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ABSTRACT 

 

 
This dissertation develops technology for microfluidic point-of-care (POC) 

immunoassay devices, divided into three papers, and explores the use of a quartz crystal 

microbalance for real time monitoring of blood coagulation in a fourth paper. The 

concept of POC testing has been well established around the world. With testing 

conveniently brought to the vicinity of the patient or testing site, results can be obtained 

in a much shorter time. There has been a global push in recent years to develop POC 

molecular diagnostics devices for resource-limited regions where well equipped 

centralized laboratories are not readily accessible. POC testing has applications in 

medical/veterinary diagnostics, environmental monitoring, as well as defense related 

testing.  

Immunoassay techniques take advantage of the high specificity and sensitivity 

exhibited by antibody-antigen interactions, enabling for detection and/or quantification of 

target analytes in complex chemical matrices. Fields of application of immunoassays vary 

from clinical diagnostics to environmental analysis, to food safety assessment, and the 

target analytes cover the widest range of molecular weight, from small organic molecules 

to biomolecules of hundreds of kilodaltons.  

In the first paper, we demonstrated the use of latex immunoagglutination assays 

within a microfluidic chip to be an effective and sensitive method for detecting the 

bovine viral diarrhea virus. This assay has been shown to be more sensitive than 

conventional BVDV detection protocols such as RT-PCR, detecting the viral particles 
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down to a concentration of 10 TCID50 mL
−1

; while RT-PCR performed by this lab on the 

same viral sample showed a detection limit of 10
3
 TCID50 mL

−1
. Literature sources site 

detecting the virus down to 10
1.5

 TCID50 mL
−1

 (not in a microfluidic chip format) under 

carefully optimized protocols, instruments, and conditions. The total assay time for virus 

detection on this platform is less than 5 min, and the chip has the potential to become 

portable, demonstrating the possibility for development of a truly rapid point of care 

detection device. While BVDV was used as the model pathogenic target in this 

experiment, it should be noted that the target of the assay can easily be changed by 

adsorbing the appropriate antibodies to the microparticles, such that this platform could 

theoretically be used to detect many different pathogens in parallel. 

In the second paper the feasibility and general ease of integrating liquid core 

optical components onto a microfluidic lab-on-a-chip type device, for point-of-care AI 

diagnosis is demonstrated. Integration of liquid core optical waveguides provides a 

method for further miniaturization of the device towards a truly POC sensor. The 

extremely low device detection limit of 1 pg /mL for AI antigens in both clean buffer and 

real biological matrix, coupled with the potential portability, make this device a good 

candidate for a point-of-care diagnostic tool for early AI detection.  

In the third paper particle agglutination assays, utilizing light scattering 

measurements at a fixed angle from incident light delivery, for pathogen detection are 

explored in both Rayleigh and Mie scatter regimes through scatter intensity simulations 

and compared to experimental results. This work demonstrates the feasibility of utilizing 

light scatter measurements of particle immunoassays in both Rayleigh and Mie regimes 
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as complementary information towards a robust platform for pathogen detection that is 

both highly sensitive and quantitative. These two similar yet distinctly different sources 

of information could easily be integrated into a single device through fabrication of a 

simple microfluidic device containing two y-channels, each for performing the respective 

light scattering measurement.    

 In the fourth paper a quartz crystal microbalance was used for real-time 

monitoring of fibrinogen cross-linking on three model biomaterial surfaces. We 

found that fibrinogen adsorbs slowly and forms a less rigid multi-layer on 

hydrophobic surfaces, while it adsorbs quickly, forming a single mono-layer on 

hydrophilic surfaces. The extent of fibrinogen cross-linking is greater on 

hydrophobic surfaces. Fibrinogen cross-linking can also rigidify the relatively soft 

coatings of poly(methyl methacrylate) and dodecanethiol self-assembled 

monolayer. This type of analysis could prove useful for testing the blood 

compatibility of biomaterial candidates. 
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INTRODUCTION 

 
1. Overview of Biosensors 

A biosensor can be defined as an analytical device comprising a biological 

recognition element (e.g. enzyme, receptor, DNA, antibody, or microorganism) in 

intimate contact with an electrochemical, optical, thermal, or acoustic signal transducer 

that together permit analyses of chemical properties or quantities [1].  The expeditious 

growth in the development of biosensors and the involvement of multidisciplinary 

research activities in this field have led to the immense application of this technology. 

Conservative detection techniques like fluorimetry and colorimetry have given way to 

plasmon resonance, microcantilevers, electrochemical methods, etc. Hence, the range of 

analytes which could previously be detected has expanded, with improved sensitivity and 

reduced time of detection [2]. In contrast to other detection systems, biosensor detection 

strategies attribute several key features such as high sensitivity, fast response, robustness, 

low cost, miniaturization and simultaneous multianalyte detection [3]. Biosensor research 

first began in the late 1980’s as a subset of the field of chemistry, and has since grown 

into a sizeable field of its own. Performing a keyword search by year on ISI Web of 

Science and plotting year vs. number of publications yields an exponential curve ranging 

from 61 papers in 1990 to 2407 papers in 2009 (figure 1), this graph illustrates the 

tremendous growth in the field of biosensors over the past twenty years.  



   

 

   

  17 

  

 

Fig. 1. Number of papers published per year with keyword biosensor vs. year, 

ranging from 1990 to 2009 

 

Biosensors can be broadly grouped according to application and according to 

transduction element. Grouping by application yields three main sub-classes, namely, 

environmental, health care related, and defense related. Grouping according to 

transduction element yields three sub-classes of biosensors as well, namely, electrical (or 

electrochemical), physical, and optical. 

 

 



   

 

   

  18 

  

Biosensors, thanks to their fast, portable, and cost-effective features, may find a 

number of specific niche applications among analytical technologies currently competing 

for this expanding market. Until only a few years ago, biosensor R&D was focused 

mainly on clinical and medical applications, but, currently, it is assuming a broader 

position in people’s awareness with the realization that these biosensors can also fill real 

needs in environmental monitoring and control, agriculture and chemical industries [4]. 

Biosensors for healthcare diagnostics continues to be one of the most exciting 

areas of the field, as pathogen detection is the first job in combating or studying any 

disease. Current pathogen testing methods have much to be improved upon in terms of 

time for testing, cost of testing, and portability of the testing apparatus. Development of 

rapid and sensitive sensing technologies for point of care detection of disease agents 

and/or markers remains a crucial topic in the medical and veterinary diagnostic fields as 

well as environmental monitoring. The ongoing search for improved methodologies is 

particularly important since conventional identification methods of pathogenic 

microorganisms usually require large cell numbers of a pure cell culture, involving time 

and labor consuming enrichment and pre-selection steps [5]. Work leading to the 

sensitive, quick and accurate measurements using biosensors began in the 1980s. 

Researchers speculated that this technology would dominate the hospitals and home 

diagnostics by 1990s. While this did not happen, the last two decades have seen 

significant advances and developments in the biosensors for detection of the common 

pathogens [6].  
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The threat to the loss of life and to major agricultural sectors due to biological 

warfare agents came to the forefront in 2001 with the anthrax attack on the U.S. Postal 

Service creating panic among the general population. This incident led to the rapid 

development of biosensor technology for the detection of such agents at an early stage, in 

low concentrations to thwart serious damage to life and property. The main problem in 

detecting biological warfare agents lie in distinguishing them from normal or natural 

infective agents. Chemical markers of known biological agents are employed to reveal 

the identity of these agents in order to provide a solution to the problem [6]. 

Electrochemical biosensors, a subclass of chemical sensors, combine the 

sensitivity, as indicated by low detection limits, of electrochemical transducers with the 

high specificity of biological recognition processes. These devices contain a biological 

recognition element (enzymes, proteins, antibodies, nucleic acids, cells, tissues or 

receptors) that selectively reacts with the target analyte and produces an electrical signal 

that is related to the concentration of the analyte being studied [7].  The predominant 

form of physical biosensors is the microcantilever nanomechanical transducer [8]. The 

working principle of nanomechanical transducers, and specifically of cantilevers, 

involves the translation of the biochemical reaction occurring on top of the cantilever 

surface into a mechanical motion. Any change produced on the sensing layer as a 

consequence of an external stimulus will cause a response of the microcantilever. This 

type of sensor is currently being researched for use in a wide variety of applications, 

including the detection of gases, chemical and biological compounds [8]. 
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In recent years, a key stimulus for the development of optical biosensors has been 

the availability of high-quality fibers and optoelectronic components at a reasonable cost. 

The advantages of optical biosensors are their speed, the immunity of the signal to 

electrical or magnetic interference and the potential for higher information content 

(spectrum of information available). Optical methods are readily multiplexed; samples 

can be interrogated with many wavelengths simultaneously without interfering with one 

another. The optical biosensor format may involve direct detection of the target of 

interest or indirect detection through optically labeled probes. The optical transducer may 

detect changes in the absorbance, fluorescence/phosphorescence, chemiluminescence, 

reflectance, light scattering or refractive index [9]. 
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2. Overview of Dissertation 

 

This dissertation is comprised of four biosensor papers. The bulk of this (three of 

four papers) is based in studies leading towards a true point-of-care optical biosensor for 

pathogen detection, with applications in environmental monitoring, healthcare/veterinary 

diagnostics, and defense related bio-sensing. The fourth paper diverges to work done 

utilizing a physical biosensor, namely, a quartz crystal microbalance (QCM), to 

investigate the wound healing process on various biomaterial surfaces of interest.   

 

2.1 Point-of-Care Optical Biosensor for Pathogen Detection 

 

Point of Care Testing 

 The concept of point-of-care (POC) testing has been well established around the 

world. With testing conveniently brought to the vicinity of the patient, results can be 

obtained in a much shorter time. There has been major effort in recent years to develop 

POC molecular diagnostics devices for resource-limited regions where well equipped 

centralized laboratories are not readily accessible [10]. POC testing (POCT) has 

application in medical/veterinary diagnostics, environmental monitoring, as well as 

defense related testing.  

In order to be considered a real POCT system, it is necessary that the device 

fulfils the following minimum requirements: (A) it should allow the direct introduction of 

the sample with a minimum (e.g. dilution) or no sample pretreatment; (B) it should be 
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portable, which implies a small size, low weigh and autonomous electrical power (e.g. 

battery) with pocket size being the ideal for to be fit-for-purpose; (C) it should be user-

friendly in such a way that non-skilled persons can operate it in a easy and reliable 

manner; and (D) it should offer the qualitative and quantitative results [11]. 

 

Immunoagglutination Assay 

 Immunoassay techniques take advantage of the high specificity and sensitivity 

exhibited by antibody-antigen interactions, enabling for detection and/or quantification of 

target analytes in complex chemical matrices. Fields of application of immunoassays vary 

from clinical diagnostics to environmental analysis, to food safety assessment, and the 

target analytes cover a wide range of molecular weights, from small organic molecules to 

biomolecules of hundreds of kilodaltons [12]. In heterogeneous immunoassays, 

antibodies are immobilized on a solid support and interact with the antigen at the 

boundary layer. In homogenous immunoassays, antibodies interact with antigens in 

solution [13]. With heterogeneous formats, unbound antibodies and other reagents can be 

easily removed. The heterogeneous formats, and particularly the sandwich immunoassay, 

allow high sensitivity, wide dynamic range, and reasonable specificity to be obtained. 

However, the heterogeneous immunoassays suffer some fundamental weaknesses since 

they are usually time-consuming, difficult to automatize, or transfer into on-field portable 

devices [12]. To overcome these problems, the development of washing-free 

homogeneous immunoassays has been of tremendous interest and value in medical 

diagnosis [14]. Of the many heterogeneous and homogeneous immunological assay 
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methods available, those based on the agglutination of antibody bound particles continue 

to be widely used in biology and medicine for the detection of small quantities of an 

antibody or antigen in a fluid test sample [15]. The latex agglutination assay is a test used 

to detect the presence of antibodies or antigens in a variety of bodily fluids including 

urine, saliva, blood, or cerebrospinal fluid. Latex agglutination tests have been developed 

for more than a hundred analytes, including infectious disease agents and drugs of abuse 

[16]. In latex agglutination testing, a suspension of antibody- or antigen-coated 

microparticles is mixed with a target solution. Binding between the antibody or antigen 

and target causes the particles to form agglutinates, which traditionally could be visually 

detected via formation of a precipitate, as the particles form agglutinates sufficient in size 

to fall out of solution; however, a relatively high concentration of the target is required 

for this precipitation to occur.  

 

Light Scattering 

Monitoring the agglutination of the microparticles in suspension via light 

scattering measurements has been demonstrated to significantly reduce the amount of 

target required for a positive signal [17-19] as the amount of scattered light is 

proportional to the particle size, which in turn is proportional to the amount of 

agglutination occurring in the suspension. Measuring agglutination via light scattering 

measurements produces log-linear curves, as the size of agglutinates in solution does not 

scale linearly with the concentration of target in solution (refer to appendix C).  In this 

type of detection, the scatter measurement is taken before agglutinates reach equilibrium, 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR4
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as this yields the most linear and sensitive curve. Elastic light scattering of small particles 

can be broadly categorized into two regimes, namely Mie scatter and Raleigh scatter. 

This categorization is based on the ratio of the wavelength of incident light interacting 

with the particle, λ, to the particle diameter. For particles smaller than / 10, it is termed 

Rayleigh scattering. When the particle size increases to  or greater, the phenomena is 

termed Mie scattering. Raleigh light scattering can be characterized by the following 

equation [20].
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where I = scattering intensity, I0 = incident light intensity, θ = scattering angle, R = 

distance to the particle, λ = wavelength, n = refractive index, and d = diameter of a 

particle. In this regime, with fixed λ, θ, and R, particle size becomes the dominant factor 

in scatter intensity, yielding a monotonic increase in scatter intensity with particle growth. 

