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ABSTRACT   

This paper evaluates various strategies proposed for single cell refractometry and spectroscopy using fiber optic sensors 
and microfluidic chips. Details concerning design, fabrication and characterization of the chips will be addressed. 
Preliminary results obtained with alternative on-chip configurations using combination of fiber Bragg gratings with 
mirrored single mode and multimode fibers will be presented indicating the possibility of performing simultaneous 
assessment of cellular refractive index and absorption properties. 
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1. INTRODUCTION  

Spectroscopy and refractometry are commonly used in chemical and biochemical systems due to its numerous 
advantages like real-time and non-intrusive measurements, good reliability and sensitivity. Detection through optical 
absorption and fluorescence spectroscopy are some of the most widely used methods in common biosensing systems [1]. 
Near infra red (NIR) interferometry, on the other hand, can give complementary information allowing on-line monitoring 
of reactions thought detection of refractive index changes induced by the analyte [2]. Combination of those methods may 
extend the spectrum of information about investigated samples and allow better accuracy of results. For instance, 
detection of significant variations of refractive index of living cells can be useful in sensing of e.g. intraerythrocyte 
parasites or cancer forms [3, 4], while monitoring its color changes can expand the spectrum of applications allowing 
better determination of the stage of the disease, especially in the case of advanced cancerous forms or in a parasitic 
invasion, where the classical single-wave spectroscopy reveals reduced resolution. 

Since the concept of microfluidic chip was proposed [5], the development of miniaturized integrated systems on the 
chip platform has gained huge popularity in analytical chemistry. In comparison with standard analytical methods, 
microfluidic devices offer the advantages of faster sample analysis, higher throughput, reduced reagent use, automation 
of complex bioanalytical processes and ease of use, all of which are associated with decreased cost [6, 7].  

For the fabrication of the microfluidic platform various approaches are possible and many alternatives are described 
in literature [8]. The use of a microstructured layout onto glass support, closed by a polymeric block (e.g. PDMS), allows 
practical and easy mounting and cleaning of the chip [9]. SU-8, an epoxy-based negative photoresist, is one of the most 
used materials for the fabrication of high aspect ratio (the ratio of height to the width) microfluidics due to its good 
chemical, mechanical and thermal properties [10].  

Recently many microfluidic systems have been explored for cell diagnosis and characterization. Cell refractive 
index was measured using various approaches, mostly based in interferometric analysis. Setups varied from optofluidic 
cavity between mirrored glass plates, to more advanced microstructures using cell holders or optical trapping. In this 
context, fiber Bragg grating (FBG) based cavities are interesting alternatives for interferometric on-chip analysis [11-13]. 

This paper describes a microscale setup for simultaneous NIR interferometry and absorption or fluorescence 
spectroscopy based on an SU-8 microfluidic platform with embedded fiber optic sensors. Several strategies were 
evaluated in order to simultaneously detect refractive index and absorption properties of cells. Preliminary results of 
measurements performed with sample solutions and the proposed microchip configurations are presented.  
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2. CHIP DESIGN AND WORKING PRINCIPLES 

2.1 Chip design  

The microfluidic chip was fabricated by photolithographic process of SU-8 layers over glass substrates. The microchip 
structure is presented in figure 1a. Each chip consists of a 20 μm wide central micro-channel connected with a network 
of 3 inlets and 3 outlets for sample delivery and processing. Depending on the final configuration, one, two or more 
grooves can be placed perpendicularly to the channel for insertion of optical fibers. The width and depth of the fiber 
insertion grooves was around 127 μm, allowing optical fibers to be accurately fixed and aligned enabling light to be 
transmitted through the fluid. Each of the fiber, depending on its characteristics (multimode, single mode) can be used 
for delivery or collection of light in the visible or NIR range, enabling spectroscopy or interferometric measurements to 
be performed. 

Distinct interfaces between the optical fiber and the micro channel are being tested. Figure 2 shows two of the 
possibilities implemented: (b) channel and fiber with SU-8 separation walls (c) or with SU-8 separation clips. Also a 
chip configuration with direct contact of the fiber with the channel has been fabricated. 

 

(a) (b) (c) 
Figure. 1. (a) Schematic representation of the SU-8 micro fluidic chip with inserted optical fibers. Detail of the tested 
interfaces between micro channel and optical fibers: (b) with a SU-8 separation wall; (c) with SU-8 clips. 

