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ABSTRACT 

Optical biosensors have been the second most to be exploited in the field of genomics 

after electrochemical biosensors. This accounts to technological advancements in fiber-

optics and laser miniaturization. Although, accurate and sensitive systems have been 

developed for genetic analysis, like DNA chips, there still exists the challenge of 

creating cost-effective devices. Alternatively, optical biosensors can provide highly 

sensitive, rapid, specific and real-time detection devices. 

This thesis attempts to develop an optical sensor derived from SU8 microdroplet using 

whispering gallery mode concept to perform biosensing to sensitivity detect bio-

particles. 

  

KEYWORDS: optical biosensors, highly sensitive, SU8, optobiosensing, bio-

particles. 

 

  



iv 
 

TABLE OF CONTENTS 

 

CHAPTER TITLE PAGE 

   

 TITLE PAGE i 

 ACKNOWLEDGEMENTS ii 

 ABSTRACT iii 

 TABLE OF CONTENTS iv 

 LIST OF FIGURES vi 

 LIST OF TABLES vii 

   

1 INTRODUCTION                 1 

 1.1 Background    1 

 1.2 Problem Statement 1 

 1.3 Objective of the Study 1 

 1.4 Scope and Limitations 2 

 1.5 Thesis Outline 2 

   

2 LITERATURE REVIEW 3 

 2.1 Introduction 3 

 2.2 Whispering Gallery Mode 3 

       2.2.1 History 3 

       2.2.2 Wave Optics 3 

       2.2.3 Electromagnetic Wave Theory 4 

       2.2.4 Performance Factors 5 

                2.2.4.1 Quality Factor 6 

               2.2.4.2 Finesse 6 

               2.2.4.3 Mode Volume 7 

       2.2.5 Coupling Techniques 8 

                2.2.5.1 Angle-Cut Fiber 8 

                2.2.5.2 Prism Coupling 8 

                2.2.5.3 Tapered Fiber 9 

                2.2.5.4 Dielectric Optical Waveguide Coupling 10 

 2.3 Biosensing with Microspheres 10 

       2.3.1 Whispering Gallery Mode Biosensing 11 

 2.4 Surface Modification and Biomolecule Immobilization 12 

       2.4.1 Surface Modification 12 

       2.4.2 Biomolecule Immobilization 12 

       2.4.3 Adsorption 13 

       2.4.4 Covalent Coupling 14 

   

3 METHODOLOGY 15 

 3.1 Thin Film Bio Testing 15 

 3.2 Materials Used 15 

       3.2.1 SU-8 Photoresist 15 

       3.2.2 3-Aminopropyl Triethoxysilane (APTES) 16 

       3.2.3 Bovine Serum Albumin (BSA) 17 

 3.3 Sample Preparation 17 

 3.4 Silanization 17 

 3.5 Protein Immobilization  18 



v 
 

 3.6 Fabrication Strategy Formulated for Microdroplet 18 

 3.7 Microchannel Injection Mechanism 18 

       3.7.1 Microchannel Design 18 

       3.7.2 Fabricated Microchannel 19 

 3.8 Syringe Dispensing Mechanism 20 

       3.8.1 Optical Fiber Alignment 20 

       3.8.2 Droplet Dispensing 20 

       3.8.3 Whispering Gallery Mode Testing Procedure 20 

                 3.8.3.1 White Beam Light Source 20 

                 3.8.3.2 CCS 200 Spectrometer 20 

 3.9 Inkjet Printing Mechanism 21 

       3.9.1 SU-8 as Ink 21 

       3.9.2 Diluted SU-8 as Ink 21 

   

4 RESULTS AND DISCUSSION 22 

 4.1 Introduction 22 

 4.2 Thin Film Biosensing 22 

       4.2.1 Fourier Transform Infrared Spectroscopy 22 

 4.3 Droplet Studies 23 

       4.3.1 Microchannel Injection Mechanism 23 

                4.3.3.1 Rheology of SU-8 23 

                4.3.3.2 Surface Roughness Tests 27 

       4.3.2 Syringe Dispensing Mechanism 28 

                4.3.2.1 WGM Realization of the 1200µm Droplet 28 

                4.3.2.2 WGM Realization of the ~500µm Droplet in                   29 

                             different surrounding mediums  

                4.3.2.3 WGM Realization of ~600µm Droplet with and  30 

                             without BSA protein immobilized                                 

       4.3.3 Inkjet Printing Mechanism  30 

                4.3.3.1 SU-8 as Ink 30 

                4.3.3.2 Diluted SU-8 as Ink 30 

   

5 CONCLUSIONS AND RECOMMENDATIONS 32 

   

 REFERENCES 33 

   

 APPENDICES 38 

 

 

 

 

 

 

 



vi 
 

LIST OF FIGURES 

 

FIGURE TITLE PAGE 

   

Figure 2.1  Diagram showing the total internal reflection and the caustic 

region in the microsphere 

4 

Figure 2.2 Graphical representation of full width half maximum 

bandwidth  

6 

Figure 2.3 Graph depicting the free spectral range 7 

Figure 2.4 Angle-cut fiber coupling method 8 

Figure 2.5 Illustration of prism coupling method 9 

Figure 2.6 Tapered fiber coupling method 10 

Figure 2.7 Concept of WGM biosensor 11 

Figure 3.1 Polymer structure of SU-8 15 

Figure 3.2 Crosslinking mechanism during post-exposure bake 16 

Figure 3.3 Molecular structure of APTES 16 

Figure 3.4 Film Thickness vs Spin Speed graph  17 

Figure 3.5 Cross-sectional image of the designed channel in AutoCad 18 

Figure 3.6 Cross-sectional image of the designed channel in CorelDraw 19 

Figure 3.7 (a) Cross section of the side channel 19 

Figure 3.7 (b) Cross section of the bottom channel 19 

Figure 4.1 Combined transmittance graphs of the three samples 22 

Figure 4.2 (a) Temper ture      C 23 

Figure 4.2 (b) Temper ture      C 24 

Figure 4.2 (c) Temperature:     C 24 

Figure 4.2 (d) Temper ture      C 25 

Figure 4.2 (e) Temper ture      C 25 

Figure 4.2 (f) Temper ture      C 26 

Figure 4.2 (g) Temper ture      C 26 

Figure 4.2 (h) Temper ture      C 27 

Figure 4.3 AFM Result for the channel roughness 28 

Figure 4.4 Transmission spectrum of SU8 droplet 28 

Figure 4.5 Graphs showing first order and second order resonances  29 

Figure 4.6 Transmittance Spectrum showing the resonance peaks 29 

Figure 4.7 Transmission spectrum depicting the shift for BSA protein 30 

 

  



vii 
 

LIST OF TABLES 

 

TABLE TITLE PAGE 

   

Table 3.1 Chemical Composition of SU-8 15 

Table 3.2 Speed and power values used in the laser machine 19 

Table 3.3 Viscosity comparisons between water, black Epson ink and SU-8 21 

Table A.1 Physical properties of SU-8 38 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

 

In recent decades, optics has been extensively used for chemical and biological analysis. 

Sensing systems based on optical methods have evolved from bulk systems, such as 

flow cyto-meters to micro-devices, such as on-chip waveguides and resonators. Also, 

c tering to tod y‟s need of mini turiz tion this period h s seen the emergence of micro-

fluidics, which enables small-volume sample handling for performing automated 

functions (Fan and White, 2011).  Recent advancements in these respective fields have 

led to the development of a new analytical field called optofluidics, to provide 

augmented function and performance for microsystems.  

