
 1

Wavelength Dependent Optical Force Aggregation 

of Gold Nanorods for SERS in a Microfluidic Chip 

Silvie Bernatová,1,‡,* Maria Grazia Donato,2,‡ Jan Ježek,1 Zdeněk Pilát,1 Ota Samek,1 Alessandro 

Magazzù,2,† Onofrio M. Maragò,2,*Pavel Zemánek, 1,*Pietro G. Gucciardi2 

1Czech Academy of Sciences, Institute of Scientific Instruments, Kralovopolská 147, 61264 

Brno, Czech Republic.  

2CNR-IPCF, Istituto per i Processi Chimico-Fisici, V.le Stagno D’Alcontres 37, I-98158 

Messina, Italy.  

ABSTRACT. Optical printing of metal-nanoparticles-proteins complexes in microfluidic chips 

is of particular interest in view of the potential applications in biomolecular sensing by surface 

enhanced Raman spectroscopy (SERS). SERS-active aggregates are formed when the radiation 

pressure pushes the particle-protein complexes on an inert surface, enabling the ultrasensitive 

detection of proteins down to pM concentration in short times. However, the role of plasmonic 

resonances on the aggregation process is still not fully clear. Here, we study the aggregation 

velocity as a function of excitation wavelength and power. We use a model system consisting of 

complexes formed of gold nanorods featuring two distinct localized plasmon resonances bound 

with Bovine Serum Albumin (BSA). We show that the aggregation speed is remarkably 

accelerated by 300% or 30% with respect to off resonant case if the nanorods are excited at the 
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long-axis or minor-axis resonance, respectively. Power dependent experiments evidence a 

threshold below which no aggregation occurs, followed by a regime with linear increase of the 

aggregation speed. At powers exceeding 10 mW we observe turbulence, bubbling and 

remarkable one order increase of the aggregation speed. Results in the linear regime are 

interpreted in terms of a plasmon-enhanced optical force that scales as the extinction cross-

section and determines the nanorods sticking probability. Thermo-plasmonic effects are invoked 

to describe the results at the highest powers. Finally, we introduce a method for the fabrication of 

functional SERS substrates on demand in a microfluidic platform that can serve as the detection 

part in microfluidic bioassays or lab-on-a-chip devices.  

INTRODUCTION 

The ability of surface enhanced Raman spectroscopy1,2 (SERS) to detect extremely low 

concentrations of analytes, provides a wide range of applications in analytical, biomolecular and 

life science applications.3-5 It is generally accepted that the largest part of the signal enhancement 

in SERS is connected with the excitation of localized surface plasmon (LSP) resonances in metal 

nanoparticles, also called optical nanoantennas.6,7,8 According to the so-called the E4 model,9 the 

electromagnetic enhancement in SERS is due to a twofold effect in which metal nanoparticles 

excited at resonance are able to amplify both the excitation and the re-radiated field.10,11 SERS is 

capable of single molecule sensitivity,12 on both Raman-resonant and non-resonant molecules.13 

Generally accepted values of the enhancement factors14 are up to 1010 with claims15 ramping up 

to 1013. 

The SERS effect, first observed on molecules adsorbed on roughened silver surfaces,16 is 

currently the subject of intense research. Nowadays different high efficiency substrates are 



 3

exploited, among which metallic nanostructured surfaces,17-19 engineered nanoparticles and 

nanoantennas of different shapes,20-22 colloidal nanoparticles,23,24 or clusters of metal spheres.25 

Furthermore, magneto-plasmonic systems, such as noble metal nanoalloys, are acquiring 

increased importance8 since they combine both plasmonic and magnetic properties that can be 

easily engineered by changing the doping fraction.26 Recently, particle manipulation and aggregation 

by magnetic fields has also been achieved permitting the reversible assembling of aggregates and SERS 

hot-spots.27 

Optical forces28,29 and optical tweezers30-32 have been exploited extensively for the 

manipulation, positioning, and aggregation of plasmonic nanoparticles.33-37 At the nanoscale,38 

i.e., for particles much smaller than the laser wavelength, optical forces can be well described in 

the dipole approximation.39,40 For a focused laser beam, two main optical force components are 

identified:29,31 the gradient force, which attracts particles towards the high-intensity focal spot,  

