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Summary 
In this PhD Thesis low-cost functionalized Lab-on-(bio)Chip systems (LOC) for their use as 

analytical tools for environmental and biomedical applications have been developed.  

Based on photonic LOC approaches (PhLOC) previously defined in our group, the potential of 

these devices in analysis was explored first. Multiple Internal Reflection (MIR) optofluidic 

systems made of cost-effective polymers, such as polydimethylsiloxane (PDMS), using rapid 

fabrication processes were applied for the detection of different analytes (cells and heavy 

metal ions) and their performance compared with other more conventional analytical 

techniques. 

In order to confer selectivity to the PhLOCs, different surface modification protocols for 

protein immobilization on the polymeric materials used in this work were developed and 

compared. These methods keep the optical and structural properties of the material 

unaltered. Horseradish peroxidase (HRP) was chosen as a model protein in these studies, and 

the resulting biofunctionalized surfaces tested by measuring the enzymatic activity to 

hydrogen peroxide in the presence of 2,2’azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) 

(ABTS) redox mediator, whose green colored enzymatic product could be detected by 

absorbance measurements. The stability of the immobilized HRP was also tested for periods 

longer than one month.  

Finally, other fluidic components and functionalities were added to the previously applied 

PhLOCs in order to enhance their performance. Microfluidic structures such as 

biofunctionalized mixers (therefore also playing the role of reactors) were monolithically 

integrated with a MIR, resulting in a PhLOC with enhanced analytical performance. These new 

elements decreased the analysis time and sample / reagent volumes. With the integration of a 

gold electrochemical cell in the substrate, a dual readout LOC (DLOC) was developed, which 

enabled simultaneous optical and electrochemical transduction and made the developed 

system self-verifying, thereby improving its reliability. The potential of this DLOC was shown by 

developing an analytical tool for measuring glucose. Glucose oxidase (GOx) and HRP were 

immobilized following the protocol developed in this Thesis and applied as the specific 

receptors for the detection of glucose based on an enzymatic cascade reaction also using ABTS 

redox mediator.  

As an additional study, the applicability of the developed functionalization protocol was tested 

on different polymers and the immobilization of biological components other than enzymes 

was also carried out. 
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Resumen 
En esta Tesis de Doctorado se han desarrollado sistemas lab-on-a-chip (LOC) funcionalizados 

de bajo coste para su uso como herramientas analíticas en aplicaciones medio ambientales y 

biomédicas. 

Inicialmente se exploró el potencial de LOCs fotónicos (PhLOC) previamente definidos en 

nuestro grupo, como sistemas en análisis. Se aplicaron sistemas microfluídicos de Reflexión 

Interna Múltiple (MIR) fabricados en polímeros de bajo coste, como polydimetilsiloxano 

(PDMS), siguiendo un procedimiento rápido de fabricación, en la detección de diferentes 

analitos (células e iones de metales pesados) y su funcionamiento se comparó con el de otras 

técnicas analíticas más convencionales. 

Para dotar de selectividad a los PhLOCs se desarrollaron y compararon diferentes protocolos 

de modificación de superficies para la inmovilización de proteínas en los materiales 

poliméricos utilizados para la fabricación de estos sistemas. Estos métodos mantienen 

inalteradas las propiedades ópticas y estructurales del material. Se utilizó la peroxidasa de 

rábano (HRP) como proteína modelo para estos estudios, y las superficies biofuncionalizadas 

resultantes se testaron mediante la medición de la actividad enzimática en la reacción de 

reducción de peróxido de hidrógeno en presencia del mediador redox 2,2’azino-bis (3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS), cuyo producto enzimático de color verde pudo ser 

detectado mediante medidas de absorbancia. Se midió la robustez del proceso de 

inmovilización mediante la medida de la actividad del HRP durante un periodo superior a un 

mes. 

Finalmente, se añadieron nuevos componentes fluídicos y funcionalidades a los PhLOCs 

previamente aplicados para mejorarsu desempeño. Estructuras microfluídicas tales como 

mezcladores biofuncionalizados (actuando en consecuencia como reactores) se integraron 

monolíticamente con el MIR, dando lugar a un PhLOC con mejores prestaciones analíticas. 

Estos nuevos elementos disminuyeron el tiempo de análisis y el volumen de muestra y 

reactivo. Con la integración de una celda electroquímica de oro en el substrato, se desarrolló 

un LOC con lectura de medida dual (DLOC), que permitió la transducción simultánea óptica y 

electroquímica e hizo el sistema desarrollado autoverificable, mejorando así su fiabilidad. Se 

mostró el potencial de este DLOC mediante el desarrollo de una herramienta analítica para la 

medida de glucosa. Se inmovilizaron glucosa oxidasa (GOx) y HRP siguiendo el protocolo 

desarrollado en esta Tesis y se aplicaron como receptores específicos para la detección de 

glucosa basada en una reacción enzimática en cascada utilizando el mediador redox ABTS.  

Como estudio adicional, se testó la aplicabilidad del protocolo de funcionalización en 

diferentes polímeros y también se llevó a cabo la inmovilización de componentes biológicos 

diferentes a enzimas. 
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1.1. Introduction 
 

The term Total Analysis Systems (TAS) refers to analytical platforms that integrate all (or most 

of) the components required for performing a complete analytical protocol1. Sampling, sample 

pre-treatment, chemical reactions, separations, analyte detection, product isolation and data 

analysis can be directly carried out without minimum manipulation by the user. The starting 

idea in the development of TAS was to offer a solution to the limited performance of existing 

sensor devices by offering the possibility to directly manipulate complex samples and 

incorporate several steps during the analysis2,3. Such systems have greatly evolved by the 

application of microfabrication processes that gave rise to the miniaturization of the different 

integrated components and the addition of more and more complex analytical procedures 

(Figure 1.1). 

 

 

Figure 1.1. Representation of the evolution from standard analytical procedures to the miniaturization 
of these processes. 

 

Thus, Manz et al. in the year 19904 introduced the term Micro TAS (µTAS), also known as Lab-

on-a-Chip (LOC). Usually, LOCs make use of microfluidics. This term refers to the science and 

technology of systems that process or manipulate small amounts of fluids, in a range from 10-9 

to 10-18 liters. Here, channels between tens and hundreds of micrometers are commonly used5, 

although the technology is nowadays able to provide with structures with much smaller 

dimensions. Rigorously speaking, the first microfluidic analytical system was presented more 

than a decade before the introduction of the µTAS concept by S.C. Terry6. From that seminal 

work, microfluidic systems have dramatically evolved, primarily due to the advances in 

micro/nanofabrication techniques7. Today, a large variety of different structures are ready to 

be included in LOCs in order to carry out all the required steps in analytical processes, such as 

channels, reactors, pumps, chromatographic columns or detectors. LOC research field is 

inherently multi-disciplinary, combining the knowledge of different areas for their design, 

fabrication and application. Physics provides with the understanding of microfluidics, behavior 

Microfluidic systemMicrofluidic system
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of the different materials employed, as well as some detection methods8. Microtechnology 

assures high quality LOC elements, as could be electrodes or other electronic components9. 

Chemistry provides with the chemical reactions that are used in analytical and synthetic 

processes10, and also in the chemical modifications of the microsystems11. Biology is also 

important since many of the applications are biomedical and the incorporation of of 

biosensors into LOC requires the manipulation of biological agents as recognition element12. 

All these recent advances have brought important advantages that are not offered by other 

analytical tools and that will be described below. 

 

1.2. Performance of LOCs 
 

LOCs offer many advantages that come not only from the miniaturization, but also from the 

mergence of a variety of structures with different purposes for sample handling and 

manipulation. The advantages include the need of small volume of sample and reagents, 

separations with a high resolution, low cost set-ups3 and minimization of power consumption 

and analysis time13. Monolithic fabrication processes can be used, reducing dead volumes and 

eliminating the coupling of different fluidic components that can be cumbersome and may give 

rise to poor system performance. Miniaturization also enables taking advantage of different 

physicochemical phenomena that are not dominant at larger scales, such as laminar flow14, 

different diffusion regimes15, electrokinetic pumping16, surface tension-driven flows17 or 

acoustic streaming18. These phenomena can be used to improve the performance of the 

systems. While the fluids in the macroscale present a chaotic movement, in microfluidic 

systems they present a laminar flow behavior, since the fluid viscosity dominates instead of its 

inertial behavior and thus Reynolds number values below one14 are common. A fluid with a 

laminar flow is very predictable and can be used together with other fluids to create gradients 

of physicochemical properties19. Péclet number defines the type of mixing that can be found in 

fluids, by relating diffusive and advective mass transport. In the microscale, diffusion is 

dominant, since the Péclet number becomes very small (P<<1)20. Diffusion can be used to mix 

liquids, or special structures that increase the turbulence can be designed and fabricated in 

order to reduce the mixing time15. Separations by on-chip chromatography can also be 

improved since the elapsed time for the diffusion of analytes from one flow to another is 

decreased compared to the diffusion at the macroscale2. Another property of the miniaturized 

systems is that the ratio between the liquid volume and the wall surface of the LOC are 

decreased and the interactions between the walls and the analytes that are found in the 

liquids get more efficient. This is important for processes like immune-affinity assays, 

chromatographic interactions and electrochemical detection. However, this last advantage can 

become a drawback if nonspecific adsorption occurs. Surface modifications are very important 

to avoid this problem21 and several studies have been made in order to solve this problem by 

depositing protein-repellent molecules on the LOC walls such as polyethylene glycol (PEG)22 or 

polyvinyl alcohol (PVA)23. 

Hence, it becomes clear why LOCs have evolved from simple microchannels to a myriad of 

different systems ranging from drop generators to single-cell cultivation systems24-29. In this 
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way, more complex and high throughput experiments can be performed, with multiplexed 

measurements for the detection of different analytes at the same time.  

For the existence of such a high diversity of LOCs the development of microfabrication 

techniques and new materials has been essential. Here, some of the most usual procedures 

will be described. 

 

1.3. Fabrication, materials and procedures 
 

The first LOCs were based on silicon micro-machining30. Silicon has the advantage of being 

extensively used by the semiconductor industry. It is a widely studied material that can be 

patterned by well-established fabrication techniques. Nevertheless, it also has limitations: 

when applying electrical detection modes, it requires the growth of a relatively thick SiO2 

insulating layer31. In addition, it is non-compatible with the strong potentials used in capillary 

electrophoresis and with electrokinetic pumping, which are widely used in LOCs32. Glass has 

also been used, which is chemically stable and transparent, being suitable for optical detection 

methods like fluorescence or surface Plasmon resonance (SPR). However, it can present 

impurities that interfere with the fabrication processes and the final device operation31. In the 

last years, polymers have become more popular due to their high chemical resistance and 

good optical properties. In addition, they can be modified for their functionalization, they are 

cheap30, biocompatible31 and some of them biodegradable (e.g., polycaprolactone, PCL)33, and 

their microfabrication process is more cost effective than when working with silicon or glass32.  

Many different polymers have been used for the fabrication of LOCs. Thermoplastics (Figure 

1.2a) such as polystyrene (PS), poly(methyl methacrylate) (PMMA), cyloolefin copolymer (COC) 

or polycarbonate (PC), are composed of chains that are weakly bonded together, or even not 

bonded, making it possible to soften with the increase of the temperature. Some of them, such 

as PC or PMMA, are transparent in the visible part of the electromagnetic spectrum (reaching 

deep-UV light in the case of COC), making them suitable for fabricating optical detection 

systems. All these materials are soluble in most organic solvents, but they are resistant to 

acetonitrile, which is used in liquid chromatography34. They are electrical insulators but they 

can be functionalized with the adequate substances that make them conducting or to change 

their magnetic properties32. By contrast, poly(phenylene vinylene) and polyaniline are 

thermoplastic materials with an inherent conductivity and have been used for the fabrication 

of electronic components. The thermosetting polymers (Figure 1.2b), like poly(dimethyl 

siloxane) (PDMS), are elastomers that can be patterned on a mold via a cross-linking process. 

They are not soluble in organic solvents32 and they present a higher thermal and structural 

stability than thermoplastics35. Overall, in spite of the above mentioned advantages of 

polymeric materials for LOCs, they also show drawbacks, mostly related to their elastic 

behavior. They have a low Young’s modulus and then microstructures of these materials are 

prone to collapse and deform. In addition, they show non-specific adsorption to biomolecules, 

thus limiting their use for bioanalytical applications31.  
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Figure 1.2. Representation of a typical (a) thermoplastic polymer and (b) a thermosetting polymer. 

 

The development of micro-/nanostructures with the mentioned polymeric materials can be 

carried out using different micro- and nanofabrication techniques. Among them, soft 

lithography (also known as cast molding)36 is a parallel technique widely applied for rapid 

prototyping and also mass-production, mainly due to its cost-effectiveness and simplicity 

comparing with the well-known photolithographic processes. It consists of the preparation of a 

soft mold by casting a liquid polymer precursor against a rigid master. The advantage of soft 

lithography over other lithographic techniques is that, once the master is obtained, the 

resolution of the mold is determined by van der Waals interactions, wetting and kinetic 

factors, but not by optical diffraction. Different polymers can be used for molding, but the 

most common one is PDMS. Its liquid precursor is mixed with a curing agent and poured over 

the master, as it is shown in Figure 1.3. Then, it is cured to induce cross-linking and then it is 

peeled off. The resulting mold can be sealed to define a fluidic structure, or it can be used as 

another master for printing the desirable material on a surface by microcontact printing37, 

microtransfer molding38 or micromolding in capillaries39.  

a

Cross-link
b
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Figure 1.3. Soft lithography process for microfabrication with PDMS. 

