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ABSTRACT: We present two cost-effective routes for
roll-to-roll (R2R) manufacturing of silver nanoparticle
based surface-enhanced Raman scattering (SERS) active
substrates on paper utilizing either inkjet printing or
liquid flame spray (LFS) nanoparticle deposition. Paper is
cost-effective, renewable, recyclable, and biodegradable
that can easily be disposed after the SERS analysis. Paper
based substrates can have a strong luminescence that can
overshadow the rather weak SERS signal. Two solutions
are presented here that solve the luminescence issue of
the base paper substrate. A full silver coverage by inkjet
printing or alternatively a simple flexography carbon
coating can suppress the background luminescence
allowing a reliable SERS characterization. The detection
limit of the sample analyte crystal violet was 100 nM
corresponding to 100 fmol in a 1 pl sample volume.
These approaches can provide a cost-effective route
towards disposable, point-of-care SERS active substrates.
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Introduction

Cellulose is the most abundant biopolymer on Earth. The
benefits of natural fibre based substrates such as paper
and paperboard include recyclability, renewability,
biodegradability, and such substrates can be produced at
a large scale cost-effectively. In recent years research and
development has shifted towards value-added products
such as printed electronics and printed functionality on

natural fibre based substrates for low-cost and disposable
electronics (Tobjork, Osterbacka 2011; Martins et al.
2011; Martins et al. 2013). For example, recyclable solar
cells have been demonstrated on a cellulose nanocrystal
substrate with 2.7% solar power conversion efficiency
(Zhou et al. 2014) or on cast coated papers with 3.4%
solar power conversion efficiency (Aguas et al. 2015).

Recently paper has found an increasing number of
applications in the point-of-care (POC) diagnostics.
Porosity of paper is an advantage as the capillary pressure
can be utilized for liquid actuation e.g. in microfluidic
paper-based analytical devices (WPADs) (Martinez et al.
2010), for colorimetric detection of liver markers (Vella
et al. 2012) or electrochemically active bacteria (Marques
et al. 2015) using a micropatterned paper, or enzymatic
reactions, immunoassays, and nucleic acid sequence
identification (Costa et al. 2014). Blood typing has also
been realized on paper by stabilizing antibodies onto
paper (Khan et al. 2010; Guan et al. 2014). An additional
benefit of paper is easy disposability by combustion after
sample analysis leaving no hazardous biowaste.

POC analysis can also be based on detection of Raman
scattering originating from inelastically scattered photons
that are coupled to the vibrational modes of the
molecules. Thus a Raman spectrum yields a spectral
fingerprint of the studied substance allowing accurate
identification of the samples (Lewis, Edwards 2001).
Raman scattering takes place when there is a change in
the polarizability of the molecule whereas conventional
infrared spectroscopy is based on the change in the dipole
moment. Therefore, aqueous solutions can easily be
measured using Raman spectroscopy. Unfortunately, a
significant drawback with Raman spectroscopy is the
weak signal levels as only one photon in approximately
10 million experiences inelastic scattering.

Various approaches have been taken to enhance the
Raman signal using plasmonic metallic nanostructures
such as nanoparticles, tips, or roughened surfaces that
enhance the local electric field intensity and thus, Raman
scattering (Kneipp et al. 2006). Recently Raman
spectroscopy has been incorporated with microfluidic
devices for detection of food-borne pathogens (Mungroo
et al. 2016) and for malaria diagnosis (Yuen, Liu 2013).

Traditionally surface-enhanced Raman scattering
(SERS) is observed on metal nanoparticle coated glass
substrates. In a typical Raman measurement the sample
stains the SERS active substrate and can only be used
once. To lower the cost of such SERS analysis silver
nanoparticles were inkjet printed on purified cellulose
substrate (Yu, White 2010) with sensitivity down to
femtomolar level with a rhodamine test analyte. Silver
nanoparticles have also been used on cardboard packages
with metal surface for highly efficient SERS response
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(Araujo et al. 2014). Alternatively gold nanoparticles
have been utilized for SERS activation on qualitative
filter paper (98% pure cellulose) to minimize the
interference with paper coating (Ngo et al. 2013; Ngo et
al. 2013b) for cost-effective bio-diagnostic applications.
In recent years there has been a growing interest in paper-
based SERS analysis (Polavarapu et al. 2014; Torul et al.
2015; Villa, Poppi 2016).

