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ABSTRACT: Surface-enhanced Raman scattering (SERS) is a
promising platform for particle-based sensor signaling, and
droplet-based microfluidic systems are particularly advanta-
geous for control of the size and composition of micro- and
nanoparticles. For controlled sensing application, a high
homogeneity of the sensor particles is a key requirement,
and the particles with functional properties demand for the
preparation in a minimum number of synthesis steps.
Frequently used coflow and flow focusing arrangements,
however, produce the microparticles of only larger size. To
address such concern for downscaling of particle size, which is
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crucial for strong sensing outcome, we have used a peculiar micro cross-flow arrangement here for generating the polymer
microparticles of broad size range between 30 and 600 pm along with in situ embedded silver nanoparticles. Embedded silver
acts as nuclei for additional silver enforcement via silver-catalyzed silver deposition in order to realize the composite
microparticles for SERS sensing. The homogeneous size and spatial distribution of silver nanoparticles inside the matrix and
enforcement over the surface together with controlled pore size provides a high and homogeneous loading of polymer composite
sensor. Moreover, different parameters such as analytes concentration and particles size have been studied here for SERS sensing
application of biochemical molecules (amino acids and vitamins). Overall, the platform for size-tuned droplets generation,
synthesis of composite microparticles, mechanism for synchronized photopolymerization—photoreduction, tuned silver
enforcement, and the impacts of different analytes on differently composed microparticles are systematically investigated in this

paper.
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1. INTRODUCTION

Metal/polymer composite materials are of interest for a large
spectrum of applications because they unifying the comple-
mentary properties of both classes of materials."” It includes
chemical, mechanical, and electrical properties together with
swellability and heat conductivity.>* Both components can be
varied to a large extent: metal by formation of alloys and
different solid morphologies,s’6 and polymer by the monomer
types and composition in case of copolymers.” Composite
material can be generated in the form of bulk material or in a
particulate form. Microfluidic techniques® are particular
interesting because they allow generating polymer particles or
even composite particles with extraordinary high homoge-
neity.”'® The microfluidic process accomplishes a regular
droplet formation resulting in a narrow size distribution of
obtained microparticles. To generate the droplets of precise size
is crucial in microfluidic field."" A single droplet contains all
reactants in the picoliter or nanoliter volume,'” and therefore
their manipulation and stability is a crucial task."* The droplet
compartmentalization, homogeneity, material synthesis and
composition of heterogeneous materials are influenced by the
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device design."" A tuning of the droplet (particle) diameter can
be achieved by variation in the viscosities of used liquids, by
types of polymer, by size of a nozzle for releasing monomer
droplets in the micro device, by wetting behavior or even
simply by tuning the flow rates ratios of monomer and
embedding carrier liquids."* In addition, this strategy, therefore,
can be applicable for the generation of core/shell’® and
composite particles too.'

The incorporation of metal nanoparticles inside the polymer
matrix is attractive for generating new types of labeling and
sensing particles.'”” " In particular, silver nanoparticle-doped
gel-like polymer microparticles are of interest for the
application in bead-based sensing by using surface-enhanced
Raman scattering effect (SERS sensing). Co-flow”® and flow-
focusing”"** arrangements have been previously used for the
synthesis of monodispersed polymer particles.”>** However,
the size ranges of the particles were always in the higher
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Figure 1. Schematic of (a) microfluidic arrangement for the microparticles synthesis and (b) droplet tuning mechanism in microreactor at different

reaction conditions.

micrometer to submillimeter and millimeter range. To enhance
the SERS signal for sensing purpose, particles should be of
deeper micrometer size. Such a large reduction of particles size
in flow capillary and coflow arrangement is difficult to achieve.
Therefore, to address this need, we have used a distinct micro
holeplate-based cross-flow microfluidic arrangement here to
produce the homogeneous particles of broad size range
between 30 and 600 ym.

By using lithographically designed microreactor, we success-
fully achieved many challenges here. The broad size range
spectrum of the particles with homogeneous size distribution is
a challenge. Only homogeneous particles make an impact on
their application to the targeted drug delivery,” >’ micro-
tomcologlcal screening,”® and fluorescent- and plasmonic
sensing.”” Here, by functionalizing the microchip and using a
specific interfacial stabilizing agent (picosurf), we have
successfully addressed those challenges for particles mono-
dispersity and tuning of particles size in a wide range between
30 and 600 ym. Beside the size, the control of the permeability
of the polymer matrix is a very important task (controlled
porous size, matrix affinity, and permeability play a major role
in the sensing application). In this work, suited particles have
been obtained successfully by find out the critical reaction
conditions. The smaller the metal nanoparticles, the higher the
surface energy,30 and therefore, to minimize the interfacial
energy, smaller nanoparticles quickly aggregated.’ To
incorporate them into polymer microparticles with precise
distribution (without random aggregation) for controlled
sensing, a critical in situ approach, we performed here the
simultaneous photopolymerization and photoreduction in a
single-step synthesis in a presented microfluidic platform. The
effect of increasing the silver amount reflects how a systematic
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tuning of the SERS signal intensity realized after controlled
interaction with different analytes molecules. The sensing
effects rely on the homogeneous size and well-defined surface
properties of the sensor particles. Therefore, we have focused
more on the qualitative synthesis of sensor particles as versatile
SERS substrate in a defined microfluidic platform. Many
reports for the synthesis of microparticles in the microfluidic
arrangement have been published in the past several years.*>*
However, the controlled tuning of the size and composition
from deeper micrometer to submillimeter range with high
homogeneity, and their application for tuned SERS sensing is
not reported with full protocol. Here, we present the full
coverage from synthesis to application of the sensor particles
for controlled SERS sensing.