Optical biosensors have been the second most to be exploited in the field of genomics 

after electrochemical biosensors. This accounts to technological advancements in fiber-

optics and laser miniaturization. Although, accurate and sensitive systems have been 

developed for genetic analysis, like DNA chips, there still exists the challenge of 

creating cost-effective devices. Alternatively, optical biosensors can provide rapid, 

highly sensitive, real-time, and high frequency monitoring devices (Long et al., 2013). 

Optical resonators with whispering gallery modes (WGMs) have proved to be an 

alternative powerful method to achieve label-free detection of target material for 

biosensing applications. These sensors exploit sharp photonic resonances arising from 

light circumnavigating repeatedly near the surface of the resonator resulting from total 

internal reflection (Borri et al., 2009). As a consequence, the resonators are sensitive to 

changes in its size, shape, refractive index and the surrounding medium. This shift in the 

resonance frequency is utilized for detection of biological molecules. Such sensors can 

deliver ultra-high sensitivity, enough to detect single bio-molecules. 

Microbiological sensing is extremely complex and time consuming through traditional 

methods of culturing and biochemical testing. Online detection through optical 

biosensors can help provide quick indications to the changes in the environment 

introduced due to biochemical reactions mediated by microbes and provide clues to the 

process control for various applications in the field of environmental biotechnology. 

 

1.2 Problem Statement  

The present thesis attempts to develop a sensor derived from SU8 microdroplet 

(reported by SeemaYardi, IITK) using whispering gallery mode concept to perform 

biosensing to sensitivity detect bio-particles. 

1.3 Objective of the Study  

A sensor will be developed from aforementioned strategy by utilizing a whispering 

gallery mode concept for biosensing. Yardi et al. has already demonstrated the high 

efficiency coupling of fibers across a SU8 microdroplet which is micro-structured on a 

glass surface using the principles of differential surface energy. Such droplets can be 

size controlled and precisely patterned so that the resonating cavity arising out of 

coupled/ incident light across both ends of the patterned microdroplet can be utilized for 

studying the interfacial variation of refractive index on the droplet surface and the 

immersing medium.  
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The specific objectives of this thesis are as follows: 

 Developing the microdroplet based whispering gallery mode  sensor and 

assessing its characteristics for suitability in detection 

 Developing protocols for surface level immobilization onto the SU8 

microdroplet surface 

 Fabrication of experimental set up for carrying out online sensing for an 

application 

1.4 Scope and Limitations  

There is a vast scope for bringing out any shortcomings of the existing detection 

technologies widely practiced across the globe and the experimental results may provide 

clues to its further improvement. Though there is a sound microbiological basis for the 

design of these experiments, how far a probe developed out of a new methodology of 

testing would be able to support the hypothesis is a big question and hence a limitation. 

Preliminary results show a very good coupling between standalone optical fiber and the 

same has been predicted through simulations and theory. 

1.5 Thesis Outline  

This thesis is organized as follows. The second chapter describes the whispering gallery 

mode effect and its biosensing mechanism. It also explains surface modification and bio 

particle immobilization techniques on microspheres. The third chapter explains the 

detailed procedure used for protein immobilization on a thin film of SU-8. Chapter four 

illustrates the various attempts made to fabricate SU-8 microdroplet. Results are 

elaborated in depth in the fifth chapter. The sixth chapter talks about the future sensing 

potential of such microdroplets. Chapter seven includes the conclusions made from all 

the experiments performed. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

Optical sensing technology has rapidly advanced in the past decade. Surface plasmon 

resonators are well known as optical sensors for the study of intermolecular bio-

particles binding. Whispering gallery mode (WGM) sensors have taken over accounting 

to the single bio-particle detection with high sensitivity. In 1987, microwave WGM 

resonators were first experimentally confirmed. Demonstration of WGM in silica 

microspheres was done in 1988. Since then WGMs have been studied extensively to 

exploit this sensitivity in order to build low cost high sensitivity optical biosensors. 

2.2 Whispering Gallery Mode 

2.2.1 History  

Whispering gallery modes were first explained by Lord Rayleigh for the St. P ul‟s 

Cathedral in London, England. This dome shaped structure was so designed such that 

one could whisper near the edge of the room and hear it on the other side as sound 

waves travelled across the circular gallery (Mohageg, 2007). Some of the other 

monuments exhibiting the same phenomenon are GolGumbaz in India and the Temple 

of Heaven in Beijing (Whispering-gallery wave, 2013). Rayleigh also explained the 

m them tic l theory behind it in     ‟s  nd Richtymer in      est blished the f ct th t 

electromagnetic w ves could excite WGM‟s in dielectric µ-spheres. Various geometries 

like cylinder, ellipse, ring and toroid have been explored now to demonstrate the WGM 

phenomenon.  

The microspheres are generally fabricated by melting the tip of a tapered fiber of the 

required material past its melting point. Surface tension of the fluid results in a nearly 

ideal spherical geometry. By removing the heat abruptly the structure cools rapidly and 

the spherical shape is maintained (Mohageg, 2007).  

Optical microsphere resonators have recently attracted an increasing interest in quantum 

optics, spectroscopy, biosensor technology and optoelectronics (Isçi, 2000). It is 

because of their ease of construction, relatively lower cost, and high quality factors (Q-

factor) that can be as high as 10⁹. Due to the latter property, they are highly sensitive to 

changes in refractive index and uniformity. There has been extensive research on 

WGMs: polymer µ-sphere lasers (Lefèvre and Haroche, 1997) and doped silica µ-

spheres (Kuwata-Gonokami and Takeda, 1998) have been demonstrated.  

Whispering gallery modes help understand the interaction of molecules at a quantitative 

level. Especially for a spherical resonator, mathematical analysis can be done using the 

M xwell‟s equ tions to derive a relation between the resonance shift and binding of the 

molecule. These relations can help detect various biological materials like DNA, 

protein, cells, viruses etc. Due to the great sensitivity, WGMs are ideal for biosensing 

applications. Also, the small size, volume and high stability support on chip integration 

of such structures.  

2.2.2 Wave Optics  
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The most intuitive way of explaining the optical resonances of µ-spheres is through 

wave optics. Reviewing the basics we know that, a ray of light propagating within a 

dielectric sphere will undergo total internal reflection if Eq. 2.1 meets,  

 

        
 

or 

 

                       (2.1) 

 

In the above equation,      is the angle of incidence,    is the critical angle,    the 

refractive index of the surrounding medium and   the refractive index of the sphere.  

 

The rays of WGMs possess the property that all subsequent bounces have the same 

angle of incidence (Isçi, 2000). Thus, the light is confined to a specific region in the 

sphere termed the “c ustic region”. It can be defined as a region within the dielectric 

sphere to which the propagating rays are tangent see (Fig. 2.1) (Isçi, 2000).  

 

 

 
Figure 2.1: Diagram showing the total internal reflection 

and the caustic region in the microsphere 

  

But, wave optics fails to explain many phenomenon exhibited by the µ–spheres. One is 

the escape of light from a WGM for perfect spheres. Also, the radial character of the 

optical modes cannot be determined (Isçi, 2000). The polarization of light is also not 

taken into consideration by wave theory. These issues are solved by electromagnetic 

theory.   

 

2.2.3 Electromagnetic Wave Theory 

Speaking about electromagnetic theory, the first evident step is to go through the 

Maxwell equations. They are given by,  

 

        
  

  
     (2.2) 

 

      
  

  
     (2.2) 
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             (2.3) 

 

              (2.4) 

Here, E denotes the electric field, H the magnetic field,   the permittivity and µ the 

permeability. 