Mie scattering, on the other hand, assumes that a single particle can scatter from multiple 

points, and that these different scattering centers can both constructively and 

destructively interfere with each other, which leads to non-symmetric angular 

dependence of the scattered intensity for large particles; hence, with fixed λ, θ, and R, 

particle growth monitored by scatter measurements in this regime tend to exhibit non-

monotonic behavior at certain critical sizes, and closed form scatter solutions remain rare.  
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Microfluidics 

A microfluidic platform provides a set of fluidic unit operations, which are 

designed for easy combination within a well-defined fabrication technology. A 

microfluidic platform paves a generic and consistent way for miniaturization, integration, 

automation and parallelization of bio-chemical processes [21]. During the last two 

decades, the exploration of biological systems from  molecules, through cells, to small 

multicellular organisms has explosively grown based on the advancement in microfluidic 

systems. This enabling technology allows sensing of smaller sample volumes and target 

analyte concentrations in ways that are not possible using conventional testing systems 

[22]. Microfluidic immunoassays offer at least three advantages over conventional 

methods: (1) increased surface area to volume ratios speeds up antibody–antigen 

reactions; (2) smaller dimensions reduce the consumption of expensive reagents and 

precious samples; and (3) automated fluid handling can improve reproducibility and 

throughput. These advantages can potentially improve the performance and reduce the 

operating cost of conventional immunoassays [13]. 

The characteristic flow within a microchannel is characterized by a very low 

Reynolds number, due to the extremely small effective channel dimension. This leads to 

the condition of strict laminar flow, where the mixing should depend solely on diffusion. 

However, due to the large size of the particles (1–10µm) and particularly their 

agglutinates used in latex immunoagglutination assays, the diffusivity will be limited, 

which makes diffusional mixing difficult [23]. To improve diffusional mixing towards 

successful latex immunoagglutination assays in a microfluidic device, as well as 
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reduction of non-specific binding, highly carboxylated polystyrene microparticles can be 

utilized, on which the surfaces are saturated with carboxyl-terminated side chains.   These 

highly carboxylated PS particles are made through copolymerizing styrene with 

methacrylic or acrylic acid (MAA or AA), leading to the hydrophobic PS core, and hairy, 

hydrophilic but non-ionic PMAA or PAA shell . These hairy chains bound to the surface, 

containing carboxyl terminal groups at the end, behave similar to surface-bound 

surfactants. This inherent binding of hairy, hydrophilic side-chains contributes to better 

diffusion of particles, maximizing the particle stability and diffusivity with no concern of 

critical micelle concentration. This enhanced mobility of particles can also improve 

antibody–antigen binding for agglutination.  

 

Low Detection Limit 

 Arguably, the greatest benefit of the optical latex  immunoagglutination assay is 

its extremely low detection limit, reaching down to less than a single colony forming unit 

per device detection area control volume in the case of pathogenic bacteria, and down to 

the single pg/mL per device detection area control volume in the case of viral antigens. 

Use of microparticles conjugated with polyclonal antibodies to a given target allows for 

detection of a wide variety of antigenic epitopes in solution, and alleviates the need for a 

whole, live, or completely intact target in solution for successful detection. For instance, 

in a solution containing a given bacteria, detection via the traditional plating method 

would only provide a measure of the number of viable cells in solution, whereas, in the 
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immunoagglutination assay, viable cells would be detected along with any dead cells and 

free antigens in solution [24].   

 

 

2.2 QCM for Monitoring Blood Coagulation on Representative Surfaces  

  

Quartz Crystal Microbalance (QCM) 

QCM is a thickness shear mode (TSM) acoustic wave resonator, in which an AT-

cut thin quartz disk is sandwiched between two metal electrodes, typically made of gold. 

As a result of the piezoelectric nature of the quartz material, the application of an 

alternating electric field produces a shear (tangential) deformation. Upon deformation, 

both surfaces move in parallel but opposite directions, thereby generating acoustic waves 

that propagate through the bulk of the material across the crystal, in a direction that is 

perpendicular to the surface, and with wavelengths that are multiple factors of double the 

thickness of the substrate [25]. The disc can be coated with a sensing layer (antibodies, 

nucleic acids, receptors, small molecules, etc.), depending on the analyte to be detected. 

The change in mass, which occurs when analyte accumulates on the surface of the disc 

causes a change in resonance frequency. The resonance frequency change can then be 

directly related to biomolecular interactions. Using QCM as the basic sensor-element 

gives great flexibility to develop tailor-made selective and specific chemical sensors and 

biosensors [26]. The resistance change of the QCM is related to the rigidity (more 

precisely, complex shear modulus; G* = G’ + jG”, where G’ is the storage modulus and 
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G” is the loss modulus) as well as the mass of the adsorbed layer. Thus, a QCM is 

capable of yielding information of both the amount of a given biological material binding 

to a surface and the rigidity of the bound layer. 
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PRESENT STUDY 

 

A point of care pathogen detection platform is developed utilizing light scattering 

measurements of immunoagglutination in a microfluidic platform.  

Appendix A summarizes work done on detection of bovine viral diarrhea virus 

(BVDV).  BVDV continues to be a widespread problem for beef and dairy herds [27] and 

[28], was used as a model viral pathogen. BVDV was first recognized as a disease 

syndrome in 1946. Today, 70–90% of the world's cattle population is seropositive for 

BVDV [29]. BVD is a disease complex with many manifestations including subclinical 

infections, immunosuppression, repeat breeding problems, abortion and mummification 

[30]. In this work, BVDV is detected down to a concentration of 10 TCID50 mL
−1

, which 

is defined as ten times the required dose to infect 50% of cattle exposed to that dose. For 

assay comparison purposes reverse transcriptase polymerase chain reaction (RT-PCR) 

was performed on serial dilutions of the BVDV sample used in the two well and simple 

y-channel microfluidic testing. RT-PCR was effective at as low of a concentration as 

10
3
 TCID50 mL

−1
 in detecting the identical BVDV used for microfluidic assays. Particle 

stability and time course of immunoagglutination are studied.   

Appendix B summarizes work done on detection of avian influenza. Infectious 

diseases in poultry and other food animal species should be monitored regularly to 

protect the animals from disease outbreak and protect human health from animal–human 

transmissible diseases such as highly pathogenic avian influenza [31,32]. Globally, we 

have witnessed a dramatic increase in the number of avian influenza outbreaks in the past 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#bib7
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#bib8
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#bib9
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#bib10
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10 years. The majority of these outbreaks have been characterized by the rapid spread of 

infection emphasizing the need for diagnostic methods that would enable early detection, 

a necessity if successful control strategies are to be implemented [33]. In this work, liquid 

core optical waveguides are integrated onto a microfluidic lab-on-a-chip type device for 

detection of AI H3N2 antigens via monitoring of latex immunoagglutination-induced 

light scattering. Waveguide geometries are optimized via Mie scattering simulations 

providing scattered light intensity at various angles. Avian influenza antigens are detected 

in this format down to a LOD of 1 pg mL
-1

 in both buffer solution (PBS) and real 

biological matrix (PBS + chicken feces). 

Appendix C summarizes work done on detection of E. coli, as it is widely studied 

and characterized by a number of recent outbreaks food  related outbreaks,  hence, 

development of an inexpensive and rapid method for early detection of these pathogens is 

of great interest [34,35]. In this work, immunoagglutination assays are explored utilizing 

particles ranging in size from 10 nm to 920 nm, thus incorporating measurements in both 

Mie and Rayleigh light scattering regimes. Immunoassays are simulated and confirmed 

via experiment.   

Appendice A-C illustrate the progression of the engineered device in the 

following manner: Appendix A provides preliminary studies on optimization of the 

immunoagglutination assay in a microfluidic device in terms of antibody attachment to 

the respective particles and the timing required for the assay, demonstrating that the assay 

is best run with covalently attached antibodies and in close to real time. 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR14
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  Appendix B extends this work through optimization of the angle of detection via 

Mie scatter simulations and integration of liquid core optical waveguides at the optimized 

angle, effectively removing costly and bulky optical positioning stages and moving the 

device closer to a true point of care platform. Appendix C further explores the optical 

phenomena involved in the light scattering assay, explaining the non-monotonic behavior 

of standard curves produced via this assay platform, and suggesting a method for adding 

a better suited quantitative measure to the detection strategy, i.e. addition of nanoparticle 

Rayleigh scattering measurements to complement the Mie scattering measurements, thus 

yielding a detection platform that is both quantitative and highly sensitive. In Appendix 

B, specificity of the device is explored via analysis of agglutination induced scattering 

utilizing microparticles conjugated with antibodies to the target of interest, AI H3N2, in 

serially diluted solutions containing species similar to the target, BVDV, as a negative 

control, thus demonstrating that the assay can effectively distinguish between the two, 

and also demonstrating that the assay signal is not produced from interactions involving 

conserved general biological molecules, but is produced via specific antibody–antigen 

interactions of the species. In all three cases, the detection area of the chip (area where 

light interacts with the sample) was optimized through trial and error.  

Appendix D summarizes work done on utilization of a QCM for studying blood 

clot formation. Whenever a biomaterial comes into contact with whole blood, wound 

healing process are likely to begin. The first stage of wound healing is blood coagulation, 

as the protein fibrinogen is adsorbed and cross-linked into a fibrin polymer, thus forming 

a clot [36]. Extensive blood coagulation on biomaterials is generally undesirable, such 
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that it is expedient when designing a device to choose a material that will minimize the 

rate of clot formation. In this study, a QCM is utilized to explore the kinetics of blood 

clot formation on three representative biomaterial surfaces. Three different surfaces were 

prepared on top of the quartz crystals, representative of varying hydrophobicities, namely, 

hydrophilic polished gold, moderately hydrophobic poly(methylmethacrylate) (PMMA), 

and a hydrophobic dodecanethiol self assembled monolayer (SAM) on polished gold. In 

theory, two separate types of clotting information can be assessed through the QCM 

measurements, namely, the amount of clotting proteins that adsorb onto a surface through 

Δf of the crystal, and the extent of subsequent thrombin-induced cross-linking that will 

occur on the surface through analysis of ΔR of the crystal [37].  This study demonstrates 

the QCM to be an effective tool for studying blood interactions on representative 

biomaterials, such that the biocompatibility of respective candidate materials can be 

explored.  
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Abstract 

We have investigated the utilization of microparticle immunoagglutination assays using 

forward light scattering measurements in a microfluidic chip towards detecting viral 

particles. The model viral target was bovine viral diarrhea virus (BVDV). Highly 

carboxylated polystyrene microparticles (510 nm) were coated with anti-BVDV 

monoclonal antibodies. This solution was in turn used to detect BVDV in diluted tissue 

culture media and fetal calf serum. The assay was first performed in a two well slide 

format for proof of concept and particle stability experiments, then in a simple y-channel 

microfluidic chip with optical fibers arranged in a close proximity setup. Microparticle 

immunoagglutination was detected via static forward light scattering measurements taken 

at 45° to incident light. In the microfluidic chip, BVDV was detected down to a 

concentration of 10 TCID50 mL
−1

. For assay comparison purposes reverse transcriptase 

polymerase chain reaction (RT-PCR) was performed on serial dilutions of the BVDV 

sample used in the two well and microfluidic testing. RT-PCR was effective down to a 

concentration of 10
3
 TCID50 mL

−1
 in detecting the identical BVDV used for microfluidic 

assays. 

Keywords: Biosensor; BVDV; Static light scattering; Immunoassay; Virus detection; 

Lab-on-a-chip 
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1. Introduction 

The latex agglutination assay is a test used to detect the presence of antibodies or 

antigens in a variety of bodily fluids including urine, saliva, blood, or cerebrospinal fluid. 

Latex agglutination tests have been developed for more than hundreds of analytes, 

including infectious disease agents and drugs of abuse [1]. Particles are coated with 

antibodies (or antigens) to a given target and mixed with the sample fluid in question. If 

the antigen (or antibody) is present in the fluid, the particles form larger aggregates due to 

antibody–antigen interactions, termed immunoagglutination. In the past, this has been 

detected visually, with the level of detection being the point at which aggregates 

precipitate and become visible; however measuring the immunoagglutination via forward 

light scattering in a microfluidic chip is more appropriate, as agglutinated submicron or 

nanoparticles are not required to precipitate out of solution for a positive signal. In this 

way, the amount of required agglutination, and thus antigen required for detection is 

decreased and the sensitivity of the assay is increased. Likewise, as the volume needed 

for the analysis is very small (in this case 20 μL) the distance that the particles are 

required to diffuse to come into contact is greatly decreased, and, as diffusion is the rate 

governing step of the reaction, the assay time is decreased. 

Particle immunoagglutination detected via forward light scattering is termed 

nephelometry. Nephelometry is the technique for measuring the light scattering species in 

solution by means of the light intensity at an angle away from the incident light passing 

through the sample [2]. The light scattering of this assay is termed Mie static elastic light 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#bib1
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#bib2
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scattering (MSLS). Static light scattering refers to the signal being collected as a time 

averaged light intensity measured as a function of the angle of the detection probe to the 

incident light. Mie scattering refers to the scattering being done by homogeneous 

isotropic spheres [3] which have a diameter near the wavelength of light they are 

scattering, as opposed to Rayleigh light scattering, in which the diameter of scattering 

particles is of the magnitude λ/10. In MSLS, the amount of incident light that is scattered 

is directly proportional to the diameter of the particle with which the incident light comes 

into contact, such that increased particle diameter increases the intensity of light scattered. 

In the presence of target antigens, the microparticles will agglutinate, effectively 

increasing the particle diameter, thus increasing the intensity of scattered light. In this 

way, a blank signal (antibody conjugated particles in solution without target) can be 

recorded and compared to scattering intensities from solutions with known concentrations 

of target antigen and a standard curve can be constructed. 