 

There are several ways and materials to obtain the master. Some of the most usual materials 

are photoresists. They are light-sensitive polymers that are coated onto a substrate and 

patterned through a mask containing the desired geometries, as shown in Figure 1.4. A 

photochemical reaction is induced on the photoresist with the irradiation using the adequate 

light power density40 (at a specific wavelength, normally being G-, H- or I-line, corresponding to 

435.8 nm, 404.7 nm and 365.4 nm, respectively). In positive photoresists, the solubility of the 

irradiated area increases, while the opposite effect happens in the negative-tone photoresists. 

Then, the soluble areas are removed by the adequate developer. The master fabrication 

process is the most expensive and time consuming step in soft lithography, but it only needs to 

be done once. Replica molding can be carried out many times from one single master to obtain 

a relatively high number of replicas41, until the degradation of the master occurs. The most 

usual photoresist is SU-8, which is an epoxy-based negative resist, invented together by IBM 

and EPFL and patented in 198942. Using this resist, generally the master withstand up to 50 

replicas without compromising its quality. 

Master

PDMS

Cure at 80 ºC

Sealing

Flat substrate

Replica mold
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Figure 1.4. Photolithography process using a negative photoresist over a silicon wafer. 

 

Masters, and microsystems in general, can also be fabricated by micromachining. Here, two 

main techniques are used: Bulk micromachining consists in the selective etching of the 

substrate material (usually silicon, using the BOSCH process43) in order to define the required 

structures.  A sequence of masking layer formation and etching processes are used (Figure 

1.5). An advantage of this technique is that the structure presents high quality, low-stress and 

excellent mechanical properties. On surface micromachining, a similar process is followed but 

sequentially deposited layers are patterned and etched. An important advantage of this 

technique is that the structures obtained can be much smaller than the ones produced by bulk 

micromachining44.  

 

 

Figure 1.5. Selective removal process on bulk material by etching. 
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Micromilling can also be used as a low cost alternative towards obtaining masters, enabling 

the machining of metallic materials, which have a longer duration. However, the diameter of 

the drill limits the resolution of the structures. This problem can be solved by using the laser 

machining technique (laser ablation). In this method, a high power density is applied on a very 

small spot area (up to >1 × 1014 W/cm2)45. It is suitable for producing high quality structures on 

hard materials like ceramics, silicon carbide and hardened steel46. Another important 

advantage is that a mask is not required and the pattern can be directly written on the final 

material, even in 2 ½ dimensions·. The main disadvantage is that it is time consuming. In 

addition, if it is applied on polymers, effective ablation depends on the polymers absorption at 

the laser wavelength41. 

Once the master is fabricated, the replica mold can be obtained not only by soft lithography as 

previously described, but also by hot embossing (Figure 1.6a). In this technique, a 

thermoplastic flat material is heated above its glass transition temperature, with the aim of 

softening it as it is pressed against the master. Then the material is cooled and the 

thermoplastic is separated from the master, with the patterns already defined32. It is a rapid, 

inexpensive, simple and straightforward process. Its resolution is limited by the process used 

for the fabrication of the master. If three-dimensional structures are desired, injection molding 

process can be used by melting a polymer inside a closed master under high pressure (Figure 

1.6b)41. 

 

 

Figure 1.6. Fabrication process by (a) hot embossing and (b) injection molding. 
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Polymeric materials commonly used for LOC fabrication are hydrophobic and suffer from 

serious fouling processes when working with hydrophobic molecules and macromolecular 

structures such as proteins. Here, surface modification processes that avoid or minimize these 

effects are required21. In addition, LOCs sometimes incorporate areas or components that are 

functionalized with biomolecules in order to provide them with the capacity to selectively 

interact with target analytes and be applied for separation or sensing purposes47. Surface 

modification procedures for achieving these objectives will be described next.  

 

1.4. Surface modification of Microsystems 
 

There are two categories in which surface modification methods can be divided depending on 

their effect on the surface: physical and chemical: (i) Physical methods induce the change of 

roughness, grain sizes and grain boundaries of the material without affecting the chemical 

composition of the surface. Examples of this group include surface polishing or grinding and 

thermal treatments48. (ii) Chemical methods introduce changes in the chemical composition on 

the surface of a material by breaking chemical bonds of the polymer structure and creating 

functional groups.  

The main approaches reported so far regarding the chemical methods are described below. 

1.4.1. Plasma activation 

The energetic species that are present in a plasma (ions, electrons, radicals, metastable 

species, UV photons) (Figure 1.7) can modify a surface in a variety of ways such as surface 

activation by introduction of new chemical functionalities, cleaning by removal of 

contaminants or etching by material volatilization and removal. These processes are limited to 

the most outer layer of the substrate49. The composition of the surface material and the gases 

used, together with the process parameters (pressure, power and exposure time) have to be 

controlled in order to optimize the activation process50. For example, plasma treatments using 

oxygen, ammonia or air could generate carboxyl or amine groups on polymer surfaces. The 

appropriate selection of the plasma source and gas plays a role in the introduction of different 

surface functional groups. They modulate a variety of surface properties such as wettability, 

adhesion and biocompatibility. These functional groups could also be useful for the covalent 

immobilization of other molecules51. As an example, Peng-Ubol et al. applied oxygen plasma to 

create carboxylic groups on polyethylene surfaces prior to further carry out wet chemical 

modifications for immobilizing antibodies against Salmonella Typhimurium52. 
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Figure 1.7. Representation of a surface treatment with plasma oxygen. 

 

1.4.2. Chemical vapor deposition (CVD) 

This technique consists in the deposition of thin films by reaction of gas phase precursors with 

the surface of the material, as shown in Figure 1.8. CVD systems deliver a mixture of reactive 

and carrier gases (typically hydrogen, nitrogen or argon) and volatile reactive compounds (i.e. 

metal halides, carbonyls or alkoxides). These gases and compounds are flowed over the 

surface at a controlled temperature. The deposition is achieved by different methods such as 

thermal decomposition, oxidation and hydrolysis, leading to a reaction between the surface 

and the constituents of the vapor phase53. As an example, Gupta et al. used this method to 

coat the surface of high aspect ratio capillary pore membranes and silicon trenches with 

poly(1H,1H,2H,2H-perfluorodecyl acrylate) (PPFDA) with the aim of demonstrating that it is 

possible to use this method to coat high aspect ratio microstructures with organic polymers54. 

 

 

Figure 1.8. Representation of a CVD process. 
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1.4.3. UV irradiation 

This technique is based on the fact that the energy of the photons is high enough to dissociate 

various chemical bonds, forming free radicals on a surface, which can react with photo-excited 

species present in the surrounding medium (reactive gases or other specific compounds) (see 

Figure 1.9)50. Okajima et al. demonstrated that UV irradiation of poly(butylenes terephthalate) 

(PBT) removes alkyl chains and ester bonds and forms anhydride groups55. This process does 

not require costly equipment and patterned surface modifications can be carried out by using 

lithographic techniques56. However, if lasers are used to perform the irradiation in specific 

small areas instead of UV lamps, the cost can be increased considerably50. 

 

 

Figure 1.9. Representation of a surface modification process by UV irradiation. 
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1.4.4. Wet chemical modifications 

Functional groups can be introduced on surfaces by directly incubating liquid phase reagents. 

These treatments are sometimes preferred due to their low cost compared to plasma 

processes11. Once these groups are introduced, other molecules can be easily attached 

through covalent bonds. As an example, the hydrophilic nature of silicon oxide can be 

improved by immersion in an acidic solution of hydrogen peroxide. The reactivity of silanes 

with the silanol groups of silicon oxide can be used to introduce new functional groups through 

incubation in a silane containing solution57. 3-aminopropyltriethoxysilane (APTES) is a very 

common silane and it introduces amine groups on the modified surface (Figure 1.10). These 

groups can further react with a crosslinker (i.e. glutaraldehyde) in order to obtain new 

additional groups that enabled the covalent attachment of proteins or other biomolecules. 

Molecules containing amine and ester residues can also be attached to surfaces that present 

carboxylic groups with the help of thionyl chloride or 1-ethyl-3-

(dimethylaminopropyl)carbodiimide (EDC)58. Following this approach, Brault et al.59 activated 

carboxylic acid groups on a chip surface by submerging them in an aqueous solution of EDC 

and N-hydroxysuccinimide (NHS) prior to the immobilization of antibodies. The attached 

antibodies could then detect different analytes directly from undiluted human plasma. 

 

 

Figure 1.10. Representation of the silanization process of a hydroxylated surface with APTES in an 
acetone solution. 

 

One very specific kind of wet chemistry is the modification by sol – gel chemistry. The term sol 

– gel refers to a process that includes hydrolysis and condensation reactions of precursors to 

synthesize inorganic or hybrid organic-inorganic polymer matrices. It includes two main steps 

(represented in Figure 1.11): the formation of a colloidal suspension, the sol, which upon 

further assembly and drying gives rise to a gel. Further curing and ageing steps produces stable 

polymeric materials. Dopants can be included inside the gel in order to provide it with the 

desired functional properties60. Carregal-Romero et al.61 used this technique for the fabrication 
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of polymers doped with fluorescent molecules and demonstrated their performance by 

fabricating waveguides with absorption and emission bands that corresponded to the doping 

dyes. Orhan et al.62 used the sol – gel technique to modify a PDMS microchannel with a coating 

using tetraethyl orthosilicate and trimethoxyboroxine as precursors. This coating served as a 

protector with no cracks for PDMS, avoiding the diffusion of harsh chemicals chemicals as 

toluene that could swell PDMS. The diffusion was visualized using the fluorescent dye 

rhodamine B dissolved in toluene. 

   

 

Figure 1.11. Representation of a surface modification process by sol – gel chemistry. 

 

The previously described fabrication and modification methods also depend on the detection 

technique that will be used. Due to the growing popularity of LOCs and their great 

diversification, many detection methods have been reported, being most of them optical, 
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electrochemical or mass detection methods. These can be integrated in the LOCs following 

different strategies, as is described below. 

 

1.5. Detection techniques 
 

1.5.1. UV/Vis absorbance measurement 

In this technique (represented in Figure 1.12), a spectrophotometer is used to measure the 

attenuation of the light as it crosses the sample. A spectrum of the light is obtained and the 

peaks located therein are used to identify the compounds and their concentration that are 

present in the sample63. This method is very common in biochemical analysis64. Optical signals 

present immunity to electromagnetic interferences and multiplexed detection can be carried 

out in a single system65. In addition, the cost of the fabrication is low since micro-optic 

structures can be defined in a single photolithographic step and fabricated in one single 

polymer piece66. However, the miniaturization of the LOCs leads to a shortening of the optical 

path length, decreasing the absorbance signal which is proportional to it67. This problem was 

solved by Llobera et al. by including air mirrors that lengthen the optical path68. As an example 

of a LOC with optical readout, Balslev et al.30 presented a system with a liquid dye laser, 

waveguides and fluidic channels with mixers. The laser emitted the light into five waveguides 

that brought the light to a fluidic channel that plays the role of a spectrophotometry cuvette 

and that transmitted the light to a photodiode array for the absorbance measurements. A 

microfluidic mixer directs the samples to the cuvette in order to obtain the absorbance results 

of different fluid mixes. They tested the LOC with a Rhodamine 6G solution as laser dye for the 

absorbance measurement of different xylenol orange dye concentrations. 

 

 

Figure 1.12. Representation of absorbance process of a sample. 

 

1.5.2. Fluorescence detection 

In this method, which is shown in Figure 1.13, a light source (typically a laser) is used to excite 

a fluorescent sample. Its emission is detected by either a photodetector or a spectrometer69. It 
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is widely used for molecular sensing as it is very well-established, very sensitive63 and suitable 

when working with small sample volumes. However, it is limited to the detection of analytes 

showing inherent fluorescent properties or labeled with fluorescent molecules70. A problem 

when using this method is that the Stokes shift (difference between excitation and emission 

wavelengths) is generally very short, thus requiring expensive, orientation dependent 

interferometric filters. In addition, many polymers and even some molecules present auto-

fluorescence, which may interfere in the detection of the target analyte63. Finally, mercury 

lamps and lasers are used as light sources69 as well as detectors attached to microscopes, 

which makes the setup bulky and expensive. For this reason, miniaturization of the different 

elements of the setup is being pursued. Carregal-Romero et al. for example, developed xerogel 

polymeric absorbance micro-filters that could be integrated into microfluidic devices in order 

to eliminate the signal of the excitation light71. Lefevre et al. published a microfluidic chip for 

water pollutant detection that presented a blue organic light emitting diode (OLED) for 

illumination, an organic photodetector (OPD) to detect the emission of the excited sample 

(algal fluorescence in the near infrared region), a filter between the OLED and the detection 

chamber to eliminate the undesired part of the OLED emission, and a second filter between 

the detection chamber and the OPD to remove the excitation light that was not adsorbed by 

the algae72. 

 

 

Figure 1.13. Representation of fluorescence emission process of a sample. 