 
2.2 Optical sensors 

With such platform as a starting point, distinct sensing configurations can then be explored using different combinations 
of single mode (SM) or multimode (MM) fibers, fiber Bragg gratings and mirrors inserted into the microfluidic chip. In 
figure 2, a generic combination of such on-chip fiber optic devices is presented.  

For instance, if two identical FBG inscribed in SM fibers are placed a distance Lf apart as depicted in figure 2, a 
Fabry Perot (FP) cavity can be obtained as described by Chin et al. [13]. If, on the other hand, one of the fiber tips is 
mirrored, only one FBG becomes necessary to obtain the same FP cavity. In such case, the mirrored fiber can be a MM 
fiber and, if the mirror is just partially reflecting, light can be collected by a spectrometer, enabling the measurement of 
the absorption/reflectance spectra of the samples flowing in the intercalated microchannel, using standard microscope 
illumination.  

Such configuration will enable the combination of simultaneous detection of refractive index and absorption and 
scattering properties of the flowing samples. The cell refractive index can be measured in the NIR range (λ=1550 nm) 
using SM fiber, an FBG and a mirrored fiber across the flow channel. Shifts induced in the measured interferometric 
spectra have been shown to be correlated with the cell optical path [12,13]. 

Reflectance spectra of the cells, on the other hand, can be acquired using the partially mirrored MM fiber that 
collects the visible (450nm-800nm) range radiation emitted by the microscope illumination and is scattered /absorbed by 
the passing cells. Standard CCD spectrometer can be used to acquire the signal with the necessary spectral 
discrimination.  

Experiments on Plasmodium falciparum parasited erythrocyte showed significant changes in refractive index when 
comparing healthy and infected cells, that could be as high 0,03 RIU [4]. On the other hand, a detailed analysis of the 
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Fiber Bragg grating structures with reflectivity ranging from R≈20%. to R≈90%, with a central wavelength around 
1550 nm, were inscribed in standard SMF-28 single mode fiber with a germanosilicate core (3 mol%), previously 
hydrogenated at 100 atm. The FBG was written using a 10 mm length diffractive phase mask (Λ=1062 nm), illuminated 
with a KrF laser (248 nm). Exposure time and laser energy were adjusted to obtain the desired reflectivity.  

Multimode fibers were mirrored by RF-sputtering of a Palladium target. Reflectivity was controlled by adjusting the 
thickness of the coating layer.  

It was observed that when high reflectivity was applied in both the mirror and the FBG a very high visibility and 
finesse were obtained, resulting in very sharp spectral lines, but with a poor signal-to-noise ratio in face of the little 
amount of power reaching the detector. The best results were achieved for an approximate reflectivity of ~ 60% where a 
good compromise between fringe visibility and transmitted/reflected power could be observed.  

Figure 3 presents the reflected interferometric FP spectrum obtained when a SM fiber with a FBG having an 
approximate reflectivity of 60% was aligned with a MM fiber with a partially reflective palladium layer with similar 
reflectivity (thickness d~30nm). A visibility of approximately 45% was estimated from the acquired spectrum that is 
adequate for sensitive refractive index measurements. The spectrum was acquired in reflection through the SM fiber 
using a tunable laser and an optical circulator. As expected, the interferometric pattern follows a quasi-sinusoidal 
behavior modulated by the envelope of the FBG reflectivity function. 

 

 

Figure 3: Interferometric spectrum of the FBG-mirrored fiber FP cavity with ~60% reflectivity. 

 
The MM fiber on the other hand was plugged into a USB4000 CCD Spectrometer (Ocean Optics, Inc., FL, USA). It 

was verified that for gaps between the MM and SM fiber in the range of 20 μm a good signal-to-noise ratio could be 
obtained using standard halogen lamp for microscope illumination and CCD integration times ranging hundreds of ms, 
enabling the spectral measurements to be performed accurately. 

4. RESULTS 

4.1 On-chip results 

The optical fibers were used to carry the radiation from the light source to the microchannel and then to the CCD 
spectrometer or to a photodetector. This approach allows guiding the light very close to the sample to be analyzed 
(minimum tested distance: 10 μm). The optical fibers and the microchannels are self-aligned in the microchip by the 
SU-8 features, therefore no fine alignment using micropositioners was needed. 
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For the implementation of the channels and grooves, high aspect ratio SU-8 structures of smooth and nearly vertical 
side walls (figure 4a) have been produced. The inserted fibers in the grooves are then self-aligned with good accuracy as 
can be observed from the Scanning electron micrographs in figure 4b. 

