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New environmental problems have arisen due to the production of numerous toxic materials with the development of industrial
technologies. Although various technologies have been developed to solve these critical problems, the results were not satisfactory.
Therefore, this study introduces a label-free, paper-based biosensing strip sensor to directly analyze the components of wastewater
on site. Raman spectroscopy was used for fingerprinting the chemically-vibrational responses of the wastewater. In order to enhance
the low signal intensity of the Raman results, the surface-enhanced Raman scattering (SERS) effect was implemented by using gold
nanoparticles (AuNPs). Dense and uniform AuNPs were synthesized and distributed onto paper by a power-free successive ionic layer
absorption and reaction (SILAR) method. The biosensing ability of the SERS paper strip showed a sensitivity of 107" M and an
enhancement factor of 2.8 x 107 for rhodamine 6G Two organic toxic drugs were selected to mimic wastewater. It was demonstrated
that the SERS paper strip was sensitive to concentrations of 107° M and 107 M with correlation coefficients of 0.85 and 0.99 for 4-
aminobenzoic acid and pyrocatechol, respectively. Therefore, the proposed SERS-encoded gold paper analytical strip has the potential

to be used for the point-of-assay of wastewater.
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1. Introduction

Water quality management is a challenging issue that is vital for
human beings. Water-soluble pollutants, such as chlorides, nitrates,
phosphates, and sulfates, are produced by product manufacturing or
agricultural fertilizers and can cause eutrophication and asphyxia of
aqueous ecosystems; thus, these materials must be specially managed.'
In order to screen for these pollutants, which cause serious
(e.g.
calorimetry, chromatography, UV spectrophotometry, and electric

environmental problems, various monitoring methods
conductivity) have been used.' However, these are time-consuming
and mono-anion detection methods that require pre-treatment process;”*
therefore, they are not so suitable for the continuous monitoring of
water quality. Raman spectroscopy has been suggested as an alternative
biosensing method to screen wastewater.

Raman spectroscopy is a direct, non-destructive analysis method

that requires a small sample volume without additional preparation;
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thus, it is suitable for both in-situ and real-time measurements.'
Basically, it is a spectroscopic technique used to measure the light
scattered by the vibrational mode of a molecule. Unlike other
spectroscopic methods, Raman spectroscopy provides a wide range of
information related to the structure of a molecule.”™ Furthermore, it can
be freely selected depending on the purpose of the desired wavelength
of the laser that is used to irradiate to the molecule.'®'> However, the
low signal sensitivity of Raman spectroscopy is a critical drawback. To
address this problem, the surface plasmon concentration phenomenon
of metallic nanostructures has been used to enhance the sensitivity; this
is referred to as surface-enhanced Raman scattering (SERS). In
particular, when the frequency of an external light and the frequency of
electrons in the nanostructured surface of a noble metal are resonated,
the local electric field is concentrated. This phenomenon is referred to
as surface plasmon resonance (SPR). A small area that possesses a
concentrated electric field is called a hot spot. SPR is one of the causes
of this SERS phenomenon.'*

@ Springer
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As a strategy to enhance the SERS phenomenon, most studies have
focused on fabricating nanostructured and nanopatterned substrates. Most
SERS-active substrates have been fabricated using complex and
sophisticated methods that include lithography or high-temperature
processes.' Alternatively, our research group suggested a low-cost, facile
fabrication method to realize a SERS-encoded biosensing technique; this
is referred to as successive ionic layer absorption and reaction
(SILAR).!*!® This paper-based fabrication method can achieve superior
sensitivity and high reproducibility from biofluids. Therefore, in this
paper, we attempted to expand this low-cost, fabrication-based screening
method to analyze water quality (Scheme 1). Most sensor manufacturing
technologies that are used for correct diagnosis and high-sensitivity
detection utilize expensive equipment. Furthermore, most of the existing
microfluidic chip-based biosensing devices used for fluid detection and
control are complex, large in size, and expensive. Therefore, an
alternative fabrication method is required for use in commercial
environments and industries in order to reduce costs.'’ Recently, a
microfluidic paper-based analytical device was studied in an attempt to
overcome the disadvantages of current micro-device processing-based
biosensor technologies.® Paper is inexpensive and it is easy to
immobilize test samples using printing techniques. The introduced
biofluids flow along hydrophilic channels via capillary action. They can
be quantified by colorimetric methods without additional analyzing
equipment.?! However, the performance of quantification techniques
based on colorimetry can be easily affected by a user’s experience and
the surrounding environment. Therefore, in our proposed strategy, we
fabricate a paper-based device with SERS functionality using the SILAR
technique. The ability of this SERS-encoded biosensing paper chip to
screen wastewater is evaluated. Two organic toxic drugs, ie., 4-
aminobenzoic acid (PABA) and pyrocatechol, were selected to mimic
wastewater. We believe that this low-cost, optical biosensing chip can

also be expanded to other applications with no restrictions.