These equations can be further simplified by assuming that the structure and the fields 

are constant in y-direction. Also, we assume the y-component of E field and all 

components of magnetic field to be continuous. This leaves us with Eq. 2.5 as below,  

  

           
 

  

   

   
      (2.5) 

 

where   is the del-operator in spherical coordinates and c is the speed of light.  

 

The spatial temporal field E from Eq. 2.5 can be expressed as a Fourier sum of a 

conjugate field e. The wave equation for e is  

 

                 (2.6) 

 

The solutions for e are 

 

e = ∑          
       

 

 
            

             (2.7) 

 

The first term in the sum corresponds to transverse electric solutions and the second 

term corresponds to the transverse magnetic solutions. Spherical harmonics is denoted 

by   
 , where m and l are azimuthal and polar quantum numbers respectively.  

 

The radial wave functions are solutions to the differential Eq. 2.8  

 

   

          
      

          (2.8) 

 

 

where k is the wave number. The solutions to the above equation are Bessel 

functions  
  

 

 

    ,  

where r being the distance from the center of the sphere. 

 

The azimuthal index l is the ratio of the circumference of the resonator with radius a and 

the resonant wavelength   as shown in below equations.  

 

                        (2.9) 

  

              (2.10) 

 

2.2.4 Performance Factors 

There are various resonator parameters which quantify the spectrum of a resonator. The 

performance of the resonator essentially depends on these parameters.  
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2.2.4.1 Quality Factor 

 

Quality factor or Q-factor is a dimensionless parameter which is a measure of the 

damping of oscillations within the resonator. It indicates the time for decay of energy 

stored inside the resonator. It can be written as: 

     
             

                           
 

     

             

          
 

    

             

          
 

                                  

where   ,    are the frequency and the angular frequency of the resonance and   is the 

time required for field intensity to decay by a factor of  . 

 

Q-factor can also be defined as the ratio of the resonance frequency to the full width 

half maximum (FWHM) linewidth of the resonance frequency. This is generally used to 

study the tuning characteristics of the resonator.  

 

   
  

   
   

  

      
 

 

where        is the bandwidth of the full width half maximum of resonance peak in 

angular frequency.  

 

Figure 2.2: Graphical representation of full width half maximum 

bandwidth (Nordmann, 2007) 

WGM resonators are known for their high quality factors. It means that the energy 

stored inside the resonator is proportionally for longer times i.e. the oscillations reduce 

more slowly. 

2.2.4.2 Finesse 
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Finesse is another important parameter determined directly by the power loss within a 

resonator. It is the number of reflections the circulation light makes before it starts being 

leaked out.  

It can also be defined as the ratio of free spectral range to the full width half maximum 

(FWHM) bandwidth of the resonance.  

 

   
     

      
 

Free spectral range is the distance between two resonance frequencies (Fig. 2.3). 

       
     

  
 

 

Figure 2.3: Graph depicting the free spectral range (Free Spectral Range. In 

Wikipedia) 

 

The finesse is related to quality factor as,  

    
     

  
 

where    is the angular frequency of resonance 

In other terms, finesse is a measure of the number of full width half maximum 

bandwidths that exist between two resonant peaks. 

 

2.2.4.3 Mode Volume 

Mode volume is a measure of the spatial confinement of the electromagnetic field inside 

the resonating cavity. The effective mode volume is defined as the ratio of energy stored 

in that mode to the maximum energy density if that mode.  
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Small mode volumes are desired for a resonator since it significantly reduces the effects 

of non-linear processes occurring inside the resonator. It is also inversely proportional 

to free spectral range i.e. smaller mode volumes means higher FSR. 

2.2.5 Coupling Techniques 

Efficient coupling of WGMs is required because it is the greatest impediment to use µ-

spheres. As is evident from the discussion in section 2.1.2, WGMs exist because of total 

internal reflection within the sphere. In order to excite these µ-spheres it is required to 

couple the material with a refractive index larger than that of the resonator material of 

which the sphere is made. This section explains how the waveguides can be coupled to 

form resonator devices.  

2.2.5.1 Angle-Cut Fiber 

This is one of the promising coupling techniques based on angle-cut fibers. A guided 

wave can be phase matched to a WGM by placing an angle-cut optical fiber near the 

resonator (Ilchenko et al., 1999). This technique uses an angle-polished fiber tip with a 

steep angle in which core-guided wave undergoes total internal reflection and then 

escapes the fiber (Ilchenko et al., 2000). When the resonator is positioned within the 

range of the evanescent field of the angle-cut fiber, an exchange of energy occurs 

between the waveguide mode of the single fiber and a WGM occurs at resonance. The 

above technique is illustrated in Fig 2.4.  

 

 

 
Figure 2.4: Angle-cut fiber coupling method 

 

The steep angle is chosen to fulfill the phase matching requirement. However, this 

coupling technique suffers from some limitations. One of them being reproducing fibers 

polished at the same angle. Also, its relevance is limited by the availability of fibers 

with high refractive indices.  But, this techniques highest noted efficiency is 90% 

(Ilchenko et al., 1999). 

 

2.2.5.2 Prism Coupling 

A prism with refractive index   , can be used to couple light into a WGM resonator of 

refractive index    if      . The best efficiency in microspheres is noted to be 

approximately 80% (Gorodetsky and Ilchenko, 1999). This technique is based on three 

main principles. First, focusing of the input beam at a critical angle of incidence such 

that provides phase matching between the WGM and evanescent wave. Second, the 
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beam shape is designed specifically to ensure optimal efficiency. Third, optimization of 

the gap between the resonator and the prism is done.  

 

This technique uses a prism placed in close proximity with the resonator. The output of 

a single fiber is then collimated and focused on the contact point of resonator and the 

surface of the prism. Diagram illustrating the same is shown in Fig 2.5.  

 

 
Figure 2.5: Illustration of prism coupling method 

  

The input angle of incidence is critical for efficient coupling between the resonator and 

prism. It can be calculated using Eq. 2.9 as, 

        
 

 
         

  

  
     (2.9) 

 

Also, the aperture matching requirement needs to be satisfied. This is because if the 

beam is not adjusted with the resonator-prism contact point, no coupling will exist. Eq. 

2.10 needs to be satisfied for the same, 

 

         √
  

  
    (2.10) 

 

where,    is the vertical radius of curvature and    the horizontal radius of curvature of 

the resonator next to the contact point.  

 

The final parameter to be considered is the divergence angle ( ).  It can be measured by 

observing the far field spot size w at a fixed distance z from the focus (Mohageg, 2007). 

 

               (2.11) 

 

The bottleneck in realizing high efficiency through this technique is controlling the ratio 

of curvatures during the fabrication process (Mohageg, 2007). This method tends to 

give higher efficiencies for non-spherical resonators e.g. 97% for elliptical and 99% for 

toroidal (Magel et al., 1990).  

2.2.5.3 Tapered Fiber 

Tapered fiber couplers are known to have the most efficient coupling efficiency. As we 

know by now, all the coupling techniques require phase matching between the 

wavevector in coupling medium and the whispering gallery mode wavevector (Ilchenko 

et al., 1999). But in the case of small resonators i.e. if the size of the resonator and 
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wavelength are comparable, an overlap between the WGM and evanescent field could 

be sufficient to excite the µ-sphere (Spillane et al., 2003).  

