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We report a paper-based surface-enhanced Raman spectroscopy (SERS) biosensor integrating the enrichment
capability, namely enPSERS biosensor, for the sensitive, label-free detection of free bilirubin in blood serum for
the accurate diagnosis of jaundice and its related diseases. This biosensor comprises multifunctional graphene
oxide-plasmonic gold nanostar (GO-GNS) hybrids decorated on the filter paper, which integrates the high sen-
sitivity of SERS detection, enrichment for serum bilirubin and fluorescence superquenching capability of GO-
GNS hybrids for sensitive detection of serum bilirubin. The study of adsorption kinetics reveals that both
electrostatic and st-it interactions between the GO-GNS hybrids and targets are responsible for the enrichment of
bilirubin, and the adsorption process follows the pseudo-second-order kinetic model. The results of SERS de-
tection of bilirubin in blood serum show two differential linear response ranges from 5.0 to 150 uM and
150-500 uM with the detection limit as low as 0.436 uM. The comparison of the results obtained from our
present enPSERS biosensor with the commercial diazo reaction method for determination of free bilirubin in
blood serum reveals the clinical effectiveness and suitability of the developed paper-based SERS biosensor. We
believe that this sensitive and label-free SERS biosensor holds considerable promise for clinical translation in
accurate diagnosis of jaundice.

1. Introduction

Jaundice continues to be a serious health concern and is among the
leading causes of deaths during the first days of newborn babies’ lives
(Olusanya et al., 2018; Bonnett et al., 1976). Serum bilirubin is cur-
rently being exploited in the clinic as a key biomarker for the diagnosis
and management of neonatal jaundice. Bilirubin is the breakdown
product of heme proteins formed in the heme catabolism. It normally
exists as a free (unconjugated) form of a lipophilic nature in human
blood but can bind to human serum albumin to form a water-soluble
complex, eventually excreted into the bile (Brodersen and Stern, 1980;
Hooda et al., 2017). Free bilirubin in blood serum is generally un-
excretable and toxic to human body; high level of free bilirubin (called
hyperbilirubinemia) in serum may evoke hepatic or biliary tract dys-
function, mental disorders, permanent brain damage especially in
neonates, even death in more severe cases (Berthelot et al., 2018). In
general, the normal level of free bilirubin is < 25uM (< 12mg/L) in
healthy human blood but it is increased to > 50 uM (> 25mg/L)
under jaundice condition (Hooda et al., 2017; Silbernagl and
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Despopoulos, 2009). Disorders in the metabolism of bilirubin may lead
to some symptoms — yellowish discoloration of the skin and eyes, dark
yellow urine, headache, weight loss, fatigue, drowsiness and (or) low
appetite (Brito et al., 2006; Subbiah and West, 2016). Thus, un-
controlled or rapidly rising level of free bilirubin in serum could po-
tentially cause lethal consequences if not appropriately treated.
Therefore, there is a pressing need to monitor the concentration of free
bilirubin in human serum for diagnosing jaundice and hyperbilir-
ubinemia-induced disorders.

The gold standard method for measuring free bilirubin in serum
samples is high-performance liquid chromatography (HPLC) because it
is not subject to interference from other heme proteins (Bhutani et al.,
2003). However, this method is labor-intensive and not practical for
clinical use. Currently, the commonly used methods for serum bilirubin
determination in clinical settings are direct spectroscopic measurement
and the diazo reaction method (Kazmierczak et al., 2002; Batra et al.,
2013; Hajzer, 1989; Hutchinson et al., 1972). However, direct spec-
troscopic measurement usually suffers from interference with other
heme proteins existing in blood serum while the pH dependence of the
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diazo reaction compromises the accuracy of the diazo method. Other
alternative methods for bilirubin detection include bilirubin oxidase
based enzymatic assay (Doumas et al., 1987), vanadate oxidation assay
(Ameri et al., 2011), polarography (Zeng et al., 1994), colorimetric
method (Rolinski et al., 2001), fluorimetric method (Ellairaja et al.,
2017; Du et al., 2017), capillary electrophoresis and electrochemical
method (Batra et al., 2013; Thangamuthu et al., 2018; Rahman et al.,
2008). Drawbacks such as low sensitivity, high-cost, toxic chemicals
and low-stability of bilirubin oxidase limit the use of the bilirubin
oxidase method under ambient conditions. Additionally, other methods
have limitations regarding expensive instrumentation, tedious sample
preparation, high cost, professional training, less specificity, etc. To
address unmet demands, it is very urgent to develop a rapid and eco-
nomical route for sensitive and specific detection of free bilirubin di-
rectly in human serum.