 

1.5.3. Chemiluminescence detection 

This technique is similar to the fluorescence detection, but the emission of light is 

photochemically caused by a specific reaction with the target analyte (Figure 1.14). In this way, 

the excitation light source is avoided. Very sensitive detectors are required due to the weak 

intensity that the signal commonly shows63. Nevertheless, the technique is highly sensitive, it 

provides with wide linear measurable ranges, simple instrumentation is required and there is 

no interference from background light73.  Kamruzzaman et al. presented a microfluidic chip for 

the detection of L-phenylalanine by detecting the enhancement effect that this compound has 
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on the chemiluminescent signal of the luminol-Cu2+-hydrogen peroxide (H2O2) system in an 

alkaline medium74. 

 

 

Figure 1.14. Representation of chemiluminescence emission of an analyte after its recognition process. 

 

1.5.4. Interferometric detection 

For carrying out this method (Figure 1.15), a single light source is split into two beams. Only 

one of them is sensitive to the analyte present in the sample, which causes a change in the 

effective refractive index. This, in turn results in a phase shift that, when recombining the 

optical beams, produces an interferometic pattern. It is highly sensitive and can be readily 

used for label-free detection approaches63. Their main disadvantages are the complexity of the 

design, fabrication and required positioning accuracy75. 

Crespi et al.65 for example designed a three-dimensional Mach-Zehnder interferometer, which 

was integrated in two different microfluidic chips: a self-made one and a commercial LOC for 

capillary electrophoresis, providing label-free detection with a spatial resolution of about 10 

µm. They tested the interferometer integrated in the self-made chip by monitoring the change 

in the refractive index due to the transition between pure water and glucose solutions of 

different concentrations, while the interferometer integrated in the commercial LOC was 

tested by measuring the change between ethanol and peptides after a calibration with glucose 

solutions. They obtained a limit of detection (LOD) of 5 mM glucose with the first approach, 

while the second one presented a larger responsivity and a LOD of 5 mM for the glucose and 9 

mM for the peptides. 
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Figure 1.15. Representation of an interferometric detection system. 

 

1.5.5. Surface-enhanced Raman spectroscopy (SERS) 

SERS is a very sensitive technique (Figure 1.16) that makes use of a nanostructured surface 

whose Raman scattering response is enhanced by the adsorption of molecules76. However, it is 

limited by the inconsistency in the reproducibility and preparation of the substrates, requiring 

an optimization of the nanofabrication strategies77. 

Taylor et al. fabricated a microfluidic separation device that integrated a diffusive mixing 

region for SERS detection of analytes during continuous monitoring, and they tested it by 

detecting rhodamine 6G78. 

 

 

Figure 1.16. Representation of a surface-enhanced Raman spectroscopy detection process. 
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1.5.6. Surface plasmon resonance (SPR) 

In this technique, a polarized light beam is focused onto a noble metal layer and it is reflected 

to a detector. At a specific incidence angle, the oscillating electric charges (called surface 

plasmon) generated in the metal layer resonate with the light, resulting in light absorption. A 

shift in this resonance can be measured as a consequence of the change on the thickness or 

the refractive index of the sensing layer, for example after a recognition process during the 

analytical experiment79. It is a label free technique that is carried out in real time, it is specific, 

rapid and cost-effective80. The plasmon field has a small penetration depth into the aqueous 

media, being the bulk effects from the analyte solution negligible. This makes the signal 

readable before carrying out the washing steps. However, an immobilization of a recognition 

element is needed and the tethering of molecules to the surface can affect the 

measurement81. A representation of the technique in Kretschmann configuration can be seen 

in Figure 1.17. Ouellet et al. developed a microfluidic device with a serial dilution network for 

the simultaneous detection of up to six different analyte concentrations by SPR. The device 

was tested by monitoring the immobilization, binding and regeneration processes for human 

factor IX, human α-thrombin and their respective antibodies82. 

 

 

Figure 1.17. Representation of the detection by surface plasmon resonance using the Kretschmann 
configuration. 

 

1.5.7. Mass spectrometry 

This technique (shown in Figure 1.18) is based on the measurement of mass-to-charge ratio of 

ions generated by fragmentation of molecules by electrospray ionization (ESI). The 

miniaturization of the electrospray device improves the results when compared to the ones 

obtained with their bulky counterparts70. Rob et al. published a microfluidic device for time 

resolved ESI-mass spectrometry that incorporated a capillary mixer and they characterized it 

by monitoring acid induced cytochrome c unfolding kinetics83. 
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Mass spectrometry by ESI can be problematic with samples that contain high concentration of 

salts or other non-desired compounds because the formation of ions can be suppressed 

making the analysis cumbersome. In addition, the interpretation of the spectra is challenging 

since many peaks can appear due to the generation of many different charged species84. 

 

 

Figure 1.18. Representation of the mass spectrometry detection technique.  

 

1.5.8. Electrochemical detection 

This method is based on the charge transfer processes taking place at the interface between a 

solution and a transducer device (electrode) (Figure 1.19). Most of them rely on the 

polarization of the electrode at potentials at which redox reactions of electroactive species 

take place. These reactions give rise to the measurement of faradaic currents, which are 

related to the concentration of the electroactive species in solution. The potentials at which 

the redox reactions of the target analytes occur are quite selective for each compound. This 

characteristic can be used for analyte identification70. Unlike the UV/Vis absorbance technique, 

electrochemical devices can be miniaturized without any loss of sensitivity and materials do 

not need to be transparent. Another notable difference is that with electrochemistry, only 

analytes present at the electrode solution interface are detected while with UV/Vis 

absorbance measurements all the volume through which the light passes can be considered 

the interrogation region.  Microelectrodes can be easily fabricated by conventional 

microfabrication methods. However, this technique cannot be applicable to any target analyte, 

as is restricted to those showing electroactivity or that can be labeled with electroactive 

species. Another drawback of these techniques is that the surface-to-volume ratio is high and 

adsorption of analytes on electrodes is difficult to avoid85. This usually gives rise to fouling of 

the electrodes by sample components or chemical species produced during the analysis that 

limit the sensitivity of the analysis or can even inhibit the electrode response. Webster et al. 

carried out the electrochemical detection of pyocyanin using a nanofluidic chip that integrated 

a palladium hybride reference electrode and a gold working electrode86. 
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Figure 1.19. Representation of the electrochemical detection method. 

 

1.5.9. Surface-acoustic wave (SAW) detection 

This technique (Figure 1.20) uses the changes in the propagation of acoustic waves through a 

surface due to changes in the mass or viscosity produced on the surface layer. SAW systems 

operate at high frequencies, which leads to high sensitivities because the penetration depth of 

the acoustic wave into the adjacent media is reduced, being in this way more sensitive toward 

the changes occurred on the substrate surface87. They can also be low-cost and simple, and 

they have a good mechanical property. However, they present low chemical resistance and 

poor stability due to the piezoelectric substrate88. Länge et al. integrated a SAW biosensor in a 

microfluidic chip for the monitorization of the adsorption of bovine serum albumin (BSA)89. 

 

 

Figure 1.20. Representation of a SAW detection system. 

 

1.5.10. Mechanical detection 

Micromechanical structures are integrated into LOCs and functionalized with probe molecules 

to selectively recognize the analytes of a sample. The most common geometry is with 

cantilever-like structures. The mass changes taking place on the surface upon the selective 

binding process induce the deflection of the cantilever. Figure 1.21 illustrates an example of an 

antigen binding event to an antibody-functionalized cantilever. The deflection of the cantilever 

or the shift in the resonant frequency can be optically (with a laser beam)90 or electrically (with 

piezoresistors)91 measured, respectively. The main advantage of this detection system is that it 

is label free, but its low signal-to-noise ratio (SNR) together with the long response times are 
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important obstacles92. Bosco et al. applied a DVD-based read-out system with cantilever arrays 

for vapor and liquid phase detection of 2,4-dinitrotoluene (DNT)90. 

 

 

Figure 1.21. Representation of the deflection of a cantilever after the mass increase due to the antigen 
reaction with the antibody recognition element. The cantilever where no recognition process takes place 

does not deflect. 

 

1.6. Fields of application 
 

Clearly, cheap, portable and disposable LOCs may represent a breakthrough in healthcare 

medicine and high-throughput drug discovery93. Here, it is the biological and biomedical fields, 

including drug screening, single cell or single molecule analyses, biosensing and point-of-care 

diagnostics (POC), the main fields of application of LOCs. Genetic analyses can be done by 

integrating fluidic and thermal components such as heaters and temperature sensors carrying 

out on-chip polymerase chain reactions (PCR)94. Proteins can also be analyzed and their 

reactions can be monitored in real time95. Even complete cells and cell cultures can be 

manipulated and analyzed by using biocompatible materials and controlling temperature96. 

Biomolecules and pathogens can be identified and quantified by incorporating chip-based 

biosensors in LOCs31. The use of high-throughput systems could accelerate the required 

bioassays for the discovery of new drugs97. Finally, POC diagnostics cannot be understood 

without the application of LOCs, leading to cheap, portable and easy-to-use tests that can be 

used for early detection of a disease and in decentralized disease screening programmes 

without the need of a specialized training and can be also applied in the developing countries 

or in disaster situations93.  

Less numerous applications have been carried out in the environmental, food and toxicological 

fields3. As examples, water contaminants like nitrates and nitrites have been analyzed in a 

system by performing colorimetric measurements98; bacterial contamination (Lysteria 

monocytogenes) in food has been genetically detected by capillary electrophoresis99; and 

cocaine has been optically detected by a mid-infrared waveguide integrated with a microfluidic 

chip100. 

As example of highly developed LOCs that have already been applied to analyte detection in 

real samples, Kim et al.101 published a fully integrated centrifugal microfluidic system capable 
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of carrying out detection of analytes directly from biological samples (blood, urine, saliva). It 

performs an enzyme-linked immune-sorbent assay (ELISA) and then a flow-enhanced 

electrochemical detection. This was validated for the quantification of C-reactive protein. 

Fragoso et al.102 presented a microsystem with several parts. First, a fluid storage section is 

found, which consists of five reservoirs to store the reagents and the sample. Second, an 

electrochemical detection zone is defined, which incorporates electrode arrays divided in 

separate chambers for performing the measurements from the samples and for the 

calibration. The system integrates various microfluidic operations such as reagent storage and 

transport, metering, incubation and detection. It was validated for antibody-based detection 

of protein markers of breast cancer, also in real serum samples. 
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2. OBJECTIVES  
 

 

The main objective of this PhD Thesis was the development of low-cost functionalized lab-on-

a-chip devices (LOC) with the potential to be applied as analytical tools for environmental and 

biomedical applications. Starting from a few photonic LOC approaches (PhLOC) that had 

already been defined in our group, the aim of this work was to explore the potential of these 

devices in analysis and, by increasing their degree of complexity, integrate additional 

functionalities to them that resulted in new PhLOC devices with a clear application in the 

above mentioned fields.  

Several steps were followed to achieve this objective: 

 Development of analytical procedures for the detection of target analytes of different 

nature, such as cells and heavy metal ions, which could be implemented with low-cost 

polymer-based PhLOCs and demonstrate the versatility and real potential of these 

devices for analytical purposes.  

 

 Development of immobilization protocols for proteins on the polymeric materials used 

for the fabrication of PhLOCs. In order to integrate sensing components to these 

devices, different surface modification methods were compared so that the stable 

immobilization of proteins was attained while keeping their activity.  

 

 Monolithic integration of specific microfluidic components which provided the 

resulting PhLOC with enhanced analytical performance, such as reactors and mixing 

components. Different transduction methods could also be integrated in order to get 

devices that were more robust and could also be self-verifying thus greatly improving 

their reliability and/or allow multiplexing. Here, the simultaneous integration of optical 

and electrochemical detection approaches was carried out. 
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3.1. Summary 
 

A low-cost photonic lab-on-a-chip (PhLOC) with three different working regimes for cell 

screening is presented. The proposed system is able to perform scattering, scattering + 

absorption, and absorption measurements without any modification. Opposite to the standard 

flow cytometers, in this proposed configuration, a single 30 ms scan allows to obtain 

information regarding the cell optical properties. An additional novelty is that the whole 

spectrum is obtained and analyzed, being then possible to determine for each regime which is 

the optimal working wavelength that would provide the best performance in terms of 

sensitivity and Limit of Detection (LOD). Experimental results have provided with a LOD of 54.9 

± 0.7 cells (in the scattering regime using unlabeled cells), 53 ± 1 cells (in the scattering + 

absorption regime using labeled cells), and 105 ± 4 cells (in the absorption regime using 

labeled cells). Finally, the system has also been used for measuring the dead/live cell ratio, 

obtaining LODs between 7.6 ± 0.4% and 6.7 ± 0.3%, depending on the working regime used. 

 

3.2. Introduction 
 

In the area of cell culture analysis, the main issues that Lab-on-a-Chip (LOC) systems have to 

address are the isolation of the cells of interest and their fast screening. Cell isolation is 

generally evaluated with immunofluorescent labeling, which provides high specificity at the 

expenses of increasing the time and the required steps of sample processing. Additionally, for 

population measurements, the counting repetition at random points is required in order to 

avoid errors due to irregular or random patterns of uneven cell distribution1,2. Some 

interesting approaches have recently been presented trying to tackle this issue3. Nevertheless, 

a microscope is still required, being then necessary for manual counting of the  entrapped cells 

on a single device (with the possibility of having computer-assisted systems). A step forward is 

the lensless, ultrawide field cell monitoring array platform based on shadow imaging (LUCAS) 

that records the shadow of each individual cell4,5. Although these results are a significant step 

towards white light microscopy on a chip, they cannot perform multiwavelength 

measurements (as could be the case of fluorescent labeling). Hence, the use of the LUCAS 

configuration is restricted to cell counting.  