2. Material and Methods

2.1 Reagents

0.18-mm-thick Whatman® cellulose chromatography paper, gold
(IIT) chloride trihydrate (HAuCly, > 99.9%), sodium borohydride
(NaBH,, > 96%), and rhodamine 6G (R6G, Raman probe) were used in
this study. All reagents were of analytical grade, and all solutions were
prepared using 18.3 MQ-cm™ distilled water. All materials were
purchased from Sigma Aldrich (St. Louis, MO, USA).

2.2 Fabrication of Paper Body

The designed paper substrate (Fig. 1(A)) consisted of hydrophilic
and hydrophobic regions for the reactant path (wastewater) and
barriers, respectively. The hydrophobic barriers were wax-printed by a
Xerox ColorQube 8570 N printer (Fuji Xerox, Tokyo, Japan). In order
to uniformly penetrate the inner paper, the wax-printed substrate was
exposed to a temperature of 130°C in a drying oven for 45 s (Fig.

1(B)). The substrate was subsequently stored at room temperature.

2.3 Fabrication of SILAR-Synthesized GSERS Zone
The gold nanoparticles (AuNPs) were directly synthesized and

fabrication of paper strip sample loading

point-of-assay

" Raman spectra

analysis

wastewater

Scheme 1 Point-of-Assay for wastewater screening using a SILAR-
fabricated, AuNP-evoked, SERS-encoded microfluidic
paper chip, *SILAR: Successive ionic layer absorption and
reaction, AuNP: Gold nanoparticle, SERS: Surface-
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Fig. 1 (A) Design of the gold-deposited paper substrate and photos of

(Ba) wax-treated, (B) Wax-and heat-treated paper substrates,
GSERS: Gold SERS
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Fig. 2 The SILAR technique used to realize the AuNP-evoked SERS
effect. (a) One SILAR cycle consisted of four successive steps
including (D Treatment in a HAuCl, gold-containing solution,
(2 Washing with H,O, @ Treatment in a NaBH, reductant
solution, @ Rewashing with H,O, (b) An increase in the
number of SILAR cycles led to an increase in the size of
AuNPs as well as a denser distribution of AuNPs

grown on paper through the SILAR technique (Fig. 2), in which
HAuCl; and NaBH, aqueous solutions were reacted through Eq. (1).
The paper substrate was treated in a HAuCl, solution of gold ions and
rinsed with water. It was then treated in a NaBH, reducing solution and
rinsed with water to wash out any non-reacted residues. During each of
these steps, the paper substrate was treated for 30 s; one SILAR cycle
required a total of 120 s. The AuNPs were directly synthesized on the

hydrophilic test zone, which is referred to as the GSERS zone.'®!

8HAUCI,+3NaBH,+6H,0 —>8Au+3NaB0O,+24HCL (1)

2.4 Instrumentation

The morphology of AuNPs on the SERS paper strip was
investigated using an S-4700 field emission scanning electron
microscope (FE-SEM; Hitachi, Tokyo, Japan) at 5 kV. The size of
AuNPs was analyzed using the ImageJ software (NIH, Bethesda, MD,
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Fig. 3 Concepts and photos of SERS paper strip operation for real-
time wastewater screening, Methylene blue (MB) water-
soluble dye (Samchun pure chemical, seoul, korea) was used to
color the water

USA). The Raman spectra were obtained using a SENTERRA
confocal Raman system (Bruker Optics, Billerica, MA, USA) by
focusing a 785-nm diode laser source with 10 mW of power and a
spot size of - 1.3 gm with a 50 x objective lens. All spectra were
collected in the range of 417 - 1782 cm™" with a spectral resolution of
5 cm™ and twice the acquisition time of 10 s. Data were collected at

10 random points on the samples.

2.5 Numerical Analysis

The SERS effect of the nanostructure fabricated by the SILAR
technique was theoretically evaluated using the finite element method
(FEM). The FEM model was designed based on information about the
AuNPs that was obtained from FE-SEM photographs and Gaussian
fitting. The electric field distributions were analyzed according to the
diameter of AuNPs, the diameter ratio, the gap distance between
AuNPs, and the incident angle of the laser. This computational
calculation was performed by the radiofrequency (RF) module of the
COMSOL software.