Surface-enhanced Raman spectroscopy (SERS) has gained con-
siderable attention as a potent analytical tool in biomedical applica-
tions owing to its near single-molecule detection sensitivity, powerful
multiplex capability and excellent photostability (Shan et al., 2018; Li
et al., 2015a; Stiles et al., 2008; Wang et al., 2012, 2017). By exploiting
the electromagnetic field confinement effect resulting from the excita-
tion of the localized surface plasmon resonance (LSPR) in noble-me-
tallic nanostructures, SERS signals of Raman molecules in close proxi-
mity to the plasmonic nanostructures can be dramatically enhanced
with sensitivity down to femtomolar concentrations (Shan et al., 2018;
Li et al., 2015a). More importantly, SERS is a truly label-free technique,
in that it provides intrinsic SERS signals of biomarkers of interest di-
rectly in complex biological matrices and does not require any label or
special treatment of the SERS substrates and samples. These advantages
enable SERS detection as an ideal alternative for sensitive and accurate
detections of serum bilirubin. It is logically realized that the plasmonic
substrates are paramount in obtaining high performance SERS biosen-
sing. In the past decades, much of the development effort of SERS
biosensing has been focused on innovating a variety of plasmonic na-
nostructures with high SERS enhancement factor (EF), with the aim of
improving the detection sensitivity (Li et al., 2012a, 2017; Rycenga
et al., 2011; Pu et al., 2018; Wei et al., 2009; Brolo et al., 2004). Ani-
sotropic nanostructures with “built-in” hot-spots including nanorods,
nanocubes, nanostars, nanotriangle plates and nanoflowers are more
attractive SERS substrates because of their high SERS enhancement
capability without the need for complicated manipulation that is
usually used to achieve hot-spots (Shan et al., 2018). Considering the
extremely low concentrations of biomarkers in clinical samples, the
design strategy of biosensors for the detection in real samples requires
the pre-concentration of biomarkers during the implementation of SERS
measurements, in addition to the large SERS enhancement by SERS
substrates. Previous studies integrated polymers or magnetic nanos-
tructures with SERS substrates for simultaneous enrichment and plas-
monic enhancement of the analytes, achieving excellent SERS detection
performance for biomarkers of pathological significance (Bai et al.,
2019; Zhang et al., 2012; Han et al., 2013; Zhou et al., 2016; Yuan
et al., 2018). In addition, it is widely reported that graphene and its
graphene oxide (GO) derivatives have been considered as excellent
drug carriers with extremely high drug loading capacity because of its
large surface area, low manufacturing cost, strong -t and electrostatic
interactions (Panikar et al., 2018; Wang et al., 2015; Chen et al., 2015,
2016; Qiu et al., 2017; Fan et al., 2013; Lu et al., 2011). Also, both
charge-transfer induced chemical enhancement for SERS and super-
quenching capability toward fluorescence were observed in graphene
and GO. Coating or hybridization of plasmonic nanoparticles with
graphene or GO nanosheets have been demonstrated for high perfor-
mance SERS sensing in the literature (Yu et al., 2011; Xu et al., 2012).
Therefore, the rational combination of plasmonic noble-metallic (i.e.,
Au, Ag) nanostructures with GO could provide a particularly promising
platform for sensitive SERS detection of serum bilirubin with molecular
specificity.
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In this work, we develop a paper-based SERS biosensor integrating
the enrichment capability, namely enPSERS biosensor, for sensitive,
label-free detection of serum bilirubin for the jaundice diagnosis. The
enPSERS biosensor combines the enrichment for serum bilirubin and
plasmonic enhancement for Raman signals of bilirubin for boosting the
label-free detection sensitivity directly in blood serum without the need
for additional sample preparation. The critical component of the
enPSERS biosensor is the graphene oxide-plasmonic gold nanostar (GO-
GNS) hybrids densely coated onto the filter paper. The plasmonic GNSs
are employed for the SERS enhancement because of its ultrahigh EF and
built-in “hot-spots”, as studied in detail in our previous work (Li et al.,
2012¢, 2013a, 2014; Pu et al., 2018). Rather than the direct growth
method, the physical self-assembly between the GO nanosheets and
plasmonic GNSs was adopted for the preparation of GO-GNS hybrids.
The physical self-assembly method makes excellent control over the
deposition of colloidal GNSs onto the GO nanosheets, and preserves the
initial morphology and high SERS activity of GNSs as well as the ad-
sorption properties of GO nanosheets. In the present design, three key
features contribute to the high-performance of the enPSERS biosensor:
(i) the bilirubin enrichment through the strong electrostatic and -t
interactions between the GO nanosheet and the bilirubin targets, (ii) the
superquenching of fluorescence by both GO nanosheets and GNSs, and
(iii) the high SERS activity of plasmonic GNSs. The developed enPSERS
biosensor provides advantages over conventional methods such as high
sensitivity and specificity, simple operation, rapid response, low cost
and reliability, for label-free SERS detection of free bilirubin in blood
serum. We expect that the present enPSERS biosensor has great po-
tential to serve as a powerful tool for the jaundice diagnosis in clinical
translation.

2. Materials and methods
2.1. Chemicals and materials

Graphene oxide (GO, > 99%) was obtained from Nanjing JCNANO
Tech Co., Ltd. (Nanjing, China). Poly(vinylpyrrolidone) (PVP,
(C¢HoNO),,, M.W. = 10 kg/mol) and trypan blue solution (TP, 0.4%)
were purchased from Sigma-Aldrich Shanghai Trading Co., Ltd.
(Shanghai, China). Trisodium citrate dihydrate (HOC(COONa)
(CH,COONa),*2H,0, analytical reagent), potassium chloride (analy-
tical reagent), sodium borohydride (=98%) and N,N-dimethylforma-
mide (DMF, anhydrous 99.8%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China). Chloroauric acid
(HAuCl4*4H,0, 99% trace metals basis) was ordered from Shanghai
Civi Chemical Technology Co., Ltd. (Shanghai, China). Gold standard
solution (1000 ug/mL) was obtained from Guobiao (Beijing) Testing &
Certification Co., Ltd. (Beijing, China). Bilirubin (> 98%) and methy-
lene blue (MB) were purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). Chemical analysis filter paper (¢ = 7 cm) was ob-
tained from Hangzhou Special Paper Industry Co., Ltd. (Hangzhou,
China). Poly(diallyldimethyl ammonium chloride) (PDDA,
M.W. = 100kg/mol) and 4-nitrothiophenol (4-NTP, > 90%) were
purchased from Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). The bilirubin assay kit was obtained from Biosino
Bio-Technology and Scientific Incorporation (Beijing, China). Fetal
bovine serum (FBS) was provided by Biological Industries Co.,
(Haemek, Israel). Ultrapure water (18.2 MQ cm@25 °C) was produced
with a Millipore Direct-Q3 UV system (Millipore Corporation, Molshein,
France) and used throughout all experiments. All of chemicals and
solvents were of analytical grade and used as received. All glassware
used in this work was cleaned with aqua regia, rinsed thoroughly with
ultrapure water and then air-dried prior to use throughout all experi-
ments.
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2.2. Characterization and instrumentation

