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ABSTRACT

In this study, we fabricated a paper-based molecule-detecting sensor
for the surface-enhanced Raman scattering (SERS) technique. SERS
phenomenon is based on the fact that the low intensity of Raman scat-
tering is dramatically increased when the molecules are adsorbed on
novel metal surface. To improve the applicability of paper substrate
as a base for SERS several trials were made. The smoothness of the
filter paper was improved through a calendaring process. To prevent
the spreading of the chemical solution on the paper the hydropho-
bicity of paper was increased by treating with an alkyl ketene dimer
(AKD). Onto the smooth and hydrophobic filter paper a silver nano-
particle (AgNP) solution was applied with a simple drop and dry
method, and the analyte was treated in the same manner on the AgNP
decorated area for SERS measurement. To improve the reproducibility
of the SERS intensity, an area scanning method that used a dual axis
galvanometric mirror was introduced. A 4-aminothiophenol molecule
could be detected at the femtomolar level using the hydrophobic-
treated filter paper. Coatings of cellulose nanofibrils (CNF) made
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from pulp fibres reduced the surface pore sizes and increased the
uniformity of the surface of the filter paper, which improved the
reproducibility and sensitivity of the molecule-detecting sensor. The
use of a high magnification objective lens for increased SERS inten-
sity allowed for the detection of a strong SERS signal, and the appli-
cation ofa CNF coating to the filter paper improved the reproducibility.
Pesticides were detected using the paper-based substrate as the SERS
substrate.

Keywords: Surface-enhanced Raman scattering (SERS), filter paper,
cellulose nanofibrils (CNF), silver nanoparticle (AgNP), sensor

1 INTRODUCTION

Surface-enhanced Raman scattering (SERS) is a technique to enhance Raman
scattering using metallic nanoparticles that adsorb molecules to analyse. Since the
introduction of SERS by Fleischmann in the 1970s, many researchers have tried
applying SERS phenomena to various fields. Scientists have been very interested
in detecting molecules using the advantages of the SERS technique, which
include a sensitive signal, unique molecular spectra and a narrow bandwidth of
spectra. However, the SERS technique can be disadvantageous for use as a mole-
cule-detection sensor because of the large variation in the sensitivity and
uniformity of the signal depending on the state of the novel metal surface.

To overcome these disadvantages, many studies have been carried out to intro-
duce a uniform metal nanoarray on the solid substrate surface. These studies have
used substrates such as polydimethylacrylamide (PDMA), slide glass and silicon
using electrochemical deposition [1]-[3], vapour deposition [4], [5], electron
beam lithography [6], [7] or colloidal lithography [8], [9]. The generated substrates
have shown high sensitivity and reproducibility of the SERS signal, but the prep-
aration of such substrates required complicated processes or machines and had
high costs. These substrates are therefore being made in the laboratory.

Many researchers have worked on devising a paper-based SERS substrate as
an alternative to conventional SERS substrate fabrication methods. The filter
paper substrate has been favoured as a substitute for the conventional SERS
substrate because it is inexpensive, has a high biodegradability, is easy to handle
and functionalise and has good disposability. However, due to the hydrophilic
nature of the filter paper and the presence of large pores, the retention of nanopar-
ticles on the surface was limited. The roughness of the filter paper can also cause
an uneven distribution of the novel metal particles, resulting in a non-uniform
SERS signal.
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Many methods such as adsorption [10]-[ 14], aggregation of nanoparticles [15],
nanoparticle filtering [16], printing [17], [18], chemical reaction on the filter paper
[19]-[23] and vapour deposition [26] have been used to deposit nanoparticles on
the filter paper. These methods can face problems in fabricating a SERS hot spot
from the aggregation of nanoparticles, non-uniform SERS intensity, shape control
of nanoparticles and the high cost.

We aimed to overcome the challenges described in previous studies by inducing
hydrophobicity in the filter paper to increase the retention of nanoparticles on the
paper surface and by improving surface smoothness through filling the paper
pores with cellulose nanofibrils (CNF) that originated from pulp fibres. We tested
how these two modifications of the filter paper affected the detection of trace
amounts of a molecule. The drop and dry method was used to form the SERS
active spot on the filter paper and additional drop and dry applications of analyte
were applied to ensure that the analyte was adsorbed on the metal surface.