Generally speaking, manual counting chambers, automated cell counters, and flow cytometry 

are the standard methods used to determine cell concentration in cultures. Several dyes are 

also used to evaluate live and dead cells in culture, based on the assumption that only dead 

cells are stained6. In this approach, human errors caused by operator subjectivity in manual 

counters and statistical errors due to dilutions or sample concentration in manual and 

automated counters are common. Flow cytometry solves this issue but at the expense of a 

high price. Hence, a fast, multiparametric, disposable system for Point of Care (POC) 

applications able to count cells in a constant volume is yet to be presented.  

This open issue is currently addressed with the LOCs. Regarding the detection methods, the 

optical readout that is made with photonic LOCs (PhLOCs) makes possible to perform 



Cell screening using disposable microfluidic chip systems with optical readout 
 

~ 55 ~ 
 

measurements that do not require direct contact with the cell culture or the use of potentials 

which could either interfere or modify the cell properties7. Two different approaches toward 

LOC can be found in the literature: performance enhancement, which means the development 

of High-Throughput Systems (HTS) for multiparametric detection8, or accuracy enhancement, 

with the most significant example as the use of optical tweezers for single cell analysis and 

manipulation9. In both cases, the low-cost assumption is not fulfilled. The tackling of this issue 

is generally associated with the use of polymers, especially poly(dimethylsiloxane) (PDMS), 

using soft lithographic methods10. Considering its excellent optical and structural properties, 

microfluidic and photonic elements can be monolithically defined. Not surprisingly, it has 

already been used in laser-induced fluorescence systems11 and optical cytometers12. 

Moreover, multiplexing/filtering can also be included13,14. The integration of photonic elements 

also allows removing the bulky inverted microscope and the external filters from the 

experimental setup, hence having an in-plane configuration with much higher accessibility. 

Besides, a final result is given directly, avoiding the possibility of interpretation errors. Finally, 

its biocompatibility and its low cost make this material the most suitable for meeting the 

previously mentioned requirements. Hence, polymeric PhLOC is a promising configuration, 

especially in the field of cellular biology, where time dependent multiparametric 

measurements have to be done without compromising the environmental conditions of either 

the cells or the media. The low cost also assures having disposable systems, being then 

possible to use sterile systems for each measurement.  

Currently, fluorescence is the most common analytical method15. Nevertheless, as it was 

previously mentioned, the labeling adds another step to the cell preparation. Additionally, 

fluorescence is emitted in 4πsr, which makes it challenging to have a reasonable amount of 

fluorescence reaching the detector. Conversely, absorbance measurements can be done much 

faster without requiring labeling or with a simpler labeling method. Since the absorbance is 

directly proportional to the path length, larger interrogation regions reduce the Limit of 

Detection (LOD). It has to be noted, however, that the increase of the optical path requires 

having reflections inside the interrogation volume. Because of the low refractive index contrast 

between the PDMS and the liquid that fills the interrogation region (as could be phosphate 

saline buffer, PBS), the reflection coefficients at the PDMS-PBS are 0.029 for TE-polarization 

and 0.062 for its TM counterpart, requiring hence long integration times for achieving a 

reasonable signal-to-noise ratio (SNR) and thus inherently preventing the possibility of 

implementing them in high-throughput screening (HTS).  

In an attempt to go beyond this state of the art, the low cost, disposable, polymeric PhLOC 

system in multiple internal reflection (MIR) configuration is used. Such MIR systems have 

already been used for fluorophore detection16, but to the best of our knowledge, up to now 

there has been no contribution regarding using such systems for cell screening. In addition, we 

show in this manuscript that MIRs can work in the three working regimes: LS (scattering), LS + 

ABS (scattering + absorption), and ABS (absorption). Opposite to cell cytometers, where the 

cells are successively counted, in our approach a single measurement of 30 ms is done in the 

entire interrogation region. If the cells are unlabeled or do not have absorption bands in the 

wavelength range under study, a scattering band (flat absorption band) is obtained. 

Conversely, when they are labeled, a superimposed absorbance band is observed. In both 

working regimes, the population can be determined. Finally, by subtraction of the two 
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previous results, we obtain the spectra related only to the absorption (ABS). To show the 

viability of the proposed system, it has been used not only for determining the population of 

labeled and unlabeled cells but also for determining the dead/live ratio. This is the first time, 

to the best of our knowledge, that a PhLOC that simultaneously tackles both the human errors 

of the Neubauer chamber and the cost issue of the cell counters is presented to the scientific 

community. 

 

3.3. Experimental details 
 

3.3.1. Materials and reagents 

PDMS Sylgard 184 elastomer kit was from Dow Corning (Midland, MI, US). EPON SU-8 

photoresist (SU8-25) and propylene glycol methyl ether acetate (PGMEA) were from Micro-

Chem Corporation (Newton, MA, USA).  RPMI 1640 medium, fetal bovine serum and trypan 

blue (Gibco®) were from Life Technologies Corporation (Carlsbad, CA 92008, USA).  

3.3.2. Optofluidic system design and fabrication 

Optically, these PhLOCs16 form a complex system with a high degree of monolithic integration, 

since they comprise self-alignment systems for adequate positioning of fiber optics, lenses, 

and focusing mirrors. Light propagates in the system following a zigzag path with the help of 

integrated air mirrors17. In such conditions, the air mirrors meaningfully lengthen the optical 

path without dramatically increasing the overall size of the reactor. The MIR system can be 

seen in Figure 3.1. 

The inherent diffraction of the light coming from the input fiber optic is corrected with a 

cylindrical biconvex microlens, getting parallel light beams into the interrogation region. In a 

phosphate buffered saline (PBS)-PDMS interface without air mirrors, light propagates from a 

low refractive index (RI) media (nPBS = 1.334) to a high RI media (nPDMS = 1.41). In this way, the 

light would escape from the microchannel without reaching to the output fiber optic. Instead, 

when the air mirrors are added, the light that propagates through PDMS reaches to a region 

with a lower RI (nair = 1). If the incidence angle is appropriate, the light will be reflected by 

Total Internal Reflection (TIR) again into the PDMS. Based on Snell’s law (n1 sin θ1 = n2 sinθ2, 

where θ1 is the incidence angle and θ2 is the reflection angle), it is possible to determine the 

critical angle in which the reflection occurs. For the air-PDMS interface it is 45.17 °. Higher 

angles will produce TIR. However, for the PBS-PDMS interface, the critical angle is 70.6 °. The 

mirrors are designed with the aim of fulfilling TIR conditions for the air-PDMS interface but not 

in the PBS-PDMS interface. Thus, will not get confined in PDMS, and it will be reintroduced in 

the interrogation region until it reaches the biconvex lens that collects the light into the output 

fiber optic.  
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Figure 3.1. Picture of the PDMS-based MIR system. It comprises self-alignment microchannels for 
accurate fiber optics positioning, microlenses, and air mirrors. All these microoptic elements ensure an 
adequate zigzag path of the light along the interrogation region, which can be filled through the input 

fluidic port. 

 

For the fabrication, first a master was fabricated with EPON SU-8 25 negative tone resist. The 

resist was twice spin coated in order to reach a height of 250 nm. It was dried at 95 ºC for 3 

hours and then a standard UV-photolithographic process was carried out, followed by a baking 

step for 20 min at 95 ºC, and a consecutive developing step in PGMEA. The master was ended 

by a final hard bake at 120 ºC for 2 hours in an inert atmosphere to harden it. Then PDMS was 

used for the replication of the master. Pre-polymer was prepared by mixing the curing agent 

and the base elastomer in a 1:10 (v/v) ratio and degasifying it in a vacuum chamber. The pre-

polymer was poured on the master and cured on a hot plate at 80 ºC for 20 min. Then it was 

peeled of from the master and sealed over a flat soda-lime glass substrate using a plasma 

treatment. For this, the PDMS and the glass were placed in a TePla plasma processor (PVA 

TePla AG, Munich, Germany) and exposed to oxygen plasma (500 W, 18 s). Immediately after 

the treatment they were put in contact and kept at 80 ºC for 30 min, irreversibly sealing the 

fluidic systems. The final volume of the PhLOC is 1.6 µL.  

3.3.3. Cell culture and labeling 

Human monocytic cell line THP-1 (ECACC No.88081201) was maintained in RPMI 1640 medium 

with 20% fetal bovine serum at 37 C in 5% CO2. Before each experiment, cells were rinsed 

twice in PBS tempered at 37 C and kept alive in an incubator under controlled temperature 

and atmosphere. To obtain the dead cell population, monocytes were fixed with 4% 

paraformaldehyde in PBS for 10 min. Afterwards, cells were stained with trypan blue in PBS 

(1:1) for 5 min and rinsed twice in PBS to maintain the label only inside the cells and not in the 

buffer. Trypan blue is one of the most commonly used methods for assessment of viability in a 

given cell population18 and gives the possibility to differentiate the dead/live cells with an easy 

staining procedure. The trypan chromophore is negatively charged. Hence, this stain does not 

enter inside the cells unless the membrane is damaged. When it penetrates into the cytoplasm 
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of dead cells through the membrane, it can be seen as a blue color on the whole area of the 

cells, while live cells are still transparent19. Finally, for the dead/live ratio measurement, both 

populations were diluted to obtain the desired cell proportions. All the measurements have 

been performed in PBS buffer to ensure that results are due only to the cell signals 

3.3.4. Measurement setup 

A broadband light source (Ocean Optics HL-2000, Dunedin, USA) is coupled into the input 

multimode fiber optics with a diameter of 230 μm, which in turn is located in the self-

alignment microchannels. At the end of this microchannel, a microlens corrects the numerical 

aperture of the fiber optics, having then parallel beams. Light enters into the interrogation 

region and interacts with the media that fills this region. As previously discussed, because of 

the reflection coefficients, most of the light is transferred to the PDMS. When it reaches the air 

mirror, the conditions of total internal reflection (TIR) hold. Hence, light is reflected towards 

the interrogation region, reaching the second air mirror, which reflects again the light while 

focusing it on the vicinity of the collecting fiber optics. Hence, light propagates in the system 

following a zigzag path. The readout comprises an identical fiber optics, which carries the 

signal to a spectrometer (Ocean Optics HR4000, Dunedin, USA) with a spectral resolution of 2 

nm. The integration time has been fixed to 30 ms. All the measurements have been done at 

room temperature in a temperature-controlled lab. This setup remains unchanged throughout 

the experiment, that is, for the three regimes and for labeled/unlabeled cells. 

 

3.4. Results and discussion 
 

3.4.1. Measurement protocols 

Three different experiments have been carried out with the proposed systems and using the 

previously mentioned working regimes: counting of living cells by LS, counting of trypan blue 

stained cells (both by LS + ABS and ABS) and finally the determination of the dead/live ratio at 

a constant population (again by LS + ABS and ABS). The main objective is to determine the LOD 

of the system for each experiment and for each regime. The following experimental procedure 

has been carried out: first, the system has been filled with buffer solution (PBS) and the 

readout obtained was considered as the reference for all subsequent experiments. Then, for 

the LS and the LS + ABS experiments, dilutions with progressively higher concentrations of live 

or dead cells from 50 to 2000 kcells/mL have been injected in the MIR. In the case of 

determining the LOD of dead cells, trypan blue is used since it is a direct, nearly instantaneous 

vital stain able to be used at room temperature with an optimal detection peak located at a 

wavelength of 580 nm. For each cell concentration, the average of 10 consecutive scans was 

taken. After measurement of the highest available cell concentration, the buffer solution is 

injected again to check possible drifts of the reference signal. In all the measured sets, the 

reference signal had a constant value within the experimental error. Then, the absorbance as a 

function of the cell concentration has been plotted, obtaining a linear fit for different 

wavelengths. In accordance to the 3σ IUPAC definition20, from the values of this linear fit, the 

LOD are obtained for live and dead cells. It is noteworthy mentioning IUPAC states that the 

LOD is not the lowest detectable cell concentration but also depends both on the sensitivity 
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and the accuracy of the linear fit. From these data, it is possible to determine at which 

wavelength the LOD has a minimum and the sensitivity is maximal, being then able to obtain 

the optimal working parameters according to the cells under study. Once this optimization has 

been done, a third experiment (live/dead) is pursued. A total of 11 serial tubes were arranged 

with a 10% of variation in the live/dead cell ratio between them and a constant cell 

concentration of 2000 kcells/mL. In this case, LS + ABS and ABS working regimes were used to 

measure the dead cells percentage. The value obtained therein was afterwards compared and 

confirmed using a Neubauer-counting chamber; images of this experiment were recorded with 

a digital camera under an IX71 inverted microscope (Olympus) with a differential interference 

contrast and a 20xobjective.  

To avoid non-desired cell death and minimize non-controlled variations in the optical 

measurements, all the experimental work was carried out with the minimum required time 

and keeping the monocytic cell line under culture conditions (37 C in 5% CO2) until the 

measurements were done. 