Detection of pathogens using forward light scattering measurements to quantify 

immunoagglutination has risen in popularity recently, mostly due to the low detection 

limits that static light scattering affords and the high specificity (low false positive rates) 

of antibody assays [4]. Previously, Escherichia coli was detected in this manner down to 

a detection limit of less than 10 CFU mL
−1

 (colony forming units per mL) [5], and 

antigens from influenza A subtype H3N2 were detected down to 0.1 pg mL
−1

 [6]. In both 

of these cases, however, the target sample matrix was relatively simple, consisting of 

phosphate buffered saline (PBS) and target proteins or bacteria. This type of assay has 

not been investigated in detecting viruses, nor has it been investigated in a solution with a 
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http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#bib6


   

 

   

  42 

  

complex matrix more closely mimicking that of a body fluid. In this work, viral particles 

contained in tissue culture media and fetal calf serum were detected, demonstrating the 

feasibility of using this type of platform for detecting pathogens from animal body fluid 

samples at extremely low virus concentrations as compared to current methods. 

Furthermore, studies were conducted to determine the most appropriate incubation period 

for this type of assay, as well as the storage life of the assay reagents as prepared in this 

study. Additionally, the detection limit of this microfluidic assay was compared with that 

of reverse transcriptase polymerase chain reaction (RT-PCR) for the identical virus 

samples, which has not been attempted in previous works. 

Bovine viral diarrhea virus (BVDV), a widespread problem for beef and dairy herds [7] 

and [8], was used as a model viral pathogen. BVDV was first recognized as a disease 

syndrome in 1946. Today, 70–90% of the world's cattle population is seropositive for 

BVDV [9]. BVD is a disease complex with many manifestations including subclinical 

infections, immunosuppression, repeat breeding problems, abortion and mummification 

[10]. 

Current BVDV detection methods include RT-PCR [11] and [12], Erns-capture enzyme-

linked immunosorbent assay (ELISA) [13], and antigen capture ELISA [14], with RT-

PCR having the highest sensitivity of the three, detecting down to 10
1.5

 TCID50 mL
−1

 (50% 

tissue culture infectious dose per mL) with carefully chosen equipment and in optimized 

environments. 
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The objectives of this work were to conduct preliminary studies on optimization of the 

immunoagglutination assay in a microfluidic device in terms of antibody attachment to 

the respective particles and the timing required for the assay, as well as to create a 

platform for detection of BVDV and analyze it in terms of sensitivity and linearity.  

2. Materials and methods 

2.1. Microfluidic chip fabrication 

A simple y-channel containing two inlets, a view cell, and one outlet was fabricated for 

this assay (Fig. 1). The chip was fabricated using the standard soft lithography and poly-

dimethylsiloxane (PDMS) (Dow Corning, Midland, MI, USA) molding technique [15]. 

SU-8 negative photoresist (MicroChem Corp., Newton, MA, USA) was spun onto a 

25 mm × 75 mm × 1 mm glass slide, producing a uniform layer of approximately 75 μm 

as measured by a profilometer (Alpha Step 2000, Tencor Instruments, Reston, VA, USA). 

This chip was then masked, exposed to 250 W ultraviolet (UV) light at 365 nm for 35 s, 

and developed with SU-8 developer (MicroChem), producing a y-channel master mold 

with dimensions of 200 μm wide by 75 μm deep. PDMS was then poured onto the master 

mold and cured in a convection oven for 1 h. The PDMS was then peeled off of the 

master mold, exposing the y-channel, which was subsequently bonded to a thin glass 

cover slide via oxygen plasma treatment for 45 s (Plasma Preen Cleaner/Etcher; Terra 

Universal, Fullerton, CA, USA). This oxygen plasma treatment also causes the surface of 

the microchannel to become hydrophilic (water contact angle of 10–20°) [16]. Teflon 

tubing was then attached to the chip at inlet and outlet channels. 
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Fig. 1. Left: Microfluidic channel layout (a) sample inlet, (b) microparticle suspension 

inlet, (c) view cell, (d) channel outlet to waste. Right: BVDV induced particle 

immunoagglutination of 510 nm microparticles, shown as top: PBS negative control, and 

bottom: 10
7
 TCID50 mL

−1
 BVDV. Scale bars represent 50 μm. 

2.2. Microparticle preparation 

High acid content, poly(styrene/15% acrylic acid) latex microparticles with 510-nm 

nominal mean diameter (Bangs Laboratories Inc., Fishers, IN, USA) were used in these 
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assays as mobile support. Removal of surfactants from particle solution was done via 

centrifugation followed by removal of supernatant solution and re-suspension of particles 

in 0.1 M phosphate buffered saline (Sigma, St. Louis, MO, USA). Purified monoclonal 

antibodies to BVDV (catalog number 9021 from Jeno Biotech, Chuncheon, South Korea, 

or catalog number 244-FA from National Veterinary Service Laboratories, Ames, IA, 

USA) diluted in PBS were then added to the washed particle suspension at a 

concentration to yield 33% surface antibody coverage of the particles, as calculated using 

the equation S = (6/ρD)(C), where S represents the amount of representative protein 

needed for surface saturation (mg protein/g microparticles), 6/ρD represents the surface 

area to mass ratio (m
2
/g) for microparticles of a given diameter, and D represents 

microparticle diameter in microns. This solution was then gently mixed on an orbital 

shaker for 2 h, followed by overnight incubation at 4 °C. Finally, excess antibodies were 

rinsed from solution via the centrifugation method. 

2.3. BVDV preparation 

BVDV (Draper strain) was acquired from National Veterinary Services Laboratories 

(Ames, IA, USA). The stock BVDV solution was prepared by monolayer culture of 

Madin-Darby bovine kidney (MDBK) cells in flasks with tissue culture, which were 

incubated for 4–6 days under 5% CO2 environment [17]. Ten-fold serial dilutions (10
−1

–

10
−8

) were made from this stock solution with diluted fetal calf serum (5%, w/v). These 

dilutions were used for the subsequent two well slide and microfluidic chip assays. For 

determining BVDV concentrations, each dilution was divided into eight wells (100 μL 
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per well) of a flat-bottom 96-well plate. MDBK cell suspensions (20,000 per 100 μL) 

were prepared by trypsinizing and resuspension in culture media. These cell suspensions 

were divided into each well containing the serial dilutions of BVDV. The entire well 

plate was again incubated for 4–6 days under a 5% CO2 environment. The virus titer, i.e. 

TCID50 mL
−1

, was determined by Reed-Muench method by reading the cytopathic effect 

(CPE) of each dilution's end-point [18]. Three different stock solutions were made, each 

used for a single set of two well and a single set of microfluidic experiments. 

2.4. Assay methods 

Assays were carried out by two separate methods. In the first method, equal volumes of 

antibody-coated microparticles (0.02%, w/v) were mixed with varying dilutions of 

BVDV in tissue culture media and fetal calf serum in a two well slide (VWR, West 

Chester, PA, USA) of volume 75 μL. Solutions were mixed in the well using a 

micropipette. A 400-μm silica fiber was used to deliver the ultra violet light emitting 

diode (UV LED 380 nm) light source. A miniature, portable spectrometer (Ocean Optics, 

Dunedin, FL) was used to measure forward light scattering intensity collected by the 

same type of multi-mode fiber. The two optical fibers for lighting and detection have a 

600 μm core diameter and 30 μm cladding with optimal transmission in the UV–visible 

wavelengths. The fibers are 1.0 m in length with SMA-905 connectors on each end. The 

numerical aperture of these optical fibers and probes is 0.22 with an acceptance angle of 

25°. The 380 nm wavelength UV LED supplies 45 μW of power to the optical fiber 

assembly. The light source and detectors were positioned via callipered optical 
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positioning stages (Edmund Optics, Barrington, NJ, USA) in a proximity setup (fibers in 

close proximity but not touching the slide), with the detection probe situated at a 45° 

angle to the incident light (Fig. 2). A Mie light scattering simulation using parameters of 

microparticle diameter, refractive index of medium (PBS), real and imaginary refractive 

index of microparticles, wavelength of incident light, and concentration of the suspension 

was performed using online software provided by Prahl [19]. This simulation indicated 

that collecting scattered light at 45° to incident would optimize the assay in terms of 

intensity and signal to noise ratio, within the range of 30–90°. Angles smaller than 30° 

prevented the detector probe from collecting scattered light with the given chip 

configuration. Angles larger than 90°, i.e. back scattering, created a reflection problem 

from the bottom of the glass slide. 
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Fig. 2. Light scattering assay setup including fiber optics, miniature spectrometer, LED 

light source, micro-callipered positioning stages, microfluidic chip, and syringe pump. 

 

Two sets of experiments using antibody conjugated microparticles prepared according to 

the protocol discussed in Section 2.2 were carried out in the two well slide format. In 

order to quantify the storage stability of the antibody conjugated microparticles, particle 

immunoagglutination induced light scattering was measured for dilutions of BVDV 

ranging from 10
−2

 to 10
6
 TCID50 mL

−1
. These measurements were taken on the day that 
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the antibodies were conjugated to the particles (day 1), and then reproduced the third, 

fourth and fifth day following the antibodies were conjugated to the particles. The 

antibody-coated particles were stored at 4 °C. Immediately prior to each assay, BVDV 

stock solution was removed from storage at −40 °C, allowed to thaw, and serially diluted. 

In order to investigate the optimal signal collection timing of the assay, time course 

measurements of light scattering intensity were recorded at the time of mixing of the 

microparticle suspension with BVDV, and then every 30 s for 4 min after mixing. 

Finally, the assay was run in the above described microfluidic chip. The y-channel 

microfluidic chip was used on the same positioning stage setup. Solutions of antibody-

coated microparticles and BVDV were injected into the chip y-channel inlets via a 

syringe pump (KD Scientific, Holliston, MA, USA) at 5 μL min
−1

. 

The virus was also detected via reverse transcriptase polymerase chain reaction, for 

sensitivity comparison purposes. Serial dilutions were made from BVDV stock solution 

at concentrations of 10
4
, 10

3
, 10

2
, 10

1
, and 10

0
 TCID50 mL

−1
. RNA was extracted from 

each of these dilutions with a one step RT-PCR kit (Qiagen, Valencia, CA, USA), 

following Qiagen's published protocol for RNA extraction from animal cells. The PCR 

products from each of the serial dilutions were run on a 1% gold agarose gel (Lonza, 

Rockland, ME, USA) at a potential of 89 V for 45 min. 
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3. Results 

3.1. Two well slide experiments 

Fig. 3 shows a positive correlation between light scattering intensity and the log 

concentrations of BVDV for the freshly prepared antibody-conjugated microparticles. 

Identical batches of antibody-conjugated microparticles and BVDV stock solution were 

used in this experiment. This correlation, however, gradually disappears against the 

storage day. Both the overall base light intensity and the slopes of the standard curves 

(using different concentrations of BVDV) decrease dramatically over time with each 

experiment (Fig. 3). These decreases represent a decrease in the sensitivity of the assay 

that begins just subsequent to antibody attachment to the microparticles. 
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Fig. 3. Scattered intensity vs. BVDV concentration for antibody-conjugated particle assay 

over 5 day storage period. 

 

The normalized light scattering measurements taken over time after mixing of antibody-

coated microparticles with BVDV target solutions (Fig. 4), all demonstrate gentle 

negative slopes, while a much steeper negative slope is observed in the case of the 

highest concentrations, i.e. 10
6
 TCID50 mL

−1
. Different batches of antibody-conjugated 
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microparticles and BVDV stock solutions were used in this experiment, which made both 

the blank signal and the slope vary over experiments. This required normalization of light 

scattering intensities. 

 

Fig. 4. Immunoagglutination-induced, normalized light scatter intensity (divided by the 

intensities at t = 0 min) vs. time for differing concentrations of BVDV. 
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3.2. Microfluidic analysis 

BVDV was analyzed in the microfluidic chip at concentrations ranging from 10
−2

 to 

10
6
 TCID50 mL

−1
. Fig. 5 shows a representative result out of multiple experiments, each 

with a different microfluidic chip and different batches of antibody-conjugated 

microparticles and BVDV stock solutions. A good linearity is observed from 10
0
 to 

10
6
 TCID50 mL

−1
 (Fig. 5). As with the two-well experiments, it becomes necessary to 

normalize the results for statistical analysis. To do this, we used the change of light 

intensity from the blank (ΔI = I − I0) divided by the blank signal (I0). Obviously both 

average (m) and standard deviation (σ) of blank become zero with this normalization, as 

the blank value always becomes 1, even though multiple measurements were made. 

BVDV concentrations of 1, 10 and 100 (or 10
0
, 10

1
 and 10

2
) TCID50 mL

−1
 were chosen 

for statistical analysis, which are the most likely candidates for a detection limit as 

indicated in Fig. 5. Table 1 shows means (m), standard deviations (σ) and three-sigma 

bounds (m ± 3σ) of the normalized light intensities for three different BVDV 

concentrations. Three-sigma bounds indicate that the signals for 10 and 100 TCID50 mL
−1

 

BVDV are higher than blank with over 99% probability, while that for 1 TCID50 mL
−1

 is 

not; thus, the detection limit of the assay is determined to be 10 TCID50 mL
−1

. The total 

assay time for each concentration of BVDV, including filling of syringes was less than 

5 min. Liquid solution could be seen from the outlet when 20 μL of target and 20 μL of 
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particles were pumped into a microfluidic chip, indicating the volume needed for this 

analysis is 20 μL. 

 

Fig. 5. Light scatter intensity vs. BVDV concentration, performed in a simple y-channel 

microfluidic device. 
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Table 1. Normalized signal intensity change (ΔI/I0) for BVDV. m = mean, σ = standard 

deviation, m ± 3σ = three-sigma bound. Sampling number = 3. 

3.3. RT-PCR 

Detection of the BVDV was performed via PCR (Fig. 6) in order to compare the 

sensitivity of the microfluidic assay with a currently used BVDV diagnostic method. The 

PCR products from the BVDV serial dilutions produced a strong band at 

10
4
 TCID50 mL

−1
 and a weak band at 10

3
 TCID50 mL

−1
. No bands were visible at the 

lower dilutions, giving a detection limit of 10
3
 TCID50 mL

−1
. The total assay time for the 

RT-PCR BVDV detection including time for running the gel was 3.5 h. 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#fig6
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Fig. 6. Gel electrophoresis of BVDV PCR products ranging from 10
0
 to 10

4
 TCID50 mL

−1
. 