2 EXPERIMENTAL

2.1 Materials and reagents

Silver nitrate (AgN O3, 99.999%), sodium citrate dehydrate (Na,HCH;0,, 99%),
4-aminothiophenol (4-ATP, 99%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Filter paper (grade 5C) was purchased from Advantec
(Tokyo, Japan), and the alkylketene dimer (AKD) was Hercon-WI1 155, which
was purchased from Solenis, Korea Ltd (Kimchun, Korea). All chemicals were
used without further purification.

Figure 1. (a): TEM image of CNF. (b): CNF gel (solids content: 2.2%).
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The CNF was prepared by grinding bleached eucalyptus kraft pulp with a
grinder (Super Masscolloider, Masuko Co.). Before the grinding, the bleached
eucalyptus kraft pulp was pretreated by a laboratory Valley beater. The Canadian
Standard Freeness (CSF) of the pulp was 450 mL. TEM image of the CNF is
shown in Figure 1(a). The widths of CNF were less than 50 nm. The pass number
for preparation of CNF was more than 30 (CNF gel in Figure 1(b)). Carboxyme-
thyl cellulose (DS 0.78; CMC; Finnfix 5, CP Kelco Korea) was used to control
the rheological properties of the CNF suspension.

2.2 Silver nanoparticle synthesis and characteristics

Silver nanoparticles (AgNPs) were synthesised using methods modified from Lee
and Meisel [29]. Briefly, 75 mg of silver nitrate was dissolved in 400 mL of deion-
ised water in a 3-neck round bottom flask with vigorous stirring. After the silver
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Figure 2. Characterisation of the AgNPs. (a) FE-SEM and (b) TEM images of AgNP.
(c) UV-Vis spectrum of AgNP. (d) Size distribution of 100 AgNPs measured from SEM
images. Scale bars are 100 nm.
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nitrate solution was boiled, 8 mL of 1wt% sodium citrate in deionised water was
rapidly injected into the 3-neck round bottom flask. The solution was heated for
30 min and then was cooled at room temperature.

The particle shape was characterised by viewing with a field emission
scanning electron microscope (FE-SEM, AURIGA, Carl Zeiss, Germany) and
transmission electron microscope (TEM, LIBRA 120, Carl Zeiss, Germany). UV/
Vis spectra were also collected. The shapes of the AgNPs are shown in Figure 2(a)
and 2(b). The UV-Vis extinction spectra of the AgNPs showed a maximum
peak at 422 nm. The average size of the AgNPs in the FE-SEM images was about
92 nm.

2.3 Hydrophobic filter paper fabrication

A schematic illustration of the hydrophobic filter paper fabrication is shown in
Figure 5. To reduce the roughness of the filter paper, a calendaring process was
used in which the filter paper passed in-between rotating rolls. The rotating speed,
calendaring temperature, relative humidity (RH), and line pressure were 10 m/
min, 23 °C, RH 50%, and 130 kgf/cm, respectively. After the calendaring of filter
paper, the alkylketene dimer (AKD) was used as a hydrophobic agent to increase
the hydrophobicity of the filter paper. The calendared filter paper was soaked in a
0.1% AKD dispersion for 1 min. After the AKD treatment, the filter paper was
rinsed thoroughly with water. Water that remained in the treated filter paper was
eliminated using another filter paper (Filter paper 26, Advantec, Japan) and the
treated filter paper was then dried using a drum drier at 120 °C.

2.4 CNF coating

To improve paper-based SERS substrates, CNF suspension containing a small
amount of CMC was applied. The total solids content of the suspension was
1wt%, and the CMC content was 3 pph based on dried CNF. The prepared CNF
suspension was applied onto the hydrophobic-treated filter paper with a labora-
tory bar coater (GIST, Korea). The coating was applied up to two times using
a rod (No. 14). The coated paper was then dried using a hot air dryer (120 °C,
150 sec). After the CNF coating, the AKD treatment was conducted to introduce
a uniform hydrophobic surface. The procedures for AKD treatment and drying
were same as described in section 2.3.

