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Abstract

In this work, we demonstrated an on-chip label-free imagingmicroscopy using real and Fourier Plane

(FP) darkfield images of surface plasmons, by integrating engineered plasmonic substrates with

different shapes ofmicrofluidic channels. After successful integration of fabricated plasmonic

nanostructures with SU-8 basedmicrofluidic channels, on-chip label-free indexmonitoring of

analytes with different refractive indices was demonstrated and an index resolution of 1.63×10−4

RIUwas achieved by quantifying CMYK components of captured images. Label-free imaging for

interface of colorlessmiscible and immiscible analytesflowing on plasmonic nanostructures in the

microfluidic channels was performed using color-selective filtering nature of plasmonic nanostruc-

tures. Hydrodynamic focusingwhere thewidth of the focused streamof one liquidwas controlled by

the relative flow rates of the three liquidswas demonstrated and utilized to capture the flowof air

bubbles on plasmonic nanostructures with real and FP images. Since, the imaging is realized on a chip

and does not need any complicated and bulky arrangement, it will benefit the development offlat

optical components for sensing applications andwill bewell suited for on-chip point of care

diagnostics.

Introduction

Traditional labels such asfluorophores or chromophores arewidely used inmicrofluidic applications to

visualizeflowor detect the presence or concentration of relevant species [1–5]. However, each of these labels has

shortcomings including bleaching offluorophores and non-specificity of chromophores etc [6, 7]. In particular

inmicrofluidics, labelingwithmultiple dyesmay suffer from the lowReynolds number laminar flow andwhen

introduced at high concentration,may alter the physical properties of theflow solution [8, 9]. To avoid this,

label-free on-chip sensing has gained huge attention because of low sample consumption, avoiding time

consuming labeling process and the efficient delivery of target analytes to sensing sites [10–14]. In particular,

Surface PlasmonResonance (SPR) based label-free optical technique has been integratedwithmicrofluidics to

measure the changes in the refractive index near the surface of the sensor with the advantage of simple collinear

broadband illumination and portable spectrophotometer [15–20].Moreover, periodic nanostructure coupled

SPRs have been proven to be a promising tool in label free imaging due to the color-selective filtering nature and

the possibility of coupling to Surface Plasmons (SP)modes at normal incidences [21–26]. In this work, we

demonstrate an on-chip label free plasmonic based imagingmicroscopy formicrofluidics on engineered

periodic nanostructures operating in collinear transmissionmode. The engineered fabricated 1D and 2D

nanostructures after successful integration of SU-8 basedmicrofluidic channels were placed in between two

crossed polarizers (θP=45° and θA=135°) to diminish direct 0th order transmission [27] and capture bright

SPs emission against a dark background in real and Fourier Plane (FP) images. The analytes of interest with

different refractive indices were introduced and the change in the color corresponding to SP excitation
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wavelengths was captured in real and FP images and quantifiedwithCyan,Magenta, Yellow, and Black (CMYK)

components of images extracted using image processing [28]. The interaction of two colorlessmiscible and

immiscible liquid analytes were captured by real and FP images without using any stain (label) in SU-8 based

microfluidic channels using color-selective filtering nature of plasmonic nanostructures. Hydrodynamic

focusingwhich allows users offlow cytometry to gauge the size of particles in aflow channel [5] by controlling

thewidth of the focused streamof one liquid by relative flow rates of other liquids, was utilized to capture the

flowof air bubbles using real and FP images. Themost common configuration for hydrodynamic focusing is a

3-inlets-1-outlet device whichwas fabricated and tested that allowed to capture the flowof air bubbles on

plasmonic nanostructures through hydrodynamic focusing. Since the imaging is realized on a chip and does not

need any complicated and bulky arrangement, it will bewell suited for on-chip point of care diagnostics. Several

of these proposed structures can be integrated on the same chipwith plasmonic nanostructures of different sizes

and shapes to realizemultiplex,multianalyte sensing for several different target analytes.