2. EXPERIMENTAL SECTION

1. Process Concept. Fabrication of device, generation, and
manipulation of droplets as well as microgel particles, controlled
distribution of silver (Ag) nanoparticles inside and over the surface,
and their characterization by SERS, UV/vis, light microscopy and SEM
are described here. The control over the droplet size was attained by
the application of different concentrations of surfactant (fluorinated
picosurf) and by applying suitable flow rate ratio of continuous and
dispersed phase. The photochemical activation is responsible for a fast
and homogeneous initiation during the solidification process of
microfluidically formed droplets. At the same time, the reduction of
Ag" ions to metallic Ag and the formation of Ag nanoparticles
embedded in the developing polymer matrixes are initiated by a
photochemical activation. The formed polymer particles are swellable
in water and allow the diffusion of further water-soluble reactants
inside the matrix. Therefore, Ag nanoparticles inside the polymer
matrix can acts as nuclei in a second process phase for further metal-
catalyzed Ag deposition. The whole process consists of the following

DOI: 10.1021/acsami.5b00604
ACS Appl. Mater. Interfaces 2015, 7, 10742—10754


http://dx.doi.org/10.1021/acsami.5b00604

ACS Applied Materials & Interfaces

Research Article

steps. (A) Polymer particles formation (micro continuous-flow
process): (i) Formation of monomer droplets in microreactor by
shear force of the continuous phase. (i) Transport of the droplets
from the holeplate-based microreactor to the irradiation zone. (iii)
Photochemical initiation promotes polymerization of monomers as
well as photoreduction of Ag salt, simultaneously. (iv) Completion of
polymerization process which forms in situ Ag embedded polymer
microgel particles. (B) Ag enforcement (batch process): (v) Mixing
the suspension of primarily formed polymer particles with depositing
solution. (vi) Metal-catalyzed Ag deposition by chemical reduction of
Ag" ions. (vii) Washing process in order to remove the unreacted
impurities. (viii) Applying different concentration of analytes over the
surface of composite particles for SERS measurement. (ix) The quality
of sensor particles formation was characterized by SERS, UV/vis, light
microscopy, and SEM.

2.2. Microreactor Fabrication. The silicon (Si) hole-plate
(Figure S3 in the Supporting Information) based microreactor was
prepared by a microlithographical process. To prepare this, we applied
a photolithographic procedure using an optical mask aligner and a dry
etching process for the micropatterning of the mask layer. The Si-chip
has been placed inside a two-walled chamber. The front side of the Si
chip placed in a manner where continuous phase was flowing over it.
The width of the capillary slit of about 0.2 mm was adjusted between
two surfaces of channel walls (Figure S2 in the Supporting
Information). Monomer droplets generates at T-junction by a flowing
continuous phase in dripping mode manner. The Si-membrane (0.7 X
0.7 mm?) with a single hole was placed on a rectangular-shaped
chamber with sloped side walls inside the Si-chip with an outer size of
0.9 X 0.9 mm”.

2.3. Silanization of Si Holeplate. A Si micro holeplate chip of 40
um hole diameter has been poured inside the H,0,:H,SO, (1:3)
solution for about 10 min for the purpose of surface activation. With
this step, the surface of a chip becomes more hydrophilic with
excessive hydroxyl functional groups. The Si chip then rinsed with
double distilled water and successively with ethanol several times. The
Si chip has been placed, afterward, inside a heating oven at 90 °C for
drying. In the next step, one droplet (10 4L) of Novec 7500 and then
20 uL of perfluorooctadecylsilane were applied on the chip surface.
The silanization reaction kept running for about 6 h at S0 °C. Finally,
the chip was rinsed with Novec 7500 and placed inside the
microreactor chamber for droplet generation at T-junction in a
cross-flow microfluidic arrangement as shown in Figure 1.

2.4. Microfluidic Synthesis of Size and Composition Tuned
Ag-Embedding Polyacrylamide Composite Particles. Figure 1
represents the microfluidic setup where carrier phase is a fluorinated
liquid (Novec 7500) and dispersed phase is an aqueous monomer
solution. Carrie phase made up of the fluorinated surfactant “picosurf”
dissolved in the Novec 7500 (300 uL of 5% picosurf (in Novec 7500)
in 10 mL Novec 7500). A carrier solution then filled in a 10 mL glass
syringe and fixed to the syringe pump. The aqueous monomer
(dispersed phases) is one component in the mixture of silver salt,
monomer, cross-linker and photoinitiator. A mixture of 0.6 g of
acrylamide and bis-acrylamide (19:1) was dissolved in 2 mL of
deionized water. 3.8 mg silver nitrate (AgNO;) was added to the above
solution of acrylamide monomer. Sixteen microliter of 2-hydroxy-2-
methylpropiophenone (HMPP) (photoinitiator) in 24 uL of ethylene
glycol was added sequentially to the monomer solution for initiation of
photopolymerization as well as photoreduction simultaneously. Both
syringes were connected with lithographically prepared microreactor
with two successive orifices for entries. A silanized Si chip placed inside
the microreactor chamber (hole diameter is 40 ym). The UV source
has been applied at an output end of micronozzle which carrying the
droplet-embedding continuous flow. Droplets of the monomer phase
were generated by continuous phase at T-junction of a microreactor,
and polymerized subsequently in the flow to form particles at UV
irradiation zone. Residence time of the droplets under UV ray in
photochemical reaction station is about 0.5 s. By varying the flow rates
of both antagonistic phases appropriately, the size of polyacrylamide
microgel particles can be tuned in a same setup. Once the particles
were formed, the carrier solution was decanted from the collection

tube. Then, particles were repeatedly washed by ethanol and by
deionized water several times to remove the impurities. The color of
particles was yellow due to in situ formation of Ag nanoparticles inside
the microgel particles during photopolymerization. Further Ag
enforcement was applied on the surface of Ag embedded
polyacrylamide microgel particles in a following step.