3.4.2. Live cells: LS regime 

The absorbance spectra as a function of the live cell concentration are shown in Figure 3.2a. As 

expected, because of the size of such cells (between 7 and 15 μm in diameter), a nearly flat 

absorption band can be observed for all cell concentrations. There are two main differences of 

the proposed PhLOC with those previously presented: (i) the cell detection is done in parallel. 

That is, it does not work cell by cell (serial counting) as most of the cytometers but is able to 

provide information regarding the cell population in the volume by a single 30 ms 

measurement. (ii) Instead of measuring the absorption at a concrete wavelength, with the 

proposed MIR systems, the whole cell spectral response is obtained. This approach allows 

simultaneous in situ multiparametric detection by choosing the appropriate working 

wavelengths. Once the LS spectral response is obtained for the different cell  concentrations, 

the absorbance as a function of the cell concentration can also be determined for several 

wavelengths (see Table 3.1), obtaining the expected linear behavior in all cases, which is in 

accordance to the Beer-Lambert law. Interestingly, and as an improvement of the state of the 

art, the linear fits allow one to determine the sensitivity and the LOD for each wavelength. 

From them, it is possible to determine which wavelength has the highest sensitivity and/or 

lower LOD, optimizing the response of the PhLOC. 

The results of this optimization for live cells can be seen in Figure 3.2b, where the sensitivity 

and the LOD are plotted as a function of the wavelength. It can be seen that a plateau of 

maximal sensitivity is obtained at wavelengths between 580 and 700 nm, which 

simultaneously corresponds to a LOD minima, with values between 60 1 and 38.4 0.5 

kcell/mL. Considering that the system has a volume of 1.43 μL, these LODs correspond to 86 

1 and 54.9 0.7 cells, respectively. 
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Figure 3.2. Results obtained for the scattering measurements using unlabeled cells: (a) absorbance as 
a function of the wavelength for concentrations ranging from 50 to 2000 kcell/mL. The flat absorption 

band is due to the cell scattering, which have a size between 7 and 15 μm. From these results, the 
absorbance as a function of the concentration is obtained, which can afterward be linearly fitted (Beer-
Lambert regime). From this fit, sensitivity and LOD as a function of the wavelength for the LS regime is 

obtained, which is shown in part b, which determines the optimal working wavelength. 

Table 3.1. Linear fits and LODs of LS measurements for different wavelengths. 

LS 

Wavelength 
(nm) 

Intercept Slope R2 LOD (Kcell/mL) 

Value Error Value Error   Value Error 

400 -0.0015 2 x 10-4 8.2 x 10-6 3 x 10-7 0.988 105 4 

480 -0.013 1 x 10-3 4.6 x 10-5 1 x 10-6 0.991 90 3 

500 -0.012 1 x 10-3 5.3 x 10-5 1 x 10-6 0.994 75 2 

580 -0.013 1 x 10-3 5.7 x 10-5 1 x 10-6 0.996 60 1 

600 -0.0121 9 x 10-4 5.6 x 10-5 1 x 10-6 0.997 48.7 0.9 

680 -0.0105 7 x 10-4 5.55 x 10-5 8 x 10-7 0.998 38.4 0.5 

700 -0.012 1 x 10-3 5.3 x 10-5 1 x 10-6 0.996 60 1 

780 -0.004 1 x 10-3 4.8 x 10-5 1 x 10-6 0.993 79 2 

800 -0.007 1 x 10-3 4.7 x 10-5 1 x 10-6 0.993 81 2 

880 0.002 1 x 10-3 2.7 x 10-5 1 x 10-6 0.986 112 5 

900 0.0012 3 x 10-4 2.23 x 10-5 4 x 10-7 0.997 50.2 0.9 

980 0.0018 6 x 10-4 6.5 x 10-6 6 x 10-7 0.926 269 26 
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3.4.3. Dead cells: LS + ABS and ABS regimes 

When a vital stain or a dye is used for cell labeling, two effects simultaneously occur: 

absorption and scattering. Generally, it is challenging to uncouple them, especially if 

measurements at a single wavelength are done. This issue is also addressed and solved with 

the proposed system: as it is shown in Figure 3.3a, the absorbance as a function of the 

wavelength for 2000 kcell/mL shows the trypan blue peak at 580 nm and the scattering band 

in the wavelength range studied. In the previous subsection, the absorption band for such a 

cell concentration was determined (also shown in Figure 3.3a for clarification). Hence, simply 

by subtraction of both spectra, the trypan blue absorption band can be isolated. 

Interestingly with labeled cells, the MIR-based PhLOC system allows working in two distinct 

regimes: scattering + absorption (LS + ABS) or absorption (ABS). In the first case, the 

procedure is identical to that presented in the previous section: The results of these fits are 

presented in figure 3b and at also in Table 3.2. As expected, because of the strong trypan 

absorption band, the maximum sensitivity is obtained at 580-600 nm. At such a range, a 

minimum LOD between 53 1 and 61 1 cells is obtained. It is also noticeable that the 

scattering band still can be seen at longer wavelengths, which allows one to have LODs of 

some hundreds of cells in the NIR range (700 nm). Such configuration is of interest for 

measuring samples without preprocessing (such as labeling). Nevertheless, in the most general 

situation, cell labeling is used. Then, overall spectra is formed both by contributions of 

biomarkers and scattering. In this situation the scattering can be considered as a background 

noise, which modifies the overall shape of the spectra. Hence, having the possibility to subtract 

the scattering effects, and only obtaining the absorption/fluorescence contribution, is highly 

advantageous. The results obtained in the previous section have been taken as reference and 

subtracted from the spectra, as previously discussed. Again, several key wavelengths have 

been taken, and their linear fit is shown in Table 3.3. Since only the trypan blue band is 

obtained, the mentioned table just shows the linear fits of interest, with a minimum LOD of 

105 4 cells. The comparison between both regimes can also be seen in Figure 3.3b. Although 

the absorbance has a slightly smaller sensitivity, it provides a much higher specificity, since 

outside the trypan blue region, LODs higher than 350 cells are obtained. 
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Figure 3.3. (a) Absorbance as a function of the wavelength for the three regimes studied: LS (flat 
absorption band), LS + ABS (flat scattering band and a strong trypan peak superimposed), and ABS 

(only showing the trypan peak) for a cell concentration of 2000 kcell/mL. This latter regime is obtained 
by subtraction of the first two regimes. Identical to the previous figure, labeled cell concentrations 

ranging from 50 to 2000 kcell/mL have been used. Absorbance vs concentration is plotted, and from 
these graphs, the sensitivity and LOD as a function of the wavelength for LS + ABS and ABS regimes are 

obtained, which are shown in part b. 

Table 3.2. Linear fits and LODs of the LS + ABS measurements for different wavelengths. 

LS+ABS 

Wavelength 
(nm) 

Intercept Slope R2 LOD (Kcell/mL) 

Value Error Value Error   Value Error 

400 8 x 10-4 3 x 10-4 1.04 x 10-5 4 x 10-7 0.984 95 4 

480 -0.009 2 x 10-3 9.30 x 10-5 2 x 10-6 0.994 57 1 

500 -0.016 2 x 10-3 1.85 x 10-4 3 x 10-6 0.997 37.4 0.7 

580 -0.016 2 x 10-3 1.80 x 10-4 4 x 10-6 0.997 42.7 0.9 

600 -0.011 3 x 10-3 9.0 x 10-5 4 x 10-6 0.982 100 5 

680 -0.011 3 x 10-3 7.0 x 10-5 4 x 10-6 0.978 110 6 

700 -0.005 2 x 10-3 5.6 x 10-5 3 x 10-6 0.972 125 7 

780 -0.006 2 x 10-3 5.2 x 10-5 2 x 10-6 0.983 96 4 

800 -0.001 2 x 10-3 3.2 x 10-5 3 x 10-6 0.947 174 14 

880 -0.004 1 x 10-3 2.6 x 10-5 2 x 10-6 0.965 141 9 

900 3 x 10-4 2 x 10-4 8.8 x 10-6 3 x 10-7 0.986 86 3 

980 8 x 10-4 3 x 10-4 1.04 x 10-5 5 x 10-7 0.984 95 4 
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Table 3.3. Linear fits and LODs of the ABS measurements for the wavelengths of interest. 

ABS 

Wavelength 
(nm) 

Intercept Slope R2 LOD (Kcell/mL) 

Value Error Value Error   Value Error 

480 0.008 2 x 10-3 1.9 x 10-5 3 x 10-6 0.761 405 79 

500 0.004 3 x 10-3 3.800 x 10-3 4 x 10-6 0.907 234 26 

580 0.003 3 x 10-3 1.24 x 10-4 4 x 10-6 0.99 74 3 

600 0.003 3 x 10-3 1.21 x 10-4 5 x 10-6 0.988 82 3 

680 0.001 4 x 10-3 3.2 x 10-5 5 x 10-6 0.823 338 54 

 

Up until now, we have shown that the proposed PhLOC is able to work in three different 

regimes:  scattering (LS), scattering + absorption (LS + ABS), and absorption (ABS), obtaining 

comparable sensitivities and LODs, although each of them with distinct features. To confirm 

this last point, we have selected a key application, namely, the detection of dead/live cell 

ratios. To this effect, different proportions of labeled (dead) and non-labeled (live) cells (10% 

variation between conditions) are mixed at a constant concentration (2000 kcells/mL) and 

afterward injected in the MIR. The results of the conducted experiments are presented in the 

next subsection. 

3.4.4. Dead/Live ratio measurement 

The absorbance as a function of the wavelength for different dead/live cell ratio is presented 

in Figure 3.4a. Since the samples injected range from 0% to 100% labeled cells, the spectra also 

vary from only the flat absorption band (0% of dead cells) to the conditions where the trypan 

absorption peak is superimposed (100% of dead cells). An image of labeled and non-labeled 

cells inside the MIR can be seen in Figure 3.4b. A closer view of the labeled cells is shown in 

Figure 3.4c. Similar to the previous section, these spectra have been analyzed with two of the 

previously presented regimes: LS + ABS and ABS. In the first case, the absorbance as a function 

of the percentage of dead cells is presented in Figure 3.5a. The highest sensitivity corresponds 

to the trypan blue region (580-600 nm), decreasing sharply both for longer and shorter 

wavelengths. The values above the 70% of dead cells do not match the tendency. This effect is 

understood when the same dead/live cell ratio was placed in a Neubauer counting chamber. 

While the percentage of dead cells counted corresponds to the dead/live cell ratio analyzed, 

the total number of cells did not; dilutions above 70% have a significant cell deficit, which 

explains why these points do not follow the expected linear tendency. This point is also 

noteworthy, since this behavior can be understood as a self-test system: if the experimental 

value falls outside the calibration curve, a cell deficit is likely to have happened. 
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Figure 3.4. Measurement of the dead/live ratio. A constant cell concentration of 2000 kcell/mL has been 
selected, varying the live/ dead ratio in the 11 samples taken. In the absorbance as a function of the 
wavelength, the spectra shift from the LS regime (scattering) when all cells are alive to the LS + ABS 
regime (scattering + trypan peak), when only measuring dead cells. (b) Image of a concrete region of 

the MIR filled with dead and alive cells in a 50/50 ratio. (c) Close view of the labeled monocytes. 

 

Once the values above 70% had been understood, they have not been used for the 

determination and the sensitivity and the LOD, which are presented in Figure 3.5b and Table 

3.4. In this case, no scattering effects are observed even though we are using the whole 

spectra, namely, LS + ABS. Only the wavelengths where the trypan blue absorbs show a high 

sensitivity peak and an LOD of the percentage of dead cells of 7.6 0.4%. This effect can be 

understood if we take into account that we are using a constant population of 2000 kcell/mL. 

Hence, the scattering band is similar in all the samples used, and no difference in both 

parameters (sensitivity, LOD) should be observed. As it was presented in the previous section, 

if a variation of any of these parameters were seen, it could only be due to the variation of the 

population. 
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 Figure 3.5. From the results obtained in the previous figure, the absorbance vs % of dead cells for 
different wavelengths are obtained, which are plotted in part a, together with their respective linear fit 
(using a constant concentration of 2000 kcell/mL). The wavelengths absorbed by the trypan blue have 
the highest sensitivity and the lowest LOD (both in the LS + ABS and ABS regimes) as shown in part b. 

 

Because of the constant population level, the absorption measurements are suitable to 

provide lower LODs. The procedure has been similar to that previously presented, and the 

results are shown in Figure 3.5b and Table 3.5. In this case, the experimental and statistical 

errors of the LS + ABS make it difficult to compare their specificity, although the thinner full-

width half-maximum (FWHM) of the sensitivity for the ABS may suggest that this latter regime 

has a slightly higher specificity. Again, a decrease of the sensitivity is obtained, although the 

LOD for the percentage of dead cells using ABS has been experimentally measured to be 6.7 

0.3%. 

a

b
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Table 3.4. Linear fits and LODs of the live/dead cell measurements using LS+ABS for different 

wavelengths with a constant population of 2000 kcell/mL. 