Zeta potential measurements were taken on a Malvern Zetasizer
Nano-ZS ZEN3600 analyzer (Malvern Instrument Ltd., UK). The ab-
sorption spectra were recorded in the wavelength range of
200-1100 nm on an Agilent Cary 5000 UV-vis-NIR spectrophotometer
(Agilent Technology, USA). Transmission electron microscopy (TEM)
images were acquired on an FEI Tecnai G2 F20 field emission instru-
ment (FEI, USA) operating at 200 kV. Samples were prepared by drying
a drop of the colloidal suspension on a thin carbon-coated 300 mesh
copper grid (Beijing Zhongjingkeyi Technology Co. Ltd., China). Size
distribution of GNSs was statistically determined from the TEM data
using the ImageJ analysis software. Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) measurements were carried out on an
Agilent 5100 inductively coupled plasma-optical emission spectrometer
(Agilent Technologies, USA). The ICP-OES samples were thoroughly
washed with ultrapure water, and then digested by aqua regia to obtain
a clear solution. The diazo reaction measurements for total bilirubin
quantification were performed in a 96-well microplate on a Tecan Spark
microplate reader (Ménnedorf, Switzerland).

2.3. Preparation of the enPSERS biosensor

GNSs were synthesized using a seed-mediated growth method pre-
viously reported by our group (Li et al., 2014; Pu et al., 2018). The
LSPR wavelength of GNSs was tuned to lie at 778 nm by changing the
gold seed/AuCl, ratio, which possesses a large SERS EF under the
laser excitation of 785 nm (Li et al., 2014). The concentration of GNS
suspensions was determined to be 0.225 mg/mL by ICP-OES.

Co-modification of GO Nanosheets with PVP and PDDA. GO na-
nosheets were co-modified with PVP and PDDA according to the well-
established protocols described in the literature (Fang et al., 2010).
Firstly, PVP-modified GO (PVP-GO) was prepared by adding 96 mg PVP
to 24 mL of 0.5 mg/mL GO aqueous suspension. After stirring for 12 h,
the reaction mixture was washed with ultrapure water, and the re-
sulting product is the PVP-GO, which was re-dispersed into 12 mL ul-
trapure water. Following this, PVP-GO was further functionalized by
PDDA. Briefly, 3mL of 1.0 mg/mL PVP-GO suspension was added to
12 mL of the aqueous solution containing 0.625 M KCl and 1.25 mg/mL
PDDA. After sonication for 3h, the suspension was centrifuged and
washed at least twice with ultrapure water to remove excess PDDA. The
resulting PDDA-GO was re-dispersed in 6 mL ultrapure water.

Preparation of GO-GNS Hybrids. PDDA-GO (67 ug/mL) was added
under magnetic stirring to 1.5 mL of aqueous solutions containing the
GNS concentrations of 75, 93.8, 112.5, 150, 187.5 and 225 pg/mL.
After sonication for 2 min the reaction mixture was kept still overnight,
followed by thoroughly washing with ultrapure water. The resulting
GO-GNS hybrids were re-dispersed into 1mL ultrapure water. The
GNS:GO mass ratios (mgns/Mgo) in these GO-GNS hybrids are
24 = 2%, 61 * 1%, 79 + 1%, 99 + 1%, 110 * 1%, 121 + 2%,
determined by ICP-OES.

Preparation of the enPSERS Biosensor. The chemical analysis filter
paper was cut into discs with a diameter of 5 mm, and then 40 pL of the
GO-GNS hybrid suspension was dropped onto the paper, followed by
drying at 30 °C in a vacuum oven. The resulting paper is the enPSERS
biosensor.

2.4. SERS detection of bilirubin

SERS measurements were performed with a Renishaw inVia Raman
microscope system coupled with a Leica DM2700M Ren RL/TL micro-
scope, employing a 50L X microscope objective (N.A. = 0.5). The SERS
spectra were collected with an air-cooled charge-coupled device (CCD)
detector in conjunction with a holographic grating of 1200 or 1800
lines/mm. Three lasers of the excitation wavelengths of 532, 633 or
785 nm were used for the SERS measurements.
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The SERS detection of bilirubin was conducted in a phosphate
buffered saline (PBS) solution or serum (10% FBS). Briefly, 200 uL of
bilirubin solutions in PBS or serum of concentrations ranging from 5.0
to 500 uM were dropped onto the enPSERS biosensor. After incubation
for 20 min, the enPSERS biosensor was rinsed with PBS and subse-
quently subject to the SERS measurements.

The SERS EF was calculated using the following equation:

EF = Jsers Nouik
Nsgrs  Ipuik (€]

where Isgrs and I, represent the SERS intensity on the SERS sub-
strates and the normal Raman intensity in the bulk solution of Raman
molecules, respectively; Nsgrs and Npy are the number of Raman
molecules on the SERS substrate covered by the laser spot and the
number of Raman molecules in the focal volume of the incident lasers in
the absence of the SERS substrates, respectively. To calculate Ny, the
following equation was used:

Npuk = Crs*V 2

where Cgs is the bulk concentration of Raman molecules, and V is the
focal volume of the focused incident lasers, depending on the laser
wavelength. The details regarding the EF calculation can be found in
the supplementary data.