2.5. Procedure for Ag Enforcements. In the first step, Ag
nanoparticles were already distributed inside the polymer matrix
during in situ simultaneous photopolymerization and photoreduction
process. Such embedded Ag nanoparticles initiates the further
formation of Ag nanoparticles at the surface of microgel particles
(through pores) via Ag-catalyzed Ag nanoparticles synthesis upon
addition of Ag precursor. Therefore, to process the reaction, 50 uL of
S mM ascorbic acid solution have been added to the microgel
suspension (also further experiments with different concentrations of
ascorbic acid). In subsequent step, SO uL of 10 mM AgNOj solution
were added. Immediately, the color of the matrix turns to brown or
black. It indicates the formation of larger Ag nanoparticles on the
surface of microgel particles. Different concentrations of AgNO; were
applied for tuning the density of Ag nanoparticles on the microgel
particles uniformly. Finally, the composites particles were repeatedly
washed several times with deionized water and stored them at 2 °C. Ag
enforcement was visualized by SEM measurements and under the light
microscope. In further experiments, different analytes were applied to
the composite particles for SERS measurements.

2.6. Characterization. 2.6.1. Scanning Electron Microscopy. The
scanning electron microscope (SEM) images of the polymer
microparticles and composite particles were taken from the JEOL
JSM 6380 instrument. For the SEM sample preparation, particles have
been applied on the conductive SEM film. To cover the surface of
polymer particles by a conductive layer in order to protect them by
electron beam in the SEM vacuum chamber, a gold—palladium
sputtering has been applied for 1 min.

2.6.2. Light Microscope Imaging. A fluorescence microscope
Axioplan 2 imaging (Zeiss) with photo camera (SONY, model
number: SLT-A37) was used for recording optical images of
polyacrylamide composite microparticles. Ag enforced microfluidically
prepared polyacrylamide microparticles have been applied on a glass
slide, and brought under the light focus of a microscope.

2.6.3. Surface-Enhanced Raman Scattering (SERS) Measurement.
Different densities of Ag nanoparticles were applied for characterizing
the SERS effect after addition of different concentrations of analytes. A
single particle or a couple of particles were filled in the small glass vial
of the Raman instrument (Raman System, R-3000) for surface-
enhanced Raman scattering measurement. Different intensity with
optimal enhancement of the Raman light was observed after scattering
due to SERS sensing. SERS signal intensities consistently increase with
Ag amount and also with analyte concentrations. The laser spot size on
the sample was usually 2—3 mm in diameter. Green laser with 532 nm
excitation laser source and 50 mW laser power has been applied for
SERS measurement of all different kinds of the sensor particles upon
the application of different analytes with concentration from 10 mM
down to 1 uM.

2.6.4. UV-Visible Spectroscopy. Plasmonic spectra of the sensor
particles with embedded Ag and enforced Ag nanoparticles were
obtained from the Specord 200 (Analytic Jena) UV/vis spectropho-
tometer. The particles suspension was filled in the transparent UV
cuvette, and recorded the spectra at high speed (50 nm per 2 s).

3. RESULTS AND DISCUSSIONS

3.1. Droplet Generation Mechanism in the Micro-
fluidic Arrangement. Here, a droplet-based microfluidic
technique®®*” produces the size-tuned polyacrylamide compo-
site microgel particles. Initially, when the monomer phase
enters the stream of continuous flow, the monomer liquid
thread breaks-off by strong shear force of continuous liquid in a
dripping mode manner to release the droplets at a T-junction in
the microfluidic cross-flow arrangement (Figure la). The
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Figure 2. SEM images of the size-tuned polyacrylamide microparticles obtained in the microfluidic platform at different flow rate ratios of carrier
(0.125% Picosurf in Novec 7500) and monomer phase: (a) 300/50 (carrier/monomer, uL/min), (b) 300/20, (c) 400/12 (smaller particles), and
(d) 200/80 (without Picosurf in carrier phase, slug polymerized). (e, f) are the graphical representation for the effect of flow rate ratio of both
immiscible liquids and concentration of surfactant on the particle sizes, respectively.