Design and fabrication of plasmonic on-chip device

The cross-section schematic of designed periodic plasmonic nanostructure with period≈wavelength is shown

in inset (i) offigure 1(a). Broadband simulationswere performed for normal incidence from the top of the

structures using Rigorous coupledwave analysis to exhibit transmission resonances as transmission peaks

instead of dips in visible spectrum [29]. The choice of these geometrical parameters for low aspect ratio

nanostructure structurewasmade from anumber of simulations carried outwith systematic variation of the

geometrical parameters to achieve narrower FullWidth atHalfmaximum (FWHM) andmaximum

transmittivity which corresponds tomaximumexcitation efficiency of SPs. The calculated transmission

characteristics of the structure for a grating height (tg) of 30 nm, period (P) of 500 nmwith 50%duty cycle and

for a homogeneous thinmetal layer thickness tm of 30 nm, are shown infigure 1(a). Two transmission peaks at

wavelengths of 520 nmand 585 nmwere observed in the spectra as shown infigure 1(a). The transmission peak

at wavelength 520 nmwas due to direct transmission through thin gold film since near this wavelength,

refractive index of gold≈1 because of strong inter-band transition in the nearUV–vis region [27]. Thefield

distribution for peak at 585 nm is shown in the inset offigure 1(a). From the field plot, it is clear that the peak at

585 nmwas attributed to a SPmode atmetal grating-air interface. Due to the presence of a homogeneousmetal

layer, undermost conditions, almost all of the incident light was reflected back to the top.When the SPswere

excited on themetal grating-air interface, due to very small thickness of the homogeneousmetal layer

(tm=30 nm), a radiative decay of SPs occurred through the substrate (glass) and the light leaked through the

substrate at specific angles depending on the refractive indices of substrate and air.

To get the optimized geometry for proposed plasmonic nanograting structure, the geometrical parameters

namely the thinmetal height (tm) and grating height (tg)were changed systematically as shown infigures 1(b)

and (c) respectively. Figure 1(b) shows the transmittivity spectra for tg of 30 nm, P of 500 nmandwith different

thickness ofmetal height (tm). As tmwas increased to 50 nm, the transmittivity reduced to 0.2 (green color)

resulting in low signal contrast butwith narrowest FWHM.When tmwas lower than 30 nm (blue color), the

transmittivity value was found to be the highest butwith higher FWHM.Hence, a careful choice of the thickness

of the thinmetal (tm) of 30 nm (brown color), resulted in a decent value of signal contrast and FWHM.

Figure 1(c) shows the transmittivity spectra for tm of 30 nm, P of 500 nmandwith different thickness ofmetal

Figure 1. (a)Calculated transmittivity spectra for plasmonic nanostructure at normal incidence for a grating period (P) of 500 nm,
thinmetal height (tm) of 30 nm and grating height (tg) of 30 nm. Inset (i) shows the cross-section schematic of engineered plasmonic
nanostructure and inset (ii) shows the electricfield plot for SP excitation at the wavelength of 585 nm.Calculated transmittivity
spectra for plasmonic nanostructure for a grating period of P=500 nmwith (b)Variation in thinmetal height (tm) (c) variation in in
grating height (tg).
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grating height (tg). It was noticed that themetal grating height (tg) of 30 nm (brown color) resulted in high

transmittivity and low FWHM.Themore information about the proposed designed structure can be found

in [27, 29].

The engineered nanostructures were fabricated on glass substrate coatedwith a thin gold film of thickness

30 nm, using e-beam lithography, gold evaporation of thickness 30 nmand lift-off process [21, 27]. Inclusion of

a homogeneous 30 nmmetal layer below the periodic structures resulted inmitigating the charging effects

during electron beam lithography. Finally, on-chip plasmonic device was fabricated by integrating the fabricated

plasmonic substrates withmicrofluidic channels. Figure 2(a) shows the schematic of the on-chip device

integratedwith plasmonic substrate andfigure 2(b) shows the SEMmicrograph for fabricated 1D and 2D

plasmonic nanostructures.

After fabricating the plasmonic substrates, SU-8 (10) resist fromMicrochemwas spin coated on the surface

of plasmonic substrates at the speed of 5000 rpm for 30 s to a thickness of 10 μm. It was then soft baked at 80 °C

for 20 min. The required channelmask designed inClewin software and printed on transparency sheet, was used

to expose the SU-8 layer usingUV- photolithography. The alignment between fabricated plasmonic

nanostructures andmicrofluidic channels was carried out usingmask aligning process. The substrates were

prebaked at 80 °C for 15 min and then patterns were developed in SU-8 developer for 1 min, followed by rinsing

withDIwater. Again the baking stepwas done by keeping the samples in oven at 80 °C temperature for 30 min.