In this paper we utilize two different routes for
generation of low-cost, large-area SERS active substrates.
First, inkjet printing with commercial silver nanoparticle
ink is studied on paperboard. We have previously shown
(Saarinen et al. 2014) that inkjet is suitable for making
SERS active substrates on a glass substrate. Secondly, a
liquid flame spray (LFS) silver nanoparticle deposition
(Mikela et al. 2011) is utilized that allows cost-effective
deposition of various metal and metal oxide nanoparticles
in atmospheric conditions in a roll-to-roll process flow.
LFS contains a high temperature and a high velocity
flame in which an organometallic precursor evaporates,
nucleates, and forms solid nanoparticles. These
nanoparticles can be deposited on various substrates, and
LFS has been utilized e.g. for controlled wetting of
paperboard with TiO, nanoparticles (Stepien et al 2011;
Stepien et al 2012; Stepien et al. 2013; Valtakari et al.
2016).

A common problem with paper for SERS analysis is
signal crowding due to high fluorescence and
luminescence from the base paper components such as
organic binders, inorganic fillers, and additives. These
can overshadow the SERS signal. We present here two
different routes to solve the luminescence issue: first,
inkjet printing of silver nanoparticles with sufficiently
small drop spacing distance results in a rather uniform
silver layer on top of paper that also prevents
luminescence generation. A more cost-efficient and
biocompatible solution is also presented as we apply a
simple graphite coating using flexography. A thin carbon
coating is adequate to suppress the luminescence, and
thus the SERS signal can be measured from substrates
with significantly lower amount of deposited silver.
Finally, it would also be possible to use a time-gated
Raman measurement (Knorr et al. 2010; Kostamovaara et
al. 2013) as Raman scattering has a lifetime in
femtosecond range whereas luminescence is within the
picosecond range. Hence by limiting the signal collection
to less than picosecond the Raman signal can be
collected. However, this sets additional requirements for
the measurement system, and may limit applicability of
the technology for POC applications.

Materials and Methods

Sample preparation

Fig 1 shows a schematic picture of the liquid flame spray
process (a) and inkjet printer (b) used in preparation of
the silver nanoparticle deposited SERS active substrates.
Furthermore, a laboratory scale flexography test printer
used for carbon coating is shown in Fig / (c). All SERS
active structures were fabricated on a commercially
available double pigment coated paperboard (200 g/m?,
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Fig 1 - A schematic picture of the (a) LFS silver nanoparticle
deposition system, (b) the used inkjet printer with the silver
nanoparticle ink, and (c) the used laboratory scale flexography
printer for graphite carbon coating.

Stora Enso, SE) containing both calcium carbonate
(CaCO3) and kaolin clay mineral pigment particles in the
coating recipe.

Liquid flame spray (LFS) Ag nanoparticle deposition
Here two different particle sizes were deposited using
silver nitrate (AgNOs, 99.9+%, Alfa Aesar) precursor in
water solution that was fed into the flame with a silver
concentration of 750 mg/ml in the precursor and gas flow
ratios of 55 I/min (H») and 5 I/min (O,) were used to
synthesize silver nanoparticles with an average diameter
of 90 nm with a fixed precursor feed rate of 4 ml/min.
The silver precursor concentration was reduced to 500
mg/ml with the gas flow ratios of 40 I/min (H») and 20
l/min (O,) with a fixed precursor feed rate of 2 ml/min
were used for deposition of Ag nanoparticles with an
average diameter of 50 nm.
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Inkjet printing and thermal curing of the silver surface
Silver nanoparticles were inkjetted using a commercial
ethanol based 20 wt.% silver nanoparticle ink having 20
to 50 nm particle size distribution (SunTronic Jettable
Silver U5603, Sun Chemical Electronic Materials, Sun
Chemical Ltd., UK). The inkjet printing was carried out
with a piezoelectric Dimatix DMP-2800 (Fujifilm
Dimatix Inc., US) on a drop-on-demand mode. A single
nozzle with 10 pl drop volume with three different drop
spacing values of 45, 60, and 85 um were applied on
paperboard substrate. The paperboard samples were cured
for 30 min in an oven with a temperature of 120°C. We
have previously shown with glass samples (Saarinen et
al. 2014) that a higher curing temperature of 200°C
resulted in a carbon layer on top of the Ag nanoparticles
on glass slides that suppressed the SERS signal
generation. Thus 120°C was utilized with paperboard
samples.