interfacial stress, therefore, is generated at droplet surface where
both immiscible phases interact in the microchannel.
Parameters such as surface tension due to strong shear force,
viscosity of continuous phase, as well as channel diameter
playing crucial role for droplet-releasing mechanism. Although
there is strong impact of such parameters, the dominating
consequences for the broad tuning of droplets size are governed
by the addition and variation of the concentrations of picosurf
in a carrier phase. The size of droplets is on the micrometer
scale, and therefore the parameters such as viscosity, inertial
stress, surface tension, and diffusion become more important,
and can be explained in terms of the Capillary, Peclet and
Reynolds numbers.*® Surfactant decreases the surface tension
of droplets and allows generating the droplets of homogeneous
size by continuous breaking off the monomer thread at discrete
time interval (very short). Capillary number is the ratio of
viscous force to surface tension, and it defined as Ca = v /7,
where y is the viscosity of the fluid, v, is the velocity of the flow
and y is an interfacial tension.® The higher the picosurf
concentration, the lower the surface tension at interface,***!
and therefore, the generated droplets are of smaller size due to
higher Ca. Together with concentration of picosurf, a carrier
flow rate and their viscosity impacts significantly to obtain the
droplets of different size. Hence, at a higher viscosity of carrier
phase, the droplets produced are of a smaller size becaues of
higher Ca again. Similarly, strong carrier flow breaks the
monomer thread early and generates droplets of smaller sizes
too (high Ca). In a further process, the flow and the shear force
depend on the channel diameter of microreactor. With identical
diameter of microchannel, shear force increased with velocity of
the continuous phase. Therefore, the formation of the smaller-
sized droplet is led by high shear force due to higher Ca.*’
Viscosity of the carrier phase increases with addition of
surfactant. Viscosity is the tendency for the fluid to move in
parallel layers in the tube known as laminar flow. The Reynolds
number is termed as the ratio of counter laminar flow force to
viscous force, and is calculated as Re = av/v, where a is the
surface area of channel, and v and v are the velocity and
viscosity of the applied liquid. When the shear force of a
continuous flow is very high, the smaller-sized droplets of
monomer phase are generated because of the high Reynolds
number. A diffusion of the liquid in channel represents the
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Peclet number by Pe = U ,H/D, where U, is the average velocity
of a liquid flow, H is a characteristic length scale of the system
perpendicular to the flow direction, and D is the diffusion
coefficient of molecules present in the liquid. Thus, the large
spectrum of droplets size can be uniformly obtained by varying
the reaction parameters in the microfluidic system (Figure 1b).
In contrast to the emulsion polymerization where two
immiscible phases are emulsified through surfactant as a
mediator, here the droplets are suspended into the carrier
liquid and therefore the polymerization is a suspension
photopolymerization.

3.2. Size-Tuning of Composite Microparticles. Simulta-
neous co-initiation of photopolymerization and Ag photo-
reduction during the light exposition generates the composite
particles in a single step. Monodispersed droplets generation is
crucial for homogeneous polymer particles production.*** The
stable spherical droplets of aqueous monomer phase are
generated in the flowing continuous phase because the surface
of Si chip modified to be fluoro-compatible. The nozzle
diameter is of 500 um, and the diameter of formed droplets is
about 60 pm, which explains the fact that the droplets are
embedded inside the carrier solution. Photochemical micro
continuous-flow synthesis of polyacrylamide/silver composite
particles initiated through fluid actuation and an exposition of
the monomer droplets realized at UV irradiation zone. The
color of the obtained microparticles corresponds well with
typical plasmonic absorption of spherical Ag nanoparticles,****
which indicates the in situ formation of Ag nanoparticles inside
the matrix. When 10 mM AgNOj; solution of 30% acrylamide
was used, the color of the obtained composite polymer particles
was bright yellow. Pale yellow, dark yellow, brown, and black
colored polyacrylamide particles sequentially generated when
AgNO; concentration was gradually increased (from 15 mM up
to 100 mM). The catalytic property*® of composite particles
largely rely on the precise and uniform distribution of Ag
nanoparticles inside the polymer matrix. As applied here, an in
situ synthesis of Ag nanoparticles (photoreduction) inside the
cross-linked polymer matrix is the versatile strategy to obtain
the polymer—metal composite microparticles in a single-step
process, which also prevent the undesired and random
aggregation of smaller metal nanoparticles in the matrix
interior.
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Figure 3. (a) SEM image of Ag nanoparticles embedded (60 mM) polyacrylamide particle possess porosity on the surface, (b) graphical
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(c) SEM image of Ag embedded (60 mM) Ag enforced (10 mM) polyacrylamide composite microparticles.

The production of droplets using a cross-flow principle
should obviously occur with high reproducibility,*” which is
resulting into the high homogeneity of particles after
polymerization and drying (Figure 2). The whole process is
robust against a variation of flow rates of individual as well as
both regimes. When 0.125% picosurf (in Novec 7500) has been
used as a continuous phase, particles of about 55 pm were
produced at a flow rate ratio of 35 (350:10 uL/min,
carrier:monomer). The particles size consistently increases
with gradual decreasing in concentration of picosurf surfactant.
Therefore, particles of about 220 ym diameter were obtained
when 0.062% picosurf was used again at similar flow rate ratio
(35) of both immiscible phases. A late release of droplets
resulted when surfactant concentration was not high enough.
While there is no surfactant present in the continuous phase,
the droplet release process was assisted only by the shear force
of the carrier flow which depends on the viscosity and velocity
of continuous phase. Without surfactant, at a flow rate ratio of
20 (200:10 pL/min, carrier/monomer), particles of about 500
um were formed (similar to channel diameter) despite the hole
diameter of Si chip was only 40 ym. Here, because of the
immiscibility of dispersed phase with continuous phase, a long
liquid thread is formed and finally it breaks down at longer
extent. Further increase in the monomer flow with decreased
carrier flow (200:80, carrier:monomer), polymer rods of about
500 ym diameter are obtained (Figure 2d). When surfactant
was not present, smaller-sized particles of about 230 ym were
also formed at a very high carrier flow rate (1000 #L/min). In
such cases, the residence time for the generated droplets at
irradiation zone is much less and hence the obtained particles
are semipolymerized, which finally fused with each other in the
collection tube.