Now, the next stepwas to cap and seal the fabricated SU-8microfluidic channels. A PDMS capwas usedwith

holes for inlets and outlets corresponding to fabricated channels and alignedwith SU-8 reservoirs. The property

of epoxy group of SU-8 to form covalent bondwith amine groupwas used to seal PDMSwith SU-8 channels.

The surface of PDMSwasfirst functionalizedwith (–OH) groups through oxygen plasma for 30 s exposure and

thenwas immersed in a solution of (3-AminoPropyl)Tri Ethoxy Silane (APTES) for 2 h and as a result of which,

the amine groupswere formed on the surface of PDMSby silanization [30]. Then the PDMSwas capped and

brought into contact with SU-8 channels and by applying the pressure gently and keeping the integrated device

for 2 h in oven at temperature of 80 °C, the bondingwas carried out. Figures 3(a)–(d) shows the complete

procedure for fabricating SU-8 basedmicrofluidic channels and sealing these channels with PDMS. Figure 3(e)

shows the image of on-chip devicewith one inlet and one outlet and figure 3(f) shows the fabricated SU-8

channel. The idea of fabricating SU-8 basedmicrofluidic channel and cappingwith PDMS, instead of fabricating

conventional PDMSbasedmicrofluidic channel was to get rid of the precise alignment of the PDMSbased

microfluidic channels and the plasmonic nanostructures which is a very big challenge.Moreover, the bonding

between plasma treated PDMS and gold surfacewas found to be veryweakwhich results in leakage from the

channels.

To test the bonding quality of these SU-8 basedmicrofluidic channels, DIwaterwas pumped through these

channels at different flow rates (from0.5 μl min−1 to 30 μl min−1) using a syringe pump and captured

microscope images confirmed theflowofwater without any leakage through the channel.

Characterization setup

Figure 4 shows the characterization setup used for real-timemonitoring of refractive index induced surface

modifications for different analytes. A pair of cross polarizer-analyzer (θP=45° and θA=135°) in an inverted

broadband leakage radiation brightmicroscope is used to diminish direct 0th order transmission and capture

bright SPs emission (due to±1 diffraction order) against a dark background. A polarization rotation of 90° in

fabricated nanostructuresmediated by SP excitationwas used to develop a darkfield plasmon polarization

Figure 2. (a)The schematic for on-chip plasmonic device integratedwithmicrofluidic channel (b) SEMmicrograph for fabricated
periodic plasmonic 1D and 2Dnanostructure.
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microscope using a conventional brightfieldmicroscope under two crossed axis polarizers [27]. Leakage of

plasmon coupled transmitted radiation from the bottomof the substrate was collected by a 100× immersion oil

objective lens. Aflipmirrorwas used to divert the beam to a Fourier lens, and camera placed at its focuswas used

to obtain the FP images. Inset (i) and (ii) shows the FP and real plane images captured for 2Dplasmonic

nanostructures of period Px=Py=500 nm respectively. In real and FP images, the yellow brown color

obtained due to the (0,±1) and (±1, 0) diffraction order coupled to SPmode at cross polarizer-analyzer

position. The detailedmechanism for this phenomenon has been described in our recent work [27].

Capturing refractive index induced surfacemodifications

The analytes were infused into the device using 2ml, 1000 series gas tight syringes actuated by syringe pump to

control theflow rate of the analytes passing throughmicrofluidic channel. The experiments were carried out

inside an air-conditioned lab at a steady temperature of 25 °C to overcome the effect of temperature on the

viscosity of different analytes [31]. The broadbandwhite light source in an invertedmicroscope passing through

a polarizer was incident on the device and the transmitted light was captured by real and FPCCDcamera after

passing through a cross axis analyzer.

The analytes of different refractive indices were introduced on the sensing sites throughmicrofluidic

channel having nanostructures with different periods. First themeasurement was carried out with air and then

the analyte with known refractive indexwas introduced. Finally the channel was washedwithDIwater and

exposed to air tomake sure that analyte was completely washed off the surface and the color returns to that air

reference before introducing the next analyte.

Figure 3. (a)–(d)The processflow for fabrication of SU-8 basedmicrofluidic channel (e)On-chip device with one inlet and one outlet
(f)Microscopic image of fabricated SU-8 channel.