Bands observed as low as 10
3
 TCID50 mL

−1
. 
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4. Discussion 

BVDV concentrations ranging from 10
1
 through 10

6
 TCID50 mL

−1
 were detected in the 

microfluidic chip platform. The micro-callipered positioning stages used in this method 

increase the sensitivity of the assay through allowing for precise positioning of the fiber 

optic cables in close proximity to the chip, such that the optimal maximum amount of 

scattered light can be detected in a reproducible manner. The sensitivity is further 

increased due to the use of highly carboxylated particles, which decrease non-specific 

particle agglutination through the inherent charge repulsion of the particles, and remove 

the need for particle stabilizing surfactants, which act to decrease the signal to noise ratio 

of the assay. 

Interestingly, microparticle suspensions containing concentrations of BVDV of 

magnitude of 10
−2

–10
0
 TCID50 mL

−1
 produced lower intensities of forward light 

scattering than did blank solutions containing antibody conjugated microparticles but no 

BVDV. This is most likely caused by some non-specific particle agglutination that will 

happen as hydrophobic portions of the particles associate with one another in solution. 

Adding a small amount of the BVDV to the solution provides a mechanism for breaking 

up this agglutination as the viral particles begin to adsorb to the surfaces of the particles, 

thus decreasing the effective diameter of the particles, thus decreasing the forward light 

scattering intensity. 

The antibody conjugated microparticles used in this assay were found to lose activity 

over time, such that the particles must be prepared just prior to use for increased linearity 
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and sensitivity of the assay. This is most likely due to antibody detachment from the 

microparticles, antibody denaturation on the surface of the microparticles, or both. The 

antibodies are attached to the microparticles through passive adsorption to the surface 

(primarily electrostatic interactions, and/or hydrogen bonding), which is accomplished 

through incubation of the microparticles with a relatively high concentration of antibody 

in solution. Subsequent to antibody attachment, it is necessary to remove unconjugated 

antibodies from the solution, such that there will not be any free antibodies to take up 

epitope sites on the target viral particles, thus blocking agglutination. It would follow that 

the removal of free antibodies from the microparticle suspension would cause an 

equilibrium shift between adsorbed and free antibodies, thus causing the adsorbed 

antibodies to desorb from the particles surface. This time constraint could be overcome 

through an effective covalent antibody attachment method in the case of detachment, or 

in the case of denaturation, a preservation method such as addition of a protein 

preservative to the solution or possibly freezing of the particle solution until needed; 

however, more experiments should be needed in order to determine the best protocol. The 

curves produced from the particle stability tests (Fig. 3) all demonstrate a reproducible 

dip at the 10
4
 TCID50 mL

−1
 concentration. This dip has previously been observed in other 

work as well [4], where it was described as being induced by the particle agglutinates 

reaching a diameter that increases phase interference, thus causing a temporary drop in 

the light scattering signal collected at that concentration. The dip is not nearly as apparent, 

however, in the case of the microfluidic chip (Fig. 5). This suggests the possibility of a 

kinetically related mechanism for this occurrence, as the light scattering signal measured 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#fig3
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#bib4
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#fig5
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in the chip is taken just subsequent ( 1 s) to mixing of the target and particle solutions; 

whereas, in the two well slide format, there is a more significant time lag ( 20–30 s) 

between mixing and signal measurements. It is possible that the microfluidic chip format 

of the assay does not afford sufficient mixing time to allow for the agglutinates to reach a 

critical effective diameter sufficient for strong phase interference. 

The negative slopes associated with the assay signal over time (Fig. 4) provide a relative 

measure of the stability of the particle complexes within the suspension. While it is the 

general case that particle agglutinates exhibit little to no degradation just after mixing 

with target solution, agglutinates in blank solution and at the detection limit 

(10
1
 TCID50 mL

−1
) exhibit moderate amounts of instability, and greater instability is 

exhibited when the particle suspension is mixed with very high concentrations of the 

virus (10
6
 TCID50 mL

−1
). For this reason, it has been determined that the most 

appropriate time to measure the assay signal is directly after mixing of microparticle and 

BVDV solutions, i.e. no incubation period is required. 

5. Conclusion 

We have demonstrated the use of latex immunoagglutination assays within a microfluidic 

chip to be an effective and sensitive method for detecting the bovine viral diarrhea virus. 

This assay has been shown to be more sensitive than conventional BVDV detection 

protocols such as RT-PCR, detecting the viral particles down to a concentration of 

10 TCID50 mL
−1

; while RT-PCR performed by this lab on the same viral sample showed 

a detection limit of 10
3
 TCID50 mL

−1
. Literature sources site detecting the virus down to 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6THH-4VT5TJR-1&_user=9555371&_coverDate=05%2F06%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000055186&_version=1&_urlVersion=0&_userid=9555371&md5=ce38fc376944e895e0fb308509edd254&searchtype=a#fig4
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10
1.5

 TCID50 mL
−1

 (not in a microfluidic chip format) under carefully optimized protocols, 

instruments, and conditions. The total assay time for virus detection on this platform is 

less than 5 min, and the chip has the potential to become portable, demonstrating the 

possibility for development of a truly rapid point of care detection device. While BVDV 

was used as the model pathogenic target in this experiment, it should be noted that the 

target of the assay can easily be changed by adsorbing the appropriate antibodies to the 

microparticles, such that this platform could theoretically be used to detect many 

different pathogens in parallel. Further integration and optimization of this type of 

microfluidic immunoassay should prove to be beneficial in microbial detection in a 

variety of point of care applications such as but not limited to early monitoring of 

infections, rural health care, water system monitoring, and biowarfare detection. 
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APPENDIX B 

MICROFLUIDIC IMMUNOSENSOR WITH INTEGRATED LIQUID CORE 

WAVEGUIDES FOR SENSITIVE MIE SCATTERING DETECTION OF AVIAN 

INFLUENZA ANTIGENS IN A REAL BIOLOGICAL MATRIX 
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Abstract 

This work presents the use of integrated, liquid core, optical waveguides for 

measuring immunoagglutination-induced light scattering in a microfluidic device, 

towards rapid and sensitive detection of avian influenza (AI) viral antigens in a real 

biological matrix (chicken feces). Mie scattering simulations were performed and tested 

to optimize the scattering efficiency of the device through proper scatter angle waveguide 

geometry. The detection limit is demonstrated to be 1 pg mL
−1

 in both clean buffer and 

real biological matrix. This low detection limit is made possible through on-chip 

diffusional mixing of AI target antigens and high acid content microparticle assay 

reagents, coupled with real-time monitoring of immunoagglutination-induced forward 

Mie scattering via high refractive index liquid core optical waveguides in close proximity 

(100 μm) to the sample chamber. The detection time for the assay is <2 min. This device 

could easily be modified to detect trace levels of any biological molecules that antibodies 

are available for, moving towards a robust platform for point-of-care disease diagnostics.  

 

 

Keywords  Lab-on-a-chip - Optofluidic - Immunoassay - Bird flu - Latex agglutination -

 Influenza A  
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1. Introduction 

Development of rapid and sensitive sensing technologies for point-of-care 

detection of disease agents and/or markers remains a crucial topic in the medical and 

veterinary diagnostic fields. The ongoing search for improved methodologies is 

particularly important since conventional identification methods of pathogenic 

microorganisms usually require large cell numbers of a pure cell culture, involving time- 

and labor-consuming enrichment and pre-selection steps [1]. Microfluidic systems can be 

designed to obtain and process measurements from small volumes of complex fluids with 

efficiency and speed, and without the need for an expert operator; this unique set of 

capabilities is precisely what is needed to create portable point-of-care diagnostic systems 

[2].  

Of the many heterogeneous and homogeneous immunological assay methods 

available, those based on the agglutination of latex particles continue to be widely used in 

biology and medicine for the detection of small quantities of an antibody or antigen in a 

fluid test sample [3]. The latex agglutination assay is a test used to detect the presence of 

antibodies or antigens in a variety of bodily fluids including urine, saliva, blood, or 

cerebrospinal fluid. Latex agglutination tests have been developed for more than a 

hundred analytes, including infectious disease agents and drugs of abuse [4]. In 

traditional latex agglutination testing, a suspension of antibody- or antigen-coated 

microparticles is mixed with a target solution. Binding between the antibody or antigen 

and target causes the particles to form agglutinates and precipitate out of solution to yield 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR1
http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR2
http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR3
http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR4
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a positive visual signal; however, a relatively high concentration of the target is required 

for this precipitation to occur. Monitoring the agglutination of the microparticles in 

suspension via light scattering measurements has been demonstrated to significantly 

reduce the amount of target required for a positive signal [5–7] as the amount of scattered 

light is proportional to the particle size, which in turn is proportional to the amount of 

agglutination occurring in the suspension. Elastic light scattering is classified as static 

light scattering (SLS) or dynamic light scattering (DLS). With SLS, the time-averaged 

intensity of scattered light is measured as a function of angle. DLS measures real-time 

fluctuations in the intensity of scattered light. Elastic light scattering is also classified 

according to the size of the particles. For particles smaller than λ/10, where λ is the 

wavelength of incident light, it is termed Rayleigh scattering. When the particle size 

increases to λ or greater, the phenomenon is termed Mie scattering.  

Light scattering is proportional to the second power of refractive index (n). The 

refractive indices of the respective materials of this work are: 1.333 for water, 1.39 for 

typical proteins (including avian influenza (AI) antigens), and 1.59 for polystyrene 

particles. As n of the target proteins in solution is very similar to that of water, and 

significantly lower than that of latex particles, AI antigens do not significantly contribute 

to light scattering in latex immunoagglutination assays. Thus, particle size growth 

becomes the dominant factor in this size regime. This method of detecting particle 

agglutination via elastic Mie light scattering measurements is termed nephelometry; that 

is, measuring the light scattering species in solution by means of the light intensity at an 

angle away from the incident light passing through the sample [8]. Nephelometry has 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR5
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risen in popularity recently due to its low detection limit, high specificity, and low false-

positive rates which arise from prevention of non-specific particle agglutination due to 

relatively low microparticle concentrations. Performing the latex agglutination assay in a 

lab-on-a-chip format through integration of microfluidic channels for sample delivery and 

mixing provides a useful point-of-care detection device scheme, with the challenge of 

integrating optical components onto the chip for incident light delivery and scattered light 

collection.  

The approaches for integrating fiber optics with lab-on-a-chip devices can be 

grouped according to fiber location and are classified as: embedded fibers, proximity 

fibers, or wetted fibers. The most common configuration for performing on-chip 

detection has been the embedded fiber type, with the difficulty of fabricating insertion 

guides to give proper alignment of embedded fibers. Proximity fiber schemes have been 

previously demonstrated by our group. This scheme eliminated the above fabrication 

difficulty, but there was a need for callipered optical positioning stages, which required 

optimized adjustment with each new assay [5]. Addition of planar optical liquid core 

waveguides as a substitute for embedded fibers overcomes this challenge, creating a 

simple method of fabrication and/or alignment. Planar waveguide geometries also allow 

for facile integration with sample delivery and detection schemes [9].  

A handful of techniques have recently been investigated for integrating optics 

onto lab-on-a-chip type devices, including integrated microfluidic planar optical 

waveguide system for measuring light scattered from a single scatterer [10], and liquid 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR5
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core optical waveguides for DNA fragment analysis [11]. Integrated optical waveguides 

have not been investigated previously for use in latex agglutination assays, although the 

technology is a good fit for the application, as it allows for precise positioning of the light 

source and detector at a very close proximity to the detection area of the chip, thus 

improving its reproducibility and sensitivity, while eliminating the need of larger and 

expensive optical positioning stages.  

The target chosen for this study is the avian influenza A virus subtype H3N2. 

Infectious diseases in poultry and other food animal species should be monitored 

regularly to protect the animals from disease outbreak and protect human health from 

animal–human transmissible diseases such as highly pathogenic avian influenza [12, 13]. 

Globally, we have witnessed a dramatic increase in the number of avian influenza 

outbreaks in the past 10 years. The majority of these outbreaks have been characterized 

by the rapid spread of infection emphasizing the need for diagnostic methods that would 

enable early detection, a necessity if successful control strategies are to be implemented 

[14]. Current technologies for detecting influenza A in the laboratory include enzyme-

linked immunosorbent assay (ELISA) and reverse transcription polymerase chain 

reaction (RT-PCR), both of which have cost/time of assay trade-offs, with detection 

limits of 2.5–21 ng mL
−1

 [15, 16], and 0.5 to 100 50% egg infectious dose (EID50) mL
−1

 

respectively [17–19], although translating w/v concentrations into EID50 units is 

problematic, making direct comparison of the respective sensitivities difficult. Lab-on-a-

chip type biosensors with viral antigen targets are rare; however one group has reported 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR11
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an electrochemical impedance type sensor for avian influenza H7N1 with a detection 

limit in the low μg/mL range [20].  

In this work, liquid core optical waveguides were integrated onto a microfluidic 

lab-on-a-chip type device for detection of AI H3N2 antigens via monitoring of latex 

immunoagglutination-induced light scattering. Waveguide geometries were optimized via 

Mie scattering simulations providing scattered light intensity at various angles. AI 

antigens were dissolved in either clean buffer or real biological matrix (chicken feces 

solution). Detection of AI in chicken feces is one of the most common methods used in 

real situations.  