 In this technique, a tapered fiber is placed along the boundary of the µ-sphere 

such that simple focusing and alignment of the input beam is possible together with 

collection of the output beam. Fig 2.6 illustrates the same.  

 

Figure 2.6: Tapered fiber coupling method 

In the tapered region, the fiber turns into a multi-mode step index waveguide. It saves 

the fundamental mode and filters other waveguides, accounting to which the coupler 

achieves an efficiency of 99.99% (Spillane et al., 2003).  As the diameter of the fiber 

reduces towards the tip, the effective refractive index tends to reduce and the evanescent 

field gets larger. High phase matching and critical coupling can be achieved by placing 

the resonator at the proper place. However, this technique is limited to available fibers 

since the effective refractive index can be changed only between values of refractive 

index of vacuum and the fiber material (Matsko, 2010). 

2.2.5.4 Dielectric Optical Waveguide Coupling 

In order to couple WGMs ephemerally, dielectric waveguides can be placed near the 

edge of a thin resonator. The best coupling efficiency achieved was 96% (Indukuri et 

al., 2006). There are two primary reasons for using this coupling technique. The first 

being, repeated fabrication of identical couplers has been made achievable by the 

technological advancement in the optical fabrication industry. The second advantage is 

that this type of coupling scheme lends itself to large scale optical integration (Indukuri 

et al., 2006). This technique shows most capacity in the field of integrated optics. 

2.3 Biosensing with microspheres 

Typically a biosensor comprises of a molecular recognition element (MRE) and a 

physical transducer (Kubik et al., 2005). The target analyte when bound to the MRE 

causes a change in a physical parameter, which is further served by the transducer to 

convert it into an electrical or digital signal. This biorecognition occurrence is indicated 

as an observable change in some physical quantity.   

 

Miniaturized and ultrasensitive biosensors have been a dream of scientists and 

biotechnologists (Vollmer and Arnold, 2008). High Q optical µ-spheres have proved 

promising for achieving the same. As explained in the previous sections, a beam of light 

is confined inside the microspheres by satisfying the total internal reflection (TIR) 

requirements. As this light is reflected, an electromagnetic field is induced in the 

surrounding medium propagating tangent to the surface. A biomolecule that resides in 

this evanescent field tends to influence the frequency spectra of the WGMs.  
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A given proton in the light guide interacts only once with an advocate (Vollmer and 

Arnold, 2008). Owing to this fact, it is challenging to detect single biomolecules using 

the conventional methods like interferometry and surface plasmon resonance sensors. 

On the other hand, µ-spheres provide a mechanism for increased sensitivity since a 

photon guided by TIR can be recirculated several times within the sphere. 

2.3.1 Whispering Gallery Mode Biosensing  

 

An optical WGM is represented by a beam of light circumnavigating the µ-sphere that 

returns back in phase. The resonator can be excited using various coupling techniques 

which are driven by tuning lasers at a certain wavelength. The laser is tuned to achieve 

resonance in a way that the µ-sphere circumference is an integral multiple of orbital 

wavelengths (Vollmer and Arnold, 2008). Changes in µ-sphere‟s r dius, refractive 

index or surrounding environment leads to a change in the resonance wavelength. As 

the laser wavelength is tuned to a required wavelength,   a dip occurs in the light 

transmitted to the detector owing to the power extracted from the fiber (Griffel et al., 

1996).  

 

When a biomolecule binds to the surface of the µ-sphere, it interacts with the 

evanescent field, polarizing the molecule. This leads to an increase in the optical path 

length of the photon, leaving the sphere out of resonance. This shift in equilibrium can 

be compens ted by incre sing the tuning w velength of the l ser by „reson nce 

shift‟    . The procedure is illustrated in Fig 2.7. Atoms in excited state have higher 

polarizability and determine the response of its electron cloud with the surrounding field 

(Lide, 2000). 

 

 
 

Figure 2.7: Concept of WGM biosensor 

 

Generally, the resonant bandwidth is inversely proportional to the energy decay time. 

This decay time translates for the µ-sphere to the lifetime of the average photon. The 

sensitivity with which a frequency shift can be measured is proportional to the number 

of recirculations which is several thousands in this case (Vollmer and Arnold, 2008).  

 

High Q µ-spheres are ideal for sensing as Q-factor is the main characterizing factor for a 

sensor‟s perform nce.  
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              (2.12) 

 

A resonator with high Q-factor is capable of resolving small resonance shifts associated 

with few binding molecules.   

Although the sensitivity of these resonators is high, a few limitations exist. One of the 

key assumptions made is that the refractive index of the sphere stays constant. However, 

if insufficient energy resides inside the evanescent field then it may result in heating up 

of the binding molecule which in turn will transfer the heat to the sphere. Refractive 

index is sensitive to temperature changes and as a consequence there is an additional 

wavelength shift (Vollmer and Arnold, 2008).  

 

The quantitative use of WGMs is not restricted to protein detection only. Biosensors for 

detection of DNA (Vollmer and Arnold, 2002) and single-nucleotide polymorphism 

(Vollmer and Arnold, 2003) are also demonstrated through various experiments. 

Various antibodies and other molecules have been immobilized on silica surface spheres 

for specific detection of proteins to dextran hydrogels for DNA by hybridization 

(Vollmer and Arnold, 2008). From all the diverse implementations of WGMs, ones 

based on spherical symmetry are disposed to rigorous theoretical analysis using the 

M xwell‟s equ tions. Multiple sensors on  n integr ted l b-on-chip could take the 

rapidity of analysis of various biomolecules to a different level.  

2.4 Surface Modification and Biomolecule Immobilization 

2.4.1 Surface Modification 

Surface modification can be defined as the process of altering certain characteristics of a 

materials surface over the original surface. It can be physical, chemical or biological 

properties that are modified in accordance with the requirements.  

In the past few decades, polymers have replaced various materials in the field of 

MEMS. Most of the implemented applications are dependent upon the interactions of 

molecules on the surface. Accounting to that, a non-reactive or undesirable surface can 

lead to a failed experimentation. The properties of these polymer surfaces might change 

due to interaction with the surrounding environment e.g. adsorption of impurities on the 

surface or oxidation of certain reactive groups etc. Surface modification of such 

polymers is crucial to alter the properties to control the surface reactions specific to an 

application.  

Also, one of the key factors contributing to the sensitivity and selectivity of a biosensor 

is the binding of biomolecules to the surface/modified surface of the µ-sphere. 

Immobilization can be defined as impeding the movement of biomolecules temporarily 

or permanently on or within the microsphere. The biomolecule is required to be 

properly  nd efficiently  tt ched to the tr nsducer to m ke biosensor‟s functioning 

viable (Isçi, 2000). 

 

Surface functionalization is a form of surface modification which involves using various 

chemical methods to graft reactive groups or biomolecules on the polymers surface. The 

protocol followed to do the same is specific to the molecules to be adsorbed or coupled 

as required by the application. 

2.4.2 Biomolecule Immobilization 
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There are various ways of immobilizing the biomolecule onto the microsphere, 

adsorption and covalent bonding being the conventional ways. Physical adsorption is 

weak and occurs by formation of Van Der Wall forces or hydrogen bonds. Such 

biomolecules are susceptible to changes in temperature, pH, ionic strength and 

substrate. However, the method proves to be satisfactory for short-term investigations 

(Eggins, 1996). 