LS+ABS 

Wavelength 
(nm) 

Intercept Slope R2 LOD (% of dead cells) 

Value Error Value Error   Value Error 

400 0.0170 2 x 10-4 2.7 x 10-5 4 x 10-6 0.851 22 4 

480 0.101 3 x 10-3 2.2 x 10-4 6 x 10-5 0.704 34 9 

500 0.119 3 x 10-3 4.9 x 10-4 7 x 10-5 0.889 19 3 

580 0.133 5 x 10-3 0.0018 1 x 10-4 0.981 7.6 0.4 

600 0.134 5 x 10-3 0.0018 1 x 10-4 0.978 8.1 0.5 

680 0.131 3 x 10-3 4.3 x 10-4 7 x 10-5 0.857 22 3 

700 0.127 3 x 10-3 1.8 x 10-4 7 x 10-5 0.46 54 22 

780 0.119 3 x 10-3 6 x 10-5 6 x 10-5 0 135 137 

800 0.109 3 x 10-3 6 x 10-5 6 x 10-5 0.013 129 124 

880 0.070 2 x 10-3 6 x 10-5 3 x 10-5 0.251 77 44 

900 0.0561 8 x 10-4 4 x 10-5 2 x 10-5 0.348 65 32 

980 0.0183 3 x 10-4 1.4 x 10-5 6 x 10-6 0.483 52 20 
 

Table 3.5. Linear fits and LODs of the live/dead cell measurements using ABS for the 

wavelengths of interest with a constant population of 2000 kcell/mL. 

ABS 

Wavelength 
(nm) 

Intercept Slope R2 LOD (% of dead cells) 

Value Error Value Error   Value Error 

480 -0.003 2 x 10-3 1.8 x 10-4 3 x 10-5 0.828 26 4 

500 -0.004 2 x 10-3 3.7 x 10-4 4 x 10-5 0.939 14 1 

580 7.0 x 10-4 3 x 10-3 1.36 x 10-3 6 x 10-5 0.985 7.1 0.3 

600 2.0 x 10-4 3 x 10-3 1.34 x 10-3 6 x 10-5 0.986 6.7 0.3 

680 5.0 x 10-4 1 x 10-3 3.0 x 10-4 2 x 10-5 0.962 11.3 0.8 

700 0.0028 9 x 10-4 1.1 x 10-4 2 x 10-5 0.85 23.7 3 

 

Regarding the direct applications and as an example, a CD4+ T cells count below 200 cells/μL is 

given as a key diagnosis for AIDS21. Such cells have not been used in our experiments but, due 

to its size and its common hematopoietic origin, are comparable to these used in our 

measurements. Therefore, it could be estimated that the performance of the presented PhLOC 

would be similar when using CD4+ T cells, and the presented LODs of the three detection 

methods are far below the requested CD4+
 T cells limit. When comparing the performance of 

the presented system with the LUCAS configuration4,5, it can be seen that the integration time 

has been reduced more than 80 times while having a much lower LOD, reducing the 

technological complexity and keeping the same error count (less than 10%). 
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3.5. Conclusions 
 

A low-cost polymeric PhLOC is presented with the attempt to tackle the inherent drawbacks of 

the Neubauer cell counters: counting error due to uneven distribution, measuring speed, and 

cost of the system. The proposed system takes advantage of the definition of air mirrors in the 

vicinity of the interrogation region which meaningfully lengthen the optical path while keeping 

the overall dimensions of the system at a reasonable size. Optically, the system has a high 

degree of integration, since it comprises self-alignment systems, microlenses, and air mirrors. 

Nonetheless, the whole PhLOC is defined with a single photolithographic mask using low-cost 

materials (PDMS and soda-lime glass as substrates). Cell measurement has allowed 

determining three distinct working regimes: scattering, where no significant absorption band 

has been observed in the studied UV-NIR spectra, scattering + absorption, where over the 

scattering band a clear absorption band is superimposed, and absorption, in which the two 

previously mentioned spectra have been subtracted in order to have a clear view of the bands 

of  interest. For such characterization, and opposite to the standard procedure, a broadband 

spectrum has been analyzed, being then possible to determine the optimal working 

wavelengths in terms of sensitivity and LOD. Such regimes have been demonstrated with 

labeled and non-labeled cells, obtaining LODs between 53 and 105 cells depending on the 

working regime. Finally, as a concrete demonstration of the applications of the presented 

configuration, it has also been used for measuring the dead/live cell ratio of a constant cell 

concentration. The two studied regimes show LODs between 7.6 0.4% and 6.7 0.3%, that 

is, with a performance comparable to the Neubauer cell counters but only requiring 30 ms for 

its measurements and with the possibility of multiparametric (by detecting different 

wavelengths) and continuous cell monitoring. 
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4.1. Summary 
 

The selective absorbance detection of mercury(II) (Hg2+) and lead(II) (Pb2+) ions using 

ferrocene-based colorimetric ligands and miniaturized Multiple Internal Reflection (MIR) 

systems implemented in a low-cost photonic Lab-on-a-Chip (PhLOC) is reported. The detection 

principle is based on the formation of selective stable complexes between the heavy metal ion 

and the corresponding ligand. This interaction modulates the ligand spectrum by giving rise to 

new absorbance bands or wavelength shifting of the existing ones. A comparative study for the 

detection of Hg2+
 was carried out with two MIR-based PhLOC systems showing optical path 

lengths (OPLs) of 0.64 cm and 1.42 cm as well as a standard cuvette (1 cm OPL). Acetonitrile 

solutions containing the corresponding ligand and increasing concentrations of the heavy 

metal ion were pumped inside the systems and the absorbance in the visible region of the 

spectra was recorded. The optical behavior of all the tested systems followed the expected 

Beer–Lambert law. Thus, the best results were achieved with the one with the longest OPL, 

which showed a linear behavior in a concentration range of 1 mM–90 mM Hg2+, a sensitivity of 

5.6 x 10-3 A.U. mM-1 and a LOD of 2.59 mM (0.49 ppm), this being 1.7 times lower than that 

recorded with a standard cuvette, and using a sample/reagent volume around 190 times 

smaller. This microsystem was also applied for the detection of Pb2+ and a linear behaviour in a 

concentration range of 3–100 mM was obtained, and a sensitivity of 9.59 x 10-4 A.U. mM-1 and 

a LOD of 4.19 mM (0.868 ppm) were achieved. Such a simple analytical tool could be 

implemented in portable instruments for automatic in-field measurements and, considering 

the minute sample and reagent volume required, would enable the deployment of high 

throughput environmental analysis of these pollutants and other related hazardous species. 

 

4.2. Introduction 
 

Heavy metal ions can injure human health and pollute the environment. It is well known that 

these metals are able to enter organisms and interfere with metabolic processes1, producing 

physiological problems including neurological, neuromuscular, or nephritic disorders. Among 

the different metals, mercury and lead are considered to be the most toxic non-radioactive 

chemical elements. They are highly water-soluble, being bioavailable for animals by ingestion 

of water2. The divalent cation of mercury (Hg2+) is non-biodegradable, accumulative and toxic 

even at very low concentrations. It can damage heart, kidney, stomach and intestines, also 

causing sensory and neurological damage3. In the case of the divalent cation of lead (Pb2+), 

exposure to very low levels can cause neurological, reproductive, cardiovascular and 

developmental disorders4. 

There are several analytical techniques that enable the sensitive detection of heavy metal ions, 

such as inductively coupled plasma mass spectrometry (ICP-MS)5, cold vapour atomic 

absorption spectrometry (CV-AAS)6, X-ray  fluorescence (XRF) spectroscopy7 and high 

performance liquid chromatography (HPLC)8. However, the corresponding analyses have to be 

carried out in centralized laboratories, making them expensive and not suitable for the rapid 
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detection of these target analytes2,3. In this context, the high toxicity of heavy metal ions has 

given rise to a necessity of new systems for their detection and quantification that were 

simple, portable and inexpensive. Miniaturization of analytical systems is nowadays a real 

alternative to perform in situ and continuous monitoring of pollutants, which could be used as 

alarm systems to target potential contamination outbreaks and thus give rise to a faster 

response to tackle the problem. Lab-on-a-Chip (LOC) systems have already been applied for 

the detection and quantification of heavy metal ions. Most of them rely on electrochemical or 

optical detection approaches. Among the former, Zhu et al.9 developed a chip including a 

mercury droplet based microelectrode to detect lead and cadmium ions. Zou et al.10 further 

incorporated the possibility to carry out in situ and online measurements to their 

electrochemical detection based chip. However, these approaches are based on the 

cumbersome implementation of different materials and the application of highly toxic 

electrodes. Optical detection approaches (photonic LOCs, PhLOCs) are gaining a preeminent 

position mainly because they are highly sensitive non-contact techniques that show immunity 

to electromagnetic interferences and provide with the capability of multiplexed detection in a 

single analytical system11. In environmental applications, optical approaches have also been 

reported for the measurement of heavy metal ions. There is a wealth of molecular metal ion 

receptors that provide with the possibility of performing optical detection, many of them 

included in a recent review by Kim et al.12 such as 1-pyrenecarboxaldehyde thiosemicarbazone 

(a fluorescent ligand that binds Hg2+)13, or an hybridized DNAzyme with an intercalated 

Picogreen (PG) fluorescent molecule (which is cleaved in the presence of Pb2+ resulting in a 

release of PG and a decrease of the fluorescent signal)14. 

In this context, this work aims to show the benefits of simply combining two colorimetric 

ferrocene-based ligands15,16, which selectively interacted in solution with Hg2+ and Pb2+ ions, 

with low-cost miniaturized PhLOCs for the rapid detection of these pollutants. Two different 

PhLOCs based on MIR approaches17, showing different OPLs, are applied for the detection and 

quantification of highly toxic metal ions (Hg2+ and Pb2+) by using colorimetric ligands that form 

selective stable complexes with the corresponding ion and, upon complex formation, new 

absorbance bands or wavelength shift of the existing ones appear. The successful performance 

of these PhLOCs makes them potential candidates to carry out rapid decentralized studies 

directed towards monitoring these pollutants in the environment. 

 

4.3. Experimental details 
 

4.3.1. Materials and reagents 

Hg(ClO4)2 and Pb(ClO4)2 were purchased from Sigma Aldrich (St. Louis, MO, US).  PDMS Sylgard 

184 elastomer kit was from Dow Corning (Midland, MI, US). EPON SU-8 photoresist (SU8-25) 

and propylene glycol methyl ether acetate (PGMEA) were from Micro-Chem Corporation 

(Newton, MA, US).  

4.3.2. Ligands 

Analytical measurements in the PhLOCs were carried out by previously mixing the heavy metal 

ions with the corresponding selective ligands. Previously published works have already 
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demonstrated that certain derivatives of 2,3-diaza-1,3-butadiene can act as sensitive and very 

selective molecular probes for the detection and preconcentration of Hg2+ in standard 

solutions15,18,19 and real water samples20. Here, an azine derivative bearing two ferrocene 

groups was used (Scheme 4.1, ligand 1). This molecule was prepared using previously reported 

procedures21. A solution of ligand 1 in acetonitrile shows an absorbance band at 476 nm. The 

addition of increasing amounts of an aqueous solution of Hg(ClO4)2 to this solution causes the 

appearance of a new band at 551 nm, a secondary peak at 405 nm and the disappearance of 

the initial band at 476 nm. The three well-defined isosbestic points indicate that a neat 

interconversion between the uncomplexed and complexed species occurs. The new band is 

red-shifted by 45 nm and is responsible for the change in color from yellow (neutral ligand 1) 

to deep purple (complexed ligand 1). The absorption spectral data indicate a 1:1 binding model 

and an association constant of 4.35 x 105 M-1 in acetonitrile15. 

 

Scheme 4.1. Chemical structure of ligand 1 (1,4-disubstituted 2,3-diaza-1,3-butadiene bearing two 
ferrocene groups) for the detection of Hg2+ 

 

 

The detection of Pb2+ was carried out using an imidazophenazine-ferrocene ligand (Scheme 

4.2, ligand 2) whose absorbance spectra also change upon complexation with Pb2+ cations. This 

ligand was prepared using a previously published method21. A solution of ligand 2 in 

acetonitrile shows an absorbance band at 503 nm. The addition of increasing amounts of 

Pb(ClO4)2 to  this solution gives rise to a new absorbance band at 404 nm and the shift of the 

initial band from 503 nm to 515 nm. Binding assays previously performed16 using the method 

of continuous variations (Job's plot) suggest a 1:1 binding model with an association constant 

of 1.4 x 105 M-1. 

 

Scheme 4.2. Chemical structure of ligand 2 (2-ferrocenylimidazo[4,5-b]phenazine) for the detection of 
Pb2+ 
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4.3.3. Design and fabrication of the PhLOCs 

The PhLOCs17 consist of a microfluidic system with a defined geometry embedded in a PDMS 

chip and sealed on a soda-lime glass. The analyzed volume/region is constructed so as to 

reduce the mean flow cell volume. Thus, in the vicinity of the micro channels, micro-optical 

elements are defined in the PDMS in the same fabrication step. These micro-optical elements 

include alignment channels for positioning the input/output optical fibers as well as bioconvex 

microlenses for the correction of the fibers numerical aperture. In addition, air mirrors have 

been included to meaningfully lengthen the optical path without dramatically increasing the 

overall size of the analytical system. Taking into account the low cost issue, all these elements 

have been defined considering the refractive indices of air (nair = 1.00), PDMS (nPDMS = 1.41) 

and acetonitrile (nace = 1.34)22, the latter being used as the solvent for the preparation of the 

heavy metal ion samples. It has been reported that this solvent does not swell the PDMS or 

induce other negative effects that could affect the performance of the analytical system23. 