2. Experimental 

2.1 Mie scatter simulation 

Mie light scattering simulations using parameters of microparticle diameter, 

refractive index of medium (phosphate-buffered saline; PBS), real and imaginary 

refractive index of microparticles, wavelength of incident light, and concentration of the 

suspension were performed using online software provided by Prahl [21]. Simulations 

modeling singlet, doublet, and triplet particle suspensions were performed and scatter 

intensity vs. angle from incidence was plotted for each.  
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2.2 Optofluidic device fabrication 

The silicon master mold is single silicon crystal fabricated by photolithography 

and deep reactive ion etching (DRIE). The dimensions of the fluidic sample y channel are 

1 mm wide by 100 μm deep, and the waveguide channel dimensions are 750 μm wide by 

100 μm deep. To achieve a high depth pattern without any sacrificial layer, thick 

photoresist, AZ 4620 (∼6 μm thick), was used as silicon etching mask. During the DRIE 

process, C4F8 (110 standard cubic centimeters per minute or sccm) and SF6 (130 sccm) 

with O2 (13 sccm) were used for the passivation and etching steps [22]. Polydimethyl 

siloxane (PDMS) was then poured onto the master mold and cured in a convection oven 

for 1 h. The PDMS was then peeled off of the master mold, exposing the y channel, 

which was subsequently bonded to a secondary PDMS piece via oxygen plasma 

treatment for 2 min (Plasma Preen Cleaner/Etcher; Terra Universal, Fullerton, CA, USA). 

The fluidic sample channel is a simple y channel design, containing two inlets and one 

outlet, with waveguide channels in close proximity (separated from fluid channels by 

100 μm walls; Fig. 1). The detection waveguides are necessarily dislodged from the 

incident waveguide, such that only scattered and not incident light is collected (Fig. 1). 

The forward scattering waveguide is tilted to 55° from incident, allowing for collection of 

scattered light at angles ranging from 40° to 70° from incident (calculated from the 

middle of sample chamber). The back scatter waveguide is tilted at 130° from incident, 

allowing for collection of scattered light at angles ranging from 115° to 145°. Teflon 

tubing was then attached to the chip at the inlet/outlet channels and the waveguide 

channel fill ports.  

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR22
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Fig. 1 Optofluidic device layout. a y-channel inlets for AI antigens and high acid content 

microparticles conjugated with antibodies. Inset photograph shows AI antigens dissolved 

in 1% w/v chicken feces solution (after vortexing and incubation). Mixing is achieved by 

enhanced diffusion of high acid content microparticles. b Waveguide fill ports. c Incident 

waveguide that is connected to UV LED. d Backscatter waveguide. e Forward scatter 

waveguide. f Close up of fluidic channel/waveguide interface. Waveguides are separated 

from fluid channel by 100 μm. g Light microscope image of AI antigen induced 

immunoagglutination of 920 nm particles, showing positive (left) and negative (right) 

controls. Scale bar 25 μm  
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Waveguide channels were filled via syringe through tubing attached to the 

injection ports with microscope immersion oil type A, with a refractive index (n) of 1.515 

(Nikon, Tokyo, Japan), providing a total internal reflection critical angle (θ c ) of 68.54°. 

Bare optical fibers were partially inserted into the waveguide inlets by hand. A silica 

fiber was used to deliver the ultraviolet light emitting diode (UV LED 380 nm) light 

source. A miniature, portable spectrometer (Ocean Optics, Dunedin, FL, USA) was used 

to measure forward light scattering intensity collected by the same type of multi-mode 

fiber. The two optical fibers for lighting and detection have a 600 μm core diameter and 

30 μm cladding with optimal transmission in the UV–visible wavelengths. The final 2 cm 

of jackets of these fibers were removed, leaving an exposed area of core surrounded by 

cladding. The numerical aperture of these optical fibers and probes is 0.22 with an 

acceptance angle of 25°. The 380 nm wavelength UV LED supplies 45 μW of power to 

the optical fiber assembly.  

2.3 Microparticle preparation 

High acid content, poly(styrene/15% acrylic acid) latex microparticles with 920-

nm nominal mean diameter (Bangs Laboratories Inc., Fishers, IN, USA) were used in 

these assays as mobile support. These high acid content particles have been previously 

proven to be mixed rapidly and fully with the target solution at the Y-junction of a 

microfluidic device via diffusional mixing without the need for fabrication of passive 

mixers or the use of surfactants [23]. Removal of surfactants from particle solution was 

done via centrifugation followed by removal of supernatant solution and re-suspension of 

particles in 0.1 M PBS (Sigma, St. Louis, MO, USA). Goat antibodies to influenza A 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR23
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virus (H3N2) (Biodesign International, Saco, ME, USA) diluted in PBS were then added 

to the washed particle suspension at an appropriate concentration to yield 100% surface 

antibody coverage of the particles, as calculated using the equation S = (6/ρD)(C), where 

S represents the amount of representative protein needed for surface saturation (mg 

protein per g microparticles), 6/ρD represents the surface area to mass ratio for 

microparticles of a given diameter (m
2
 /g), and D represents microparticle diameter in 

microns. This solution was then gently mixed on an orbital shaker overnight at 4 °C. 

Finally, excess antibodies were rinsed from solution via the centrifugation method.  

 

2.4. Forward vs. backscatter comparison 

Equal volumes of the AI antigen dilutions and the microparticle suspension were 

mixed at 4 °C for 2 h, yielding a final antibody-coated microparticle concentration of 

0.01% w/v and final AI antigen concentrations ranging between 1 pg/mL to 100 ng/mL
−1

. 

A blank was also made comprised antibody-coated microparticles (0.01% w/v) in 10 mM 

PBS. These pre-mixed solutions were then injected through the microchannel outlet until 

the entire channel was full, and the scattered light from the static particle suspension was 

collected through the forward and back scattering waveguide channels. Standard curves 

were then constructed from the photon counts.  
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2.5.  Assay methods 

2.5.1.  Antigens in PBS    

AI antigen subtype H3N2 Texas strain (Biodesign International) at 2.16 mg mL
−1

 

was removed from −40 °C freezer and thawed to room temperature. 1:10 serial dilutions 

were made from this stock solution, diluting with 10 mM PBS (Sigma).  

 

2.5.2. Antigens in chicken feces solution    

Dry chicken feces was collected from a local farm at Tucson, AZ, USA and 

diluted with 10 mM PBS to a concentration of 1% w/v. AI antigens were serially diluted 

using the 1% w/v fecal solution as the diluent. This solution was subsequently vortexed 

for 2 min and incubated for 30 min, producing a cloudy and uniformly disperse solution. 

The resulting solution was then centrifuged at 5,000×g for 5 min, which is not sufficient 

for precipitation of proteins.  

 

2.5.3. Microfluidic immunosensing    

Two syringes containing the antibody-coated microparticle suspension and AI 

antigen dilutions respectively were connected to the injection ports of the chips, and 

pumped through via a syringe pump at rate of 5 μL min
−1

 until the microchannel was 

entirely full (1.5 min), at which point the scattered photon count was collected. This was 

repeated for each of the diluted AI antigen solutions to construct a standard curve.  
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2.6. Specificity study 

Bovine viral diarrhea virus (BVDV; Draper strain) was acquired from National 

Veterinary Services Laboratories (Ames, IA, USA) and used as a negative control. The 

protein concentration of the stock solution was determined via Bradford assay. Serial 

dilutions of the virus solution were made down to a concentration of 1 pg mL
−1

 using 

10 mM PBS. Microfluidic immunosensing was performed in the same manner as that of 

AI antigens, using the anti-AI antibody-coated microparticle suspension and BVDV 

dilutions.  

2.7. Reliability study 

Six sets of microparticle suspensions and six sets of antigen solutions at a 

concentration of 1 pg mL
−1

 were prepared and analyzed in the optofluidic device. Four 

measurements were recorded for each set. T tests were performed to confirm statistical 

between blank and antigen solutions for each set at 95% and 99% confidence intervals 

(CI).  

 

3. Results 

3.1. Mie scatter simulation 

Mie scattering intensities for various angles were simulated and plotted in order to 

find the optimal angles for collecting immunoagglutination-induced scatter in both 

forward and back scatter geometries (Fig. 2). The optimal range of angles to be used in 

this device should exhibit the largest change in scatter between singlet, doublet, and 

triplet simulated particles, where singlets represent a solution with no target present 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#Fig2
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(blank), doublets represent a mid-level of target present (some agglutination), and triplets 

represent a high concentration of target present (much agglutination). In the case of 

forward scatter, local nodes of increased scatter intensities are seen around 36°, 46°, and 

58°. In the case of backscatter, many local nodes were available between 100° and 150°, 

with the strongest scatter increase being found at 128°. 

 

3.2 Forward vs. backscatter comparison 

Pre-mixed particle solutions were used to test and compare immunoagglutination-

induced light scattering measuring efficiency in both the forward and backscatter 

geometric configurations (Fig. 3). The forward scatter geometry afforded a better 

linearity, and lower variability over the backscatter configuration, with negligible 

differences in % change of signal intensity.  

 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#Fig3
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Fig. 2 Plots of angle vs. scatter intensity for forward (top) and back (bottom) scattering 

angles, simulated for singlet, doublet, and triplet particles (d = 920 nm, λ = 380 nm)  
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Fig. 3 Antigen concentration vs. percent signal change from blank for forward (top) and 

back (bottom) immunoagglutination-induced scatter. Error bars are standard deviations. 

Average of four trials each with a different sample  
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3.3 Device testing 

In-channel diffusion based mixing of antibody-coated microparticles with AI 

antigen solutions showed a markedly increased percentage change in 

immunoagglutination-induced scatter, continually increasing to approximately 25%, 

correlating to an AI antigen concentration of 100 ng/mL. Figure 4 shows standard curves 

produced with the AI antigen solutions in PBS and chicken feces solution, as well as 

BVDV solutions in PBS as a negative control. For each antigen concentration data point, 

four light scatter intensity measurements were made followed by a blank intensity 

measurement (PBS or chicken feces solution only). These four measurements were 

normalized by dividing them with the blank measurement. These measurements were 

repeated for all antigen concentration data points. The results in Fig. 4 are for forward 

scatter, as the light scatter signals using the back scatter waveguides showed greater 

variability. A series of t tests were performed between AI antigen solutions and BVDV 

solutions, and the lowest concentration that passed the tests (p<0.05) was 1 pg mL
-1

 for 

both PBS and chicken feces solutions.  

The reliability studies are summarized in Table 1. Of the six different 1 pg mL
−1

 

antigen solutions tested and statistically compared to the blanks, six passed at the 95% 

confidence level and five passed at the 99% confidence level. Results are compared to a 

Dot-ELISA and RT-PCR methods reported by other groups [17, 24].  

 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#Fig4
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Fig. 4 Standard curve plotting AI antigen concentration in PBS and chicken feces 

solutions and negative control (BVDV) vs. normalized scatter intensity. Error bars are 

standard deviations. Average of four scatter intensity measurements on a single sample  
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Table 1. Summary of optofluidic device reliability studies from six different sample 

preparations all at a concentration of 1 pg mL
−1

, and result comparisons to other groups  

Positive predictive value reported as the ratio of positive results to total tests 

 

4. Discussion 

Mie scatter simulations proved useful in device design with regards to the optimal 

angles to collect scattered light. In the case of the forward scatter investigation, the 

largest overall change in scatter occurs between singlet and triplet particle solutions at 

36°; however, there is little change in intensity between singlet and doublet particle 

solutions at this angle, indicating non-linearity in standard curves, and possible non-

reproducibility produced from collecting light at this angle. Hence, the device geometry 

was designed to collect forward scattered light over angles ranging between 40° and 70°. 

In the case of the backscatter investigation, multiple nodes were found in useable 

geometries, with the optimal angle for collection being at 128°, hence the backscatter 
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waveguide geometry was designed to collect scattered light at angles ranging from 115° 

to 145°. In comparison of the forward and back scattering waveguide efficiencies, the 

forward geometry was found to produce a more useful slope with less variability in 

scatter intensity between trials. This makes good sense when considering the level of 

scatter intensity of the two respective geometries. While the backscatter simulation shows 

a good increase in scatter efficiency between singlet and multiplets, the overall intensity 

is close to an order of magnitude less than that of the forward scattering simulation, 

hence, the signals are much closer to the noise level of the device, hence greater 

variability is observed. Thus, the forward scatter geometry was chosen for further studies; 

however, the backscattering data may be of use for developing devices in which forward 

scattering waveguides are not possible due to material or geometrical boundaries, e.g., 

devices fabricated from non-transparent materials such as silicon.  

The curves produced for the scatter angle optimization (Fig. 3) show greater 

standard deviations than the standard curves produced for the device testing (Fig. 4). This 

is because the device testing curves were developed using multiple particle solution 

preparations coupled with multiple antigenic solution preparations, whereas the device 

standard curve was developed by conducting multiple tests on a single particle solution 

and a single antigen solution; hence, the variability in signal strength is indicative of 

methodological variations in Fig. 3 and of device noise and assay variability in Fig. 4.  

Real-time monitoring of particle size growth in the microfluidic format greatly 

increases the linear range of this assay. In previous work, it has been demonstrated that 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#Fig3
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http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#Fig3
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time course Mie scatter measurements of particle size growth in the immunoagglutination 

assay show a negative slope, the magnitude of which increases with higher antigenic 

solution concentrations [5]. This is thought in large part to be due to the Heidelberger–

Kendall relationship, wherein relatively large particle agglutinates due to very high 

antigen concentrations exhibit lower scatter intensities than smaller doublet and triplet 

agglutinates. In the real-time Mie scatter monitoring format, particles reach the detection 

area of the chip in less than 1 s subsequent to mixing at the y-junction, hence sufficient 

time for very large particle size growth is not provided; however, enhanced particle 

diffusion due to high levels of surface carboxylation on the particle surfaces yields 

sufficient interactions for particles to form smaller agglutinates (primarily doublets and 

triplets), and the increasing scatter intensity with increasing antigenic concentration is 

due to the relative distribution of singlet, doublet, and triplet particles in solution. The 

parameters affecting speed of particle growth are the rate of particle interactions, the 

available antibody binding sites on the particles, and the number of antigens in solution. 

