and
the microenvironment of the BSA matrix, which may exert influence on the sensing properties of the
film [36].

Reusability is an important parameter for sensors. After interacting with bilirubin, the fluorescence
of the PDA/AuNCs film could be regenerated by 0.1 M NaOH and then washing with pure water.
The film sensor was interacted repeatedly with 10 µM of bilirubin and 0.1 M of NaOH to determine
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the reusability. The quenching efficiencies (F0/F) were measured and are shown in Figure 6A.
There is no significant change in the fluorescence response of the film towards bilirubin in each
sensing/regeneration cycle, indicating that the sensor has acceptable reusability.

Figure 6. The recyclability of the AuNCs-PDA film by repeated exposure to bilirubin and NaOH (A)
and the effect of coexisting substances on free bilirubin (fBR) sensing (B).

An interference study was carried out to investigate the specificity of this method for bilirubin
detection. The effect of some common substances present in blood serum, such as heme, dopamine,
galactose, glucose, fructose, uric acid, glutathione, and cholesterol (1000 µM each), was investigated by
having them coexist with 10 µM of bilirubin. The experimental results revealed that the coexisting
compounds did not interfere with bilirubin detection (Figure 6B).

3.3. Determination of fBR in Human Blood Serum

To evaluate the feasibility of the film, sensing studies were carried out for detecting fBR in human
serum. Human blood serum was obtained from No.181 Hospital in Guilin City, China. Unknown
concentrations of bilirubin were determined by the standard addition method. Then, some known
concentrations of bilirubin were spiked with human serum samples and the obtained results are listed
in Table 1. The proposed methods have good recoveries, in the range of 98–105%, which suggests that
the developed biosensor has the potential to detect bilirubin in human serum.

Table 1. The determination of fBR in human blood serum samples.

Sample Determined
(µM)

Spiked
(µM)

Found a

(µM)
RSD b

(%)
Recovery c (%)

Sample 1 5.73 ± 0.34 5.00 10.96 ± 0.28 2.6 104.6
20.00 25.65 ± 1.10 4.3 99.6

Sample 2 7.85 ± 0.45 5.00 12.92 ± 0.31 2.4 101.4
20.00 27.88 ± 1.31 4.7 100.2

Sample 3 15.87 ± 1.08 5.00 20.78 ± 0.66 3.2 98.2
20.00 36.02 ± 1.30 3.6 100.6

a Value = mean ± SD (n = 3). b RSD = relative standard deviation. c Recovery = (Found-Determined) × 100%/Spiked.

4. Conclusions

In order to overcome the disadvantages of one-off sensors that are dispersed in solutions during
analysis, a recyclable sensor was developed for the detection of fBR based on a PDA/AuNCs film.
PDA was deposited on a quartz slide and BSA-AuNCs were covalently bonded onto the film through
glutaraldehyde linking. Surface immobilization of the fluorescent probes provided a quick and
sensitive response towards fBR. The sensor is suitable for the determination of fBR in human serum.



Sensors 2019, 19, 1726 8 of 9

Author Contributions: Z.L. performed the experiments. W.X. conceptualized the method and acquired funding.
R.H. and Y.J. implemented the method and performed the analysis of experimental results. F.C. carried out the
characterization. Z.C. provided guidance and revised the manuscript. All authors discussed the results and
contributed to writing the paper.

Funding: This research was funded by the National Natural Science Foundation of China (No.61761013),
the Natural Science Foundation of Guangxi Province (No. 2017GXNSFAA198116), the Guangxi Young and
Middle-aged Teachers’ Basic Ability Upgrading Project of “Nanosensors based on fluorescent mesoporous
silica functionalized by amino acid receptor and their applications for the selective detection and adsorption of
heavy metal ions” (No. ky2016YB153), the Guangxi Key Laboratory of Automatic Detection Technology and
Instruments Foundation Project (No. YQ17113), the National College Students’ Innovation Training Program
(No. 201710595025), and the Natural Science Foundation of Guangxi 2017GXNSFGA198005).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fevery, J. Bilirubin in clinical practice: A review. Liver Int. 2008, 28, 592–605. [CrossRef]
2. Westwood, A. The analysis of bilirubin in serum. Ann. Clin. Biochem. 1991, 28, 119–130. [CrossRef] [PubMed]
3. Hansen, T. Mechanisms of bilirubin toxicity: Clinical implications. Clin. Perinatol. 2002, 29, 765–778.