Images of the two PhLOC systems presented in this work can be seen in Figure 1. Both are 

based on a MIR detection approach. The first one is the Propagating Multiple Internal 

Reflection (PMIR) system (Figure 4.1a), in which two air mirrors are included, causing the light 

to follow a zigzag path along the detection region with a total OPL of 6357 µm. The second 

system is the Ring Multiple Internal Reflection (RMIR) approach (Figure 4.1b), in which three 

air mirrors have been included in order to increase the light path without significantly 

increasing the chip size. The total OPL in the RMIR is 14264 µm.  

 

Figure 4.1. (a) PMIR and (b) RMIR systems used for the detection of heavy metals. The analyzed region 
was filled with a red-color solution for better contrast. 
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The systems were fabricated by casting of PDMS against a master made of the EPON SU-8 

2025 negative tone polymer, which in turn was fabricated by standard photolithographic 

processes. The methodology is described in Chapter 3 and it was previously reported by 

Llobera and co-workers17. 

4.3.4. Experimental setup and measurement protocol 

A comparative analytical study of the performance of the two fabricated systems as well as a 

standard cuvette, which is commonly used in spectrophotometric methods (10 mm OPL, 1 mL 

minimum working volume; CVD-UV1S plastic cuvettes, Ocean Optics, Dunedin,  USA), was 

carried out. To this effect, multimode optical fibers with a diameter of 230 µm were inserted in 

the alignment channels. The input fiber optic was connected to the light source (Ocean Optics 

HL-2000, Dunedin, USA), whereas the output fiber optic was connected to a 

microspectrophotometer (Ocean Optics HR4000, Dunedin, USA). The spectral response was 

recorded using the SpectraSuite software (Ocean Optics, Dunedin, USA). 

Samples containing increasing Hg2+concentrations from 1 µM to 1 mM and a 0.1 mM constant 

concentration of ligand 1 in acetonitrile were pumped into the PhLOC systems by using a 

vacuum pump and the resulting absorbance spectra were recorded in the visible wavelength 

range (from 300 nm to 800 nm) under quiescent conditions. For each concentration, the 

average of 10 spectra recorded consecutively was taken. Measurements were carried out 

starting with the lowest Hg2+ concentration. Acetonitrile was pumped in between 

measurements to clean the microsystem. The results obtained with the two PhLOC systems 

were compared to the ones obtained with the standard cuvette. 

Once the PhLOC systems for Hg2+ detection were characterized, the system that presented the 

best performance was selected to carry out the analysis of Pb2+ using ligand 2 under the same 

conditions in terms of concentration and experimental setup as for Hg2+. 

 

4.4. Results and discussion 
 

Figure 4.2 shows the change of the absorbance spectra with increasing concentrations of Hg2+, 

measured with the RMIR system. A similar behavior was observed with the PMIR. The signal 

recorded in an acetonitrile solution just containing ligand 1 was taken as a reference. Two new 

peaks were observed at 405 nm and 551 nm when solutions with increasing amounts of Hg2+ 

were flowed through the system. Due to the fact that the ligand shows several wavelengths at 

which a significant change in absorbance takes place upon increasing amounts of Hg2+ in the 

sample, the sensitivity and LOD estimated from the calibration curves recorded for each 

wavelength of the spectra were plotted against the wavelength, as in Vila-Planas et al.24 

(Figure 3a and b, respectively). The LOD was calculated as the lowest analyte concentration for 

which the signal exceeds the relative standard deviation of the background signal divided by 

the slope of the calibration curve by a factor of 3. The calibration curves showed in all cases 

the expected linear behavior (Beer–Lambert law) in a Hg2+ concentration range between 20 

µM and 100 µm for the PMIR and between 1 µM and 90 µM for the RMIR system. 
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Figure 4.2. Absorbance spectra recorded in solutions acetonitrile containing 0.1 mM ligand 1 and 
increasing concentrations of Hg2+ in a range from 1 µM to 90 µM, with the RMIR system. Spectrum of 
the ligand 1 solution was taken as reference value and two new peaks were observed at 405 nm and 

551 nm when Hg2+ was present in solution. Inset shows a picture of acetonitrile solutions containing 0.1 
mM ligand 1 and the change in color of this solution upon addition of 1 equivalent of Hg2+. 

 

Figure 4.3 clearly provides with the working wavelength that shows the highest sensitivity 

(Figure 4.3a) and lowest LOD (Figure 4.3b) for Hg2+ ions. These values were 5.6 x 10-3 ± 1 x 10-4 

A.U. µM-1 and 2.59 x 0.04 µM (0.49 ppm), respectively, at a wavelength of 551 nm for the 

RMIR system. The LOD and sensitivity parameters attained with the cuvette were 4.38 ± 0.14 

µM and 4.2 x 10-3 ± 1 x 10-4 A.U. µM-1, whereas for the PMIR these values were 7.0 ± 0.2 µM 

and 1.67 x 10-3 ± 6 x 10-5 A.U. µM-1, respectively. These variations are consistent with the 

different optical paths of the RMIR, the cuvette and the PMIR system. Similar analytical values 

were previously reported using this ligand either in solution or deposited on a nitrocellulose 

membrane by measuring the absorbance or fluorescence behavior of this molecular probe15,18. 

It is worth mentioning that the sample/reagent volume was 190 times lower when applying 

the RMIR system (5.34 µL) compared with the volume required when the standard cuvette (1 

mL minimum working volume) was used. 
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Figure 4.3. (a) Sensitivity and (b) LOD values for the detection of Hg2+ in a solution of ligand 1 using a 
cuvette, PMIR and RMIR system in a spectral range that varies from 300 to 800 nm.  

 

The versatility of the presented analytical approach, which combines the use of molecular 

ligands that selectively interact with heavy metal ions with easy-to-use low-cost PhLOC 

systems, is demonstrated by carrying out the detection of Pb2+. The RMIR system was chosen 

because of its best performance in the detection of Hg2+. Thus, an identical RMIR system to the 

one used for the detection of Hg2+ was used. The analytical measurement was based on the 

use of ligand 2 described in the experimental section. Here, the sensitivity and LOD were also 

calculated as a function of the detection wavelength and results are shown in  

Figure 4.4. A linear behavior in a concentration range of 3 µM–100 µM Pb2+ was obtained, with 

9.6 ± 0.2 x 10-4 A.U. µM-1 and 4.2 ± 0.1 µM (0.868 ppm) being the highest sensitivity and lowest 

LOD values respectively. These results were recorded at 515 nm, at which the spectra of ligand 

2 show a peak when interacts with Pb2+, as described above. These results are similar to the 
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ones previously reported using the same ligand and fluorescence detection16 but with the 

added advantage of requiring minute sample volumes. 

 

 

 

Figure 4.4. (a) Picture showing acetonitrile solutions containing 0.1 mM ligand 2 and the change in 
color of this solution upon addition of 1 equivalent of Pb2+. (b) Sensitivity and Limit of detection (LOD) 

values for the detection of Pb2+ in a solution of ligand 2 using the RMIR system through a spectral range 
ranging from 300 to 800 nm. 

 

Although the results do not allow detection of mercury25 or lead26 ion levels below the 

threshold for drinking water defined by the US Environmental Protection Agency (EPA), the 

LOD could be decreased by simply lengthening the optical path even more without significantly 

affecting the overall size of the chip. Nevertheless, it should be highlighted that the LOD is also 

limited in this work by the ligands themselves, which have been previously shown to provide 

similar sensitivities and LOD to those achieved in this work, even when applying a fluorescence 

detection approach in the case of Hg2+ analysis15,16,18,19. The increase in the length of the optical 
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path is relatively simple to carry out compared with the application of other more complicated 

approaches such as surface plasmon resonance27, or electrochemistry28. Nevertheless, it is 

worth mentioning that in some countries the tolerance limits are higher. For example, in India, 

the allowed levels prescribed by the Bureau of Indian Standards (BIS) for Hg2+ are 10 ppm for 

inland surface water and 1 ppm for drinking water29, which make the system presented here 

with the potential to be directly applied in these scenarios. 

 

4.5. Conclusions 
 

Two low-cost polymeric PhLOC systems were presented and their potential showed when 

combined with highly selective ligands for the quick in situ testing of heavy metal ions using 

very small sample volumes. The described systems included air mirrors to lengthen the optical 

path without increasing their inherent dimensions and presented high absorbance signals, 

making them useful in miniaturized optical detection approaches. 

Overall, the here presented PhLOCs could be implemented as miniaturized analytical systems 

for detecting Hg2+ and Pb2+ in an easy and cheap way. They outperform other previously 

reported systems just by considering the ease and cost of their fabrication process as well as 

the simplicity of the applied absorbance-based detection approach, which avoids the 

implementation of electrodes10,30, heaters or the incorporation of toxic substances such as 

mercury droplets that make the system non-disposable9. Finally, these PhLOCs offer the 

possibility of carrying out rapid analysis of such kind of pollutants if a continuous flow 

operation mode is used. In addition, they can be included in more complex PhLOCs, 

incorporating mixers for mixing the sample with the ligand or filters to eliminate particles in 

suspension that would induce light scattering, as it is usually done with real samples following 

the guidelines from the United States (US)31 and from the European Union32. 
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5.1. Summary 
 

A comparative study of different approaches for the selective immobilization of biomolecules 

on the surface of poly(dimethylsiloxane) (PDMS) is reported. The motivation of this work is to 

set a robust and reliable protocol for the easy implementation of a biosensor device in a 

PDMS-based photonic Lab-on-a-Chip (PhLOC). A hollow prism configuration, previously 

reported for the colorimetric detection of analytes was chosen for this study. Here, the inner 

walls of the hollow prism were initially modified by direct adsorption of either polyethylene 

glycol (PEG) or polyvinyl alcohol (PVA) linear polymers as well as by carrying out a light 

chemical oxidation step. All these processes introduced hydroxyl groups on the PDMS surface 

to a different extent. The hydroxyl groups were further silanized using a silane containing an 

aldehyde end-group. The interaction between this group and a primary amine moiety enabled 

the selective covalent attachment of a biomolecule on the PDMS surface. A thorough 

structural characterization of the resulting modified-PDMS substrates was carried out by 

contact angle measurements, X-ray photoelectron spectroscopic (XPS) analysis and atomic 

force microscopy (AFM) imaging. Using horseradish peroxidase as a model recognition 

element, different biosensor approaches based on each modification process were developed 

for the detection of hydrogen peroxide target analyte in a concentration range from 0.1 µM to 

100 µM. The analytical performance was similar in all cases, a linear concentration range 

between 0.1 µM and 24.2 µM, a sensitivity of 0.02 A.U. mM-1 and a limit of detection around 

0.1 µmM were achieved. However, important differences were observed in the reproducibility 

of the devices as well as in their operational stability, which was studied over a period of up to 

two months. Considering all these studies, the PVA-modified approach appeared to be the 

most suitable one for the simple fabrication of a biosensor device integrated in a PDMS PhLOC. 

 

5.2. Introduction 
 

The huge impact of the Lab-on-a-Chip (LOC) concept cannot be understood without the 

development of polymeric materials, being polydimethylsiloxane (PDMS) one of the most 

usual ones. However, one important drawback of PDMS lies in its ability to nonspecifically 

adsorb biomolecules and other macromolecules, which hampers its application for chemical 

sensing. In this context, its surface can be easily tailored in order to avoid such undesirable 

process, or by contrast, to selectively immobilize different molecules1. PDMS surfaces have 

already been treated with oxygen plasma2 or UV/ozone3, in order to make the surface 

hydrophilic by replacing the surface methyl groups, bound to the Si on the PDMS structure, by 

silanol groups (Si–OH). These new groups are prone to chemically interact with different 

functional groups, thus enabling the selective modification of the PDMS surface. However, it 

should be taken into account that the properties of these silanol groups are dynamic in the 

sense that the surface progressively recovers its hydrophobicity. Keeping in mind this 

drawback, the fact that these processes required special instrumentation and cannot be 

applied in microfluidic channels that were embedded in PDMS matrices4, alternative processes 

for the selective modification of PDMS surfaces, which were easy to implement, are required. 
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In this work, a study of different liquid-based surface chemical biofunctionalization methods 

was carried out using a PDMS photonic LOC (PhLOC) consisting of a hollow Abbe prism 

transducer configuration (Figure 5.1)5. On one hand, physical adsorption of two different 

polymers containing hydroxyl groups, such as polyethylene glycol (PEG) or polyvinyl alcohol 

(PVA) enabled the further silanization of the surface for the introduction of chemical functional 

groups and the eventual covalent immobilization of the protein receptor. Both polymers were 

previously applied to the modification of PDMS in order to avoid the non-specific binding of 

proteins6,7. On the other hand, a covalent modification approach was tested based on the 

chemical oxidation of the PDMS surface, thus generating silanol groups onto which a 

silanization process and further immobilization of the protein receptor were carried out, as 

above. A thorough structural and analytical characterization of the resulting modified PDMS 

surfaces was carried out. These methods could be performed in chemical and biological 

laboratories and applied to PDMS microfluidic systems without the need for special 

instrumentation. 

 

 

Figure 5.1. Photography of the photonic Lab-on-a-Chip microfluidic system. 

 

5.3. Experimental details 
 

5.3.1. Materials and reagents 

The EPON SU-8 2025 negative tone polymer and the propylene glycol methyl ether acetate 

(PGMEA) were purchased from MicroChem Corporation (Newton, MA, USA). The PDMS 

Sylgard 184 elastomer kit was bought from Dow Corning (Midland, MI, USA) and used 

according to the datasheet. 