3. Results and discussion
3.1. Synthesis and optimization of GO-GNS hybrids

The GO-GNS hybrids were prepared by the sequential modification
of GO nanosheets with PVP and PDDA, followed by the self-assembly of
plasmonic GNSs (Fig. 1A). The modification with the amphiphilic PVP
molecules can remarkably improve the colloidal stability of GO na-
nosheets, and make the GO nanosheets more negatively charged, as
demonstrated by the zeta potential change from —16.0 mV of GO na-
nosheets to —23.5mV of PVP-GO nanosheets (Fig. 1B). The positively
charged PDDA was exploited to further functionalize the PVP-GO na-
nosheets through the electrostatic attraction, leading to the zeta po-
tential value of the PDDA-GO nanosheets positively shifting to
+26.1 mV. The GNSs with the core size of 25.9 * 3.4 nm and tip
width of 18.6 = 2.7 nm were utilized for the preparation of GO-GNS
hybrids in this work (Figs. S1 and S2). The strong electrostatic inter-
action between the negatively charged GNSs and the positively charged
PDDA-GO produced the GO-GNS hybrids. The resulting GO-GNS hy-
brids have a zeta potential value of +11.1 mV, much lower than that
(+26.1 mV) of the PDDA-GO. The absorption spectrum of the GO-GNS
hybrids shows the LSPR wavelength of 740 nm blue-shifted by ~38 nm
compared with that (778 nm) of the aqueous solution of GNSs, which
may be due to the electronic interaction between GNSs and GO na-
nosheets and the change in the dielectric constant (Lee et al., 2011)
(Fig. 1C). The absorption band at ~240nm is the feature of the GO
nanosheets, clearly observed in both PDDA-GO and GO-GNS hybrids (Li
et al., 2012b; Cushing et al., 2013). The loading of GNSs in the GO-GNS
hybrids can be effectively controlled by the GNS amount initially added
to the GO suspension (Fig. 1D). Our results show the proportional in-
crease of the absorbance characteristic of GNSs in the GO-GNS hybrids
with the GNS loading increase. There exists a positive linear relation-
ship between the absorbance at the LSPR wavelength (740 nm) in the
GO-GNS hybrids and the GNS loading. It is worth noting that a large
portion of GNSs added still resided in the water phase and were not
bound onto the GO nanosheets, eventually removed by the washing
step. We also observed the slight red-shift of the LSPR band of the GO-
GNS hybrids with the increasing GNS:GO ratio, which may be attrib-
uted to the plasmonic coupling between GNSs due to the high density of
GNSs on the GO nanosheet. Fig. 1E shows two representative TEM
images of GO-GNS hybrids containing the GNS:GO mass ratio of 24%
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Fig. 1. Synthesis and optimization of GO-GNS hybrids. (A) Schematic illustration for the preparation of GO-GNS hybrids. (i) GO nanosheets were first func-
tionalized with PVP and PDDA, improving the colloidal stability of GO nanosheets and endowing the GO nanosheets with the positive charges, and then (ii) GNSs
were decorated on the positive charged GO nanosheets through the electrostatic interaction. (B) Zeta potential values of GO, PVP-GO, PDDA-GO and GO-GNS hybrids
prepared with the GNS:GO mass ratio of 121%. (C) Absorption spectra of as-prepared GNSs, PDDA-GO and GO-GNS hybrids of 121% GNSs in water. Inset shows the
optical photos of the suspensions of PDDA-GO and GO-GNS hybrids in water. (D) (i) Absorption spectra of GO-GNS hybrids containing the GNS:GO mass ratio of 24%,
61%, 79%, 99%, 110% and 121%, (ii) the corresponding absorbance at 740 nm as a function of the GNS:GO mass ratio and (iii) the corresponding SERS EFs under
532, 633 or 785 nm lasers. The detailed SERS spectra can be found in Fig. 54 of the supplementary data. (E) Representative TEM images of GO-GNS hybrids prepared

with the GNS:GO mass ratio of (i) 24% and (ii) 121%.

and 121%, respectively, indicating well dispersed GNSs on the GO
nanosheets (Figs. 1E and S3). The wrinkles of GO nanosheets were
clearly observed around GNSs, preventing the aggregation of GNSs and
providing a large number of surface-active sites for selective adsorption
of biomarkers for the biosensing applications. It is obvious that the
increasing addition of GNSs to the GO suspension leads to more GNSs in
the hybrids, consistent with results from the absorption measurement
(Fig. 1D).

To assess the effect of the GNS loading on the SERS activity of the
GO-GNS hybrids, we performed the SERS measurements with 4-NTP as
the Raman molecules at three different excitation wavelengths of 532,
633 and 785 nm, respectively (Fig. 1D(iii) and S4). The GO-GNS hy-
brids of various GO:GNS ratios were completely immersed in a solution
of 1.0 yM 4-NTP, and after incubated for 2 h the GO-GNS hybrids were
washed with ultrapure water. The resulting GO-GNS hybrids were