and the scattering force, that tends to push particles along the beam propagation direction. For 

the specific case of metal nanoparticles optical forces are further enhanced by the occurrence of 

plasmon resonances.8,41-44 In particular, when the energy of the laser field is far-off the LSP 

resonance, optical forces are dominated by the gradient force that can either attract45-48 or 

repel40,49 nanoparticles from the high field intensity region. Thus, under suitable conditions, 

metal nanoparticles can be trapped in the focal region of an optical tweezers.45-48 Instead, when 

the light is nearly-resonant with the particle LSP resonance, optical forces are dominated by 

radiation pressure28 and can be used to efficiently and selectively50 push nanoparticles along the 

beam optical axis onto a substrate.51-57 In this context, optical forces have been applied to 

optically print nanoparticles into patterns of individual, or aggregated elements,51,52,56 as well as 

of 2D-materials58 on surfaces, such as glass or polymers. 
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Optical forces play an important role for SERS molecular detection in liquid environment. 

Svedberg et al.59 were the first to optically create a SERS-active dimer of metal nanoparticles in 

liquid and to show the SERS-induced fingerprint of the thiophenol dispersed in the solution. 

Since then, optical manipulation together with thermo-phoretic effects60 have been used to 

optically induce the creation of SERS-active aggregates of metal nanoparticles and detect 

dyes,61,62 phenols,63 proteins,55-57 in liquid solutions and on different substrates (glass, polymers). 

Notably, the aggregation process is also reversible as soon as surface molecules are not used to 

tightly bind the particles to the substrate.58,61 Using this approach single molecule sensitivity has 

been shown on resonant molecules of Rhodamine 6G/Nile Blue mixtures,61 a pM sensitivity in 

the resonant detection of haemoglobin,56 and down to 50 nM on non-resonant BSA molecules.55 

A plasmonic enhancement of the optical forces has been observed in the trapping of colloidal 

aggregates,43 whereas the role of the plasmon resonances on the optical pushing and aggregation 

process is not fully elucidated as both optical binding64,65 and thermal effects55 might play a role 

in the aggregation process. In this article, we investigate the aggregation dynamics of Bovine 

Serum Albumin (BSA) and gold nanorods (AuNRs) complexes as a function of wavelength and 

power. We observe that the aggregation process is remarkably accelerated when the 

nanoparticles are excited at resonance according to their extinction curve. Experiments as a 

function of power show that the optical aggregation is characterized by a threshold power, 

beyond which a linear increase of the aggregation speed with power is observed. For values of 

the optical power larger than 10 mW at the sample, we observe turbulence, bubbling, and an 

even higher aggregation velocity, that we attribute to thermoplasmonic effects. Finally, 

experiments are also carried out in an advanced microfluidic chip, suitable for SERS-based 

bimolecular detection applications. 
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MATERIALS AND METHODS 

Gold nanorods. Commercial gold nanorods (Nanoseedz, 40 ± 3 nm diameter, 96 ± 7 nm length) 

are dispersed in DI water at a concentration 1.9×1010  particles/mL. The dispersion contains 

<0.1wt% Cetyltrimethylammonium bromide (CTAB) to prevent spontaneous re-aggregation. 

 

Protein binding. Bovine Serum Albumin is purchased from Aldrich in lyophilized powder state. 

Protein buffered solutions are prepared by mixing the suitable amount of protein powder with a 

200 mM of Phosphate Buffer solution (PB, pH 7.2). PB is prepared by dissolving Na2HPO4 

(14.94 g) and NaH2PO4 (5.06 g) in 200 mL of DI water. Following this procedure we prepared 

samples containing BSA at concentrations of 10−4 M. The BSA-AuNRs solutions are prepared 

by mixing the nanorods with the proteins dissolved in PB in a volume ratio ranging from 1:7 v/v 

(AuNRs, BSA+PB). The solution is prepared and used at room temperature. 

 

Extinction spectroscopy. Extinction spectra of the BSA-AuNR complexes are obtained by 

means of a Perkin Elmer L20 UV-Vis spectrophotometer. 