The competition between flow rate ratio and concentration
of surfactant to control the particles size derives from the
competition between shear force and interfacial tension, and is
directly related to the capillary number (Ca). At 0.062%
picosurf concentration, the obtained particles are of 220 ym
when flow rate ratio was 35 (350:10 pL/min, carrier:mo-
nomer). The similar-sized (about 220 pm) particles were
obtained at the flow rate ratio of only S (200:40 yL/min,
carrier:monomer) when a higher concentration of picosurf
(0.125%) was used. During the competition between
concentration of surfactant and shear force of continuous
phase, the effect of concentration is dominating. At lower
concentration of surfactant, the higher flow rate of continuous
phase is responsible for a controlled and early release of the
monomer droplets. In case of higher surfactant, smaller
particles were formed even at lower carrier flow rate (due to
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surface tension minimization). Figure 2e, f summarizes the
results of tuned particle size depending on the surfactant
concentrations and variation in the flow rate ratios. The size
tuning effect at different flow rate ratio and at different
concentrations of picosurf in the carrier phase is presented in
Figures SS and S6 and Tables S1 and S2 in the Supporting
Information.

3.3. Ag-Enforcement for Enhanced SERS Activity of
Sensor Particles. Polymer composite particles have to meet
two essential requirements for address the enhanced sensing
purpose. At first, particles should possess sufficient high
porosity in order to provide larger available area for analytes
interaction. And second, the particles have to carry high density
of Ag nanoparticles at the surface for adsorption of analyte
molecules and for the optimized surface-enhanced Raman
scattering (SERS) sensing. The water content in the micro-
fluidically formed droplets is responsible for the formation of a
gel-like state™ of the obtained particles and is dependent on
their swellability. The porous structure of polymer matrix
becomes visible after drying. SEM images of the particle surface
indicate nanopores with a diameter in the order of magnitude
of about 200 nm and below (Figure 3a). It is assumed that
additional much smaller pores are also present in the polymer
matrix. As the amount of the cross-linking agent (bisacylamide)
increases in the monomer mixture, the matrix becomes harder,
and the porosity decreases subsequently (Figure 3b).

The UV source induces the photochemical activation for in
situ formation of Ag nanoparticles in the polymer matrix. In a
triplet state, photoinitiator is known to undergo a-cleavage and
generates a pair of radicals* as shown in Scheme 1. The

Scheme 1. Scheme for the Photochemical Synthesis of
Polymer Composites Microparticles Where
Photopolymerization and Photoreduction Takes Place
Simultaneously
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Figure 4. (a—c) Light microscope images of the polyacrylamide microparticles with different amount of embedded silver (images taken by incident
light from the top of microscope): (a) 40 mM, (b) 80 mM, and (c) mixture of microparticles with different amounts of embedded silver (0, 10, 20,
and 30 mM), (d—f) optical images by transmission light of 60 mM Ag embedded Ag enforced polyacrylamide particles with different concentration
of enforced Ag amount on the surface of polymer particles: (d) 2.5, (e) 5, and (f) 10 mM. Scale bar for image a—c is 1 mm, and for image d—f is S00
pm.
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Figure 5. Graphical results of the dependence of Ag nanoparticles average sizes at the surface of matrix on different reaction conditions: (a) at
different concentration of silver salt, (b) at different concentration ascorbic acid, and (c) at the different concentration of AgNOj in the matrix during
in situ synthesis, and (d) UV—visible spectra of the polyacrylamide/silver composites microparticles of only colloidal Ag nanoparticles (black line),
40 pum sized polymer matrix with 60 mM embedded Ag (in situ formation of Ag nanoparticles when 60 mM AgNO; was used) (red line), and 40 ym
sized polymer matrix with S mM enforced Ag nanoparticles (blue line).

radicals quickly supply the electrons and reduce Ag* ions to homogeneous distribution of the formed Ag nanoparticles is
form Ag’ and Ag nanoparticles, and initiate at the same time a result of fine distribution of silver salt together with the
the polymerization of the acrylamide monomers. The monomer phase. The effect of different concentrations of Ag in
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Figure 6. SEM images of the polymer composite particles for comparison of the different sizes of enforced (deposited) Ag nanoparticles on the Ag
embedded polyacrylamide microparticles via Ag catalyzed Ag nanoparticles synthesis: (a) 2.5 mM ascorbic acid and 2 mM AgNO;, (b) S mM
ascorbic acid and 1.5 mM AgNOj; (c) S mM ascorbic acid and 2 mM AgNO;, (d) 10 mM ascorbic acid and 1.5 mM AgNO3; (e) S mM ascorbic acid

and S mM AgNO;; and (f) 10 mM ascorbic acid and $ mM AgNO;.

the polymer matrix has been investigated here; the higher the
salt concentration, the more and larger Ag nanoparticles were
obtained, which can be concluded from the obtained colors of
the sensor particles (Figure S7 in the Supporting Information).
Figure 4a—c represents the optical images of the Ag embedded
particles (images taken by applying incident light from the top
of microscope). Generated particles with higher amount of
embedded Ag nanoparticles (80 mM) are dark brown in color
(Figure 4b) compared to the light brown colored particles of
lower Ag loading (40 mM, Figure 4a). Moreover, the colorless
sensor particles are also visualized in Figure 4c (together with
different Ag-loaded particles) which are obtained without Ag
nanoparticles formation. Several of Ag atoms combined and
forms the smaller Ag cluster, and even without capping agent
and further growth, the particles are stable against agglomer-
ation because they are well fixed in the semisolid gel-like state
of the polymer matrix. The embedded Ag acts as nuclei for
further deposition of Ag on the surface, because SERS sensing
activity of the primarily formed particles can only be enhanced