subject to the SERS measurement. Very weak SERS features of 4-NTP
were observed for GO-GNS hybrids with various GNS amounts at the
532 nm excitation wavelength, while the SERS intensity excited with
the 633 nm or 785 nm laser is significantly stronger. To quantitatively
compare the SERS activity of GO-GNS hybrids of various GNS amounts,
we quantified the SERS performance through calculating the SERS EF
based on the intensity of the C-S stretching band at 1081 cm ™! of 4-
NTP (Li et al., 2015b, 2019). The SERS enhancement at 532 nm is
negligible for all GO-GNS hybrids while the highest SERS EF is with the
785 nm excitation. For both 633 nm and 785 nm excitations, the SERS
EF gradually increases with the increasing GNS loading. This is mainly
attributed to high density GNSs dispersed on GO that favor the SERS
enhancement upon the formation of more “hot-spots” between GNSs.
The GO-GNS hybrids of high density GNSs may maximize the possibility
of all adsorbed Raman molecules localized in the “hot spots” formed by
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ii) Operating mechanism of the developed enPSERS biosensor
for the detection of serum bilirubin
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Fig. 2. Operating principle of the enPSERS biosensor for label-free detection of serum bilirubin. (A) (i) Schematic illustrating the preparation process of the
enPSERS biosensor and (ii) the operating principle of the developed enPSERS biosensor for the label-free SERS detection. The enPSERS biosensor was prepared by
integrating the GO-GNS hybrids into the filter paper. Simultaneous pre-concentration by the GO nanosheets and SERS enhancement by plasmonic GNSs of serum
bilirubin could be achieved for the direct quantification. (B) Both molecular structure and Raman spectrum (solid) of bilirubin are shown as well (Fig. S7), as-
signments of which are shown in Table S1 (C) (i) Optical image and (ii) the corresponding SERS image of the enPSERS biosensor, obtained from a representative
region with the aqueous solution of 4-NTP (1.0 uM) as the Raman molecules. The SERS image was created with the N-O Raman band at 1328 cm ™!, and the SERS
intensity was normalized by the maximum SERS intensity at 1328 cm ! in the data set. The SERS mapping was implemented with a step size of 20 um over an area of
1200 pum X 1000 pm (laser: 785 nm, power on the sample: 6.57 mW, integration time: 0.1 s, objective: 5 X ). The relative standard deviation (RSD = 0.05) evidences
the uniform decoration of GNSs on the GO nanosheets and thereby the high-quality of the enPSERS biosensor.

the GNSs for the huge SERS enhancement. The higher SERS EF at
785 nm results from the large overlap of the LSPR band of GNSs in the
GO-GNS hybrids with the laser wavelength of 785nm (Fig. S5). We
found that the GO-GNS hybrids with the GNS:GO ratio exceeding 121%
have poor dispersivity and precipitate in the suspension due to the large
mass density. Thus, the GO-GNS hybrids of 121% GNSs were adopted
for the following experiments.

3.2. Operating principle of the enPSERS biosensor

The commonly used laboratory filter paper consisting of uniform,
microsized cellulose fibers interwoven together was employed for the
preparation of the enPSERS biosensor in this work (Fig. S6). Filter paper
is an ideal sensing platform for building portable miniature diagnostic
devices suitable for resource-limited environments and point-of-care
applications, with advantages of low-cost, easy processing, biodegrad-
ability, biocompatibility and high availability in nature (Mahadeva

et al., 2015). The suspension of the GO-GNS hybrids of 121% GNS:GO
mass ratio was directly dropped onto the filter paper, followed by
drying at 30°C in a vacuum oven, producing the enPSERS biosensor
(Fig. 2A). With the deposition of the GO-GNS hybrids, the enPSERS
biosensor appears a dark blue color. The GO-GNS hybrids possess
prominent features of a large surface area, planar structure with
abundant st electrons and cationic PDDA surface ligand. Previous stu-
dies showed that fluorescence was a potential issue when filter paper
was used as a substrate for SERS detection (Lee et al., 2011; Li et al.,
2012b; Cushing et al., 2013). However, in the present enPSERS bio-
sensor, both GO and GNSs can be effective quenchers for the fluores-
cence of the filter paper, as widely reported in the literature (Shan
et al., 2018). Both GO and GNSs works as effective quenchers and thus
leads to negligible fluorescence emission of GO used for the preparation
of the enPSERS biosensor, which could benefit the SERS detection of
bilirubin (Fig. 1D). Thus, we expect that these prominent features can
be utilized to enrich the anionic biomarkers through the electrostatic
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and mt-v interactions between the GO-GNS hybrids and the biomarkers,
for the label-free SERS analysis with negligible fluorescence inter-
ference. There exist a large number of unoccupied sites on the GO na-
nosheets, available for the adsorption of bilirubin biomarkers. The
electrostatic and 5ot interactions facilitate the enhanced adsorption of
bilirubin onto the unoccupied sites of the GO nanosheets, and the high-
density GNSs on the GO nanosheets provide numerous “hot spots” for
the huge enhancement of SERS signals of bilirubin, enabling the label-
free detection of bilirubin directly in blood serum with high sensitivity
and molecular specificity. Thus, it is proposed that the present enPSERS
biosensor can work for high performance SERS biosensing through in-
tegrating enrichment of biomarkers by GO with SERS enhancement by
the plasmonic GNSs. To evaluate the reproducibility and accuracy of
the enPSERS biosensor, we performed the SERS mapping with 4-NTP as
the Raman molecules and examined the uniformity of the enPSERS
biosensor. The enPSERS biosensor was immersed in a solution of 4-NTP
(1.0 uM), and after incubation for 2h the enPSERS biosensor was wa-
shed with ultrapure water, followed by being subjected to the SERS
mapping measurement. The SERS mapping was conducted with a step
size of 20 um over an area of 1200 pm X 1000 pm. The SERS image was
constructed with the intensity of the N-O Raman band at 1328 cm ™7,
showing uniform SERS signals over a large area (Fig. 2B). The enPSERS
biosensor achieved high reproducibility, as indicated by the relative
standard deviation (RSD) as low as 5%. Therefore, the present enPSERS
biosensor demonstrates the excellent reproducibility for the label-free
SERS detection.