[CrossRef]
4. Chen, S.; Lu, W.; Yueh, M.; Rettenmeier, E.; Liu, M.; Auwerx, J.; Yu, R.; Evans, R.; Wang, K.; Karind, M.

Intestinal NCoR1, a regulator of epithelial cell maturation, controls neonatal hyperbilirubinemia. Proc. Natl.
Acad. Sci. USA 2017, 114, E1432–E1440. [PubMed]

5. Shapiro, S. Bilirubin toxicity in the developing nervous system. Pediatr. Neurol. 2003, 29, 410–421. [CrossRef]
6. Ahlfors, C.; Wennberg, R.; Ostrow, J.; Tiribelli, C. Unbound (free) bilirubin: Improving the paradigm for

evaluating neonatal jaundice. Clin. Chem. 2009, 55, 1288–1299. [PubMed]
7. Ameri, M.; Schnaars, H.; Sibley, J.; Honor, D. Comparison of the vanadate oxidase method with the diazo

method for serum bilirubin determination in dog, monkey, and rat. J. Vet. Diagn. Investig. 2011, 123, 120–123.
8. Batra, B.; Lata, S.; Rana, J.; Pundir, C.S. Construction of an amperometric bilirubin biosensor based on

covalent immobilization of bilirubin oxidase onto zirconia coated silica nanoparticles/chitosan hybrid film.
Biosens. Bioelectron. 2013, 44, 64–69. [PubMed]

9. Noh, H.; Won, M.; Shim, Y. Selective nonenzymatic bilirubin detection in blood samples using a
nafion/mn–cu sensor. Biosens. Bioelectron. 2014, 61, 554–561. [CrossRef]

10. Martelanc, M.; Žiberna, L.; Passamonti, S.; Franko, M. Direct determination of fBR in serum at sub-nanomolar
levels. Anal. Chim. Acta 2014, 809, 174–182. [CrossRef] [PubMed]

11. Moein, M.M.; Jabbar, D.; Colmsjö, A.; Abdelrehim, M. A needle extraction utilizing a molecularly
imprinted-sol-gel xerogel for on-line microextraction of the lung cancer biomarker bilirubin from plasma
and urine samples. J. Chromatogr. A 2014, 1366, 15–23. [CrossRef]

12. Sun, H.; Nie, Z.; Fung, Y.S. Determination of fBR and its binding capacity by HSA using a microfluidic
chip-capillary electrophoresis device with a multi-segment circular-ferrofluid-driven micromixing injection.
Electrophoresis 2010, 31, 3061–3069. [CrossRef] [PubMed]

13. Li, H.X.; Jin, R.; Kong, D.S.; Zhao, X.; Liu, F.M.; Yan, X.; Lin, Y.H.; Lu, G.Y. Switchable fluorescence
immunoassay using gold nanoclusters anchored cobalt oxyhydroxide composite for sensitive detection of
imidacloprid. Sens. Actuators B Chem. 2019, 283, 207–214. [CrossRef]

14. Xiao, W.; Han, G.; Chen, Z. Ratiometric fluorescent sensing of copper ion based on a pyrene schiff base
langmuir-blodgett film. Sens. Lett. 2015, 13, 501–505. [CrossRef]

15. Xiao, W.; Chen, Z. Fluorescent iron (III) determination based on salicylaldehyde functionalized bimodal
mesoporous silica. J. Nanosci. Nanotechnol. 2016, 16, 12666–12670. [CrossRef]

16. Kohashi, K.; Date, Y.; Morita, M.; Tsuruta, Y. Fluorescence reaction of bilirubin with zinc ion in dimethyl
sulfoxide and its application to assay of total bilirubin in serum. Anal. Chim. Acta 1998, 365, 177–182.
[CrossRef]