 

Covalent bonding requires a carefully designed bond between the microsphere and the 

biomolecule. Surfaces with reactive groups such as amines (-NH2) and carboxylic acid  

(-COOH)  re used for the purpose. If the m teri l doesn‟t h ve   re ctive group it is 

modified to have one (Isçi, 2000). Dependent on the reactive group several techniques 

can be applied to chemically immobile them. This method is typically more reliable 

since it provides more stability (Running and Urdea, 1990).  

 

There are a number of ways to modify µ-sphere‟s surf ces for cov lent immobiliz tion 

of biomolecules (Kumar et al., 2000). These modifications meet several criteria 

(Maskos, 1992); chemically stable linkages, sufficiently long to eliminate undesired 

steric interference and hydrophilic enough to be freely soluble in aqueous solution (Guo 

et al., 1994). 

      

Using a spherical surface can have several advantages over a planar surface. The rate of 

biomolecule attachment onto the sphere determines the response time of the sensor 

(Isçi, 2000). The surface area of the sensor is maximized due to the spherical shape, 

leading to reduction in response time by allowing biomolecule attachment to occur in 

three dimensions. Furthermore, spherical morphology makes the spatial orientation of 

the sensor within the sample unimportant (Isçi, 2000).   

  

Several methods have been demonstrated for immobilization of biomolecules including 

adsorption, covalent attachment and attachment to µ-sphere pre-coated with a generic 

binding protein. The choice of method is dependent upon the hydrophobicity of µ-

sphere‟s surf ce. Adsorption is effective for binding of biomolecules onto hydrophobic 

surfaces and covalent coupling for hydrophilic spheres.  

 

2.4.3 Adsorption 

This method is primarily used for immobilization of hydrophobic parts of a biomolecule 

to the polymeric surface of the µ-sphere. The µ-sphere and biomolecule are incubated 

together for a fixed amount of time for binding.  

 

In order to maximize biomolecule adsorption ultrapure reagents are used to prevent 

impurities from competing. Ionic or hydrophobic interactions can take place in case of 

less hydrophobic molecules like hemoglobin. Competing molecules such as surfactants 

can be utilized for displacing the adsorbed biomolecules. The composition of the 

hydrophobic polymer influences the ability of an adsorbed biomolecule to be displaced 

(Bale et al., 1989).  

 

Binding of small biomolecules is challenging since they don‟t  dsorb well to the 

surface. Conducive to this problem, covalent binding of these small molecules to 

proteins or polymers, which adsorb well, is used. This helps enhance and stabilize the 

system. Alternatively, the small biomolecules can be coupled after the proteins or 

polymers are adsorbed to the surface of the µ-sphere.  
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2.4.4 Covalent Coupling 
This technique of immobilization is customarily practiced when there is a requirement 

of a stable microsphere. Through covalent coupling, biomolecules permanently attach to 

the surface of the sphere. Ligands attached to the surface of the microsphere act as hosts 

for the target molecules. The method provides precise control of the coating especially 

when the desired biomolecule concentration is low.  

 

Covalent coupling is primarily used for immobilization of hydrophilic biomolecules. 

These molecules desorb when the equilibrium is disturbed by removal of unbound 

molecules from the solution (Isçi, 2000). Main factors are required to be optimized to 

achieve desired activity, performance and stability of the system. They are as described 

below.  

 

i. Biomolecule: The target molecule needs to be scrutinized for functional groups 

available for coupling. Orientation of the molecule determines the activity and 

binding kinetics of the system ((Gregorius (2001), Vijayendran (2001)). 

ii. Microsphere: Various surface chemistries can be used for attachment of the 

target molecules. Functional groups like amino, hydroxyl or carboxyl are 

required for efficient coupling. Microsphere composition determines its 

characteristics like hydrophobicity or hydrophilicity, surface charge etc. They 

control how efficiently the target molecule will attach with the chemical group. 

iii. Crosslinking reagent: Crosslinking reagents are chemical compounds 

activating groups exhibiting low reactivity in an aqueous environment or joining 

groups unreactive to each other.  

iv. Reagent concentration: Surface density of the microsphere is dependent on the 

concentration of in low reagents. Use of too much may cause steric effect then 

again too less would result activity.   

v. Buffers: Generally, the compatibility of the buffer with the biomolecule and the 

pH at which the reaction takes place will be important factors. The pH at which 

a biomolecule has a net charge of zero in a solution is known as its isoelectric 

point (pI). The pI of a protein is determined by its amino acid composition. As a 

rule, solutions with pH near their pI are unsuitable for protein solubility. This 

fact is used to maximize their solubility in the solution or precipitation from the 

solution. Moreover, buffers with compounds competing with the ligands create a 

hostile environment for the biomolecules.  

vi. Blockers: Blocking agents are coated on the microspheres following the 

covalent coupling. This is done to minimize non-specific interactions with non-

target molecules. Certain blockers may actually contribute to such nonspecific 

bindings. Thus, they should be cautiously selected with a specific amount of 

concentration to ensure adequate blocking without any loss of activity. 
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CHAPTER 3 

METHODOLOGY 

3.1 Thin Film Bio Testing 

In this study, the biocompatibility of SU-8 as a suitable substrate for bonding of Bovine 

Serum Albumin protein was assed. Fabrication of a group of samples consisting thin 

film was done on a glass slide and their surfaces were functionalized using chemical 

methods. The samples were then analyzed for the bonds present on these surfaces due to 

the surface functionalization performed.  

3.2 Materials Used 

3.2.1 SU-8 photoresist 

SU-8 2015 was used for coating thin films on the glass substrate. SU-8 is glycidyl ether 

of bisphenol. It is an epoxy-based negative photoresist whose polymer structure in Fig 

3.1 below. Eight epoxy groups consist in a single molecule of bisphenol. The number 

eight inside the word SU-8 means a molecule of SU8 consists of eight epoxy groups. It 

is currently being used heavily in the micro fabrication industry due to its unique 

properties. However, mainly, because of its high optical transparency it has been 

preferred to develop components such as waveguides, sensors, MOEMS etc. Further 

details are included is Appendix A as a table of important properties of SU-8. 

 

 

Figure 3.1: Polymer structure of SU-8 

It is comprised of three different ingredients in specific concentrations. Table 3.1 shows 

the same. 

Table 3.1: Chemical Composition of SU-8 

S.No. Chemical Ingredient % 

1 Gamma Butyrlactone 25 - 85 

2 Propylene carbonate 1 - 5 

3 Epoxy resin 14.3 - 76.75 

   

Gamma butyrolactone is one of the organic solvents used to dissolve the epoxy resin to 

make SU-8. A photoacid generator is also added to this composition which is used to 

generate hydrofluoric acid when exposed. Its role is to cleave the epoxy groups present 
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and crosslink to create a highly dense polyether network. The structure in Fig 3.1 is 

non-cross-linked. When the post-exposure bake is performed on SU-8 the acid 

molecules create radicals by reacting with the epoxy groups and these radicals crosslink 

together inducing polymerization. Fig 3.2 illustrates this crosslinking mechanism. The 

cross-linked SU-8 is insoluble in the developer. 

 

Figure 3.2: Crosslinking mechanism during post-exposure bake 

   

SU-8 and its developer, propylene glycol methyl ether acetate (PGMEA) were obtained 

from MicroChem, USA. PGMEA is glycol ether generally used in inks and cleaners. 

 

3.2.2 3-Aminopropyl Triethoxysilane (APTES) 

APTES is a toxic aminosilane used for the purpose of silanization of a surface. 

Silanization is covering the surface with molecules of alkoxysilane. Molecular structure 

is demonstrated in Fig 3.3.  