Particle interactions occur due to diffusion; hence, it will be modified with changing 

particle size, particle surface chemistry, target antigen size, solution matrix, and 

microchannel cross-sectional area. Thus, the assay flow rate should necessarily be 

optimized with each new target or particle in order to yield the greatest linear range for 

the respective assay.  

The low level of detection for both clean (in PBS) and dirty (in chicken feces 

solution) solutions was determined by taking multiple scatter measurements at each 

respective concentration of AI antigen and comparing with the equivalent result of 

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR5
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BVDV solutions by t tests. The lowest concentration tested was 100 fg mL
−1

, while the 

lowest concentration that passed the tests was 1 pg mL
−1

 with all concentrations higher 

passing; thus, the detection limit of this device for the target used in this work is reported 

as 1 pg mL
−1

. The blanks used in all experiments serves as a reference point for collection 

of baseline non-agglutinated particle scatter with which to compare scatter intensities of 

the respective target antigen dilutions, hence scatter signal intensities are normalized by 

dividing by the blank to yield percentage signal change, hence the normalized blank 

value is always 0. As all results were compared to those of BVDV, this study 

demonstrates that the agglutination of particles is not due to non-specific protein 

interactions, hence the assay effectively discriminates between two different species of 

virus. The assay time for this device is less than 2 min, the device can potentially be 

made easily portable, and the detection limit is competitive or lower than conventional 

PCR and ELISA methods.  

The standard curve constructed for the AI antigens in PBS show a dip at a viral 

antigen concentration of 100 pg/mL, which has been described before in previous works 

[5–7]. Through qualitative analysis of the Mie scatter simulation curves, it can be readily 

observed that, at certain angles, scattering efficiency can be reduced through 

agglutination of particles, as is apparent at points at which the doublet curve dips below 

the singlet curve (Fig. 2). As these dips are local to certain angles, and the device 

geometry allows for collection of scattered light from multiple angles simultaneously, the 

effect is not overly dramatic and a good linearity across seven orders of magnitude is still 

achievable.  

http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR5
http://www.springerlink.com/content/e8667223v87u3m54/fulltext.html#CR7
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The liquid core optical waveguides act to extend the inserted optical fiber within 

close proximity to the detection area of the chip (100 μm), such that optical losses are 

minimized, while fiber insertion remains simple, and the inserted fiber is always aligned 

properly (the acceptance angle of this type of fiber is 25°, hence even if the fiber is 

inserted slightly askew, the photons from the incident source and detector will be 

transported accurately). This type of optical waveguide also alleviates the need for more 

complicated, costly, and bulky optical positioning stages, and allows for precise 

positioning of the light source and detector through a single photolithographic step during 

the fabrication process for both waveguide and liquid channels, bringing the device closer 

to a true point-of-care testing device appropriate for batch fabrication methods. The 

elimination of the positioning stages also reduces the amount of steps required for the 

assay and hence the amount of time required to perform the detection, bringing the total 

assay time for detection down to <2 min. The device was reusable up to 20 times, at 

which point significant protein buildup on the fluidic channel walls causes the surface to 

become hydrophobic, such that air bubbles in solution may become lodged on the side of 

the wall at the site of the waveguide/microchannel interface. This level of reusability is 

greatly increased over our previous device [5], and is attributable to the alleviation of the 

need for a view cell, which tends to trap proteins within the device due eddy formations 

that make rinsing of the channel less than optimum.  
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5. Conclusions 

This work demonstrates the feasibility and general ease of integrating liquid core 

optical components onto a microfluidic lab-on-a-chip type device, for point-of-care AI 

diagnosis. The extremely low device detection limit of 1 pg/mL for AI antigens in both 

clean buffer and real biological matrix, coupled with the potential portability, make this 

device a good candidate for a point-of-care diagnostic tool for early AI detection. The 

target of the assay can easily be changed by attaching the antibody of interest to the 

microparticles in suspension; hence, this platform could be utilized to detect any 

microorganism or disease marker that antibodies are available for.  
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Abstract 

In this work, particle immunoagglutination assays for pathogen detection, utilizing light 

scattering measurements at a fixed angle from incident light delivery, are explored in 

both Rayleigh and Mie scatter regimes through scatter intensity simulations and 

compared to experimental results. The average size of immunoagglutinated particles 

obtained from microscope images correspond to the particle size parameter from 

simulations. Mie scatter measurements yield a greater signal increase with increasing 

pathogen concentration than Rayleigh scatter measurements, but with a non-monotonic 

relationship that is not observed in the Rayleigh scatter regime. These two similar yet 

distinctly different sources of information could easily be integrated into a single device 

through fabrication of a simple microfluidic device containing two y-channels, each for 

performing the respective light scattering measurement. Escherichia  coli was used as a 

representative target, and detected in a microfluidic device down to a concentration of 1 

colony forming units (CFU) mL
-1

. 

 

Keywords: gold nanoparticles, latex particles, E. coli, lab on a chip, particle 

immunoassay   
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Introduction 

Immunoassay techniques take advantage of the high specificity and sensitivity exhibited 

by antibody-antigen interactions, enabling for detection and/or quantification of target 

analytes in complex chemical/biological matrices. Fields of immunoassay applications 

vary from clinical diagnostics to environmental analysis and food safety assessment, and 

the target analytes cover the widest range of molecular weights, from small organic 

molecules to biomolecules of hundreds of kilodaltons [1]. In heterogeneous 

immunoassays, antibodies are immobilized on a solid support and interact with the 

antigen at the boundary layer. In homogenous immunoassays, antibodies interact with 

antigens in solution [2]. With heterogeneous formats, unbound antibodies and other 

reagents can be easily removed. The heterogeneous formats, and particularly the 

sandwich immunoassay, allow high sensitivity, wide dynamic range, and reasonable 

specificity to be obtained. However, the heterogeneous immunoassays suffer some 

fundamental weaknesses arising from multiple steps of reagent addition and subsequent 

rinsing, which make them time-consuming and difficult to automatize or transfer into on-

field portable devices [1]. To overcome these problems, the development of washing-free 

homogeneous immunoassays has been of tremendous interest and value in medical 

diagnosis and environmental monitoring [3].  

 Of the many heterogeneous and homogeneous immunological assay methods 

available, those based on the agglutination of antibody-bound particles continue to be 

widely used in biology and medicine for the detection of small quantities of an antibody 

or antigen in a fluid test sample [4]. In traditional immunoagglutination assays, antibody-
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coated particles are linked together through antigenic binding, causing the effective 

particle size to increase to a sufficient size to precipitate out of solution, thus yielding a 

visually positive signal at some critical antigen concentration. More recently, monitoring 

the agglutination of the microparticles in suspension via (elastic) light scattering 

measurements has been demonstrated to significantly reduce the amount of target 

required for a positive signal; further, this type of homogenous assay lends itself to 

integration onto portable, automated lab-on-a-chip type systems [5-7].  

 Elastic light scattering of small particles can be broadly catagorized into two 

regimes, namely Rayleigh scatter and Mie scatter. This categorization is based on the 

ratio of the wavelength of incident light interacting with the particle (λ) to the particle 

diameter (d). For particles smaller than /10, it is termed Rayleigh scattering. When the 

particle size d increases to  or greater, the phenomena is termed Mie scattering. 

Rayleigh light scattering can be characterized by the following equation [8]. 
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where I = scattering intensity, I0 = incident light intensity, θ = scattering angle, R = 

distance to the particle, λ = wavelength, n = refractive index, and d = diameter of a 

particle. In this regime, with fixed λ, θ and R, particle size d becomes the dominant factor 

in scatter intensity, proportional to its sixth power, yielding a monotonic increase in 

scatter intensity with particle growth. 
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Mie scattering, on the other hand, assumes that a single particle can scatter from 

multiple points, and that these different scattering centers can both constructively and 

destructively interfere with each other, which leads to non-symmetric angular 

dependence of the scattered intensity for large particles; hence, with fixed λ, θ and R, 

particle growth monitored by scatter measurements in this regime tend to exhibit non-

monotonic behavior at certain critical sizes, and closed form scatter solutions remain rare. 

Mie light scatter intensities are given by: 
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where i1 and i2 = complex scattering amplitudes for two orthogonal directions of incident 

polarization, and πn and τn = angular dependent functions expressed in terms of Legendre 

polynomials . The scattering coefficients an and bn are given by: 
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where An and Bn = quantities that depend on the ratios and logarithmic derivatives of the 

Riccati-Bessel functions, ζn and ψn. Riccati-Bessel functions are given by: 
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where Jn+1/2(z) = the half-integer-order Bessel function of the first kind, Yn+1/2(z) = the 

half-integer-order Bessel function of the second kind, and z = πd/λ, the size parameter of 

the scatterer [9]. Equations (3) and (4) state that most of the terms are a function of z, 

indicating Mie scattering is highly dependent upon the size parameter. In the Mie regime, 

d is equal to or greater than λ, indicating that Mie scatter intensity is highly dependent 

upon the particle size d and less dependent upon wavelength λ compared to the Rayleigh 

scatter regime. Equation (2) also shows high dependency upon the scattering angle θ. 

While Mie scatter exhibits non-monotonic behavior in terms of scatter intensity 

with increasing particle sizes, there is an advantageous trade-off in that Mie scatter also 

produces a much greater change in intensity with increasing particle size when compared 

to Rayleigh scatter. For that reason, our group has previously elected to utilize Mie 

scattering measurements exclusively for particle immunoassays, as the greater intensity 

change with particle growth affords lower levels of detection, but always with the trade-

off of non-monotonic behavior at certain target concentrations [5-7]. We hypothesize that 

both Rayleigh and Mie light scatter measurements can be used simultaneously in 

monitoring immunoagglutination, such that a very low level of detection can be made 

utilizing Mie scatter, while the inherent monotonic behavior of the Rayleigh scatter 

measurements can be utilized to provide a method of quantitative analysis of the sample 

in question. 
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If light in the ultraviolet/visible (UV/Vis) spectrum is used as incident light source, 

Rayleigh scatter measurements require the use of nanoparticles. Nanoparticles of a 

variety of shapes, sizes, and compositions are poised to fundamentally change the 

bioanalytical measurement landscape [10]. Recently, antibody-conjugated nanoparticles 

have been utilized to increase the sensitivity of enzyme-linked immunosorbent assay 

(ELISA) [11], as substrates for electrochemical immunoassays [12,13],  and as 

heterogeneous immunoassay transducers in a cell phone [14]. The nanoparticle 

aggregation immunoassay coupled with dynamic light scattering measurements has also 

been explored recently for use in detecting cancers [15].     

Escherichia coli was chosen as a representative target for this study, as it is 

widely studied and characterized by a number of recent outbreaks hence, development of 

an inexpensive and rapid method for early detection of these pathogens is of great interest 

[16,17].  Current methods commonly used for detection of E. coli include cell culturing 

and polymerase chain reaction (PCR) analysis. Cell culturing produces reliable and 

sensitive results, detecting down to single or tens of colony forming units (CFU) per mL, 

however the detection time for the assay is on the order of days, and requires an aseptic 

laboratory facility and technician. PCR analysis provides reasonable detection limits of 

10
3
-10

5
 CFU mL

-1
 in a time of 30 min to 2 hrs [18,19]. However the equipment is 

relatively expensive and not easily portable, such that a laboratory environment is still 

required, hence samples must still be sent to a laboratory for analysis and the true time of 

assay is still on the order of days. Utilizing immunoagglutination assays in the 
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microfluidic format provides a rapid (less than 5 min) and sensitive (limit of detection 

down to 1 CFU mL
-1

) platform for pathogen detection.   

In this work, particle immunoagglutination assays, utilizing light scattering 

measurements at a fixed angle from incident light delivery, for pathogen detection are 

explored in both Rayleigh and Mie scatter regimes through scatter intensity simulations 

and compared to experimental results, such that non-monotonic behavior of microparticle 

Mie scattering detection can be complemented by monotonic nanoparticle Rayleigh 

scattering detection. 
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Materials and Methods 

 

Simulation Methods 

Light scattering simulations using parameters of particle diameter, refractive index of 

medium (phosphate-buffered saline; PBS), real and imaginary refractive indices of 

micro- and nanoparticles, wavelength of incident light, and concentration of the 

suspension were performed using online software provided by Prahl [20]. Scatter 

intensity simulations were performed with a fixed scatter angle of 45° from incident light 

source, as 45° was previously demonstrated to be an optimal angle for scatter collection 

[21],  for each of the three particle size regimes of this study, namely, 10 nm, 100 nm and 

920 nm particles. Simulated data points were produced by modulating the size parameter 

of the particles while keeping the total mass per unit volume of the particles fixed, thus 

modeling antibody-antigen binding induced particle agglutination. Therefore, the 

effective number of particles was set to decrease as the particles agglutinated. Particle 

growth was then plotted vs. scatter intensities to produce curves indicating the overall 

behavior of the assay for the respective particle sizes.    

 

10 nm Particle Preparation 

A solution of goat-anti-rabbit IgG-conjugated 10 nm mean diameter gold nanoparticles 

(Sigma-Aldrich, St. Louis MO, USA; catalog no. G7402) at a concentration of 1.8 x 10
12

 

particles per mL was added to a PBS solution containing rabbit-anti-E. coli IgG (Abcam, 

Cambridge, Cambridgeshire, UK; catalog no. ab30522) at a concentration of 1.8 x 10
12
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antibodies per mL and gently mixed overnight at 4°C. Subsequent to mixing, the particle-

antibody solution was diluted 10 fold. 

 

100 nm Particle Preparation 

100 nm mean diameter highly carboxylated yellow-green fluorescent particles 

(Invitrogen, Carlsbad, USA; catalog no. F8803) were first washed twice with activation 

buffer, 50 mM 2-(N-morpholino)ethanesulfonic acid (MES; Sigma-Aldrich, catalog no. 