by higher density of Ag at surface. Therefore, for further Ag
enhancement, S0 L of an aqueous solution of ascorbic acid (S
mM) was injected into 20 L of particle suspension containing
about 10 particles. Fifty microliters of AgNO; (in the range
between 2.5 mM and 10 mM depending on the intended
degree of Ag enforcement) have been added in small portions
(about SO uL) under vigorous stirring to this mixture. Even in
the absence of polymer particles, only a slow redox reaction
between the ascorbic acid and Ag" ions takes place; a fast
formation of metallic Ag is observed in the presence of the
polymer particles containing photochemically preformed Ag
nanoparticles. Such Ag-catalyzed Ag deposition turns out to be
visible immediately at the addition point of AgNOj; solution by
an intensification of the yellow color of the polymer particles.
Further deepening into a brown and then more and more
black-colored composite particles obtained with further
addition of Ag* ions. The color change is realized due to the
growth of Ag nanoparticles inside the polymer matrix through
pores and at the surface. A typical situation of the polymer
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particles surface after the enforcement of homogeneous Ag
nanoparticles is shown in Figure 3c. The formation and tuned
deposition of Ag at different concentration can easily be
visualized by light microscopy characterization (Figure 4d—f).
Additionally, further variation of Ag nanoparticles (size up to
250 nm diameters) on surface can be uniformly tuned by
altering the concentration ratios of AgNO; and ascorbic acid.
Enforced Ag nanoparticles are adsorbs on the surface of matrix
once it formed. When a lower concentration of ascorbic acid
(2.5 mM) was used, the formed Ag nanoparticles are about 40
and 65 nm at 2 mM and 5 mM AgNO; concentration,
respectively. When the concentration of the ascorbic acid was
increased gradually at the initial range, the smaller-sized Ag
nanoparticles were obtained in higher numbers at similar
AgNO; concentration. However, further increase in ascorbic
acid concentration enhances the size of generated Ag
nanoparticles on surface, and it can be expected that it is a
result of spontaneous aggregation via growth on preformed Ag
nanoparticles. In addition, the formation of larger Ag
nanoparticles turns out at higher AgNO; concentration.
Therefore, about 110 nm sized Ag nanoparticles on the
microgel particles surface are formed at 5 mM ascorbic acid and
7 mM AgNO; solution. Figures 5 and 6 display the results for
size-tuned Ag nanoparticles and their densities on the surface of
microgel particles.

A plasmonic character of the sensor particles is well reflected
by the optical spectra of particles suspension (Figure 5d). It is
well-known that the collective oscillation of the conduction
electron takes place at the surface of Ag nanoparticles upon
irradiation of electromagnetic waves (light) which generally
referred to as localized surface plasmon resonance (LSPR).*’
Here, for the colloidal suspension of pure Ag nanoparticles, it is
marked by the characteristic strong absorption near about 400
nm of Ag nanoparticles. In contrast to the sharp plasmon
absorption peak of a pure colloidal solution of smaller Ag
nanoparticles,” the peak become significantly broadened in the
case when Ag nanoparticles are embedded in a microgel
interior. In addition, the absorption peak of composite microgel
particles shifts to the higher wavelength. As shown in Figure 5d,
the absorption peak moved to about 425 nm when Ag
nanoparticles were distributed (during in situ synthesis) inside
the polymer matrix. Broadening and bathochromic shift of a
fundamental plasmon peak is also enhanced with increasing
silver deposition amount (aggregation size) on the surface of
Ag-embedded microgel particles (Figure Sd and Scheme 2). It
is proven that the plasmon peak becomes broadened and red-
shifted with increase in the size of Ag nanoparticles.*” On other
side, the broadness of a peak is also depends on the size of Ag
loaded polymer matrix. A comparatively sharp absorption peak
is realized when Ag-embedded polymer particles are of smaller
size. With similar concentration of Ag nanoparticles inside the
polymer matrix, the peak becomes comparatively broader for
150 um sized polymer particles (Figure S13 in the Supporting
Information). A higher loading of Ag nanoparticles in the
micrometer sized polymer matrix makes them settled down
quickly in the aqueous solution. Therefore, the measurements
of the optical spectra of bigger sized sensor particles were
difficult. Usually in anisotropic Ag nanoparticles, the SPR band
is often divided into two different modes, a transverse mode
and a longitudinal mode.® Here, the formation of larger Ag
nanoparticles takes place in the case of higher AgNO; precursor
solution, which also gives two different peaks similar to the
anisotropic nanoparticles. A detail study for the different shape-

Scheme 2. Schematic Representation for the Tuning of Size
of Polymer Particles, Ag Nanoparticles inside and outside of
the Matrix, Porosity, and the Impact of Tuned Composite

Particles on Signal Intensity of SERS and Plasmonic Spectra
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forming mechanisms of Ag nanoparticles is beyond the scope of
this article. However, for comparison, UV/vis spectra of the
different composite particles have been measured here (Figures
S11—S13 in the Supporting Information), and a detailed study
for the SERS sensing of composite microparticles with various
biochemical molecules are presented.