 

Figure 3.3: Molecular structure of APTES 

It was procured from Sigma-Aldrich USA. 

 

 



17 
 

3.2.3 Bovine Serum Albumin (BSA) 

Bovine serum albumin is albumin protein found in Bos Taurus cow. It is usually used as 

the protein concentration standard in biological labs. The detailed physical properties 

are listed in Appendix B. It was obtained from „Loba Chemie Pvt. Ltd‟.  

Other chemicals, like glutaraldehyde, acetic acid, ethanol etc. were obtained from SD 

FineChem Ltd., India. All aqueous solutions were prepared in de-ionized (DI) water.  

3.3 Sample Preparation 

The microscope glass slides were cut into pieces of 3 mm x 3 mm using a diamond 

cutter. These slides were sonicated in an ultrasonic sonicator bath in acetone for 10 min.  

They were removed and immersed in methanol for 3-5 min followed by rinsing in DI 

water and blown dry with nitrogen.  

The required film thickness was around 15 µm. Referring to the SU-8 2015 MicroChem 

data sheet (Fig 3.4) the spin coating on the cleaned glass substrates was performed at 

     rpm for    seconds using   Holm rc‟s spin co ter.  

 

Figure 3.4: Film Thickness vs Spin Speed graph (MicroChem data sheet for 

SU-8 2015) 

 

The SU-8 coated substrate was then left at room temperature for one hour to facilitate 

bonding to the glass substrate.  

3.4 Silanization 

Two of the SU-8 coated slides were then treated for silanization. A solution of 1% 

(volume to volume) of 3-aminopropyl triethoxysilane (APTES) in ethanol with a few 

drops of acetic acid was prepared. Acetic acid is added to maintain the pH of the 

solution in the range of 3 – 4. The substrate was treated in this solution for 15 minutes 

followed by he ting in  n oven  t      C for duration of 20 minutes. Subsequently, the 

substrates are immersed in 1%  (volume to volume) glutaraldehyde in water for duration 

of 30 minutes. This step is performed to facilitate crosslinking between SU-8 and 
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APTES.  For   second time, therm l tre tment  t      C for    minutes is provided to 

the substrates.   

3.5 Protein Immobilization 

Subsequently, one of the silanized substrates is treated for immobilization of BSA 

protein on its surface. Bovine serum albumin solution (10mg/mL) in 1x phosphate 

buffered saline solution (PBS) was prepared by mixing the two using Vortex Shaker and 

ultrasonic sonication till BSA completely dissolved giving a slightly hazy faint 

yellowish solution. This solution was deposited on the silanized SU-8 surface and 

incubated for an hour. The surface is then rinsed thoroughly with PBS to remove the 

loosely adsorbed BSA molecules.  

3.6 Fabrication Strategy Formulated for Microdroplet 

 

The thin film biological testing depends on transmittance by the film. In order to realize 

the whispering gallery mode effect, various attempts were made to develop micro-

droplets as our sensor. The attempts made our explained in details in the following 

subsections.  

 

3.7 Microchannel Injection Mechanism 

The aim of this attempt was to dispense uniform droplets sized 200µm on a glass 

substrate using a microchannel.  

3.7.1 Microchannel Design 

The microchannel was initially designed using AutoCAD as shown in Fig 3.5. The 

design is made such that there is an inlet channel to push SU-8 in using a syringe 

mounted on a syringe pump to ensure equal volume dispensing. The SU-8 should flow 

through the inlet channel into the bottom channel and make the 200µm droplet in the 

middle. The SU-8 coming out of the outlet channel to the top was designed to confirm 

that the bottom channel has been completely filled. The microchannel is left on the glass 

substrate for the droplet to cure and subsequently removed.  

 

Figure 3.5: Cross-sectional image of the designed channel in AutoCad 
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The design was finally exported to CorelDraw (Fig 3.6) for the laser machining 

purposes. 

 

Figure 3.6: Cross-sectional image of the designed channel in CorelDraw 

3.7.2 Fabricated Microchannel 

The microchannel is fabricated using a CO2 laser machine. Epilog mini/HELIX Laser, 

Model 800, Class 3R is used for the same. It operates at a maximum power of 35W and 

uses CorelDraw as the graphics software. It has two functional modes: raster engraving 

and vector cutting. Raster engraving is high resolution dot matrix printing using the 

laser source and vector cutting is for hairline cutting. The machining can be done on 

glass, silicon, PMMA and wood for cutting, drilling or molding purposes. The power 

and speed used to fabricate the channel are shown in Table 3.2. 

Table 3.2: Speed and power values used in the laser machine 

Depth of the channel (µm) Speed (%) Power (%) 

460 50 100 

200 65 90 

 

The microscopic images of the cross section are shown in Figure 3.7. 

   

(a)                                                             (b) 

Figure 3.7 (a): Cross section of the side channel (b): Cross section of the bottom 

channel 
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3.8 Syringe Dispensing Mechanism 

Syringe dispensing method was used to dispense droplets using a syringe on a glass 

slide. Initially, multimode optical fibers (input and output) were aligned and epoxied to 

the glass substrate. Then, the droplet was dispensed on top of the fibers.  

3.8.1 Optical Fiber Alignment 

Multimode 50/125µm fiber was used as the input and output fibers. Initially, the fiber 

was stripped till the buffer coating i.e. 1000µm in diameter using a fiber stripper. A 

channel was prepared using scotch tape and a hole of diameter 1200µm was drilled in 

the middle using a high speed micro electric drill 0.5 – 4.0 mm chuck.  

The input and the output fibers were mounted and aligned in this created channel and 

epoxied from the top. The setup was left for an hour at room temperature to facilitate 

the binding of the optical fiber with the glass substrate.  

Later, the optical fiber was stripped further till the cladding (125µm). The scotch tape 

channel was not usable since the fibers could not be aligned with precision. Instead, the 

optical fibers were epoxied directly to the glass substrate and aligned using a triangular 

aluminum metal scale ruler. 

3.8.2 Droplet Dispensing 

First, the initial setup as mentioned above was used to dispense SU-8 droplets. A U-40 

insulin syringe, 30 gauge needle (needle diameter: 250µm) was used to mount a 

1200µm SU-8 drop in the fabricated hole under a microscope.   

The same procedure was used to mount a SU-8 droplet on the top of the aligned optical 

fibers.   

3.8.3 Whispering Gallery Mode Testing Procedure 

3.8.3.1 White Beam Light Source  

Input source used was a MCWHL5 broadband collimated LED light source. It was 

procured from ThorLabs. 

3.8.3.2 CCS 200 Spectrometer 

For analyzing a CCS 200 compact CCS spectrometer procured from ThorLabs was 

used. Its wavelength range lies between 200 – 1000nm with a spectral accuracy of < 

2nm @633nm. The integration time can be set from 10µs – 60s. Appendix D gives the 

detailed optical specification for this model. 

The input fiber was attached to the white beam light source and the output fiber to the 

CCS 200 spectrometer. This setup was used for the testing. The testing was done in the 

following sequence:  

a) WGM realization of the 1200µm droplet 

b) WGM realization of the ~500µm droplet in different surrounding mediums i.e. 

air, water and 1:1 water methanol solution  

c) WGM realization of ~600µm droplet with and without BSA protein 

immobilized 
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3.9 Inkjet Printing Mechanism 

The aim of this study was to dispense uniform droplets of equal volume and size. An 

Epson L210 model printer was used for it. The mounting of SU-8 2100 in the ink 

cartridge was done in two distinct approaches as explained below.  