2.5 Characterisation of the filter paper-based substrate
The roughness of the filter paper was evaluated using a Parker Print Surf (PPS,

L&W, Sweden) instrument (ISO 8791-4). The measurement pressure was 1 MPa.
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The contact angle of water was measured using a contact angle meter (DSA 100,
Kruss, Germany) after forming a 5 uL water drop on the surface.

2.6 SERS-active AgNP array fabrication

For fabrication of a SERS-active array on hydrophobic filter paper, 2 uL of the
AgNP solution was applied using the drop and dry method at room temperature
for about 1 h. After the AgNP solution dried, 5 uL. of each analyte solution was
applied using the drop and dry method on the AgNP array. We covered the entire
area of the AgNP spot for the SERS measurement. The photograph of the AgNP
array on the filter paper is shown in Figure 3. The spot area was much larger than
that of the hydrophobic-treated filter paper. Deeper colour was noted on the
hydrophobic filter paper because more of the AgNPs remained on the surface of
the filter paper.

2.7 SERS measurements

SERS spectra were acquired by a hand-made Raman read-out system for a large-
area scanning. A 643-nm laser line (115-81040-019, Ondax, US) was used for the
Raman excitation source. The laser line was delivered through a dual axis galva-
nometric mirror for an area scanning centred on the AgNP spot. An objective lens
(Olympus, Japan) was used at different magnifications and numerical apertures
(NA) for the collection of irradiated and scattered light. The magnifications and
NAs were: 10x (NA = 0.25), 20x (NA = 0.40) and 40x (NA = 0.65). The scat-
tered light was read by a charge-coupled device (iDus 416, Andor, UK).

Figure 3. AgNP array on bare (hydrophilic) filter paper and hydrophobic filter paper.
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Figure 4. (a) Schematic of the SERS measurement from a large-area scanning system
[24]. (b) Scanning area in the AgNP spot.

3 RESULTS AND DISCUSSION

3.1 Hydrophobic treatment
3.1.1 Schematics and characterisation of filter paper

Figure 5(a) shows a schematic of the surface treatment process. The hydrophobic
surface was introduced to prevent penetration of the AgNPs and analyte into the
filter paper. The hydrophobicity of the filter paper was confirmed by the measure-
ment of the contact angle. The contact angle of the bare filter paper was 15 °;
however, it was increased up to 114 © after the AKD treatment (Figure 5(b) and
5(c)). Thus, we confirmed that the droplet of AgNP solution and analyte formed
on the surface of the paper.

The roughness of the filter paper, shown in Figure 6, was decreased from
9.4 um to 4.0 um by the calendaring procedure. The simple physical treatment of
calendaring can reduce the roughness of the filter paper by about 40%. The rough-
ness of the filter paper was increased up to 5.7 um after the AKD treatment
because the cellulose fibres swelled during the treatment.

The distributions of the AgNPs before and after AKD treatment were meas-
ured by FE-SEM images, as shown in Figure 7(a) and 7(b). In the case of the
filter paper before the hydrophobic treatment, the AgNP solution penetrated into
the paper, and the AgNPs rarely existed on the surface. For that reason, it was
impossible to form a SERS hot spot on the bare filter paper. The AgNP solution
was left on the surface of the filter paper after hydrophobic treatment. Thus, an
abundance of AgNPs remained on the paper surface and formed the SERS hot
spot. To assess the feasibility of the treated filter paper as a SERS substrate, 5 uLL
of a 1000 nM 4-ATP solution was applied to the filter paper before and after
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Figure 5. (a) Schematic illustration of the fabrication of the filter paper-based SERS
substrate. Photographs of (b) before AKD treatment (bare filter paper), and (c) after AKD
treatment (hydrophobic filter paper).
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Figure 6. Roughness of the filter paper depended on calendaring and the AKD treatment.