M3671) at pH 6.0. A centrifuge (VWR, Westchester, PA, USA, model no. Galaxy 16D) 

was used for all washing processes, for 15 min at 14,000 rpm. The particles were then 

mixed with water-soluble carbodiimide (WSC; Sigma-Aldrich; catalog no. 03449) at 

room temperature. After mixing with WSC, the particles were washed twice with 

coupling buffer, 50 mM phosphate-buffered saline PBS (Sigma-Aldrich) at pH 7.4. 

Rabbit-anti-E. coli IgG (Abcam)  was diluted in PBS, then added to the particle 

suspension at an appropriate concentration to yield 100% surface antibody coverage of 

the particles. The resulting solution was then slowly rocked overnight at 4°C to facilitate 

proper orientation of antibodies. The solution was then washed three times with PBS, 

followed by mixing with quenching solution, 40 mM hydroxylamine solution (Sigma-

Aldrich, catalog no. 379921). Finally, the particles were stored in a storage buffer, PBS-

BN (10 mM PBS at pH 7.4 with 400 mg mL
-1

 BSA from Sigma-Aldrich and 0.05% 10 

µM sodium azide from Fisher Scientific, catalog no. 52291). 
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920 nm particle Preparation 

Anti-E. coli (Meridian Life Sciences, Saco, ME, USA; catalog no. B47385G) antibodies 

were conjugated to the 920-nm highly carboxylated polystyrene particles (10.3 Å
2
 

parking area per surface carboxyl group; Bangs Laboratories, Fishers, IN, USA) via 

covalent attachment, using the same method described for 100 nm particles. The only 

difference was the slower rpm for all centrifuging (washing) process, 9,900 rpm. 

 

Assay Methods 

E. coli K12 lyophilized cell powder (Sigma, catalog no. EC1) was cultured in brain heart 

infusion broth (Remel, Lenexa, KS, USA) at 37°C for 20 hr. This fully cultured E. coli 

solution was serially diluted with 10 mM PBS (pH 7.4). The colony-forming units (CFU) 

of each serial dilution were evaluated by standard plate counting methods. Equal volumes 

of the three respective sets of  antibody-coated particles were mixed with the varying 

serial dilutions of E. coli  in a two well slide (VWR, West Chester, PA, USA) of volume 

75 μL, or in a y-channel microfluidic device described elsewhere [5,6]. Solutions were 

mixed in the well using a micropipette or spontaneously mixed by diffusion in the 

microchannel. Y-channel microfluidic device is made by well-known replica molding 

technique using polydimethylsiloxane (PDMS), with channel depth and width of 1 mm. 

Solutions of antibody-coated particles and E. coli were separately introduced into two 

inlets of y-channel. A 400-μm silica fiber was used to deliver the ultraviolet light emitting 

diode (UV LED 380 nm) light source underneath the well or the microchannel. A 
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miniature, portable spectrometer (Ocean Optics, Dunedin, FL, USA) was used to measure 

forward light scattering intensity collected by the same type of multi-mode fiber from the 

top of the well or the microchannel. The two optical fibers for lighting and detection have 

a 600 μm core diameter and 30 μm cladding with optimal transmission in the UV-visible 

wavelengths. The numerical aperture of these optical fibers and probes is 0.22 with an 

acceptance angle of 25°. The light source and detectors were positioned via callipered 

optical positioning stages (Edmund Optics, Barrington, NJ, USA) in a proximity setup 

(fibers in close proximity but not touching the slide), with the detection probe situated at 

a 45° angle to the incident light. 

Ten light scattering intensity measurements were recorded for each of the 

particle-E. coli mixtures described above, and standard curves were produced by plotting 

scatter intensities normalized to the blanks (antibody-coated particles in PBS) against the 

concentration of E. coli in solution.  

 

Results and Discussion 

10 nm Particle Assay 

In the 10 nm particle regime, there is good agreement between simulation and 

experimental results for Rayleigh scattering detection of E. coli with a monotonic 

increase in scatter intensity from 10
0 

to 10
6 

 CFU mL
-1

 (Figure 1). The overall intensity 

change with increasing target concentration ~1.5%.    
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Figure 1. Top: Simulated scatter increase plotted against particle size change for the 10 nm size regime. 

Bottom: Standard curve produced through light scattering intensity measurements for the E. coli and 10 nm 

anti-E. coli coated particle mixtures, taken at 45° from incident. Averages of 10 measurements per data 

point. Error bars represent standard deviations. * indicates significant difference from blank (p < 0.05). 
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In the 100 nm particle diameter regime, both simulation and experimental results 

yield a bell shaped curve, quickly increasing to a local maxima at 10
1
-10

3
 CFU mL

-1
 

target concentration, followed by a decrease in scatter intensity with higher 

concentrations of E. coli in solution (Figure 2). The maximal scatter intensity change is 

~3%.  

In the 920 nm particle diameter regime, good agreement is again observed 

between simulation and experimental results (Figure 3). The standard curve produced is 

non-monotonic, increasing to a local maximum at 10
2
 CFU mL

-1
 target concentration, 

followed by a dip at 10
3
 CFU mL

-1
 and then further increase in scatter intensity with 

increasing E. coli concentration. The overall scatter intensity change in this case 

approaches 30%, a full order of magnitude above that of the 10 nm and 100 nm particle 

diameter regimes.  The dip is more apparent in the simulation than in the experimental 

results, as the simulation assumes a single particle size in solution, whereas, in reality, the 

particle sizes are distributed. 

In all three cases, the simulated scatter intensity change is much higher in 

magnitude than the experimental results. The scatter simulation performed assumes 

homogeneous isotropic spheres in solution, while the actual geometry of the agglutinated 

particles is not spherical and further, the respective sizes of the particle agglutinates at a 

given concentration of target in solution are distributed across a wide range of sizes, e.g. 

particles may exist as a mixture of singlets, doublets, and various multiplet agglutinates 

simultaneously. 
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Figure 2. Top: Simulated scatter increase plotted against particle size change for the 100 nm size regime. 

Bottom, Standard curve produced through light scattering intensity measurements of E. coli and 100 nm 

anti-E. coli coated particle mixtures, taken at 45˚ from incident. Averages of 10 measurements per data 

point. Error bars represent standard deviations. * indicates significant difference from blank (p < 0.05). 

 



   

 

   

  106 

  

 

Figure 3: Top: Simulated scatter increase plotted against particle size change for the 920 nm size regime. 

Bottom: Standard curve produced through light scattering intensity measurements of E. coli and 100 nm 

anti-E. coli coated particle mixtures, taken at 45° from incident. Averages of 10 measurements per data 

point. Error bars represent standard deviations. * indicates significant difference from blank (p < 0.05).  
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A series of microscope images were taken for the immunoagglutinated particles, 

and representative images are shown in Figure 4 using transmission electron microscopy 

(TEM) for the 10 nm particles, fluorescence microscopy for the 100 nm particles, and 

light microscopy for the 920 nm particles, all with relatively high E. coli concentrations 

of 10
5
-10

6
 CFU mL

-1
. In the case of the 10 nm particles, the particles group around 

antigenic centers on both the bacterial cell membrane and free antigens in solution, but 

are rarely found in direct contact with each other (Figure 4, top left). In the case of the 

920 nm particles, particles are sufficient in size to utilize antigenic centers as molecular 

bridges in order to form agglutinates with particles in relatively close contact with one 

another (Figure 4 bottom left). The results with the 100 nm particles are in between those 

with the 10 nm and the 920 nm particles. Interestingly, the overall behavior of the scatter 

intensity is still conserved shape with all three particle size regimes, demonstrating that 

the assumption of homogeneous isotropic spheres in solution is valid in these cases.  
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Figure 4: Top left: TEM image of 10 nm antibody coated gold particles bound to E. coli (10
6
 CFU mL

-1
). 

Scale bar represents 500 nm. Top right: Fluorescent microscope image of antibody-antigen binding induced 

agglutination of 100 nm antibody-coated polymer particles in E. coli solution (10
5
 CFU mL

-1
). Scale bar 

represents 1.5 µm. Bottom left: light microscope image of antibody-antigen binding induced agglutination 

of 920 nm antibody-coated polymer particles in E. coli solution (10
6
 CFU mL

-1
). Scale bar represents 10 

µm. Bottom right: Table illustrating average particle agglutinate size and corresponding simulated particle 

size parameter at critical points from simulated curves. Each average particle agglutinate size was evaluated 

from 2-6 microscope images. 
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A total of 19 microscope images were taken for the immunoagglutinated particles 

with various E. coli concentrations, and the number of particles in each agglutinates was 

counted, i.e., 2 for doublet, 3 for triplet, etc. The average agglutinate sizes were evaluated 

from this image analysis, which is shown in Figure 4 bottom right. Comparison of the 

average agglutinate size (from microscope images) to the simulated particle size 

parameter shows good agreement in terms of the size of particle agglutinates at critical 

points in the simulated and experimental plots, i.e. at the dip and maximum in the 920 nm 

case (corresponding to 10
3
 and 10

6
 CFU mL

-1
 solutions respectively), and at the 

maximum and minimum in the 100 nm case (corresponding to 10
3
 and 10

5
 CFU mL

-1
 

respectively). The 10 nm case does not provide a comparable geometry, as it is linear. 

The size of immunoagglutinated particles for the 920 nm case (2.6-3.2) is apparently 

smaller than that for the 10 nm and 100 nm cases (4.0-8.0) in both experiment and 

simulation, which can be explained by the poor diffusivity of larger particles.  

The simulations illustrate that standard curves produced with the 10 nm antibody-

conjugated particles will have the highest linearity and lowest overall scatter magnitude 

change of the three particle sizes investigated, while curves produced with the 100 nm 

antibody-coated particles will be bell shaped with a mid-level of scatter intensity change, 

and the 920 nm assay will produce a non-monotonic increasing curve with the highest 

change in scatter intensity. The lowest E. coli concentrations that passed t-tests (p < 0.05) 

in comparison with blank are 10
3
 CFU mL

-1
 for the 10 nm assay, 1 CFU mL

-1
 for the 100 

nm assay, and 10 CFU mL
-1

 for the 920 nm assay. These results of monotonicity, scatter 
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magnitude, and limit of detection demonstrate the complementary nature of the three 

assays tested in this work: best monotonicity but weak signal with the 10 nm assay, the 

lowest limit of detection but weak signal and narrow range of assay with the 100 nm 

assay, the strongest signal and widest range of assay but non-monotonicity with the 920 

nm assay.  

This work demonstrates the feasibility of utilizing light scatter measurements of 

particle immunoassays in both Rayleigh and Mie regimes as complementary information 

towards a robust platform for pathogen detection that is both highly sensitive and 

quantitative. These two similar yet distinctly different sources of information could easily 

be integrated into a single device through fabrication of a simple microfluidic device 

containing two y-channels, as shown in Figure 5, each for performing the respective light 

scattering measurement. 
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Figure 5. Two-channel microfluidic device that can simultaneously detect nanoparticle Rayleigh scatter 

and microparticle Mie scatter from immunoagglutinations. 
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 Abstract 

 A quartz crystal microbalance was used for real-time monitoring of fibrinogen 

cross-linking on three model biomaterial surfaces. Fibrinogen adsorbs slowly and 

forms a less rigid multi-layer on hydrophobic surfaces, while it adsorbs quickly, 

forming a single mono-layer on hydrophilic surfaces. The extent of fibrinogen 

cross-linking is greater on hydrophobic surfaces. Fibrinogen cross-linking can 

also rigidify the relatively soft coatings of poly(methyl methacrylate) and 

dodecanethiol self-assembled monolayer. 
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1. Introduction   

 Whenever a biomaterial comes into contact with blood, wound healing generally 

begins to occur. The first stage of this wound healing is blood coagulation, as the protein 

fibrinogen is adsorbed and cross-linked into a fibrin polymer, thus forming a clot [1]. 

Extensive blood coagulation on biomaterials is generally undesirable, such that it is 

expedient when designing a device to choose a material that will minimize the rate of clot 

formation. The current method of choice for monitoring immobilized proteins in their 

binding activities is surface plasmon resonance (SPR) spectroscopy [2]; however, the 

initial equipment and replacement chips are relatively expensive, and the surfaces of the 

chips are somewhat difficult to modify [3]. It is also inappropriate for monitoring blood 

coagulation, which is primarily an issue of structural change, rather than an issue of 

adsorption/adhesion [1]. The quartz crystal microbalance (QCM) is considered to be a 

better alternative over SPR for monitoring blood coagulation, as the QCM is relatively 

inexpensive, and the surfaces of the crystals are easily modified, for example, through 

spin coating. This method makes it possible to monitor the amount of fibrinogen 

adsorbed onto a given surface, and subsequently monitor the rate of fibrin polymerization 

(clot formation) through analysis of the changes in frequency and resistance of the 

piezoelectric quartz crystal over time, while in contact with the final proteins of the blood 

coagulation cascade. 

The frequency change of the QCM is related to the adsorbed mass. In fact, the 

exact mass can be calculated from the frequency change (Δf) with Sauerbrey equation if 

the adsorbed mass is ideally rigid [4]. The resistance change (ΔR) of the QCM is related 
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to the rigidity (more precisely, complex shear modulus; G* = G’ + jG”, where G’ is the 

storage modulus and G” is the loss modulus) as well as the mass of the adsorbed layer. 

Unfortunately, the equations relating ΔR to G* are analytically insolvable for the thin 

adsorbed layers [5]. Due to this complication, blood coagulation has mostly been 

characterized by Δf in the QCM analysis (fibrinogen adsorption and subsequent growth 

of the adsorbed layer) [6-8]. As frequency monitoring provides minimum information on 

the structural change of the adsorbed fibrinogen, other analyses are often accompanied, 

such as SPR and/or atomic force microscopy (AFM) [6-8]. 

  Recently, QCM-D has been investigated to monitor the viscoelastic change of the 

adsorbed fibrinogen [9,10]. The change in the dissipation factor (ΔD) that is monitored 

can be related to the resistance change (ΔR) of the conventional QCM. Typically two 

different sets of experiments are performed to monitor ΔD, with or without inducing 

cross-linking. Real-time monitoring of fibrinogen cross-linking is still a rarity in QCM 

analyses. In addition, the effects of surface hydrophobicity on fibrinogen cross-linking 

have not been investigated systematically with QCM.          