3.3. Adsorption kinetics of Raman molecules

As aforementioned, the prepared GO-GNS hybrids are positively
charged with the zeta potential value of +11.1 mV. To gain insights
into the adsorption capability of the enPSERS biosensor toward Raman
molecules of different structural features, we compared the adsorption
kinetics toward neutral (uncharged) 4-NTP, positively charged MB and
negatively charged TP through real-time monitoring the evolution of
their respective SERS spectra excited with the 785 nm laser (Fig. 3). The
experiments were performed in a customized-polydimethylsiloxane
(PDMS) sample cell with a thin-quartz window to collect the SERS
spectra for monitoring the adsorption process (Fig. S8). For all three
Raman molecules, the intensity of SERS spectra exhibited first a
monotonic increase with prolonging incubation, suggesting the pro-
gressive adsorption of these Raman molecules, and then saturated at a
different time-point. The SERS response can be described as the SERS
intensity ratio (I/Iyax), Where I, . is the maximum SERS intensity in the
data set. We found that the adsorption data (q, = I/Ihax) of all three
Raman molecules followed a pseudo-second-order kinetic model:

qez.k.t
T 14 gkt 3)

q;

where ¢. and g, are the amount of Raman molecules adsorbed at
equilibrium and at time t, respectively; k is the pseudo-second-order
rate constant. We can clearly see that the adsorption rate constant
follows the order k(TP) > k(MB) > k(4-NTP) (Fig. 3E). It is well re-
cognized that both electrostatic and st-t interactions are two important
factors affecting the adsorption of Raman molecules onto the enPSERS
bionsensor. As is well-known, the electrostatic interaction that is a long-
range interaction process is much stronger than the short-range -1t
interaction. The electrostatic attraction causes the Raman molecules to
approach the enPSERS biosensor, followed by both contributions of
electrostatic and m-;t interactions to the adsorption of Raman molecules.
Both strong electrostatic attraction and zt-xt interactions exist between
negatively charged TP and the enPSERS biosensor, accounting for the
highest adsorption of TP onto the enPSERS biosensor; in spite of the
positive charge of MB, the large aromatic structure with the strong -t
interaction may be responsible for the adsorption of MB, thus leading to
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much higher adsorption of MB than the uncharged 4-NTP. In addition,
the large aromatic structure of MB that provides much larger Raman
scattering cross-section could produce much stronger SERS signal than
4-NTP, resulting in more sensitive SERS detection of MB. Therefore, we
demonstrate the excellent adsorption capability of the developed enP-
SERS biosensor for the negatively charged biomarkers of aromatic
structures.

3.4. Label-free detection of bilirubin

The aforementioned features of the enPSERS biosensor motivated us
to further explore the label-free SERS detection of bilirubin since bi-
lirubin has similar structure (large planar structure plus carboxylic
group) to that of TP. Control experiments were first performed with the
bilirubin concentration of 50 uM in PBS under three different condi-
tions: (i) on the filter paper decorated with GO alone, (ii) on the filter
paper decorated with GNSs alone, and (iii) on the enPSERS biosensor
(Fig. S9). The SERS intensity of bilirubin is negligible in cases of the
filter paper decorated with GO or GNSs alone while much stronger with
the enPSERS biosensor. This demonstrates that both the enrichment and
SERS enhancement are requisite for the sensitive detection of bilirubin
by the enPSERS biosensor. We further examined the time-resolved SERS
spectra of bilirubin (50 uM) in PBS to gain insights into the adsorption
kinetics of bilirubin on the enPSERS biosensor (Fig. 4A). In addition to
the G band at 1320 cm ™! and D band at 1595 cm ™' of GO (Fig. S10) (Li
et al., 2013b), the SERS spectra clearly show the characteristic Raman
bands of bilirubin. The dominant SERS bands of bilirubin are at
677 cm ™! (twisting of C=0 bond in COOH group), 716 cm ™! (out-of-
plane ring deformation), 791cm™! (in-plane ring deformation),
936 cm ™! (C-H out-of-plane bending and C-CHj stretching), 970 cm ™*
(methylene bridge deformation), 1048cm™' (CH, wagging),
1097 cm ™! (C-N stretching), 1117 em~ ! (C-C stretching and C-H de-
formation), 1162 cm ™! (CH; out-of-plane bending and C-C stretching),
1245 cm ™! (CCH bending and CCC bending), 1386 cm ™! (CH; asym-
metric deformation) and 1466 cm ! (C-C and C-N mixed stretching),
assignments of which are also listed in Table 1 (Rai et al., 2002; Celis
et al., 2016). It can be seen that the SERS intensity of the enPSERS
biosensor exposed to the bilirubin solution (50 uM) with prolonging
time increases rapidly for the first 50 min, followed by being saturated
for the subsequent exposure. This trend closely agrees with the intensity
variation of the SERS spectra for 4-NTP, MB or TP, except the different
absolute SERS intensity. We immersed the enPSERS biosensor in a PBS
solution for at least 24 h, and then tested the absorption spectrum of the
supernatant. The absence of the absorption band characteristic of the
GO-GNS hybrids in the supernatant testifies that the GO-GNS hybrids
do not leave from the filter paper during the implementation of the
SERS detection, indicating the high stability of the developed enPSERS
biosensor (Fig. S11). The experimental data can be also fitted with the
pseudo-second-order kinetic model, yielding an adsorption rate con-
stant of 0.19 min~! (Fig. 4A(ii)), a little lower than that (k = 0.23
min~ %) of TP.