3.4. Surface-Enhanced Raman Scattering (SERS)
Sensing Applications. Raman spectroscopy is an important
tool for detecting and identifying the molecules in corre-
spondence to their unique energy level of vibrations and Raman
fingerprints.”” When the analyte molecules are adsorbed on the
surface of metal nanoparticles and metal nanoparticles are
immobilized to a solid support, the local electromagnetic field
around the nanoparticles can enhance the Raman scattering
outcome.>® An intense local electric field within a few
nanometers at the surface of adsorbed Ag nanoparticles can
be generated by LSPR. Such near-field effect can advance
Raman scattering cross-section of molecules adsorbed onto the
surface of Ag nanoparticles. This phenomenon of enhancing
the Raman scattering is called surface-enhanced Raman
scattering (SERS).** It is well-known that the SERS intensity
depends crucially on the wavelength and strength of the
plasmon propagating at the surface of nanostructure.”> The
SERS enhancement factor, i.e., the ratio between Raman signals
from the applied number of molecules in the presence and in
the absence of the nanostructure, strongly depends on the size,
shape and composition of the SERS substrate that give rise to
the effect.>® Rapid and sensitive fingerprint information on
various chemical and biological species with high reproduci-
bility can only be obtained by using reliable, stable, well-defined
and uniform SERS substrate.>® In past decade, a large number
of SERS substrates have been developed for such purpose with
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unique chemical compositions.’*™*® In our work, the
synthesized sensor particles possess enhanced Ag surface for
providing plenty of “hot spots” for the uniform SERS outcome
and also provide long-term stability, and therefore, can be used
as a powerful particles-based SERS substrate. SERS test
measurements have been carried out in a compact arrangement
by using different size and composition tuned sensor particles.
Approximately 10 sensor particles of 80 ym size without Ag
enforcement were applied under the focus of a laser beam
(green laser with 532 nm excitation laser source) where no any
Raman signals has been obtained. In contrast, higher signals
intensity arises if Ag nanoparticles were deposited on the
surface significantly (Figure 7a—-f). The appearing peaks
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Figure 7. SEM images of the silver/polymer composite microparticles
with different amount of silver on the surface: (a) 2, (b) S, (c) 20, (d)
80, and (e) 160 mM. SERS spectra of the composite microparticles
after interaction with different concentration of analytes: (f) tuning of
the SERS signal intensity by applying different concentration of silver
enforcements on the surface of polymer composite microparticles,
SERS intensity consistently increases with increase in silver amount,
but decreased down again when surface is completely covered with
silver; (g) test SERS measurements of polyacrylamide microparticles
after interaction with 10 mM adenine (analyte); and (h) tuned SERS
spectra of microparticles after interaction with different concentrations
of adenine. (i) Magnified image of peak position of graph h. SERS
intensity consistently increases with increasing adenine concentration
on Ag enforced polyacrylamide composite microparticles.

correspond to vibration resonances of the polymer matrix.
The signal intensities increase with increasing amount of Ag
enhancement up to an applied concentration of 150 mM
AgNO; in the enforcement procedure. Further AgNO;
concentrations causes the deposition of very dense Ag
aggregates (Figure 7e) on the particles surface and hence the
SERS signal intensity decreased drastically because the random
and intense aggregation of Ag nanoparticles cover the entire
surface of polymer matrix and fill the nanogaps between
adjacent Ag nanoparticles from where huge enhanced effect
might originated (hot spots).*** Sensor particles with lower
Ag enhancement (30 mM) yields lower signal intensity
compare to the particles of higher Ag enhancement (100 mM).

SERS sensing effect depends on the applied concentration of
analyte molecules together with Ag deposition amount on the
surface. A biochemical molecule adenine, for instance, has been
monitored for proving the sensing platform of the produced
sensor particles in a compact SERS arrangement. The SERS
effect of the sensor particles (polyacrylamide/silver composite
particles) is well reflected by the comparison of three spectra
(Figure 7g). Pure adenine solution as well as only sensor
particles (without analyte interaction) does not show any
significant fingerprint information. The feature of the finger-
print information observed when adenine solution interact with
composite particles by advancing Raman scattering cross-
section of molecules adsorbed onto the surface of Ag
nanoparticles. The broad band peaks between about 1450
and 1650 cm™ can be obtained due to the interaction of Ag
nanoparticles with polyacrylamide matrix. An intense and sharp
SERS signal observed at 738 cm™' when adenine solution
applied to the Ag enforced porous polymer matrix. A strong
Raman peak at 738 cm™" features the ring breathing effect, and
another strong peak at 1330 cm™ is obtained because of the
ring stretching effect. Adenine molecules are adsorbs on the
surface of composite matrix and penetrate inside within a few
nanometer of its surface. During such an event with irradiation
of light, the local electromagnetic field around the particles
surface enhance the Raman light by millions of factor.” This
resulted in strong enhancements of SERS signal which is
observed at 738 cm ™' (Figure 7g). Moreover, the enhancement
of SERS signals is strongly dependent on adenine concen-
tration. Even during the lower concentration of adenine (1
uM), the SERS signal of the sensor particles certainly obtained
at 738 cm™" due to the ring breathing effect, but with very low
intensity. The SERS intensity consistently increases with
increasing adenine concentration up to 1 mM and 10 mM
(Figure 7h).

SERS biosensing is a highly sensitive and selective technique
for use in the detection of wide range of biological samples and
disease.* Raman microscopy provides specific information
about vibrational energy levels of chemical bonds of the
molecules. For molecules to exhibit the Raman scattering must
have polarizability®® where deformation of the electron
configuration takes place, and shows the characteristic SERS
sensing effect (hierarchical) after interaction with particles
surface. L-Lactic acid, for instance, makes interaction with Ag
surface and showing Raman fingerprint information with the
intense spectral peaks at about 860 and 1410 cm™" which can
be obtained due to the Ag—OH and Ag—O bond of carboxylic
acid group of L-lactic acid and also could be due to the substrate
(sensor particles with 40 mM embedded Ag) as shown in
Figure 8a—c. It is also assumed that 860 cm™' band can be
obtained from the C—CO stretching of L-lactic acid.%> The
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Figure 8. SERS spectra of the silver/polymer composite sensor microparticles after interaction with different concentrations of different analytes: (a,
b) Normal and magnified SERS spectra with tuned SERS signals after interaction with different concentrations of L-lactic acid (analyte) on the Ag
enforced polyacrylamide microparticles. (c) Controlled measurement and comparison of SERS signal position with average and very low
concentration of L-lactic acid analyte on microparticles. (d) Tuned SERS spectra of composite microparticles after interaction with different
concentrations of pantothenic acid analyte. The sensor particles with 60 mM embedded Ag and 40 mM enforced Ag was used for all measurements

in this figure.