3. Results and Discussion

3.1 Operation of SERS Paper Strip

Fig. 3(a) shows the concepts and photos of a SERS paper strip that
is functionalized by SILAR-synthesized AuNPs in the GSERS zone.
First, this device was folded in half along the dotted guide line (Fig.
3(b)). The folded SERS paper strip was then immersed in wastewater
and the wastewater diffused via capillary action along the channel.
Finally, the capillary-driven liquid was loaded onto the GSERS zone.?
The channel part of the SERS paper strip was then cut (Fig. 3(c)), and
the remaining SERS paper strip was used to screen the wastewater via
mobile or benchtop Raman spectroscopy. Thus, this SERS strip can be
used for quick analysis in point-of-care applications.

3.2 Characterization of SERS Paper Strip

Fig. 4(a) shows SEM photographs of the AuNPs synthesized by six
SILAR cycles with 10 mM HAuCl, and NaBH, on paper. The AuNPs
were synthesized by repeated sequential processes where the gold was

absorbed and partially reduced, the excess reagents were eliminated by

6 SILAR cycles

0 20 40 60 80 100
particle size (nm)

Fig. 4 (a) SEM photographs of the AuNPs synthesized under the
optimal SILAR conditions on paper, (b) The size distribution
of AuNPs

H,O, the gold was fully reduced, and the non-reacted reagents and
nonattached particles were eliminated. The presence of densely and
uniformly distributed AuNPs deposited in the GSERS zone of the strip
could be observed. Fig. 4(b) shows a graph indicating the particle size
distribution, as estimated by the Imagel software (NIH, Bethesda, MD,
USA) from SEM photographs. The mean particle size of the
synthesized AuNPs was 15nm. The AuNPs were densely and
homogeneously deposited onto the paper, which should lead to the
presence of a strong SERS effect.

3.3 Numerical Analysis of SERS Paper Strip

Under the optimal SILAR conditions, the distributions of AuNP
diameters and the mean gap distance between AuNPs were 6 - 60 nm
and 6 nm, respectively. These values were used as references in the
following analytical models to analyze a gold dimer. Three boundary
conditions were used, including an active port boundary (for an
incident wavelength boundary with an initial value of 1 W) and a
passive port boundary (for a bottom boundary that does not pass
reflections). The Floquet boundary condition was also imparted on both
sides to provide an electric field with a symmetrical parallel boundary
in the analysis models. The maximum and minimum finite element
sizes for computational analysis were set at 1nm and 0.002 nm,
respectively. The material properties for the finite element analytical
models were selected from the literature.>?* The refractive index of air
was 1.000293 and the complex-valued permittivity of gold at 785 nm
was - 15.0 - 0.9 i.

Fig. 5 shows the distribution of the maximum electric fields as a
function of the incident angle of the laser for a AuNP with a diameter
of 24nm and a gap distance of 0.5 nm. The intensities of the
maximum electric fields non-linearly decreased as the incident angle
of the laser increased. Fig. 6 shows the changes in the maximum
electric fields as a function of the gap distance between AuNPs. The
range of gap distances was set from - 6 nm (overlapping AuNPs) to
6 nm. When the gap distance between two AuNPs was zero, the
maximum electric field had the highest value (approximately 10°).
The intensities of the maximum electric fields logarithmically
decreased as the gap distance between AuNPs increased. Fig. 7 shows
the intensities of the maximum electric fields as a function of the
AuNP size (from 6 nm to 60 nm). The intensities of the maximum
electric fields linearly increased as the size of the AuNPs increased.
Fig. 8 shows the changes in the maximum electric fields as a function
of the size ratio between AuNPs. A diameter of 24 nm was used as

a reference and the ratio was varied from 0.1 (24 nm versus 2.4 nm)
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Fig. 5 (a) Effects of the incident laser angle on the distribution of the
maximum electric fields for a gold dimer, Angles of (b) 0° (c)
81°, (d) Concept used to evaluate the incident laser angles on
the gold dimer
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Fig. 6 (a) Effects of the gap distance between AuNPs on the
distribution of the maximum electric fields for a gold dimer.
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Fig. 7 (a) Effects of particle diameter on the distribution of the
maximum electric fields for a gold dimer, Diameters of (b)
12 nm, (c) 24 nm, (d) 60 nm

to 2.5 (24 nm versus 72 nm). The intensities of the maximum electric
fields non-linearly increased as the size ratio between AuNPs
increased.
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Fig. 9 Raman spectra with (a) Different R6G concentrations (10 pM -
100 M), (b) Low concentrations of R6G on the SERS paper
strip, (c) Variations in the Raman intensity at 1361 cm™ with
different R6G concentrations, (d) Raman spectra of R6G
concentrations of 1 mM and 100 pM on the SERS and bare
paper strips, respectively