758 Session 5: Funtional Properties



Paper-based Chemical Detecting Sensors for Surface-Enhanced Raman Scattering

the AKD treatment and SERS measurements were conducted. The scanning
size, step size and laser power were 300 um by 300 um, 1 wm and 1.5 mW,
respectively. An objective lens at 20x magnification was used, and the scanning
time was 2.5 sec. The SERS signals did not appear in the bare filter paper;
however, there were strong SERS signals measured from the hydrophobic filter
paper (Figure 7(c)). In the case of the bare filter paper, the drop of 4-ATP solution
soaked into the filter paper quickly, and the molecules were difficult to adsorb
onto the surface of the AgNPs. In the case of the hydrophobic-treated filter paper,
however, there was enough time for molecules to be adsorbed onto the surface
of the AgNPs. Thus, we confirmed that the hydrophobic filter paper was a
SERS-active substrate.

——— Before AKD treatment
—— After AKD treatment

Intensity (a.u.)

R TR T T TR o
Raman Shift (cm™)

Figure 7. FE-SEM images of the filter paper surface after introduction of 2 uL of a AgNP
solution onto the surface (a) before the AKD treatment and (b) after the AKD treatment.
(c) SERS spectra of 5 uL of 1,000 nM 4-ATP on the AgNP droplet.
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3.1.2 Control of the AgNP distribution for optimisation of SERS intensity

For optimisation of the SERS intensity measured from the SERS-active filter
paper, different concentrations of the AgNP solution were applied on the hydro-
phobic filter paper in addition to 5 uLL of 1,000 nM of 4-ATP solution. The more
AgNPs that were left on the surface of the filter paper increased the concentration
of the AgNP solution (Figure 8(a) to 8(h)). The AgNP solution that was concen-
trated up to 10x formed the monolayer structure of the AgNPs; however, the
AgNP solution that was concentrated over 20x resulted in a multilayer and aggre-
gated structure. The change in the SERS intensity of the 1073 ¢m™ band of
4-ATP is shown in Figure 9. The SERS intensity of 4-ATP was maximised in the
spot that was formed by the 10x concentrated AgNP solution and then the inten-
sity decreased with increasing AgNP solution concentration. As the concentration
of the AgNP solution was increased up to 10x, the SERS intensity also increased
because the larger number of AgNPs on the filter paper surface formed a SERS
hot spot. However, when the AgNP solution concentration exceeded 10%, the
aggregation of the AgNPs resulted in the decrease of the SERS intensity. Previous
research [25] reported that the aggregation of nanoparticles in the vertical direc-
tion piled up the three-dimensional nanostructure and eliminated the SERS hot
spot. Similar aggregation structures were also identified in the present study and
are shown in Figure 8(e)-8(h).

3.1.3 Reproducibility and limit of detection of SERS measurement

The reproducibility of detection and limit of detection (LOD) are essential param-
eters for a molecule-detecting sensor. To determine the reproducibility of the
SERS intensity, we measured the signals from 30 different AgNP spots that were
formed by 2 uL of 10x concentrated AgNP solution. The 30 spots were treated
with 1,000 nM of 4-ATP solution. Figure 10 shows the distribution of the SERS
intensity that was acquired from the 30 different AgNP spots at the 1073 cm™
band of 4-ATP. The relative standard deviation (RSD) of the total intensity was
about 7.7%. The RSD in present study was slightly higher or similar to previous
studies [19], [28] that evaluated the RSD of SERS intensity using 4-ATP. These
studies applied the filtering and dipping methods with a higher amount of 4-ATP
solution to treat the molecules on the SERS substrate. These filtering and dipping
methods could have introduced more uniform adsorption of the molecules on the
SERS substrate because the time for treatment was longer compared to the drop
and dry method that was used in present study. Thus, considering the small
amount of solution required in the present study, the simple drop and dry method
combined with hydrophobic-treated filter paper showed good reproducibility of
the SERS intensity.
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Figure 8. FE-SEM images of the AgNP solution droplet on the hydrophobic filter paper.
AgNP solution concentration ratios of: (a) 1%, (b) 2x, (c) 5%, (d) 10x and (e) 20%. Panels
(f), (g) and (h) show the 40x concentrated AgNP solution.
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Figure 9. The SERS intensities of 4-ATP from different concentration ratios of the AgNP
droplets on hydrophobic filter paper.
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Figure 10. SERS intensity of 4-ATP on 30 different AgNP spots on hydrophobic filter
paper.
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Figure 11. (a) The SERS spectra for different concentrations of 4-ATP. (b) The average
SERS intensity at different concentrations of 4-ATP.