SERS measurement of only polymer matrix (without enforced
Ag) even after the interaction with higher concentration of L-
lactic acid (10 mM) gives no any significant peak or band (it
shows like horizontal line similar to the spectrum of free L-lactic
acid solution shown in Figure 8c, blue line). Moreover, only
free L-lactic acid solution also not showing any fingerprint
information. Thus, it can be concluded that the enhancement of
both significant peaks can obtained only after the interaction of
L-lactic acid with Ag surface of the sensor particles which is
supported by the fact that the used sensor particles can be used
as a versatile SERS substrate for the particles-based sensing
application of biomolecules. L-Lactic acid is a simple and
effective indicator for estimating physiolo§ical function, and
one of the significant metabolites in blood.**”** The severe rise
in the r-lactic acid concentration cause several clinical
symptoms such as congestive heart failure.** And therefore,
SERS platform provides the easy identification of L-lactic acid
information upon utilization of a reliable SERS substrate. The
used sensor particles in our study provide significant fingerprint
information on L-lactic acid down to the lowest concentration
of 10 um even at lower excitation source (532 nm). Such
similar kinds of many analytes can easily be detected via SERS
platform by using microfluidically prepared sensor particles as a
SERS substrate. Obtained sensor particles can also be
applicable for the detection of vitamins and amino acids by
using compact SERS arrangement. Pantothenic acid is a water-
soluble vitamin and also an essential nutrient for many animals.
The interaction of 1 mM pantothenic acid (Ca salt) with Ag/
polyacrylamide sensor particles produces significant fingerprint
information. The SERS band between 1300 and 1650 cm™" can
be obtained after the interaction of Ag with polyacrylamide
surface in the presence of pantothenic acid, and the moderate

10751

peaks between 700 and 900 cm ™" appeared might be due to the
Ag—0 bond vibrations (Figure 8d). The SERS signal intensities
consistently increases with applied concentrations of panto-
thenic acid. Similarly, in case of an amino acid (histidine), the
tuned SERS sensing can easily detectable by obtained sensor
particles. Free histidine solution does not produce any Raman
signature whereas the intense SERS sensing signals appeared
after the interaction of histidine molecules with the surface of
sensor particles (Figure S14 in the Supporting Information).
The SERS signal at about 730 cm™' is the result of ring
breathing effect.

Silver is more attractive for optoelectronic and sensing
because of its higher plasmonic efficiency and superior
electromagnetic enhancement in the visible range.®® Usually,
the surfactant or polymer as capping agents are required for the
stability against undesired aggregation in a solution based silver
nanoparticles synthesis. Such adsorbed surface layers of
molecules restrict the application of silver material in
biosensing or SERS because they prevent the adsorption of
the reporter molecules on the nanoparticles surface with the
identification of compounds of interest.®> It is important to
note that no any additional stabilizer was required here upon
the growth of Ag nanoparticles as embedded Ag acts as nuclei
which allow further Ag enforcement in a regular manner at
precise reaction condition. Therefore, the Ag surface is suitable
for the interaction of the analytes of interest. It should also be
mentioned that the SERS intensity with respect to the
excitation wavelength is not comparable as the powers of the
lasers are different. Particularly here we have used only one
laser power source (532 nm), and compared the SERS results
with different concentrations and types of analytes as well as
differently composed sensor particles. Overall, the composition
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tuned Ag/polyacrylamide sensor particles can be used as a
powerful particle-based SERS substrate for identification of
biomolecules and organic compounds in a batch as well as in a
continuous flow condition.

4. CONCLUSIONS

The investigation shows that polymer/silver composite sensor
particles of cross-linked polyacrylamide with precisely tuned
diameters between about 30 and 600 um have been
reproducibly prepared by the application of a micro cross-
flow arrangement via droplet generation for a suspension
polymerization. The droplets, which are released from a micro
holeplate and transported through a micro tube, are
polymerized by photochemical initiation in analogy to the
procedure known from micro coflow and flow-focusing
arrangements. Channel diameter and flow rate ratio for shear
force control the size of generated droplet. Beside these factors,
the role of concentration of surfactant was found to be
dominating for tuning the polymer particles size in broad size
spectrum with homogeneous character. Together with particles
size, the porosity on the polymer matrix can also be tuned
which is very crucial for stronger SERS sensing application. The
required high content of distributed metallic silver inside the
polymer matrix is achieved by a combination of in situ
formation of small metal nanoparticles during the flow process
and a silver-catalyzed silver deposition in a subsequent batch
process for SERS-active sensor particles. The sizes of finally
obtained silver nanoparticles were regularly tuned between 40
and 250 nm by the variation in concentrations of reducing
agents and silver ions during the enforcement process. SERS
measurements with different analytes show a strong enhance-
ment of Raman signal with increasing silver content of the
composite particles. These complex composite particles can be
used for SERS sensing when different biomolecules and analyte
molecules are adsorb on the surface via chemical reaction in a
droplet-based microfluidic arrangement as well as in the batch
process. Overall, microfluidically prepared size and composition
tuned Ag/polyacrylamide sensor particles can be used as a
powerful particle-based SERS substrate for identification of
different biomolecules and organic compounds.
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