 

Optical and Raman tweezers setups. The same microscope objective (Olympus UPLSAPO 

60W, NA=1.2, WD=0.28 mm) has been used for all the measurements in different optical 

tweezers or Raman tweezers setups. The experimental setups were coupled to different laser 

sources, we give here details on each configuration depending on the wavelength used. 

Aggregation and SERS signal growth has been studied at: 

 785 nm employing a homemade Raman tweezers setup based on an inverted microscope 

configuration equipped with laser diode (Thorlabs DL7140-201S),  notch filter (Semrock 
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Stopline NF03-785E-25) and spectrometer Horiba Triax 190 combined with Silicon 

Peltier-cooled CCD (Horiba). 

 561 nm using a Horiba Jobin Yvon HR800 Raman micro-spectrometer in an upright 

microscope geometry equipped with laser Oxxius 561S-50-COL-PP. 

Aggregation growth as a function of wavelength has been studied at the fixed power of 4 mW 

measured at the sample plane for each of the following wavelengths: 

 488 nm, 515 nm from Ar+ laser (MellesGriot , 543-AP-A01) coupled to Raman tweezers 

described above in Aggregation and SERS signal growth. 

 561 nm from the HR800 setup discussed above in Aggregation and SERS signal growth. 

 633 nm from He-Ne laser (JDSU 1145 P) coupled to Raman tweezers described above in 

Aggregation and SERS signal growth. 

 650 nm, 700 nm, 780 nm, and 840 nm from a white light supercontinuum laser (SuperK 

Extreme, NKT Photonics) equipped with a variable bandpass filter (SuperKVaria, NKT 

Photonics) restricting the wavelength bandwidth to about 10 nm and coupled to an optical 

tweezers setup based on a Zeiss inverted microscope (Axiovert 100).  

Aggregation as a function of power and aggregation in the microfluidic chip. We employed a 

homemade Raman tweezers (inverted microscope geometry) equipped with imaging 

spectrograph (SpectraPro2300i, PI Acton), liquid-nitrogen-cooled spectroscopic CCD camera 

(Spec-10:100BR/LN, Princeton Instruments, Acton), 785 nm laser diode (Sacher TEC-510-0785-

1000, M2=1.7), and three-axes nano-positioning stage (Mad City Labs, Nano-LP 200). 

 

Microfluidic chip. The microfluidic chip is fabricated from poly(dimethyl)siloxane (PDMS) 

polymer by conventional soft lithography using master stamps based on negative SU-8 epoxy 
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photoresist deposited on a silicon substrate.66,67 SU-8 is spin-coated on the silicon wafer, 

illuminated by a UV lamp through a mask, and developed. The masks for photolithographic 

patterning of SU-8 are fabricated by ink-jet printing on a transparent foil by a specialized 

company (Gatema, Brno, Czech Republic). PDMS mixture (base to curing agent ratio of 10:1) is 

then poured into a mold formed by the SU-8 master stamp on Si wafer at the bottom and a square 

frame machined from polycarbonate. After curing, the resultant PDMS device is peeled off from 

the mold and attached to a glass slide using standard oxygen plasma treatment. PDMS polymer 

was used because its properties such as bio-compatible (insoluble in water, nontoxic to cell etc.), 

gas permeable, transparent in visible range and high level of viscoelasticity that make it a 

suitable platform for biological studies.68 

The chamber for the SERS studies is made of two microscope slides separated 100-150 μm 

using PDMS spacers. Three microfluidic channels, all of width 30 µm, are connected with the 

glass chamber. One is used to extract the SERS structures and clean the chamber, the other two 

serve as the delivery part for BSA-AuNRs or analytes to be detected. 

 

RESULTS AND DISCUSSION 

Optical force positioning and aggregation. Samples are prepared starting from commercial 

AuNRs with a length of 96 nm and a transverse size of 40 nm (see Figure 1a). Their extinction 

shows a main plasmon resonance at 700 nm (long axis) and lower plasmon resonance at 520 nm 

(short axis). The AuNRs are mixed with BSA (10-4 M) in a phosphate buffer solution (PB, 200 

mM). Upon mixing, BSA molecules substitute the CTAB layer around the nanorods, creating 