Carbon coating by graphite ink

Carbon coatings were performed on a paperboard using a
laboratory scale flexography IGT GST 2 printability
tester (IGT Testings Systems, NL) as shown in Fig I(c).
The anilox cylinder had a cell angle of 45° with 40
lines/cm and volume of 20 ml/m?. The graphite ink was a
resistor ink suitable for flexography and rotogravure
(110-04, Creative Materials, US). The ink was coated at a
print speed of 1.0 m/s with successive prints up to four
times. The pressure between the anilox cylinder and the
printing plate was set to 50 N whereas the pressure
between the printing plate and the substrate was set to
100 N.

Photoluminescence and SEM measurements
Photoluminescence of the plastic film and paperboard
with and without flexography carbon coating were
measured using an Olympus BX60 fluorescence
microscope (Olympus, JP) with a 490 nm laser excitation
wavelength. The scanning electron microscopy (SEM)
imaging was carried out using a Carl Zeiss Ultra-55
microscope (Carl Zeiss AG, DE) with a secondary
electron (SE) detector for surface imaging, and an
integrated energy and angle selective backscattered
electron (ESB) detector for compositional information.
Both for surface morphology and composition imaging
an acceleration voltage and magnification of 1.00 kV and
10 kX were utilized, respectively. For the ESB imaging
an energy window width of 482 eV was used.

Raman spectroscopy

Raman spectroscopy was carried out with a spectrometer
(Andor Shamrock 303) and a cooled charge-coupled
device (CCD) camera (Newton 940P). The Raman
excitation was performed using a 532 nm wavelength
Cobolt Samba laser. The sample was illuminated with a
collimated laser beam in an approximately 30° angle with
respect to the sample surface. The scattered light was
collected with a microscope objective along the normal of
the surface of the sample and Rayleigh scattered light
was filtered out with a Semrock Razoredge filter. The
laser spot size on the sample surface was approximately
700 pum.

We utilized crystal violet (CV, CAS [548-62-9], Sigma-
Aldrich, USA) diluted in deionized distilled water
(Millipore 18.2 MQ, Merck Millipore, USA) as a test
analyte for detection of SERS signal. CV concentrations
of 1 uM, 100 nM, and 10 nM in water were used. A 5 pul
micropipet (Hamilton, Reno, USA) was used to place a 1
ul droplet of the sample analyte onto the surface with an
average droplet diameter on the sample surface of
approximately 2-3 mm. SERS measurements were
acquired after the droplet had dried on the surface. The
SERS spectrum was measured from three different spots
of the dried sample analyte and average signal from these
three measurements are shown.

Results and Discussion

Inkjet printed Ag samples on paperboard

Fig 2 shows the average SERS signals measured on
inkjet printed silver nanoparticle samples on paperboard
surface as a function of the increased drop spacing (DS)
from 45 pm to 85 um with three different sample CV
analyte concentrations of 1 pM, 100 nM, and 10 nM. The
lower row image shows the corresponding optical
microscope images taken using the microscope of the
Dimatix DMP-2800 inkjet printer after the sample
manufacturing. A significant increase in the total number
of counts is observed as the drop spacing increases. This
is expected as with higher drop spacing the background
paperboard surface is more exposed to the
electromagnetic excitation as shown in the lower row in
Fig 2 also displaying the used laser spot size.

We have shown in our previous study (Saarinen et al.
2014) that the printed silver droplet is fully covered by
silver nanoparticles with diameters from 30 to 50 nm. It
is possible to estimate the silver amount in the coatings
with different spot sizes. The used ink contains 20 wt.%
of silver mixed together with ethanol, ethylene glycol and
glycerol. Using the typical densities of the substances the
deposited silver amount of the surface is 1300, 730, and
360 mg/m? for DS 45, 60, and 85 pm, respectively.