3.9.1 SU-8 as ink  

For this approach, SU-8 was inserted directly in the internal black ink cartridge using a 

syringe to print droplets of various sizes. The printer‟s p per tr y sensor w s byp ssed 

in order to print the droplets directly on a glass slide or any other desired substrate.  

3.9.2 Diluted SU-8 as ink 

In order to prevent the viscosity problem diluted SU-8 was used as the ink instead. 

Dynamic viscosity comparison of least viscous SU-8 with Epson black original ink was 

performed. Table 3.3 shows these comparisons. 

 

Table 3.3: Viscosity comparisons between water, black Epson ink and SU-8  

 

S.No. Liquid Dynamic Viscosity 

(lbfs/ft2) 

10
-5

 

1 Epson black 5.01  

2 SU-8 2000.5 2.66 

 

Several solutions of SU-8 diluted in acetone were prepared with varying SU-8 

concentrations to be used as the ink instead of undiluted SU-8. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Introduction 

Testing is primarily done in three distinct sections. One is the thin film testing wherein 

different SU8 substrates are analyzed for the bonds present on their surfaces to prove its 

biocompatibility. The second section includes the realization of whispering gallery 

mode effect in the microdroplet. The last section covers the testing of the microdroplet 

to prove its usability as a sensor for detection of BSA protein.  

4.2 Thin Film Biosensing 

4.2.1 Fourier Transform Infrared Spectroscopy 

FTIR is a method of infrared spectroscopy used commonly to detect unknown particles 

or the components of a mixture. In this method, Infra-Red radiation is passed through a 

sample where some of it is absorbed by the sample and rest transmitted. The molecular 

absorption and transmission is represented in the spectrum. 

 

Three different samples of SU8 coatings on glass substrate were tested using FTIR. One 

sample was a layer of only SU8 on a glass substrate. Second, was functionalized (or 

silanized) SU8 coat and lastly SU8 coat with protein immobilized on it its surface. Fig 

4.1 shows the comparison between the three graphs.  

 

Figure 4.1: Combined transmittance graphs of the three samples 

For the silanization plot, the wavenumber associated with N-H bond lies in 3300 - 3500 

cm
-1

 range (IR-frequencies). It is evident from the graph that the peak is missing in bare 

SU-8, but present in the silanization plot at 3470 cm
-1

 indicating the presence of N-H 

bonds on the surface. 
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Amide A bond has wavenumber in the range of 3300 – 3500 cm
-1

 (Determination of 

Secondary Structure in Proteins by FTIR Spectroscopy). The peak at 3300 cm
-1

 in the 

immobilized protein plot represents the strong presence of protein (iso electric pH 4.74).  

4.3 Droplet Studies 

4.3.1 Microchannel Injection Mechanism 

We tried to flow SU-8 through our fabricated microchannel. But, the experiment was 

not successful. The plausible reasons behind it were:  

(a) SU-  doesn‟t flow beyond   point bec use of its high viscosity.  

(b) Surface roughness of the channel 

In order to confirm the above reasons, further studies were performed.  

4.3.1.1 Rheology of SU-8 

A viscosity vs temperature study was done using a viscometer with temperature controls 

(RheolabQC), where the temperature was varied from 20C to 44C and the shear rate 

ranging from 0.01 to 100. The resulting graphs are shown in Fig 4.2. 

 

Figure 4                          
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Figure 4                          

 

Figure 4.2 (c) Temperature: 25  C 
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Figure 4                          

 

Figure 4                          
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Figure 4.2 (f)                    

 

Figure 4                          
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Figure 4                          

 

The result nt gr phs show th t SU  is   dil t nt fluid i.e. it‟s   non-Newtonian fluid 

where the shear viscosity increases with the applied shear stress.  

It was evident from the  bove shown gr phs th t the she r r te‟s r nge t ken w s too 

high for SU-8. A range of 0.01 to 1 would have given better results. Also, it was 

observed that optimum temperature range for facilitating flowability of SU-8 through 

the microchannel would be   -     C.  

Using this study, a temperature controlled environment can be built where the syringe 

would be placed or else jacketing of the syringe can be done to attain the desired 

temperature.  

4.3.1.2 Surface Roughness Tests  

The fabricated microchannel was sent for atomic force microscopy (AFM) to calculate 

the roughness of the channel. Fig 4.3 shows the AFM results. 
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Figure 4.3: AFM Result for the channel roughness 

 

It can be concluded from this analysis that the roughness of the channel was around 

130nm. This can be utilized to optimize the machining parameters or apply nano-

coating on the channel to reduce its roughness and hence improve the flowability. 

4.3.2 Syringe Dispensing Mechanism 

4.3.2.1 WGM Realization of the 1200µm Droplet 

The white light beam source was shone inside the droplet through the input fiber. Fig 

4.4 below shows the transmission spectrum of droplet.  

 

 
Figure 4.4: Transmission spectrum of SU8 droplet 

 

It can be seen from the graph that the dip at 462 nm is where the total internal reflection 

occurs and hence is the resonance wavelength. This shows that the whispering gallery 

mode effect is effectively realized in the droplet. The underlying figure shows the 

droplet being lit up.  
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4.3.2.2 WGM Realization of the ~500µm Droplet in different surrounding 

mediums  

In this study, we changed the surrounding medium of the droplet to observe the shift in 

the resonance peaks of the transmission spectrum. Three mediums were used: air, water 

and 1:1 water and methanol solution. For each medium 10 datasets were made and 

analyzed. The Fig 4.5 below show the analysis of these results based on averaging the 

graphs.  

 

Figure 4.5: Graphs showing first order and second order resonances 

 

Figure 4.6: Transmittance Spectrum showing the resonance peaks 
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The graphs show first order resonance as well as high order resonances. For the first 

order resonance the dip location for air, water and methanol are 454.2 nm, 456.9 nm and 

457.3 respectively. The high order resonances occur due to the size of the droplet (large 

size) and the broadening of each order (with presence of ripples) is due to the use of 

multimode fiber instead of single mode fiber.  

 

4.3.2.3 WGM Realization of ~600µm Droplet with and without BSA protein 

immobilized 

This study realizes the whispering gallery mode effect in the fabricated droplet. Protein 

immobilization protocol is carried out on the same droplet and the transmission 

spectrum is analyzed. The underlying figure shows the compared transmission spectra 

of the two.  

 
Figure 4.7: Transmission spectrum depicting the shift for BSA protein 

 

It can be seen that the SU-8 droplet has a resonance at 456.5nm and the protein 

immobilized droplet has at 460.1nm. The shift in the spectrum towards right ensures the 

presence of BSA protein immobilized on the sensor. 

4.3.3 Inkjet Printing Mechanism 

The inkjet printer was used with different inks as mentioned in the methodology.  

4.3.3.1 SU-8 as Ink 

After SU-8 was inserted in the cartridge, printing command was given. However, no 

droplet was printed out as expected. After several attempts, the situation was analyzed 

and we discovered that the print head nozzle was clogged due to high viscosity of SU-8.    