BSA-AuNR complexes stable in time.56 The extinction spectrum of the complexes (Figure 1a) 
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displays the two main resonances typical of the individual AuNR, with a few nanometre shift,56  

proving the stability of the complexes. In order to establish the best aggregation conditions in our 

microfluidic device (Figure 1b), we performed a series of first control measurements on a 

standard glass chamber, made by a microscope slide and a coverslip separated by a 120 m 

spacer (Figure 1c). Approximately 10 L of solution are loaded in the sample chamber. After 

sealing with nail polish, the chamber is ready for measurements. During our experiments we 

used two different setups depending on whether we want to monitor only the aggregate size as a 

function of time, wavelength and power, or if we also want to monitor the SERS signal during 

aggregation. Specifically, we exploit multi-wavelength optical tweezers coupled with a 

supercontinuum white light laser for the first purpose, and a Raman tweezers setup coupled with 

561 nm and 785 nm lasers for the second purpose (Figure 1d). Optical pushing is carried out by 

focusing the laser radiation with a 60X water immersion objective towards the top surface of the 

glass liquid cell (Figure 1c). Here the BSA-AuNR complexes adhere due to the BSA sticking 

properties and aggregate. The size evolution is followed during irradiation by recording optical 

images using a CCD camera. Aggregates up to several microns are observed after some minutes 

(Figure1e). During optical aggregation, hot spots are formed giving origin to intense SERS 

emission from BSA. The evolution of SERS spectra is followed by collecting the backscattered 

Raman signal. After all control measurements have been made, the glass chamber was 

implemented into a polydimethylsiloxane (PDMS) microfluidic device with three fluid channels 

(Figure 1b). 
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Figure 1. Sample properties and experimental setup. In (a) the TEM image and the extinction 

spectrum of the BSA-AuNR complexes are shown. In (b) the microfluidic chip is highlighted 

with a cross-section displayed in (c). (d) Simplified scheme of the Raman tweezers setup. 

Multiwavelength laser sources (white light supercontinuum, laser diodes, He-Ne, solid state, 

argon ions) are used. Upon laser focusing close to the chamber walls, optical aggregation of 

BSA-AuNR complexes is observed (e), with consequent observation of SERS emission. 
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Aggregate size and SERS signal growth. In order to study the dependence of both aggregate 

size and SERS enhancement of BSA as a function of pushing wavelength, we used two laser 

sources, emitting at 561 nm and 785 nm, close to the AuNRs plasmon resonances. We observed 

the aggregation process for each individual wavelength separately by recording CCD videos and 

by detecting Raman spectra at different times. The same laser beam was used for optical pushing 

and SERS excitation. The laser power was set at 5 mW at the sample plane in both cases. Each 

aggregation process was repeated several times in freshly prepared solutions. Five distinct 

aggregation evolution videos were analysed for each data set with fixed experimental 

parameters, while three distinct SERS signal evolution were analysed for each spectroscopic 

measurement. All data obtained from repeated experiments were fitted and the relevant 

parameters averaged over the independent measurements. The standard errors of each fitted 

parameters were obtained from the covariance matrix of the fit. The size of the aggregate was 

obtained by CCD images where the measured pixel size was converted to microns using a 

calibrating target. The aggregation process evolved in time (Figure 2a) for each individual 

wavelength. The evolution of the aggregate size is fitted with a Boltzmann growth kinetics 

equation61 (solid lines in Figure 2a,b), given by: 

𝑓(𝑡) =
஺భ ି஺మ

ଵା௘(೟ష೟బ)/ഓ + 𝐴ଶ      (1) 

where A1, A2 define the initial and final value of 𝑓(𝑡) at 𝑡 = −∞ and 𝑡 = ∞, respectively. In our 

case we set A1=0 because no process proceeds before laser starts illumination at t=0. The time t0 

denotes the value at which the size of aggregate reaches half of its maximum, 𝑓(𝑡଴) =

(𝐴ଵ + 𝐴ଶ)/2, and  is connected to the slope of the curve at t0. By fitting the curves obtained 

when pushing at 561 nm, we obtain =390±70 s, t0=600±70 s, A2=5700±300 nm, where the 



 

uncertainties represent the standard error of the mean obtained from the covariance matrix of the 

fits of five independent data sets. By fitting the curve

t0=590±60 s, A2=8300±300 nm. Except for the maximal values 

similar dynamics within the detected uncertainty.