Figure 4. (a)Characterization setup. Inset (i) and (ii) shows the captured FP and real plane images for 2Dplasmonic nanostructures of
Px=Py=500 nm.
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Figure 5(a) shows the real plane images for 1Dplasmonic nanostructure of P=400 nmwith analytes of

different refractive indices. The shift in color from green to orange-redwas clearly observedwith increase in

refractive index in captured images. In the same channel, the images for different analytes (as introduced in

figure 5(a)) for 1Dplasmonic nanostructures of P=500 nmwere also captured as shown infigure 5(b). The

change in colorwith increase in refractive index can be clearly seenwith analytes of different refractive indices

with naked eyes. The change in color due to refractive index induced surfacemodificationwas quantifiedwith

CMYKcomponents (ΔC,ΔM,ΔY,ΔK) of captured images extracted using image processing as shown in

figure 6.Using the standard deviation (σCMYK=1.27) value calculated from the repeatabilitymeasurements,

the refractive index resolution can be defined as [21, 22, 32]

s= D D + D + D + D ´{ ( )}Index Resolution n C M Y K 22 2 2 2
CMYK

An index resolution of 1.63×10−4RIUwas experimentally achieved from captured images. The reason

behind choosing theCMYK (Cyan,Magenta, Yellow, Black) components instead of RGB (Red,Green, Blue)

components to evaluate the sensing performancewas to increase the range ofmeasurement. Due to the presence

Figure 5.Real plane images of 1Dplasmonic nanostructure with (a)P=400 nm (b)P=500 nmwith analytes of different refractive
indices.

Figure 6.Average values of C,M, Y andK for captured images with varying refractive index of analytes for 1Dplasmonic structure of
(a)P=400 nm (b)P=500 nm.
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of 4 planes namely (C,M,Y, K) each ranging from0 to 255, instead of R,G, B, the range ofmeasurement can be

improved considerably.

Label free imaging ofmiscible and immiscible analytes

The performance of on-chip plasmonic device with a ‘Y’ shapedmicrofluidic channel integratedwith plasmonic

substrates was investigated bymixing of two colorless liquids. First, the analysis was startedwith twomiscible

liquids and then for immiscible liquids. Figure 7(a) shows the image of on-chip plasmonic device with ‘Y’ shaped

microfluidic channel andfigure 7(b) shows the ‘Y’ shaped SU-8microfluidic channel. Thewater and ethanol

were taken as twomiscible liquids to capture the interface of water and ethanol. Thewaterwas passed through

the left inlet and the ethanol was passed through the right inlet. Figure 7(c) shows themixing of water and

ethanol without adding any colors where the interface of water and ethanol could not be distinguished.

So here, the color-selective filtering nature of plasmonic nanostructures was used for observing the interface

of two colorlessmiscible liquidswhileflowing in ‘Y’ shaped channel. The real plane images were captured for the

liquidsflowing in the channel on the locationswith andwithout plasmonic nanostructures. Figure 7(d-ii) shows

the captured real plane image for 2Dplasmonic nanostructure withmetallic pillars of Px=Py=500 nm. The

difference in color forwater and ethanol was clearly seen due to different refractive indices in captured real plane

image, whereas, the images captured on the locationswithout plasmonic nanostructures were found completely

dark as expected. An another experiment was also performed to compare our results with reference by changing

the right inlet analyte (ethanol) to air and captured thewater-air interface on 2Dmetallic pillars of

Px=Py=500 nmas shown infigure 7(e-ii). Thus, the color-selective filtering nature of plasmonic

nanostructures can be used for capturing the interface of two colorlessmiscible liquidswithout any stain (label).

After capturing the interface of two colorlessmiscible liquids, themixing of two immiscible liquids was

studied.Here, thewater andTCE (Tri Chloro Ethylene)were taken as two immiscible liquids.Whilemixing of

Water andTCE, TCEdroplets were formed, whichwere captured in real and FP images for 1Dplasmonic

nanostructures of P=500 nm. Figures 8(b) and (c) show themicroscopic images formixing of two colorless

immiscible liquids, without TCEdroplet andwith TCEdroplet respectively. Figures 8(d) and (e) show the FP

and real plane images for capturingwater andTCE.Whenever TCEdroplet passed through the sensing sites, the

change in colorwas clearly observed in FP and real plane images as shown infigures 8(c) and (d). In FP images,

the change in color for±1 diffraction order coupled to SPmodewas observed fromdark red to orange due to

change in the index of water andTCE. Since the FP images allow to image the directional emission in the

reciprocal space, the images actually represent themomentumor effective index information directly. The

change in the refractive index of the analaytemodifies the dispersion relation of plasmonic nanostructure

influencing the directional light emission [21, 33]. In other words, the variation in the direction emission of