17. Wabaidur, S.M.; Eldesoky, G.E.; Alothman, Z.A. The fluorescence quenching of Ru(bipy)3
2+: An application

for the determination of bilirubin in biological samples. Luminescence 2018, 33, 625–629. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1478-3231.2008.01716.x
http://dx.doi.org/10.1177/000456329102800202
http://www.ncbi.nlm.nih.gov/pubmed/1859150
http://dx.doi.org/10.1016/S0095-5108(02)00053-2
http://www.ncbi.nlm.nih.gov/pubmed/28167773
http://dx.doi.org/10.1016/j.pediatrneurol.2003.09.011
http://www.ncbi.nlm.nih.gov/pubmed/19423734
http://www.ncbi.nlm.nih.gov/pubmed/23395724
http://dx.doi.org/10.1016/j.bios.2014.06.002
http://dx.doi.org/10.1016/j.aca.2013.11.041
http://www.ncbi.nlm.nih.gov/pubmed/24418149
http://dx.doi.org/10.1016/j.chroma.2014.09.012
http://dx.doi.org/10.1002/elps.200900749
http://www.ncbi.nlm.nih.gov/pubmed/20737465
http://dx.doi.org/10.1016/j.snb.2018.12.026
http://dx.doi.org/10.1166/sl.2015.3500
http://dx.doi.org/10.1166/jnn.2016.13756
http://dx.doi.org/10.1016/S0003-2670(97)00666-1
http://dx.doi.org/10.1002/bio.3455
http://www.ncbi.nlm.nih.gov/pubmed/29399944


Sensors 2019, 19, 1726 9 of 9

18. Kamruzzaman, M.; Alam, A.M.; Hak Lee, S.; Ho Kim, Y.; Kim, G.M.; Hyub Oh, S. Spectrofluorimetric
quantification of bilirubin using yttrium–norfloxacin complex as a fluorescence probe in serum samples.
J. Lumin. 2012, 132, 3053–3057. [CrossRef]

19. Jayasree, M.; Aparna, R.S.; Anjana, R.R.; Devi, J.S.A.; John, N.; Abha, K.; Manikandan, A.; George, S.
Fluorescence turn on detection of bilirubin using Fe (III) modulated BSA stabilized copper nanocluster; a
mechanistic perception. Anal. Chim. Acta 2018, 1031, 152–160. [CrossRef]

20. Zhang, M.M.; Xu, L.Y.; Ma, Q.B.; Yu, H.; Fang, H.F.; Lin, Z.X.; Zhang, Q.L.; Chen, Z. A pH-Controlled
Kit for Total and Direct Bilirubin Built on Mimetic Peroxidase CoFe2O4-DOPA-Catalyzed Fluorescence
Enhancement. ACS Appl. Mater. Interfaces 2018, 10, 42155–42164. [CrossRef]

21. Senthilkumar, T.; Asha, S.K. Selective and sensitive sensing of fBR in human serum using water-soluble
polyfluorene as fluorescent probe. Macromolecules 2015, 48, 3449–3461. [CrossRef]

22. Du, Y.; Li, X.; Lv, X.; Jia, Q. Highly sensitive and selective sensing of fBR using metal-organic
frameworks-based energy transfer process. ACS Appl. Mater. Interfaces 2017, 9, 30925–30932. [CrossRef]

23. Ellairaja, S.; Shenbagavalli, K.; Ponmariappan, S.; Vasantha, V.S. A green and facile approach for
synthesizing imine to develop optical biosensor for wide range detection of bilirubin in human biofluids.
Biosens. Bioelectron. 2017, 91, 82–88. [CrossRef]

24. Chen, L.Y.; Wang, C.W.; Yuan, Z.; Chang, H.T. Fluorescent gold nanoclusters: Recent advances in sensing
and imaging. Anal. Chem. 2015, 87, 216–229. [CrossRef]

25. Zhuo, C.X.; Wang, L.H.; Feng, J.J.; Zhang, Y.D. Label-free fluorescent detection of trypsin activity based on
DNA-stabilized silver nanocluster-peptide conjugates. Sensors 2016, 16, 1477–1486. [CrossRef]

26. Li, H.; Jin, R.; Kong, D.; Zhao, X.; Liu, F.; Yan, X.; Lin, Y.; Lu, G. A Dual-Emission Fluorescent Nanocomplex
of Gold-Cluster-Decorated Silica Particles for Live Cell Imaging of Highly Reactive Oxygen Species. J. Am.
Chem. Soc. 2013, 135, 11595–11602.