To evaluate the sensitivity of the present enPSERS biosensor, we
performed experiments with a series of bilirubin concentrations in PBS
ranging from 5.0 to 500 uM (Fig. 4B). The enPSERS biosensor shows the
typical G and D bands of the GO nanosheet in the absence of bilirubin.
We can see that the intensity of the SERS spectra rises with the in-
creasing concentration of bilirubin, indicating that the SERS intensity is
proportional to the amount of the bilirubin adsorbed onto the enPSERS
biosensor. As shown in Fig. 4B, the G band at 1320 cm ™! of GO has
little overlap with the strong SERS band at 1245cm ™! of bilirubin.
Thus, it could be employed as an internal standard for the quantitative
evaluation of bilirubin. To correlate the SERS measurements with the
bilirubin concentration, the intensity ratio of the SERS band at
1245 cm ™! to the G band at 1320 cm ™! of GO (I3245/I1320) Was plotted
against the logarithmic concentration of bilirubin (logCgr) covered in
this work (Fig. 4C). The SERS response (I1245/I1320) Shows a monotonic
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Fig. 3. Adsorption kinetics of different types of Raman molecules. (A) Molecular structures of three different types of Raman molecules investigated in this work,
which are neutral (uncharged) 4-NTP, positively charged MB and negatively charged TP. (B-D) (i) Evolution of time-resolved SERS spectra and (ii) adsorption kinetic
curves of the developed enPSERS biosensor toward (B) 4-NTP, (C) MB and (D) TP. The SERS measurements were implemented at the concentration of 1.0 uM for all
three types of Raman molecules (laser: 785 nm, power on the sample: 0.54 mW, integration time: 1 s, objective: X 50 L). The adsorption kinetics curves (red curves in
the right (ii) panels of (B-D)) were obtained through fitting the raw data with the pseudo-second-order kinetic model (q;= (g.>k't)/(1+ gck+t). The representative
SERS spectra of 4-NTP, MB and TP were showed in the top of the left (i) panels), and the SERS bands (labeled with the * symbol) at 1328 cm ™! for 4-NTP, 1621 cm !
for MB and 1603 cm ~ ! for TP were used for quantitative analysis. (E) Adsorption rate constants of the developed enPSERS biosensor for the adsorption of 4-NTP, MB
and TP, obtained from the pseudo-second-order kinetic fitting. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

increase with the increasing bilirubin concentration. Two linear regions
were observed in ranges from 5.0 to 75 uM and 125-500 uM, which are
fitted with the straight lines y = 0.168 + 0.325logCgr (R* = 0.96) and
y = 0.253 + 0.452logCpr (R? = 0.82), respectively. Here, y is the in-
tensity ratio (I1245/I1320) of the SERS band at 1245 cm ™! to the G band
at 1320 cm ™ '. The electrostatic and -t dual-interactions may be re-
sponsible for the two linear regions. As is well-known, the electrostatic
attraction is a long-range interaction process while the st-it interaction
is a short-range interaction process. The electrostatic adsorption causes
the bilirubin to approach the enPSERS biosensor, followed by the oc-
currence of the m-it interaction. We suggest that the electrostatic in-
teraction is more important in the low concentration region for the
enrichment of bilirubin, while there exist a large number of bilirubin
molecules around the enPSERS biosensor in the high concentration
region so that the m-it interaction may be as important as the electro-
static interaction in the high concentration region for the bilirubin
adsorption with the enPSERS biosensor. We computed the limit of de-
tection (LOD) according to the IUPAC definition: LOD = 30/s, where o
and s represent the standard deviation of blank measurements and the

slope of the linear equation in the low concentration region of
5.0-75 puM, respectively. The LOD of the present enPSERS biosensor is
0.223 uM for detection of bilirubin in PBS. The I;545/I1320 value gave a
relative standard deviation (RSD) of 3.6-8.9% over the bilirubin con-
centration range investigated. The low RSD values suggest the excellent
reproducibility of the present enPSERS biosensor for detection of bi-
lirubin.

3.5. Detection of bilirubin in spiked serum samples

To test the applicability of the present enPSERS biosensor, detection
of bilirubin in serum samples was conducted with various concentra-
tions of bilirubin spiked into serum (10% FBS) (Fig. 5). In this study,
FBS employed as the blood serum has no detectable bilirubin level.
Additional procedure is not needed to remove the biological substances
such as proteins, nucleic acids, cholesterol, glucose and sodium in blood
serum prior to the SERS measurements. Fig. 5A shows the SERS spectra
of the enPSERS biosensor in the presence of various concentrations of
bilirubin in blood serum. We noted the subtle spectral difference
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Fig. 4. Label-free SERS detection of bilirubin in PBS. (A) (i) Time-resolved SERS spectra and (ii) the SERS intensity of the 1245 cm ™! Raman band as a function of
incubation time of the enPSERS biosensor in the presence of 50 uM bilirubin in PBS. The top panel in A(i) is the averaged SERS spectrum over the measurement
period. (B) SERS spectra of the enPSERS biosensor in the absence or presence of various concentrations of bilirubin in PBS ranging from 5.0 to 500 uM. (C) (i) The plot
of the I1245/I1320 intensity ratio as a function of the logarithmic concentration of bilirubin in PBS and (ii) the zoom-in linear region in the low concentration region
(5.0-75uM) of the I 245/I1320 - logCpr curve. All experiments were performed in triplicates, and the error bars at each concentration of bilirubin represent the
standard deviation of the I;245/I; 320 intensity ratio from independent experiments. The SERS measurements were conducted with the laser of 785 nm, laser power on

the sample of 1.04 mW, exposure time of 1s, and 10 accumulations.