Figure 2. Temporal evolution of 

Growth curves of the aggregate size for two different wavelengths, 561 nm and 785 nm. Data 

points correspond to aggregate size as measured from calibrated CCD images. (b) Growth of the 

SERS enhanced phenylalanine Raman peak (at 1002 cm

Solid lines in (a) and (b) are the fit to the data w

indicated. (c) Raman spectra obtained after 20 s and 1000 s at 785 nm excitation wavelength. 

After 1000 s the SERS enhanced spectr

uncertainties represent the standard error of the mean obtained from the covariance matrix of the 

fits of five independent data sets. By fitting the curve for 785 nm pushing we obtain

=8300±300 nm. Except for the maximal values A2, both processes follow a 

similar dynamics within the detected uncertainty. 

Temporal evolution of BSA-AuNR complexes aggregation and SERS processes. (a) 

rowth curves of the aggregate size for two different wavelengths, 561 nm and 785 nm. Data 

points correspond to aggregate size as measured from calibrated CCD images. (b) Growth of the 

SERS enhanced phenylalanine Raman peak (at 1002 cm-1) at 785 nm excitation wavelength. 

are the fit to the data with Equation 1, fitted parameters t

indicated. (c) Raman spectra obtained after 20 s and 1000 s at 785 nm excitation wavelength. 

After 1000 s the SERS enhanced spectrum of BSA is clearly visible. The peaks connected
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uncertainties represent the standard error of the mean obtained from the covariance matrix of the 

pushing we obtain=410±60 s, 

, both processes follow a 

 

complexes aggregation and SERS processes. (a) 

rowth curves of the aggregate size for two different wavelengths, 561 nm and 785 nm. Data 

points correspond to aggregate size as measured from calibrated CCD images. (b) Growth of the 

excitation wavelength. 

1, fitted parameters t0 and are also 

indicated. (c) Raman spectra obtained after 20 s and 1000 s at 785 nm excitation wavelength. 

um of BSA is clearly visible. The peaks connected to 
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phenylalanine ring breathing (at ∼1002 cm−1), to CN and COO− stretching vibrations (at ∼1130 

cm−1 and ∼1396 cm−1, respectively), to tryptophan (∼1070 cm−1) and tyrosine+phenylalanine 

(∼1170 cm−1) modes, and to the Amide III band (at ∼1238 cm−1) are easily recognized.55(d) 

Raman spectra obtained at 561 nm excitation wavelength after 10 s and 1000 s aggregation time. 

Here only the low intensity peak of the phosphate buffer, PB, is visible, while BSA peaks are not 

visible because we are off resonance with respect to the AuNRs main plasmon peak at 700 nm 

and are overwhelmed by background fluorescence. 

A similar study can be carried out also for the time evolution of the BSA SERS signal from 

hot-spots induced by the aggregates.55 However, in the case of 561 nm laser excitation, Raman 

bands of BSA were not visible because we are off resonance with respect to the AuNRs main 

plasmon peak at 700 and they are overwhelmed by background fluorescence (Figure 2d). On the 

contrary, in the case of 785 nm laser excitation, we were able to resonantly enhance the BSA 

Raman bands that are clearly distinguishable from the background (Figure 2c). Among these, the 

phenylalanine peak intensity at approximately 1002 cm-1 was followed as a function of the 

excitation time, as reported in Figure 2b. The fit of the phenylalanine peak data with Equation 1 

points out a different growth kinetic with respect to the aggregation process. In fact, this is due to 

the Raman signal saturation occurring when the sampling volume on the substrate (where the 

SERS signal generates) is completely filled with BSA-AuNR complexes, even if the aggregate 

continues to grow. Results shown in Figure 2 point out that the minimum aggregate size to 

obtain a saturated Raman signal is approximately 3 μm which is about four times larger than the 

diameter of the beam focus. 