To determine the detection limit for 4-ATP on the hydrophobic-treated
SERS substrate, a series of diluted 4-ATP solutions were applied at the AgNP
spot on the SERS-active substrate. The 4-ATP solutions were diluted in water
and ranged from 1000 nM to 0.1 nM. Figure 11(a) shows the Raman spectra for
the different 4-ATP concentrations. The SERS intensity of the 1073 cm™' band of
the 4-ATP Raman peak was plotted against the 4-ATP concentration and is
shown in Figure 11(b). The amount of the applied solution was 5 uL, and 4-ATP
was detected at the femtomolar level using the hydrophobic-treated substrate. The
RSD and the LOD suggest that the treated filter paper was not only a simple
method but also a practical one.

3.1.4 Relationship between objective lens magnification and SERS intensity

The easiest way to increase the SERS intensity under the same conditions is to
increase the magnification of the objective lens of the microscope. Figure 12
shows the relationship between increasing lens magnification and the SERS
intensity of the 1073 cm™ band of 4-ATP on the AgNP spots on the hydrophobic-
treated filter paper. As the magnification of the objective lens increased, the SERS
intensity gradually increased, but the reproducibility was decreased. The RSDs
for magnifications of 10x, 20x, and 40x of the objective lenses were 5.8%, 9.7%
and 15.8%, respectively. There was a limit to the achievable increase in SERS
intensity from increasing the objective lens magnification.

The stronger SERS intensity with increased magnification of the objective
lens could be explained by an increase in the numerical aperture (NA) of the
lens. Table 1 shows the magnification and NA values of the objective lens used
in this study along with the theoretical half angle (0) value that was calculated
using Eq. (1).
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Figure 12. (a) SERS intensity of the 1073 cm™ band of 4-ATP with different objective
lens magnifications. (b) Summarized SERS intensity and standard deviations. Scanning
size: 200 um by 200 wm; step size: 1 um; laser power: 0.4 mW; acquisition time: 2.5 sec.

Table 1. Numerical aperture and half angle dependence on the magnification of the
objective lens

Magnification of objective lens Numerical aperture (NA) 6
10x 0.25 15.0°
20x 0.40 24.0°
40x 0.65 40.7 °

()

0 (24.09)

10x 20x 40x

Figure 13. Theoretical effective scattering volume depending on the numerical aperture
of the objective lens.
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NA =nsin 0 (1)

Where 7 is the refractive index of air (n = 1), and 6 is the half angle of incident
light. In a high magnification lens (Figure 13), a strong SERS signal can be
detected because the lens can accept wide-angle scattered light. As the magnifica-
tion of the objective lens was increased, the uniformity of the SERS intensity was
reduced because the signal intensity became sensitive to the height difference of
the filter paper. Therefore, improvement of the surface uniformity of the filter
paper can increase the SERS reproducibility and intensity because a high magni-
fication lens can be used.