27. Abbas, M.A.; Kim, T.Y.; Lee, S.U.; Kang, Y.S.; Bang, J.H. Exploring interfacial events in
gold-nanocluster-sensitized solar cells: Insights into the effects of the cluster size and electrolyte on solar cell
performance. J. Am. Chem. Soc. 2016, 138, 390–401. [CrossRef]

28. Cho, S.; Shin, H.Y.; Kim, M.I. Nanohybrids consisting of magnetic nanoparticles and gold nanoclusters as
effective peroxidase mimics and their application for colorimetric detection of glucose. Biointerphases 2017,
12, 01A401. [CrossRef]

29. Lin, Z.; Luo, F.; Dong, T.; Zheng, L.; Wang, Y.; Chi, Y.; Chen, G. Recyclable fluorescent gold nanocluster
membrane for visual sensing of copper(ii) ion in aqueous solution. Analyst 2012, 137, 2394–2399. [CrossRef]

30. Wu, R.H.; Yau, S.H.; Iii, T.G. Linear and nonlinear optical properties of monolayer-protected gold nanocluster
films. ACS Nano 2016, 10, 562–572. [CrossRef]

31. Pu, Z.; Yi, W.; Yin, Y. Facile fabrication of a gold nanocluster-based membrane for the detection of hydrogen
peroxide. Sensors 2016, 16, 1124–1134.

32. Xie, J.; Zheng, Y.; Ying, J.Y. Protein-directed synthesis of highly fluorescent gold nanoclusters. J. Am.
Chem. Soc. 2009, 131, 888–889. [CrossRef]

33. Yan, L.; Cai, Y.; Zheng, B.; Yuan, H.; Guo, Y.; Xiao, D.; Choi, M.M.F. Microwave-assisted synthesis of
BSA-stabilized and HSA-protected gold nanoclusters with red emission. J. Mater. Chem. 2011, 22, 1000–1005.
[CrossRef]

34. Santhosh, M.; Chinnadayyala, S.R.; Kakoti, A.; Goswami, P. Selective and sensitive detection of fBR in blood
serum using human serum albumin stabilized gold nanoclusters as fluorometric and colorimetric probe.
Biosens. Bioelectron. 2014, 59, 370–376. [CrossRef]

35. Hayashi, Y.; Kawada, Y.; Ichimura, K. Dicyanoanthracene as a fluorescence probe for studies on silica
surfaces. Langmuir 1995, 11, 2077–2082. [CrossRef]

36. Fang, Y.; Ning, G.; Hu, D.; Lu, J. Synthesis and solvent-sensitive fluorescence properties of a novel
surface-functionalized chitosan film: Potential materials for reversible information storage. J. Photochem.
Photobiol. A Chem. 2000, 135, 141–145. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jlumin.2012.06.013
http://dx.doi.org/10.1016/j.aca.2018.05.026
http://dx.doi.org/10.1021/acsami.8b17554
http://dx.doi.org/10.1021/acs.macromol.5b00043
http://dx.doi.org/10.1021/acsami.7b09091
http://dx.doi.org/10.1016/j.bios.2016.12.026
http://dx.doi.org/10.1021/ac503636j
http://dx.doi.org/10.3390/s16111477
http://dx.doi.org/10.1021/jacs.5b11174
http://dx.doi.org/10.1116/1.4974198
http://dx.doi.org/10.1039/c2an35068h
http://dx.doi.org/10.1021/acsnano.5b05591
http://dx.doi.org/10.1021/ja806804u
http://dx.doi.org/10.1039/C1JM13457D
http://dx.doi.org/10.1016/j.bios.2014.04.003
http://dx.doi.org/10.1021/la00006a039
http://dx.doi.org/10.1016/S1010-6030(00)00305-1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents and Instrumentations 
	Preparation of the Gold Nanoclusters Film by Polydopamine Adhesion 
	Fluorescence Measurements 

	Results and Discussion 
	Characterization of PDA/AuNCs Film 
	PDA/AuNCs Film for Fluorescent Sensing of fBR 
	Determination of fBR in Human Blood Serum 

	Conclusions 
	References