3.4 SERS Activity

In order to quantify the SERS activity, the Raman intensities of
different concentrations of R6G (10 pM to 100 1M, as shown in Fig. 9A)
were evaluated. The R6G molecule showed dominant Raman peaks at
620 cm™ (C - C ring) and at 1361 and 1647 cm™ (C - C stretching).”® The
Raman peak at 1361 cm™ was selected as the reference peak for the R6G
molecule. The AuNP paper strip could clearly identify the presence of
the R6G molecule at concentrations between 100 pM and 100 pM, but
it could not detect the R6G molecule at concentrations less than 10 pM
(Fig. 9(b)). Fig. 9(c) shows a plot of the Raman intensities of R6G from
100 pM to 100 M at 1361 cm’; the correlation coefficient is 0.98. The
enhancement factor (EF) of the SERS paper strip was calculated by?®

EF = Igerg/Tpare* Cpare/ Csips - 2
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Fig. 10 Raman spectra with different concentrations of PABA ((a),
1nM - 100 M) and pyrocatechol ((c), 10 uM - 1 M),
Variations in the Raman intensity (b) at 1605 cm™ with
PABA, (d) at 771 cm” and 1278 cm” with pyrocatechol;
PABA: 4-Aminobenzonic acid

Here, Cgzrs and Cy,,. are the concentrations of the R6G molecule on the
SERS paper strip (Cgzrs = 10""M) and the bare paper (Cje =107 M),
respectively (Fig. 9(d)). The calculated SERS-EF was 2.8 x 107, where
the Raman intensities of the SERS and bare paper strips at 1361 cm!
were Isgrs = 55.6 and Iy, = 19.7, respectively. Therefore, the SERS
paper strip is likely to have stable and superior performance for

detecting the target molecules and determining their concentrations.

3.5 Bioapplication

The bioapplicability of the SERS paper strip was evaluated at
different concentrations of PABA and pyrocatechol in attempts to
detect the two organic toxic compounds. PABA has been used in
biochemical, medical, and nutritional applications, but it may be
hazardous to human health.>” Fig. 10A shows the Raman spectra of
different concentrations of PABA solutions (I nM to 100 M) on the
SERS paper strip. Prominent peaks were observed at 1172 cm™ and
1605 cm™ (C - H ring stretching).””*® The Raman peak at 1605 cm™ was
selected as the marker of PABA, and its Raman intensity variations
between concentrations of 1 nM and 100 &M had a correlation of 0.85
(Fig. 10(b)). Pyrocatechol is another toxic organic material that is used in
pesticides and as a photographic developer. Fig. 10C shows the Raman
spectra of different concentrations of pyrocatechol (10 M to 1 M).
Prominent peaks were observed at 771 cm™ (C - C stretching) and
1278 em™ (O - H asymmetrical bending).?’ The variations of the Raman
intensities for pyrocatechol between concentrations of 10 4M and 1 M
had a correlation of 0.99 at 1278 cm™ (Fig. 10(d)). The SERS paper strip
showed high sensitivity for identifying these two organic toxic drugs.
Therefore, the proposed SERS-encoded gold paper analytical strip has
the potential to be used for the point-of-assay of wastewater.

4. Conclusions

This paper presented a SERS paper strip that could directly analyze

the components of wastewater on site. This SERS paper strip was
fabricated by using wax printing (to create a hydrophilic GSERS zone)
and a SILAR technique (for AuNP deposition). Sample collection was
performed with the origami process. The biosensing performance of the
fabricated SERS paper strip was evaluated by a standard Raman probe
(i.e., R6G) and confirmed with PABA (4-aminobenzonic acid) and
pyrocatechol solutions. The R6G-induced SERS paper strip could
measure concentrations as low as 10'° M and had an SERS-EF of
2.8 x 10”. When screening PABA and pyrocatechol solutions (used to
simulate wastewater), the SERS paper strip achieved sensitivities of 10°M
(with a correlation coefficient of 0.85) and 10°M (with a correlation
coefficient of 0.99), respectively. The conventional indirect fabrication
methods such as chemical synthesis of colloidal nanoparticles and
centrifugal extraction require complicated processes for synthesizing
and depositing nanoparticles on paper and result in the presence of
aggregated nanoparticles showing non-uniform distribution of SERS
region (AuNP or AgNP inks), while the proposed SERS paper strip can
be fabricated by a low-cost, simple and facile method and yields
superior sensitivity and high reproducibility. Therefore, the proposed
AuNP-deposited SERS-encoded paper strip may be useful to quickly
analyze wastewater on site; it could also be utilized for various other

applications.
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