3.2 Cellulose nanofibrils coating for improving reproducibility of
SERS intensity

3.2.1 CNF coating on hydrophobic-treated filter paper

We also tried to improve the sensor uniformity by applying a CNF coating to the
hydrophobic-treated filter paper. The CNF coating was similar in chemical struc-
ture compared to the filter paper and thus was a suitable material for surface treat-
ment. The small size of the CNF allows it to fill the pores of the filter paper and
increase the surface smoothness. When the CNF coating was applied to the filter
paper, a suspension containing 3 pph of CMC was used to control the penetration
of the CNF into the filter paper. The small amount of the CMC suspension that
increased the viscosity of the aqueous phase improved the retention of the CNF
on the surface of the filter paper. Previous research [27] has shown that the addi-
tion of CMC improved the dispersing of CNF by disentangling the nanofibrils
and increasing the anionic charge in the suspension. This dispersion of CNF
resulted in the formation of a uniform surface. The PPS roughness of CNF coated
filter paper is shown in Figure 14. The CNF coating slightly increased the rough-
ness of the filter paper because the wetting and drying of the filter paper in CNF
coating process caused nonuniform swelling and shrinking of the paper. The
contact angle of the CNF coated filter paper slightly decreased with CNF coat-
ings. The contact angle of the hydrophobic filter paper was about 114 °. When
two CNF coatings were applied, the angle changed to 105 °. Even though the
water contact angle slightly decreased, it was high enough to form AgNP spot on
the paper surface. The coat weight of 1.2 g/m? was applied in each CNF coating.

3.2.2 Effect of CNF coating on the AgNP spot characteristics

The surface uniformity of the filter paper was improved by applying the
CNF coating, as shown in Figure 15. Many large pores remained on the
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Figure 14. Roughness of the filter paper depended on number of CNF coatings.

hydrophobic-treated filter paper, as shown in Figure 15(a). The pores disappeared
with the CNF coating because the pores were filled with CNF; surface smooth-
ness was also improved (Figure 15(b) and 15(c)). The change of the filter paper
surface affected on the shape and coverage of the AgNP spots (Figure 15(d),
15(e) and 15(f)). The rough outline of the AgNP spot was formed without CNF
coating. The CNF coating, however, made the spot outline smooth by decreasing
the roughness of the surface. The shape of the AgNP spot became more circular.

There were areas where the AgNPs were not loaded because of the differences
in the heights and hydrophobic characteristics of the hydrophobic-treated papers.
The AgNP solution did not penetrate into the deep pores in which there were no
AgNPs (Figure 15(g)). Most areas, however, were covered by the AgNPs on the
filter paper that was treated twice with the CNF coating. We used image analysis
to evaluate seven different AgNP spots in each condition to analyse the coverage
of the AgNPs. The coverage was gradually increased and the standard variation
was decreased with the CNF coating (Figure 16). Thus, introducing a simple
CNF coating made more uniform AgNP spots on the paper-based SERS substrate.

3.2.3 Reproducibility of SERS intensity with CNF coating
The reproducibility of SERS intensity was evaluated by applying 10,000 nM of a

4-ATP solution on the AgNP spot. The scanning condition was slightly changed
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Figure 15. Surface changes of the filter paper as a result of the CNF coating. (a) CNF

coating = 0, (b) CNF coating = 1 and (c) CNF coating = 2. Characteristics of the AgNP

spot. (d) and (g) CNF coating = 0, (e) and (h) CNF coating = 1 and (f) and (1) CNF coating
= 2. Scale bars in (a)—(f): 200 um. Scale bars in (g)—(1): 2 um.

because of the saturation of SERS intensity when the previous condition was
applied. The scanning size, step size and laser power were 200 um by 200 um,
2 um and 0.5 mW, respectively. The objective lens magnification was 40x. The
scanning time was 0.625 sec. The SERS intensity of the 1073 cm ' band of 4-ATP
was increased by the CNF coating. The intensity was greatly increased when the
CNF coating was applied once. The SERS intensity of the filter paper that was
coated with CNF twice was similar when compared to filter paper that was coated
once (Figure 17).
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Figure 16. Coverage of the AgNP spot depended on the number of CNF coatings.
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Figure 17. SERS intensity of 4-ATP depended on the number of CNF coatings.
Figure 18 shows the SERS intensity for the seven different AgNP spots in each
condition. The summarised SERS intensities are given in Figure 18(d). The

SERS intensity was increased by applying the CNF coating once; however, there
was no difference between filter papers that were coated with CNF once or twice.
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Figure 18. SERS intensity variation in the 1073 ¢m™' band. (a) Hydrophobic-treated
filter paper. (b) Application of one CNF coating. (c) Application of two CNF coatings.
(d) Summarised SERS intensities and standard deviations.