4.3.3.2 Diluted SU-8 as Ink 

We concluded from the above experiment th t high viscosity liquids c n‟t be p ssed 

through the print head. The reason behind it is that the piezoelectric mechanism of the 

printer is designed to apply very low pressure due to low viscosity of the printer inks.  
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This conclusion led us to this study. We compared the viscosities of the black Epson ink 

and the SU-8 2000.5 (least viscous) and found that the viscosity of SU8 2000.5 was 

lesser than that of the ink. Hence, we made a solution of SU-8 2100 diluted in acetone 

such that the % solids of SU-8 was same as that in SU-8 2000.5.  We used this solution 

as the ink and made an attempt to print. But, the print head circuitry was destroyed by 

acetone and hence no droplet was printed.  
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The thin film bio testing proves the bio-compatibility of SU-8 for detection of bio-

particles. Various protocols can be followed to use SU-8 as a substrate for 

immobilization of target bio molecules. 

Even though whispering gallery mode effect was realized in droplets in 500 - 1500µm 

range, more sensitive sensors can be developed by fabricating droplets in the 50 - 

100µm range. Using a syringe pump to dispense equal volume of SU-8 can be the 

nearest next step. 

Inkjet printing mechanism can prove to be an efficient method to fabricate uniform 

droplets. Using the least viscous SU-8 2000.5 directly or dilution of viscous SU-8 in 

Gamma Butyrlactone (GBL) to use as ink would yield the desired outcome. This could 

be a future direction where the inkjet printer can be further modified to use viscous 

liquids as well.  

The inkjet printing mechanism can be utilized to fabricate uniform droplets of size as 

small as 50µm. This method will prove to be a low cost mass scale micro lens 

manufacturing method. The developed droplets will have very high sensitivity.  

Using the whispering gallery mode sensing different bio-particles can be detected in 

real-time. An extensive library of individual bio-particles can be developed. This library 

can henceforth be used to detect the various bio-particles present in a solution at the 

same time.  
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APPENDICES 

APPENDIX A 

Characteristics Value Conditions 

Glass temperature: Tg  

(see comments below) 

~50°C unexposed film (not 

polymerized) 

>200°C fully crosslinked film (hard 

baked) 

~55°C MCC blend before PEB 

Degradation 

temperature: Td  

(see comments below) 

~380°C fully crosslinked film (hard 

baked) 

Coefficient of thermal 

expansion : CTE 

102.0 +/- 5.1 

ppm/K 

SU-8 25 hard baked at 

200°C for 10 min (in-plane). 

52.0 +/- 5.1 

ppm/K 

SM10#0 postbaked at 95°C, 

thermal cycling test on Si 

wafer 

30 ppm/K SM2050 with 50% filler in 

the blend 

21 ppm/K SM2070 with 70% filler in 

the blend 

Thermal conductivity 0.2 W/mK general value for 

thermoplastic not for SU-8 

Specific heat 1.5 kJ/kg K source not specified 

Polymer shrinkage 7.5% postbaked at 95°C 

Density  ρ 1200 

kg/m
3
 (or 1.2 

g/cm
3
) 

Density of the raw SU8 

resin (not for the PR) 

Viscosity (Dynamic or 

Absolute)  ð ; or μ 

0.06 Pa.s = 6 

cP 

SM1040 (40% solid + 

GBL), DIN53019 

1.5 Pa.s = 

1500 cP 

SM1060 (60% solid + 

GBL), DIN53019 

15 Pa.s = 

15000 cP 

SM1070 (70% solid + 

GBL), DIN53019 

http://memscyclopedia.org/su8.html#reflow
http://memscyclopedia.org/su8.html#reflow
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Kinem tic viscosity  ν 

(we have ν ρ= ð ;) 

0.000045 

m
2
/s = 45 cSt 

SU-8 2 

0.000290 

m
2
/s = 290 

cSt 

SU-8 5 (52% solid + GBL), 

density 1.1641, 20°C 

0.001050 

m
2
/s = 1050 

cSt 

SU-8 10 (59% solid + 

GBL), 20°C 

0.0025 m
2
/s = 

2500 cSt 

SU-8 25 (63% solid + 

GBL), 20°C 

0.01225 m
2
/s 

= 12250 cSt 

SU-8 50 (69% solid), 20°C 

0.0515 m
2
/s = 

51500 cSt 

SU-8 100 (73% solid), 20°C 

 

Table A.1: Physical properties of SU-8 
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APPENDIX B 

Physical properties of BSA: 

 Number of amino acid residues: 583 

 Molecular weight: 66,463 Da (= 66.5 kDa) 

 Isoelectric point in water at 25 °C: 4.7 

 Extinction coefficient of 43,824 M
−1

cm
−1

 at 279 nm 

 Dimensions: 140 × 40 × 40 Å (prolate ellipsoid where a = b < c)  

 pH of 1% Solution: 5.2-7  

 Optic l Rot tion  [α]259: -6 °; [α]264: -63° 

 Stokes Radius (rs): 3.48 nm 

 Sedimentation constant, S20,W × 10
13

: 4.5 (monomer), 6.7 (dimer)  

 Diffusion constant, D20,W × 10
7
 cm

2
/s: 5.9 

 Partial specific volume, V20: 0.733 

 Intrinsic viscosity, η   .     

 Frictional ratio, f/f0: 1.30 

 Refractive index increment (578 nm) × 10
−3

: 1.90 

 Optical absorbance, A
279 nm

1 g/L: 0.667 

 Mean residue rotation, [m']233: 8443 

 Me n residue ellipticity    .  [θ]209 nm;   .  [θ]222 nm 

 Estimated a-helix, %: 54 

 Estimated b-form, %: 18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Atomic_mass_unit
https://en.wikipedia.org/wiki/Isoelectric_point
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APPENDIX C 

1X Phosphate Buffered Saline (PBS Buffer) Recipe  

1. Dissolve the following in 800ml-distilled H2O. 

i. 8g of NaCl 

ii. 0.2g of KCl 

iii. 1.44g of Na2HPO4 

iv. 0.24g of KH2PO4  

2. Adjust pH to 7.4 with HCl. 

3. Adjust volume to 1L with additional distilled H2O. 

4. Sterilize by autoclaving. 
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APPENDIX D 

Item # CCS200 

Optical Specs 

Wavelength Range 200 - 1000 nm 

Spectral Accuracy <2 nm FWHM @ 633 nm 

Slit (W x H) 20 µm x 2 mm
a
 

 

Grating 600 Lines/mm, 500 nm Blaze 

Fiber Connector SMA 905 

Sensor Specs 

Detector Range (CCD Chip) 200 - 1100 nm 

CCD Pixel Size 8 µm x 200 µm (8 µm pitch) 

CCD Sensitivity 160 V / (lx · s) 

CCD Dynamic Range
b
 300 

CCD Pixel Number 3648 

Resolution 4 px/nm 

Integration Time 10 µs - 60 s 

Scan Rate Internal Trigger Max 200 Scans/s
c
 

S/N Ratio
d
 ≤         

External Trigger 

Trigger Input SMB 

Trigger Signal TTL, Rising Edge 

Trigger Input Impedance    Ω 

Trigger Frequency, Scan Rate Max 100 Hz, 100 Scans/s 

Trigger Pulse Length Min 0.5 µs 

Trigger Delay 8.125 µs ±125 ns 

General Specs 

Interface Hi-Speed USB 2.0 (480 Mbit/s) 

Dimensions (L x W x H) 122 mm x 79 mm x 29.5 mm 

Weight <0.4 kg 

Included Patch Cable 

Patch Cable Item # N/A
f
 

Fiber Item # FG200UCC 

Core Diameter 200 ± 8 µm 

Cladding Diameter 240 ± 5 µm 

Coating Diameter 260 ± 6 µm 

NA 0.22 ± 0.02 

Wavelength Range 250 to 1200 nm 

Connectors SMA905 

  

 

 

 