The top layer of the used commercial pigment coated
paperboard consists of mineral calcium carbonate and
kaolin clay pigments verified by the X-ray photoelectron
spectroscopy (Stepien et al. 2012) that are immersed in an
organic binder, typically styrene butadiene or styrene
acrylic latex. Kaolin clay exhibits a strong fluorescence
and photoluminescence (Vyorykkd 2004; Vyorykka et al.
2004). Hence, the characteristic Raman signal is lost in
the strong luminescence background, and the
photoluminescence becomes the main signal source with
increased drop spacing. For the paperboard sample with a
full silver coverage using a 45 um drop spacing, we have
a peak contrast (peak signal compared to background
signal level) of 1.47 and 2.02 for the 10 nM CV peaks at
1586 cm ™! and 1618 cm™!, respectively. The peak contrast
to background signal level was determined from the
baseline in the vicinity of the investigated peak using
interpolation with the second derivatives. No other
spectral processing or normalization was performed.
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Fig 2 - SERS signal from inkjet printed Ag nanoparticles on paperboard with increasing drop spacing value from 45 um (a) to 85 ym
(c). The subfigure in (a) shows a high magnification image inside the printed drop with full coverage of nanoparticles. The dashed red
circle in (b) and (c) displays the laser spot size on the sample surface used in the Raman measurements.

These findings are almost on a similar signal level
compared to the inkjet printed glass samples with 45 pm
drop spacing presented in our previous paper (Saarinen et
al. 2014) that had a characteristic peak contrast of 1.57 at
1586 cm™ and 2.33 at 1618 cm™' for the 10 nM CV
solution. Unfortunately, these detection levels drop
drastically as silver drop spacing increases: with 85 pm
drop spacing the characteristic peak contrasts are 1.20 at
1586 cm! and 1.31 at 1618 cm!' even for 1 puM
concentration. The different CV concentrations show an
expected result with the highest CV concentration
resulting in the highest SERS activity.

LFS deposited Ag nanoparticles on carbon coated
paperboard

Fig 2 clearly shows that increasing the drop spacing
value of the Ag inkjet printing resulted in a lost SERS
signal below the background luminescence from the
paperboard. Therefore, depositing individual silver
nanoparticles using the LFS nanoparticle deposition as
shown in our previous paper (Saarinen et al. 2014) on
paperboard did not result in a measurable SERS
spectrum. To overcome the luminescence issue a cost-
effective graphite carbon coating was utilized.

Fig 3 shows the measured photoluminescence signal
from the reference paperboard compared to flexography
carbon coated paperboard and a plastic Mylar films
excited at 490 nm laser light. Paperboard has a strong
luminescence around 550 nm emission wavelengths,
which can be completely suppressed by the successive
flexography printed carbon coatings. These have
comparable luminescence values to a plastic film that has
conventionally been used for Raman active substrates.
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Fig 3 - Examples of the flexography printed carbon coatings on
paperboard with increasing print density with the successive
prints and the corresponding measured photoluminescence
signal of the reference paperboard and the flexography printed
carbon coatings with 1x, 2x and 4x carbon coating compared to
the plastic film reference at excitation of 490 nm.

Even a single flexography print suppresses
photoluminescence significantly but two successive
flexography prints result in an almost perfect blocking
layer for the photoluminescence. Optimizing the used
flexography printing parameters (anilox and ink
properties) it is possible to have adequate
photoluminescence suppression even with a single print.

LFS is a versatile method for producing single
(Tikkanen et al. 1997) or multi-component (Haapanen et
al. 2015) nanoparticles. The formed nanoparticle size can
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be controlled via the process parameters including the
flow rates of the gases and precursor, precursor
concentration, and deposition time and burner distance
from the substrate. An additional benefit of the LFS
process is that the generated nanoparticles can be
collected on a moving web, which allows large areas to
be coated via roll-to-roll process flow.

Fig 4 shows the SE and ESB images of the carbon
coated paperboard (a) and the corresponding carbon
coated paperboard functionalized wusing the LFS
deposited Ag NPs with (b) 10x90nm+10x50nm, (c)

ESB image

Fig 4 - Secondary electron (SE) and energy selective
backscattered (ESB) images of carbon coated paperboard (a)
and LFS deposited silver nanoparticle functionalized carbon
coated paperboard with 10x90nm+10x50nm,
25x90nm+10x50nm,  and  50x90nm+10x50nm silver
nanoparticles in (b), (c), and (d), respectively.

x 10° x 10°

25x90nm+10x50nm and (d) 50x90nm+10x50nm
sweeps.