The intensity was slightly increased, but the standard deviation was greatly
decreased with additional CNF coatings. From these results, the RSD was calcu-
lated (Table 2). The RSD was decreased from 20% to 6% in the hydrophobic-
treated filter paper with two CNF coatings. CNF coatings that filled the pores of
the surface made more AgNPs retained on the paper surface, which increased the
intensity of the SERS signal by forming the more SERS hot spot. CNF coatings
also improved the uniform distribution of the AgNPs, which increased the repro-
ducibility of the SERS signal. These results suggest that a simple CNF coating
can greatly improve the reproducibility of SERS intensity even though a high
magnification lens (40x) was used.

Table 2. Relative standard deviations of SERS intensity depending on the number of
CNF coatings

Number of CNF coating 0 1 2
Relative standard deviation (%) 20.4 15.4 6.1
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Figure 19. Limit of detection of 4-ATP depended on the number of CNF coatings. Scanning
size: 200 um by 200 um; step size: 2 um; laser power: 0.5 mW; acquisition time: 2.5 sec.
(a) Hydrophobic filter paper (CNF coating = 0). (b) CNF coating = 1. (¢) CNF coating = 2.
(d) Average SERS intensity in 1073 cm™' depending on 4-ATP concentration.
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Figure 20. Schematic illustration of the CNF coating.
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3.2.4 LOD dependency on the number of CNF coatings

The LOD of the 4-ATP molecule depended on the number of CNF coatings as
shown in Figure 19. For all the substrates tested, the SERS intensity decreased
with decreasing 4-ATP concentration. In the case of the CNF-untreated hydro-
phobic filter paper, the LOD was 10 nM; however, the LOD was improved by
introducing the CNF coating. The LOD was 1 nM regardless of the number of
CNF coatings. The uniform filter paper surface that was formed by the CNF
coating made the intensity strong and improved the LOD. A schematic illus-
trating the application of a CNF coating is presented in Figure 20.

4 CONCLUSIONS

In this study, we fabricated a sensitive and uniform molecule-detecting sensor
based on filter paper. The smoothness of the filter paper after hydrophobic treat-
ment was improved through the calendaring process. The AgNP spots were formed
using the drop and dry method to apply a AgNP solution of optimised concentra-
tion onto the surface of hydrophobic-treated filter paper. After the analyte was
treated in the same manner on the AgNP spots, the molecule was detected using the
SERS technique. We were able to detect trace amounts of 4-ATP at the femtomolar
level using the filter paper with hydrophobic treatment, and we also confirmed that
the paper showed high detection reproducibility through an area scanning applica-
tion. To improve the reproducibility and intensity of the SERS signal, a CNF
coating was applied to increase the uniformity of the filter paper surface. The CNF
coating also improved the uniformity of the AgNP spots by reducing the paper
pore size and increasing the surface smoothness. The improvements to the filter
paper rendered by the CNF coating increased the intensity and reproducibility of
the SERS signal even though an objective lens with high magnification was used.
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PAPER-BASED CHEMICAL
DETECTING SENSORS FOR
SURFACE-ENHANCED RAMAN
SCATTERING

Kyudeok Oh,'* Minwoo Lee,® Hye Jung Youn,'*?
Dae Hong Jeong® and Hak Lae Lee'*

! Department of Forest Sciences, College of Agriculture and Life Sciences,
Seoul National University
% Research Institute of Agriculture and Life Sciences, Seoul National University
3 Department of Chemistry Educations, College of Education, Seoul National
University

Vikram Singh Raghuwanshi Monash University

I have a question on the production of silver nanoparticles. How do you control
the shape and size of silver nanoparticles when you produce them?

Hak Lae Lee Seoul National University

First of all, we have to control the temperature of the silver nitrate solution and
also try controlling the starting conditions. They are the only two things, and also
we use silver citrate as a dispersant with stabilizers, so we needed to control the
amount of stabilizers applied.

Gil Garnier Monash University

I have a few questions on that because I presented on the topic at the last
conference in Cambridge, and I know a little bit about this. Why do you use sized
paper?