Wavelength and power dependence. In order to characterize the aggregate dynamics, the 

aggregation process has been carried out also using different pushing wavelengths. We define the 
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average velocity of aggregation, <Vaggr>, as the ratio between the size of the aggregate and the 

corresponding time of aggregation in the linear regime, i. e., before saturation. Each <Vaggr> 

value was obtained by averaging at least three independent aggregation processes. The evolution 

of the aggregate growth was always measured during the linear growing regime, before its 

saturation (Figure 2a). The beam power has been fixed at 4 mW for each wavelength. The 

aggregation process was monitored continuously by a CCD camera. Thus, at intervals of about 

300-800 s the laser beam was blocked and the CCD image of the aggregate (see Figure 3a,b) was 

used to determine the actual aggregate size, providing the time evolution of the aggregate sizes 

and  aggregation velocity (see also Supporting Information). 

 

Figure 3. (a,b) CCD images of BSA-AuNRs aggregates after 500 s of optical pushing with 4 

mW of power at the sample. In (a) the aggregation is obtained with a wavelength of 650 nm, 
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away from the plasmon resonance, and an aggregate size of about 2 m is measured. In (b) a 

wavelength of 700 nm, close to the AuNRs plasmon resonance, has been used in the same 

experimental conditions obtaining an aggregate size of about 6 m. (c) AuNRs extinction 

spectrum (solid blue line) and average velocity of aggregation <Vaggr> (black squares). The two 

peaks correspond to the short and long axis localized surface plasmon resonances. The 

uncertainties on the aggregation velocity data represent the standard deviation of the mean over 

five independent measurements. The agreement between the wavelength dependence of the two 

curves is very good showing that for low power (<10 mW) the scattering force, proportional to 

the extinction cross section, controls the AuNRs dynamics. 

In Figure 3 it is clearly observed that the average aggregation velocity follows the extinction 

spectrum of the plasmonic nanoparticles. This indicates that the force driving the pushing 

process is essentially the scattering force, which is directly connected to the extinction cross-

section,31,32 ext (see Supporting Information). The calculation of optical forces in the dipole 

approximation39,40 agrees well with this scenario (see Supporting Information). This 

approximation is generally valid for particles much smaller than the laser wavelength, such as 

our AuNRs, giving reasonable insights on the mechanical effects of light on nanoparticles.31,44 In 

general to calculate the total optical force both the gradient force, proportional to the real part of 

the particle polarizability, and the scattering force, proportional to the extinction cross section, 

need to be considered (see Supporting Information). However, in our case the total optical force 

is mostly coincident with the scattering force, Fscatt, except for wavelengths in the near infrared 

region where the gradient force is of the same order of magnitude of the scattering force (see 

curves at 800 nm in Figure S1e of the Supporting Information) and hence the proportionality 

with the extinction cross section might be less evident. However, even in this case, the total 
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optical force is always positive, namely, directed towards the substrate, driving the aggregation 

process. The largest values of the scattering force (approximately 1 pN) is obtained in proximity 

of the plasmon resonance at the wavelength of 700 nm and at the laser focus where the scattering 

force is easily expressed as Fscatt=2nmext P/cw0
2 in terms of the medium refractive index, nm, 

light velocity in vacuum, c, extinction cross section, ext, and Gaussian beam waist, w0 (see 

Supporting Information). 

 

Figure 4. Aggregation velocity (white circles) as a function of pushing laser power at the 

wavelength 785 nm. Three different regimes are outlined: no aggregation up to 2.4 mW, a linear 

regime (red line is a fit with a slope 618±4 nm s-1W-1) up to 8 mW, and finally a chaotic regime 

at 12 mW. The black dashed line is a guide to the eye. 

The linear dependence of the average aggregation velocity on the laser power, P, is 

experimentally verified at 785 nm laser wavelength in Figure 4, where we also observe that the 

0 2 4 6 8 12

0
1
2
3
4
5
6
7

40

45

50

F
a

s
t 

A
g

g
re

g
a

ti
o

n
 +

 b
u

b
b

li
n

g

Aggregation, linearA
g

g
re

g
a

tio
n

 v
e

lo
ci

ty
 (

n
m

/s
)

Power (mW)