between PBS and serum, resulting from the background subtraction
rather than distinct composition (Fig. S12). Obviously, the SERS in-
tensity gradually increases upon addition of elevated concentrations of
bilirubin. Similarly, the plot of I1545/I1320 against the logarithmic con-
centration of bilirubin reveals two linear regions that are fitted as
y = 0.200 + 0.200logCgr (R?® =0.99) from 5.0 to 150 uM and
y = 4.058 + 2.166logCpr (R? = 0.99) from 150 to 500 uM, respec-
tively (Fig. 5B). The RSD values are between 0.3% and 12.4% over the
concentration range investigated, indicating excellent reproducibility
even in blood serum. The LOD value is calculated to be 0.436 uM by the
linear equation in the low concentration region, a little higher than that
(0.223 uM) in PBS. As is well-known, serum albumin could bind to free
bilirubin with high affinity, forming water-soluble bilirubin complexes
(Brodersen and Stern, 1980); however, these substances existing in
blood serum have only little effect on the label-free SERS detection of
free bilirubin in the present enPSERS biosensor. Biological substances in
blood serum with structures similar to neutral 4-NTP and positively
charged MB have low adsorption on the enPSERS biosensor; thus, little
influence of these biological substances may be accounted for their low
adsorption and small Raman scattering cross-sections. In addition, the
low sensitivity of the SERS detection of serum bilirubin was observed

when colloidal GNSs were used alone (Fig. S13). Thus, the experimental
results above prove that the present enPSERS biosensor exhibits ex-
cellent detection performance and can work for the detection of free
bilirubin in blood serum.

To validate the practical exploitation of the present method, we
further tested three samples obtained by spiking free bilirubin into the
blood serum, results of which were compared with those from the
commercial diazo reaction method (Table 2 and Fig. S14). We can
clearly see that results obtained from both methods are comparable
with negligible difference. The recovery percentage is acceptable in the
clinical range, calculated by (C>-Co)/C; X 100%, where Co, C; and C»
are the concentrations of bilirubin in the initial blood serum (Cy = 0),
in nominally spiked serum samples and tested by the present enPSERS
biosensor, respectively. In addition, the usage of the ratio of the bilir-
ubin:GO Raman intensity for the quantification detection of bilirubin
will improve the detection accuracy of the present biosensor, excluding
the effect of the external environments and measurement conditions.
Therefore, the developed enPSERS biosensor can work for the label-free
detection of free bilirubin directly in blood serum for the jaundice di-
agnosis, with high sensitivity, specificity, simplicity, rapidity and ac-
curacy. The excellent performance was derived from the following

Table 1
Assignments of SERS bands of bilirubin (Rai et al., 2002; Celis et al., 2016).
Raman shift (cm ™) Assignment Raman shift (cm ™) Assignment
677 Twisting of C=0 bond in COOH group 1097 C-N stretching
716 Out-of-plane ring deformation 1117 C—C stretching and C-H deformation
791 In-plane ring deformation 1162 CHj; out-of-plane bending and C-C stretching
936 C-H out-of-plane bending and C-CHj stretching 1245 CCH bending and CCC bending
970 Methylene bridge deformation 1386 CH; asymmetric deformation
1048 CH, wagging 1466 C-C and C-N mixed stretching
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Table 2

Comparison of quantification results of serum bilirubin in spiked blood serum
samples measured by the developed enPSERS biosensor and the commercial
diazo reaction method.

Sample no. Spiked enPSERS biosensor Diazo reaction
[bilirubin] (uM) method (UM)
Tested Recovery RSD
(uM)
1 268 245.4 91.6% 10.2% 248.2
2 58 53.7 92.6% 15.6% 55.5
3 13 10.7 82.3% 13.1% 13.6

contributions: (i) high enrichment capability through the electrostatic
and 7t-t interactions between the bilirubin and GO-GNS hybrids, (ii) the
superquenching of fluorescence by both GO and GNSs, and (iii) the high
SERS enhancement of intrinsic Raman signals of bilirubin by GNSs.
Unlike other traditional methods such as colorimetric, fluorescent and
electrochemical methods, the present enPSERS biosensor exploits the
intrinsic SERS signatures of bilirubin for its quantification, which pro-
vides excellent specificity and less interference from the complicated
biological matrices. Therefore, all of these excellent features make this
method apply well to rapidly screening or diagnosis of jaundice.

4. Conclusions

In summary, we have developed a paper-based SERS biosensor
named enPSERS biosensor, that could be used for label-free SERS de-
tection of free bilirubin in blood serum. The developed biosensor
comprises GO-GNS hybrids decorated onto the filter paper, which in-
tegrates the high sensitivity of the SERS detection, enrichment for bi-
lirubin and fluorescence quenching capability of the GO-GNS hybrids
for sensitive, label-free SERS detection of serum bilirubin. The sensing
strategy was mainly based on the strong adsorption of the bilirubin
biomarkers and the subsequent SERS enhancement of the intrinsic SERS

signatures of bilirubin. Results show that the adsorption process follows
the pseudo-second-order kinetics with the adsorption rate constant in
the order of k(4-NTP) < k(MB) < k(TP). We confirm that the SERS
enhancement can be effectively controlled by the loading of GNSs. The
developed enPSERS biosensor shows two differential linear response
ranges from 5.0 to 150 uM and 150-500 uM for the detection of free
bilirubin in blood serum with the LOD as low as 0.436 uM. The results
of SERS detection of bilirubin in blood serum were comparable to that
in PBS. Although there exist a large number of biological substances in
human serum, little effect on the detection of serum bilirubin is ob-
served. The comparison of the results obtained from our present
enPSERS biosensor with the commercial diazo reaction method for
determination of free bilirubin in blood serum reveals the clinical ef-
fectiveness and suitability of the developed paper-based SERS bio-
sensor. With the features of high sensitivity, rapidness, simplicity and
excellent specificity, the present SERS biosensor for the label-free de-
tection of serum bilirubin holds considerable promise for clinical
translation in accurate diagnosis of jaundice and its related diseases.
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