16th Fundamental Research Symposium, Oxford, September 2017



Discussion

Hak Lae Lee

As you see here, unsized paper will suck in all the nanoparticles into the internal
structures, so we needed to keep the nanoparticles on the surface — and nano
particles do not spread in the X—Y directions, either. We needed to keep the nano-
particles congested in a small area, so we applied sizing to keep the droplets to a
small size.

Gil Garnier

Did you compare with unsized paper?

Hak Lae Lee

Yes, of course.

Gil Garnier

What did you achieve?

Hak Lae Lee

Unsized paper did not give any strong SERS intensities at all.

Gil Garnier

Your results contradict our studies. We found that at constant nanoparticle
loading, SERS intensity on unsized paper is much higher than on sized paper.
This is because of the 3D-distribution of particles provided hotspots. So now
my second question will be on the distribution, I saw on your very interesting
presentation that it was sometime a little bit on the curvy side. So the question
is, have you done reproducibility experiments? If you take a sample and you
do 10 measurements, how much variability do you have in terms of intensity?

Hak Lae Lee

I have shown in one of my slides that reproducibility is quite important and our
case is 6.2%, which is quite low, and it is quite important to keep the molecules
on the surface. For that we needed to have more close-packed nanoparticles on the
surface.
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Gil Garnier

Why did you choose to use so big nanoparticles? The nanoparticles are 100 nm
and typically in SERS research we use between 4 and 25, why did you go for this
extreme range?

Hak Lae Lee

The particle size you mean? We used, an average particle size of the nanoparticles
of 90 nm and it does not matter if you have a smaller than the wavelength of your
laser light.

Gil Garnier

Have you tried lower size?

Hak Lae Lee

No, we did not.

Gil Garnier

Because typically well-distributed small nano partially create hotspots, which are
a function of the number of contacts. Therefore, the smaller the particle, the more
contact, the more hotspots, the more amplification.

Hak Lae Lee

We did not change the particle size yet, so this work just showed the impact of the
paper substrate. That is a good topic to pursue.

Gil Garnier

The last question that I would like to ask is have you tried other SERS probes than
ATP and aromatic molecule? Have you tried nonaromatic smaller linear mole-
cules without phenyl groups?

Hak Lae Lee

No, we have not tried yet. We were focusing here on the effect of paper substrate.
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Gil Garnier

Yes, for the nanocellulose study you have achieved a beautiful result, you have a
very smooth baseline and the peaks are decent. And your interpretation of that
was the smoothness of the fiber. Have you looked at the nanoparticle distribution?
The nano particle distribution of the Z direction, to see if they are more uniformly
distributed?

Hak Lae Lee

We tried to keep the nanoparticles well distributed in the X—Y direction, only.
Because, when you have stacking of the nanoparticles, you know the laser beam
will not penetrate deeply.

Gil Garnier

Have you tried? Because what we have found is that the laser indeed goes very
deep in the paper and you have the hotspot in the two layers of nanoparticle that
interacts with the each other and that really increases the signal, so what are you
doing if you have the more uniform distribution?

Hak Lae Lee

When you increase the saturation of the nanoparticles, they give you some more
agglomerates which is almost like stacking of the nanoparticles. It gives lower
intensities.

Gil Garnier

So you are now talking about aggregate size which is giving you a lot of hotspots.

Hak Lae Lee

That’s true. But the ratio of molecules in hot spot decreases at the same time.

Thierry Mayade Ahlstrom-Munksjo Apprieu

As I understand it, you take a sheet of paper but you have to treat it, to size it, to
calender it. What will be the interest or the limitation of using readily available
parchment paper which is made of pure cellulose?
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Hak Lae Lee

This is a good idea. You know we used a filter paper because it is a quite pure
chemically, and also you can use some other substrate which is quite pure and
smooth. And right now we are trying to work out what happens when you use
CNF papers rather than filter paper, prepared form CNF only. So it is almost like
parchment paper, I would say it gives a very smooth surface in the beginning
without any pores, so I hope that gives some advantages. And I think parchment
paper can be used too.

16th Fundamental Research Symposium, Oxford, September 2017




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 't&f_Press Quality\(Black & White\)'] Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