N
o

 A
g

g
re

g
a

ti
o

n



 16

minimum laser power required to obtain aggregation is 2.4 mW. At lower power, aggregation is 

not observed. This linear dependence of the aggregation velocity with power is a direct 

consequence of the balance between the scattering force and the Stokes’ force, Fscatt≈FStokes, in 

the nanorods dynamics in liquid. In fact, the aggregation velocity is proportional to the nanorods 

drift velocity in the Gaussian laser beam that at low Reynolds numbers is estimated as 

vdrift≈Fscatt/, where  is the nanorod viscous damping in water. Hence we have that the nanorod 

drift velocity is proportional to laser power and close to the focal spot we have that vdrift≈2nmext 

P/cw0
2. As a consequence, in this regime, also the aggregation velocity has a linear 

dependence with laser power. This holds for a laser power above the activation threshold and as 

soon as the laminar flow is not broken. In fact, increasing the beam power over 10 mW at the 

sample, we observe the occurrence of a nonlinear regime where the aggregation becomes very 

fast, inducing strong thermal effects and bubbling after few seconds. 

The process described above has been implemented on a microfluidic chip to demonstrate its 

direct applicability in situ within a microfluidic bioassay or in a lab-on-a-chip device. The chip 

body is made of poly(dimethyl)siloxane (PDMS), the microfluidic channels lead to the 

aggregation chamber which is placed in between two microscope slides, as shown in Figure 5. 

BSA-AuNR complexes were delivered through one inlet to the micro-chamber. Alternatively 

they can be prepared directly in the micro-chamber using both inlets, one for BSA the second for 

AuNRs. When the micro-chamber is filled with BSA-AuNR, the flow was stopped and 785 nm 

laser beam was focused on the top of coverslip of the micro-chamber to aggregate the AuNR and 

initiate SERS emission. The Raman spectra collected at 10 s and 1000 s of the aggregation 

process are shown in Figure 5d and prove very good reproducibility. Many SERS active areas 

were prepared in the micro-chamber by repositioning the microscope stage and focusing the laser 



 

to a new area of the micro-chamber. The used SERS active structure

micro-chamber via the outlet 

on the micro-chamber surface

reproducibility between the spectra

performed in the standard glass chamber

been used (see Materials and Methods

repeatable in situ fabrication of SERS substrates 

analysed in the same chip.  

chamber. The used SERS active structures were

outlet channel and new structures were built up by re

chamber surface. By comparing Figure 5d and 2c we note that w

the spectra obtained using the chip and the 

the standard glass chamber, despite the fact that different experimental 

Materials and Methods). Such microfluidic platform enables 

of SERS substrates in the chip chamber and various analytes can be 
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s were drained out from the 

by re-focusing the laser 

By comparing Figure 5d and 2c we note that we have very good 

and the control measurements 

despite the fact that different experimental setups have 

Such microfluidic platform enables multiple and 

various analytes can be 
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Figure 5. Schematic design of the microfluidic chipwhich consists of two parts, a glass micro-

chamber, red parts in (a) and (b), and delivery parts for fluid and samples, brown lines. Inlet 

delivers the substances to the micro-chamber (sample loop) and the used sample is drained out 

the micro-chamber by the outlet. (a) A cross section of the chip, side view. (b) An overall top 

view of the chip. (c) A microscope image (top view) of the micro-chamber of depth 100-150 m. 

(d) Raman spectrum from an aggregate prepared directly in the microfluidic chip after 10 s 

(black) and 1000 s (red). The main Raman signatures of BSA are highlighted in the SERS 

enhanced spectrum (red). 

CONCLUSIONS 

In this work we showed a novel procedure to obtain SERS-active hotspots directly inside a 

microfluidic chip. Optical forces have been used to create aggregates of metal nanoparticles 

(AuNRs) in presence of molecular species, increasing their Raman signal over their ordinary 

limit of detection. We used the above procedure to detect BSA in 10-4 M concentration, which is 

under the limit of detection of standard Raman spectroscopy. The growth kinetics of the optically 

induced aggregates has been studied, showing that it is possible to aggregate nanorods in a 

confined region having size in the 2-10 m size and in a few hundred seconds. Moreover, it has 

been shown that the average aggregation velocity follows the extinction spectrum of AuNRs, 

which is a valuable information for the design of SERS sensors with plasmonic particles of 

different size, shape, and composition. The application of the above procedure directly inside a 

microfluidic device, in sterile conditions and without any outside intervention, paves the way to a 

new concept of biosensor, operating in situ in the natural environment of biomolecules. 
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