The observed amount of Ag NPs correlates well with an
increasing number of deposition sweeps for the 90 nm Ag
NPs as clearly seen from the ESB images. The
elementally heavier silver results in a stronger
backscattering signal than carbon and thus, Ag NPs are
seen as bright spots. Estimation from the used deposition
parameters results in a surface coverage of 12%, 23%,
and 43%. This corresponds to a silver amount of 60, 140
and 260 mg/m?. Hence, the deposited amount of silver on
the surface is significantly smaller compared to the inkjet
printed samples. The nanoparticle coating is rather
uniform with separate Ag NPs in Fig 4(b) and (c)
excluding the larger cluster visible in (c) whereas the
highest deposition amount with 50x90 nm Ag NP sweeps
resulted in a formation of larger clusters as shown in
Fig 4(d). The highest deposition amount has also the
highest exposure to the heat from the flame that may
induce clustering.

The measured SERS signals for the LFS deposited Ag
nanoparticle samples on a flexography printed carbon
coated paperboard are presented in Fig 5 with three
different CV analyte concentrations of 1 pM, 100 nM,
and 10 nM. Three different nanoparticle amounts are
presented. The samples were deposited 50x, 25%, or 10x
times by 90 nm Ag nanoparticles followed by 10x times
deposition with 50 nm Ag nanoparticles. The number of
LFS depositions correlates with the amount of deposited
nanoparticles i.e. 50x90 nm LFS sample has twice the
mass of 90 nm Ag NPs compared to 25x90 nm sample.
All samples in Fig 5 clearly show distinguishable CV
peaks with the highest CV concentration of 1 uM.
However, on a carbon coating the graphite G-band
Raman excitation is visible especially with lower CV
concentration around 1582 cm’!, and the measured
spectrum is a sum of CV and graphite peaks.
Nevertheless, the two characteristic CV peaks are visible
in all samples with 100 nM CV concentration. In a recent
paper (Chen et al. 2014) the quality of Raman spectra
with low signal-to-noise ratio were improved using four
commonly used de-noising methods in Raman
spectroscopy. A similar approach can be utilized with
paper-based SERS spectra and we plan to return to this
issue in future communication.
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Fig 5 - Measured SERS intensities for (a) 50x90 nm + 10x50 nm, (b) 25x90 nm + 10x50 nm, and (c) 10x90 nm + 10x50 nm LFS

deposited Ag nanoparticles on carbon coated paperboard.
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Fig 6 - The average peak to background contrast ratio with
standard deviation for characteristic CV peaks of 445, 918 and
1618 cm-1 peaks for three different CV concentrations on
carbon coated paper with two different LFS Ag nanoparticle
amounts.

Finally, three different CV peaks at 445 cm’!, 918 cm’!,
and 1618 cm! with three different CV concentrations
were  analyzed for  50x90nm+10x50nm  and
25x90nm+10x50nm samples that are shown in Fig 6.
The displayed peak contrast values are an average of
three SERS measurements from different sample spots
displayed with standard deviation. In both these samples
the best peak constrast was observed for 918 cm™!' peak
with a contrast value of approximately 1.6 for the 1 pM
peak intensity compared to the background level. This
analysis also verifies that with individual Ag
nanoparticles on carbon coated paperboard a reliable
detection range is in 1 uM range whereas with inkjet
printed Ag samples 100 nM was still detectable. On the
other hand, the LFS nanoparticle coatings have
significantly less silver on the surface thus providing a
large potential for cost savings.

Conclusions
We have investigated two different routes for
manufacturing disposable SERS active substrates based
on silver nanoparticles deposited on paperboard substrate.
The issue of inherent luminescence from the paper
substrates is solved using two different approaches. A full
coverage of silver on the surface by inkjet printing with
small enough drop spacing resulted in a detection limit of
100 nM of the sample crystal violet analyte. However, an
increased drop spacing value in the inkjet printing
resulted in a lower coverage of paperboard and thus a
strong  excitation of  photoluminescence  that
overshadowed the SERS signal from the studied sample
crystal violet analyte. On the other hand, a more cost-
efficient flexography carbon graphite coating on
paperboard was utilized to suppress the luminescence
from the background paperboard substrate. On such
carbon coated paperboard, the LFS deposited silver
nanoparticles resulted in a detection limit of 1 uM of CV
with a significantly reduced silver amount (and cost)
compared to the inkjet printing with full surface
coverage.

Our work shows avenues towards disposable,
renewable, and sustainable cellulose based SERS active
substrates. We believe that the developed SERS active

substrates will find many applications in POC diagnostics
in the future.
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