Insertion of SM and mirrored MM fibers was straightforward and the transmission/reflection spectra observed had 
identical characteristics to those obtained previously using precision translation stages demonstrating the viability of the 
dual measurement concept inside the microfluidic chip. 

 

4.2 Optical measurements 

For preliminary tests of simultaneous absorption and refractive index measurements of biological samples tests were 
performed using the fiber optic cavities aligned outside the chip using three sample solutions with the same volume and 
with different refractive index and absorption properties. 

For reference purposes a pure water solution was used (solution 1). In addition two samples of Acid Red 37dye in 
ethanol were diluted into pure water. Solution 2, having 25% of dye, and solution 3, having 50% of dye, were 
respectively probed. Refractive index should vary roughly from 1.333 (water) nearly up to 1.36 (ethanol), while 
absorption bellow ~640 nm was expected to increase with dye concentration.  

 

(a) (b) 
Figure 4. Scanning electron micrographs of microchannel and grooves for the fibers insertion: (a) without optical fibers and (b) with 
inserted optical fibers. 
 

The test solutions were characterized using the setup represented in figure 5. The FP cavity used was based on a 
60% reflectivity FBG, with 1nm wide spectral bandwidth, and MM fiber tip coated with a 30 nm mirror. The cavity is 
divided into two main parts – in-fiber cavity with constant optical path, and a detection area corresponding to the channel 
of changing optical path. The length of the fiber cavity was L~15mm with refractive index of ncore = 1.458. The detection 
area with changing refractive index was restricted to the spacing between the fibers which was set to ~30µm. The SM 
fiber was illuminated by an Erbium doped broad-band optical source through an optical circulator that redirected the 
reflected signal towards an optical spectrum analyzer for detection. On the other side of the gap, the mirrored MM fiber 
was plugged into the CCD spectrometer for visible-NIR detection, while the fiber gap was illuminated from above with a 
halogen lamp. 
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Figure 5: Measuring setup for simultaneous assessment of refractive index and spectroscopy characteristics. 

Acquired spectra are presented in figure 6a (full span of the FBG) and 6b (detail of a wavelength period). Clear 
spectral shifts can be observed in the interferometric pattern that can be related with the solutions refractive index. 

Knowing the parameters of the sensing cavity, the wavelength shift can be easily converted into a phase shift and the 
relative refractive index changes can then be calculated. Results of the estimated refractive indexes are presented in table 
1. The calibration of the system was performed by using the reference spectrum of the known refractive index solution 
(solution 1). The results obtained clearly follow the expected tendency where an increase is observed from pure water 
(1,333) to water with dye and approximately 50% ethanol (1,3433). 

 
Solution Δλ (pm) n1 

1 0,00 1,333 
2 7,00  1,3332 
3 29,50  1,3433 

Table 1: Spectral sifts observed and corresponding calculated refractive index. 

 

 
Figure 6: The spectra of FP cavity for pure water (first solution), water with 25% dye in ethanol (second solution), and water with 
50% dye in ethanol (third solution). a) Full span of FBG spectrum; b) Detail of wavelength shift between acquired spectra.  

 
Using the MM detection fiber, the color changes induced by the presence of the dye were quite noticeable as shown 

in figure 7. For pure water all the spectrum of the halogen lamp could be observed unchanged. However, for the solution 
with added dye the transmission was significantly reduced for wavelengths shorter than 640 nm. For the third solution 
with higher dye concentration the reduction of transmission was significantly larger.  
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Figure 7: Recorded visible spectra, collected by the MM fiber, of the solutions having 
different concentrations of red dye. 

The results obtained clearly indicate the viability of performing simultaneously the analysis of the refractive index 
properties as well as the spectroscopic characteristics of complex samples contributing for more advanced tools for 
single cell analysis when combined with microfluidic platforms. 

5. CONCLUSIONS 

In this paper we presented a microfluidic chip with an optical configuration for simultaneous determination of 
refractive index and reflectance/absorbance spectra suitable for analysis of biological samples. Different fiber optic 
configurations and parameters were tested in order to optimize the detection methods for refractive index and reflectance 
measurements.  

Preliminary results showed the viability of fabricating chips with high aspect ratio features using an SU-8 platform 
where optical fibers could be self-aligned. Tests performed showed the viability of simultaneous evaluation of the color 
and refractive index characteristics of complex samples demonstrating the viability of the concept. 
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