       

 2. Materials and Methods 

 2.1. Preparation of Model Biomaterial Surfaces  

The piezoelectric crystals used were 5 MHz, 2.54 cm diameter, with polished gold 

electrodes on both sides and chromium under layers (Stanford Research Systems, 

Sunnyvale, CA, USA). The gold surfaces were decontaminated of dust and other possible 

contaminates through sonication for ten minutes followed by rinsing with deionized 
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water. This gold surface of the QCM crystal was used without further modification as a 

model of a smooth hydrophilic surface.   

495 PMMA 3% (MicroChem Corp., Newton, MA, USA) in anisole was spun onto 

the pre-cleaned crystal at 500 rpm / 5 s and 4,000 rpm / 65 s. This crystal coated with 

PMMA was used to represent an intermediately rough and moderately hydrophobic 

surface.  

Finally, a dodecanethiol self-assembled monolayer was added to pre-cleaned gold 

crystals through overnight incubation in a 10 mM solution of 1-dodecanethiol in ethanol 

(Sigma-Aldrich, St. Louis, MO, USA). 

The relative hydrophobicities of the above crystals were measured through 

contact angle analysis of a 5 μL drop of water placed on top of the crystal (Fig. 1). The 

contact angles were measured as gold: 35±3°, PMMA: 62±5°, and dodecanethiol: 103±4° 

(Fig 1). 

 

` 

Fig. (1). Contact angle analysis of the three crystal surfaces. From left to right: gold 

(35°), PMMA (62°) and dodecanethiol (103°).  What is the liquid?   
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 2.2. Protein Solutions Preparation 

Lyophilized fibrinogen from human plasma (Calbiochem, San Diego, CA, USA) 

was reconstituted to a concentration of 100 μg·mL
-1

 by dissolving in 10 mM pH 7.4 

phosphate buffered saline (PBS) (Sigma) at 37°C for approximately 30 min, immediately 

prior to use. Lyophilized thrombin from human plasma (Calbiochem), coagulation factor 

XIII from human plasma (Calbiochem), and calcium chloride (Calbiochem) were 

dissolved into a second solution of PBS at concentrations of 10 U·mL
-1

, 10 μg·mL
-1

, and 

400 μg·mL
-1

, respectively.  

 

 2.3 AFM Analysis 

Two polished gold crystals were cleaned of contamination through sonication for 

ten minutes followed by rinsing with deionized water. These crystals were then incubated 

in a 10 mM pH 7.4 PBS solution (Sigma) containing fibrinogen (Calbiochem) at a 

concentration of 100 μg·mL
-1

. Subsequent to incubation, Crystals were rinsed with PBS 

and dried gently over nitrogen. One of these crystals was then exposed to a secondary 

solution of 10 mM pH 7.4 PBS solution (Sigma) containing thrombin from human 

plasma (Calbiochem), coagulation factor XIII from human plasma (Calbiochem) and 

calcium chloride (Calbiochem) in concentrations of 10 U·mL
-1

, 10 μg·mL
-1

, and 400 

μg·mL
-1

, respectively, for ten minutes before being rinsed with PBS and dried over 

nitrogen. Both of these crystals were then analyzed with AFM (Digital Instruments 3100, 

Plainview, NY, USA) in tapping mode, with silicon nitride probes (NSC-15, 

Mikromasch, San Jose, CA, USA) .    
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 2.4. Analysis Procedure 

  A PBS buffer solution was primarily run over the crystals at 30 μL·min
-1

 until the 

crystal exhibited stable frequency and resistance measurements. 

  The fibrinogen solution was run over the crystal via an axial flow cell model no. 

O100FC (control volume = 150 µL; Stanford Research Systems) and a syringe pump 

model no. 780210V (KD Scientific Inc., Holliston, MA, USA) at 30 μL·min
-1

 until 

monolayer coverage of the protein was achieved. Upon monolayer coverage of 

fibrinogen, the thrombin/factor XIII/Ca
2+

 solution was run over the crystal at the same 

rate. This procedure was repeated for each of the three respective surfaces: gold, PMMA, 

and dodecanethiol. 

 

3. Results 

3.1 QCM Measurements  

Upon addition of the fibrinogen solution to the flow cell, the polished gold 

surfaced showed an initial frequency decrease of 60 Hz coupled with a resistance 

increase of approximately 2.5 Ω. After addition of the thrombin/factor XIII/Ca
2+

 solution, 

the crystal showed a frequency increase of 5 Hz coupled with a resistance decrease of 2.5 

Ω (Fig. 2). 

     The Fig. 2 result is a representative of three different experiments. The mean 

frequency decrease was 68±7 Hz and the mean resistance increase was 4±1 Ω.  

     The PMMA showed an initial frequency decrease of 90 Hz for approximately 

3,000 s, coupled with a resistance increase of 4.0 Ω. Upon addition of the thrombin 
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solution, the crystal exhibited an additional frequency decrease of 20 Hz coupled with a 

resistance decrease of 8 Ω (Fig. 3).  

 

 

Fig. (2). Frequency change (Hz; top) and resistance change (Ω; bottom) of crystal vs. 

time (s), with gold surface. 
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The dodecanethiol showed an initial frequency decrease of 60 Hz for 

approximately 5,000 s, coupled with a resistance increase of 6 Ω. Upon addition of the 

thrombin/factor XIII/Ca
2+

 solution, the crystal exhibited an additional frequency decrease 

of 30 Hz coupled with a resistance decrease of 7 Ω (Fig. 4).  Both Figs. 3 and 4 are 

representative results; we were unable to evaluate the means and standard deviations of 

frequency and resistance changes as they kept decreasing against time 



   

 

   

  124 

  

 

Fig. (3). (a) Top: frequency change (Hz) and (b) bottom: resistance change (Ω) of crystal 

vs. time (s), with PMMA coated surface. 

 

 

     .  
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Fig  (4). (a) Top: frequency change (Hz) and (b) bottom: resistance change (Ω) of crystal 

vs. time (s), with dodecanethiol. 

 

3.2 AFM Analysis 

Two crystal surfaces were imaged with AFM, one with adsorbed fibrinogen not exposed 

to thrombin, factor XIII, and calcium, and one that had been exposed. The proteins on the 
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unexposed surface were seen to have an average size of 50-150 nm, while the thrombin 

exposed protein aggregates were sized from 500 nm - 2.5 μm (Fig. 5). RMS roughness 

measurements of the three different surface modifications (Au, PMMA, and 

dodecanethiol) were measured to be 3.54 nm, 0.86 nm, and, 3.32 nm, respectively. 

 

4. Discussion 

In this paper, we prepared three different surfaces on top of the quartz crystals, 

representative of varying hydrophobicities, namely, hydrophilic polished gold, 

moderately hydrophobic poly(methylmethacrylate) (PMMA), and a hydrophobic 

dodecanethiol self assembled monolayer (SAM) on polished gold. In theory, two separate 

types of clotting information can be assessed through the QCM measurements, namely, 

the amount of clotting proteins that adsorb onto a surface through Δf of the crystal, and 

the extent of subsequent thrombin-induced cross-linking that will occur on the surface 

through analysis of ΔR of the crystal [11]. In order to simplify the analysis, only the final 

three proteins of the common coagulation pathway were used, namely fibrinogen, 

thrombin, and coagulation factor XIII. As fibrinogen is allowed to flow over the surface 

of the coated quartz crystal at some predetermined concentration and flow rate, an initial 

downward shift in the resonant frequency of the crystal can be observed. 

This frequency shift (Δf) is proportional to the mass of materials (in this case 

fibrinogen) adsorbed to the crystal surface; furthermore, there is an initial increase in the 

resistance of the crystal, due to the viscoelastic properties of the adsorbed mass (materials 

with greater viscoelasticity will cause the crystal to exhibit greater resistance). 
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Fig (5).  5 μm x 5 μm images of Au crystal surface. Top: monomeric fibrinogen 

molecules prior to addition of thrombin. Bottom: fibrin polymer clot subsequent to 

thrombin addition. 

Secondly, a solution containing thrombin and factor XIII is allowed to flow over the 

adsorbed layer of fibrinogen. At this point thrombin cleaves the fibrinogen to a fibrin 

monomer, followed by factor XIII induced cross-linking to form a clot. During this clot 

formation, no or very little additional proteins are adsorbed onto the crystal surface as 

coverage was already achieved by the fibrinogen in the first step; thus, there should be 

little to no additional change in the measured resonant frequency. Upon cross-linking, 

however, the fibrin monomer becomes more ideally rigid, thus a decrease in the 

resistance of the crystal can be observed. All of these measurements are recorded over 

time, such that the extent of fibrinogen absorption onto a surface and relative extent of 

subsequent cross-linking can be assessed. It should be noted that all three resistance vs. 

time graphs show a small sharp peak just before thrombin induced cross-linking. This is 

due to switching of delivery syringes, which causes a temporary decrease in the pressure 

at the crystal surface, thus causing a brief increase in the crystals resistance. Furthermore, 
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the non-normal resistance increase which is most pronounced in figure three (bottom) 

occurs when a small gaseous bubble becomes temporarily lodged on the crystal surface; 

however the deviations are negligible in comparison to the resistance shifts caused by 

rigid mass loading.  

     The initial frequency decrease is representative of fibrinogen adsorption onto the 

crystal. The mass of the adsorbed layer can be calculated using the Sauerbrey equation,  

 

Δm = –C∙Δf  

 

where C = 17.7 ng Hz
-1

 for the 5 MHz crystal we used [12]. The thickness of the 

adsorbed protein layer can then be calculated using 

 

f

mC




33
  

where δ = the layer thickness, 33 /π is the packing factor, Cm is the plateau value of the 

adsorbed amount, and ρf is the density of fibrinogen [13]. Cm can be calculated from Δm 

by dividing it with the piezoelectrically active crystal area, 0.4 cm
2
 [12]. Inserting the 

mass value from eqn. 1 into eqn. 2 yields layer thicknesses for Au, PMMA. and C11SH of 

35 nm, 62 nm, and 51 nm respectively. Of course the Sauerbrey equation overestimates 

the non-rigid mass loading by 2-6 times [14,15]. If the above thicknesses were 

overestimated by 4 times, the actual adsorbed layer thicknesses become 9 nm (Au), 16 

nm (PMMA) and 13 nm (C11SH), respectively. As the hydrodynamic dimensions of the 
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fibrinogen protein are 40-50 nm in length and 4-10 nm in width [16], these layer 

thicknesses indicate that protein packing on the gold surface is mostly side-on monolayer 

packing, and those on the PMMA and dodecanthiol surfaces are either in between side-on 

and end-on monolayer packings or in side-on multilayered packing. 

     This information also sheds light on the rates of protein adsorption on the various 

crystals over time. The frequency decrease on the gold surface is sharp to its plateau, at 

which point no further decrease is observed. This represents the protein saturating the 

surface with mono-layer coverage at which point no further adsorption can occur. In the 

case of PMMA and dodecanethiol, however, the frequency change is observed to 

increase indefinitely without reaching a time dependant plateau. This is most likely due 

to the continuous structural change from side-on to end-on conformation or multiple 

protein layer formation.  

    The AFM analysis was performed in order to demonstrate that the fibrinogen is indeed 

adsorbing to the crystal surfaces and then crosslinking upon thrombin addition. 

Saturation of the crystal surface with fibrinogen made it difficult to see any 

conformational changes in the protein (clot) formation; however, imaging a non-saturated 

crystal surface proved informative, as there is greater contrast between the proteins and 

crystal surface (Fig. 5). The AFM image taken prior to thrombin addition demonstrates 

that the proteins are adsorbing to the crystal surface in their monomeric form, while the 

large aggregates imaged subsequent to thrombin addition are representative of the clot 

formation. Addition of calcium ions to the thrombin solution was necessary, as calcium 
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acts as a cofactor for coagulation factor XIII, which stabilizes the thrombin cleaved fibrin 

for polymerization.     

     Previous studies conducted using AFM indicate that fibrinogen will adsorb more 

readily and to a greater extent to hydrophobic surfaces than to hydrophilic surfaces [17]. 

The hydrophobicity of the surface, however, does appear to play an important role in the 

kinetics of protein adsorption, as saturation of adsorption on the hydrophilic gold surface 

(water contact angle θ = 35°) occurs as early as 1,500 s, while saturation on the 

moderately hydrophobic PMMA surface (θ = 62°) occurs at about 3,500 s, and not until > 

5,000 s on the hydrophobic dodecanethiol SAM (θ = 103°). The resistance of the crystal 

is representative of the viscoelasticity of the loaded proteins, e.g. a softer loaded mass 

will exhibit greater increase in resistance. The resistance increase for the three model 

surfaces, gold, PMMA, and dodecanethiol SAM are 2.5 Ω, 4 Ω, and 6 Ω respectively, 

indicating that with increasing hydrophobicity of a given surface, the adsorbed fibrinogen 

film becomes less rigid. The most likely cause for this is slight denaturation of the 

adsorbed proteins due to affinity of the hydrophobic protein core to the hydrophobic 

material surface [18]. The decrease in resistance upon addition of the thrombin/factor 

XIII/Ca
2+

 solution is representative of clot formation as the adsorbed fibrinogen is cross-

linked into the more rigid fibrin polymer. The resistance of the fibrinogen films on 

PMMA and dodecanethiol surfaces decreased at a greater extent upon cross-linking; four-

fold over the gold surface. Actually the resistance became even lower than the initial 

value, indicating the layers of PMMA and dodecanethiol were somehow rigidified. This 

unusual phenomenon can be attributed an initial relative softness of the modified surfaces 
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in comparison to gold, which fibrinogen cross-linking causes to become more rigid than 

the initial surface.   
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