Figure 7. (a) Image of on-chip plasmonic device with ‘Y’ shaped channel (b)Microscopic image of ‘Y’ shaped SU-8microfluidic
channel (c)Microscopic image formixing ofwater and ethanol without adding any colors inmicrofluidic channel; Real plane images
for without andwith 2Dplasmonicmetallic pillars of Px=Py=500 nm to capture (d)Water—Ethanol interface (e)Water–Air
interface.
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captured surface plasmons by increasing/decreasing the refractive index of analytes leads to the change in the

color of FP images.

Capturing air bubbles in real and FP images using hydrodynamic focusing

Hydrodynamic focusingwas also demonstrated on presented on-chip device where thewidth of the

hydrodynamically focused streamof one liquidwas controlled by the relative flow rates of the three liquids. The

most common configuration is a 3-inlets-1-outlet device whichwas fabricated and tested that allowed to capture

the flowof air bubbles on plasmonic nanostructures with real and FP images through hydrodynamic focusing.

Figures 9(a)–(b) show the image for on-chip device and SU-8 channel with 3 inlets and 1 outlet respectively.

TheDIwater, with green food color addedmanually (For visualization purposes), was passed through the outer

inlets, whereas, theDIwaterwithout any colorwas passed through themiddle inlet. Theflow rate of themiddle

inlet was kept fixed toQ1=4 μl min−1, while, theflow rate in left and right inlets was changed from

1.5 μl min−1 to 4 μl min−1 in step of 0.5 μl min−1with help of syringe pumps. The idea to change theflow rate of

outer inlets from1.5 μl min−1 to 4 μl min−1 in steps was to demonstrate the hydrodynamic focusing, in other

words by varying theflow rates, it is possible to get the focused stream formiddle inlet. After achieving the

Figure 8. (a) Image of on-chip plasmonic device with ‘Y’ shaped channel (b)Microscopic images formixing of two colorless
immiscible liquids (b)Without TCE droplet (c)WithTCEdroplet; Fourier andReal plane images for 1Dplasmonic nanostructure of
P=500 nmwith (d)Water (e)TCE.

Figure 9. (a) Image of on-chip device with 3 inlets and 1 outlet (b)Microscopic image of SU-8 channel with 3 inlets and 1 outlet (c)
Flowing air bubbles while hydrodynamic focusing on the on-chip device;Microscopic images of the device with 3 inlets and 1 outlet
(d)Without air bubble (e)With air bubble; FP andReal plane images of plasmonic nanostructures of Px=Py=500 nm for capturing
(f)Water (g)Air bubble.
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hydrodynamic focusing, the air bubbles were introduced throughmiddle inlet withwater as shown in

figures 9(c)–(e) and the images of the air bubbles passing through fabricated 2Dnanostructures of

Px=Py=500 nmwere captured in FP and real plane as shown infigures 9(f) and (g) respectively. The change

in color fromdark red to yellow brownwas clearly observed in FP and real plane images as air bubble passed

through sensing sites (In this case 2Dplasmonic nanostructures withmetallic pillars of Px=Py=500 nm).

This imaging technique on proposed fabricated plasmonic structures can be used to count the number of air

bubbles or cells for bio applications [34].

Conclusions

The optofluidic integration usingmicrofluidic channels on engineered fabricated plasmonic nanostructures was

carried out to demonstrate the real-time index sensing. The analytes of different refractive indices were

introduced on the sensing sites through SU-8microfluidic channels and the change in the color corresponding

to SP excitationwavelengths was captured in real and FP images. An index resolution of 1.63×10−4RIUwas

achieved by quantifying CMYKcomponents of images. Label-free imaging of the interface of colorlessmiscible

and immiscible liquidsflowing in laminarflow regime in themicrofluidic channels was presented by using the

color-selective filtering nature of plasmonic nanostructures. Hydrodynamic focusingwas demonstrated on

presented on-chip plasmonic device and the flowof air bubbles passing though channel on plasmonic

nanostructures was captured in FP and real images due to change in refractive index fromwater to air. The

purpose of thework is to establish the foundation of on-chip label-free imagingmicroscopy to avoid

fluorescence tagging and to provide a simple platformwhere the optical image could be visually interpreted for

surfacemodifications.
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