99% PVA, PEG (molecular weight: 12 000 g), 30% (v/v) H2O2, 99% triethylamine (TEA), HRP type 

VI, 99% 2,2’azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), sodium cyanoborohydride 
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(NaBH3CN) and Tween 20 were from Sigma-Aldrich Co. (St Louis, MO 63103, USA). 90% 11-

triethoxysilyl undecanal (TESU) was from ABCR GmbH & Co. KG (76187 Karlsruhe, Germany). 

All other chemicals were of analytical grade.  

5.3.2. Fabrication of the microsystem 

The PhLOC was fabricated by cast molding, following the protocol described in Chapter 3 and 

previously reported by Llobera and co-workers8. The final volume of the PhLOC is 1.6 µL. 

5.3.3. Modification and characterization of the PDMS surfaces 

 

Scheme 5.1. Representation of the different methods employed for the modification of PDMS surface. 

 

 

The three selected approaches for the PDMS surface modification are based on the 

introduction of hydroxyl (–OH) groups. Scheme 5.1 shows a representation of the different 

steps required for each functionalization process. First, the PDMS surfaces were cleaned with 

ethanol and deionized water (DI H2O). For the modification shown in scheme 5.1A, a 1 mg ml-1 

PEG solution in DI H2O was pumped inside the system and left to react for 1 hour at room 

temperature (RT). For the modification in scheme 5.1B, the system was filled with a 1 mg ml-1 

PVA solution in DI H2O and left to react for 1 hour at room temperature (RT). Scheme 5.1C 

shows the direct introduction of –OH groups on the PDMS surface, using an acidic solution 

containing DI H2O, 37% HCl and 30% H2O2 in a 5:1:1 (v/v/v) ratio4. After each of these steps, 

the surfaces were rinsed with DI H2O and dried under a N2 stream. Next, a silanization process 
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was carried out by incubating the modified PDMS systems in a 99.5% ethanol solution 

containing 2% TESU and 2% TEA for 1 hour at RT. Then the surfaces were thoroughly rinsed 

with 99.5% ethanol and dried at 80 ºC for 2 hours. The TEA induces a highly nucleophilic 

oxygen in the –OH group that readily interacts with a silane9 having its ethoxy groups 

previously hydrolyzed. In this way, the silane covalently bound to the surface. All these 

modifications were also applied to flat PDMS surfaces having an area of 1 cm2 to facilitate the 

structural characterization of the resulting modified material by the different techniques 

described below. 

Contact angle measurements were carried out with the sessile drop method, using a Krüss 

Easydrop contact angle meter and DS1 analysis software (Krüss GmbH, Hamburg, Germany). A 

drop of water was deposited on the modified PDMS surface and the angle formed between 

the liquid and the solid surface was measured. XPS analysis was carried out at the facilities of 

the Instituto de Nanociencia de Aragon (Spain) on an Axis Ultra-DLD spectrometer (Kratos 

Analytical Ltd, Manchester, England), using a monochromatized Al Ka source (1486.6 eV). 

Signals were deconvoluted with the software provided by the manufacturer, using a weighted 

sum of Lorentzian and Gaussian component curves after background subtraction. The binding 

energies were referenced to the internal standard C1s (284.9 eV). Atomic force microscopy 

topographic and phase images of the modified surfaces were taken with a Veeco Nanoscope 

Dimension 3100 (Veeco, Plainview, NY, USA), working in tapping mode. 

5.3.4. Fabrication of the biosensor approach 

 

Scheme 5.2. HRP-catalyzed reduction of hydrogen peroxide mediated by colorless ABTS, which 
generates water and green-color ABTS radical cation counterpart. 

 

 

The analytical performance of the different modification protocols was tested by developing a 

biosensor for the detection of H2O2 based on the use of HRP as a model recognition element. 

The resulting aldehyde-modified PDMS surfaces bound HRP through the amine groups of its 

lysine residues, by forming a Schiff base that is further reduced to a stable secondary amine 
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with sodium cyanoborohydride10. HRP catalyzes the reduction of H2O2 in the presence of 

colorless 2,2’azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) charge transfer mediator, 

which is concomitantly oxidized to the green-colored ABTS+• radical cation11 (Scheme 5.2). This 

redox species shows an absorption peak at 420 nm and two secondary peaks at 650 nm and 

720 nm, the first one being chosen for the absorbance detection of this enzymatic reaction. 

The overall procedure is described in detail below. PhLOC was filled with a solution containing 

1 mg ml-1 HRP type VI and 5 mM sodium cyanoborohydride in 0.05M carbonate buffer pH 8, 

and incubated for 1 hour at RT. Then, a 0.1 M phosphate buffer saline solution pH 7.0 

containing 0.02% (v/v) Tween 20 (PBST) was pumped inside the system in order to remove the 

nonspecifically adsorbed HRP molecules. The resulting biosensor systems were filled with PBS 

and stored at 4 ºC until use. 

A fourth biosensor approach was developed by direct adsorption of the HRP enzyme on the 

intact PDMS surface of the microsystem. It has been previously reported that proteins easily 

physisorbed on the surface of PDMS due to its high hydrophobicity12. In this work, the PDMS 

system was incubated in a 1 mg ml-1 HRP solution in 0.05 M carbonate buffer pH 8 for 1 hour 

at RT. Then, the system was rinsed in PBST and stored at 4 ºC, in the same fashion as above. 

Finally, solutions of 0.1 M acetate buffer pH 5.5 containing 0.5 mM ABTS and increasing 

concentrations of H2O2, from 0.1 µM to 100 µM were sequentially pumped inside each PhLOC. 

The resulting response was detected by using a LED working at a wavelength of 430 nm 

(spectrally very close to the previously mentioned first absorption band of ABTS+•), and 

measuring the spectral response using a microspectrometer (OceanOptics HR4000). 

5.3.5. Stability of the microsystems 

The microsystems were stored in PBS at 4 ºC for over two months. The stability of the 

immobilized enzyme was studied by repeating the calibration curve in a H2O2 concentration 

range from 0.1 µM to 1.53 µM. The slope (sensitivity) of the calibration curve was plotted over 

time for comparative purposes. 

 

5.4. Results and discussion 
 

Each one of the three different approaches for the modification of PDMS was chosen with the 

aim of providing the surface with a different density of hydroxyl groups. The PVA adsorption 

process could give rise to a higher proportion of these groups comparing with the PEG 

adsorption one, taking into account the chemical structures of both polymers. As for the 

chemical oxidation process of the PDMS surface, the conditions were set following an 

optimization study, which showed that higher concentrations of H2O2 and HCl in the solution 

or longer incubation times gave rise to the PDMS surface degradation. As for the selection of 

the TESU aldehyde-terminated silane, this molecule enabled the straightforward covalent 

immobilization of the biomolecule receptor without the need of using cross-linking molecules. 
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5.4.1. Structural characterization of the modified PDMS surfaces 

A rough but rapid estimation of the degree of modification of the PDMS surface following 

every step of each modification protocol was firstly provided by contact angle measurements. 

Given the hydrophobic nature of the intact PDMS surface, it was apparent that the 

introduction of chemical functional groups would give rise to a decrease of the contact angle 

value. The PVA-based approach was the one that appeared to induce the most significant 

changes on the PDMS surface. The contact angle of a native PDMS surface was found to be 

114.57°, which is a similar value to that reported in previous studies34. Following the PVA 

modification step, it decreased to 102.47°. However, the contact angle did not change when 

PEG was adsorbed. This may be related to the higher density of hydroxyl groups that PVA 

contains in its linear structure compared with PEG, which only presents two hydroxyl groups at 

both ends of its chain. This facilitates the incorporation of a higher number of silane molecules 

during the silanization step, which indeed gave rise to a further decrease of the contact angle 

on the PVA-modified surface to 96.9°, whereas no difference in this value was measured with 

the PEG-modified samples. The chemical oxidation approach induced a change in the contact 

angle value to 110.75°, which appeared to be not significant since such a value was not altered 

following the silanization process. The light chemical oxidation of the PDMS surface that took 

place using the HCl/H2O2/H2O solution may account for such small differences in the measured 

contact angles. All these values were plotted in a bar graph, which can be found in Figure 5.2. 

 

 

 

 

 

 

 

 

 

Figure 5.2. Contact angle values measured following every step of each modification procedure. Error 
bars correspond to the standard deviation of three replicates. 

 

XPS analysis was carried out to make a fine estimation of the density of hydroxyl and aldehyde 

groups introduced on the PDMS surface during the different modification steps. Table 5.1 

shows the atom content in percentage values extracted from the XPS survey scan. An increase 

in the carbon content occurred following the PVA modification step, from 43.38% to 51.74%, 

while the Si percentage decreased from 36.90% to 27.05%. This is a clear indication of the 

adsorption of PVA molecules on to the PDMS surface. These changes were smaller in the 

samples prepared by the other treatments. High resolution spectra of the C1s region were also 
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recorded. After the deconvolution of the C1 signal (Figures 5.3-5.5), new peaks could be 

detected that were related to each step of the PDMS modification processes. The native PDMS 

presents a unique peak that corresponds to the carbon atom of the methyl group, with a 

binding energy of 284.90 eV. After the first modification steps carried out to introduce –OH 

groups on the PDMS surface, a new peak was observed in all cases with energy of 286.50 eV, 

which is ascribed to C–O bonds (Table 5.2). Both PVA and PEG molecules contain this bond, but 

PEG has it in lower quantities, thus giving a smaller signal in the XPS spectra. In the case of the 

modification by chemical oxidation, Si–OH groups must have been introduced on the PDMS 

surface, instead of C–O bonds. However, it is reported that the oxidation of PDMS could give 

rise to –OH groups bound to the carbon atom of its methyl groups (–CH3)14. This may be 

responsible for the appearance of such a peak in the XPS analysis of the chemically oxidized 

samples. Nevertheless, its signal is significantly lower than that of the PVA-modified surface. 

Additionally, a new peak was observed in all samples further silanized with TESU. This peak is 

ascribed to the C=O bonds being part of the aldehyde end group of the silane molecules. 

Again, the highest density of this group appeared in the PVA-modified PDMS. From these 

results, it can be assumed that the PVA-based modification process seems to be more effective 

for the introduction of chemical functional groups on the surface of PDMS, which enabled the 

attachment of biomolecule receptors and thus the fabrication of biosensors. 

 

Table 5.1. Atomic percentages of the different surfaces analyzed by XPS. 

SAMPLE ATOMIC CONCENTRATION (%) 

PDMS 

O1s 19.71 

C1s 43.38 

Si 2p 36.9 

PVA 

O1s 21.21 

C1s 51.74 

Si 2p 27.05 

PEG 

O1s 19.05 

C1s 43.85 

Si 2p 37.11 

OXIDATION 

O1s 20.09 

C1s  44.92 

Si 2p 34.99 

PVA + TESU 

O1s 21.29 

C1s 50.69 

Si 2p 28.02 

PEG + TESU 

O1s 19.13 

C1s 45.36 

Si 2p 35.51 

OXIDATION + TESU 

O1s 20.26 

C1s 44.25 

Si 2p 35.48 
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Figure 5.3. High resolution XPS spectra of the C (1s) region corresponding to (a) intact PDMS, (b) after 
the adsorption of PVA and (c) after the silanization process with TESU (c). 
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Figure 5.4. High resolution XPS spectra of the C (1s) region corresponding to PEG-modified PDMS (a) 
before and (b) after the silanization process with TESU. 
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Figure 5.5. High resolution XPS spectra of the C(1s) region corresponding to PDMS (a) after the 
chemical oxidation and (b) after the silanization process. 
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Table 5.2. C percentages corresponding to the different chemical groups introduced on the 

PDMS surface after each modification step. 

Sample Bond Position (eV) Atomic percentage 

PDMS C-H 284.90 100 

PDMS + PVA 
C-H 284.90 77.96 

C-O 286.68 22.06 

PDMS + PVA + TESU 

C-H 284.90 78.21 

C-O 286.68 19.78 

C=O 288.33 2.01 

PDMS + PEG 
C-H 284.89 95.40 

C-O 286.50 4.60 

PDMS + PEG + TESU 

C-H 284.89 89.23 

C-O 286.50 9.70 

C=O 288.80 1.07 

Oxidation 
C-H 284.93 91.79 

C-O 286.50 8.21 

Oxidation + TESU 

C-H 284.93 90.98 

C-O 286.50 8.24 

C=O 288.78 0.78 

 

The topographic and phase images obtained by AFM (Figure 5.6) show that the unmodified 

PDMS surface is topographically flat as well as structurally and chemically homogeneous. In all 

cases, the modified surfaces upon each modification step exhibit from slight to dramatic 

variations in topography and composition, depending on the applied procedure. Branch-like 

structures can be observed on the PVA-modified surfaces (also shown in Figure 5.6), which are 

likely to be related to the linear structure of the PVA polymer chains randomly adsorbed on to 

the PDMS. Furthermore, the PDMS surface significantly changed upon the silanization process 

with TESU and a honeycomb-like polymeric structure was imaged (last two images of Figure 

5.6). Here, a polymerization process could have taken place among the TESU molecules 

starting at those ones attached to the PDMS surface, which could somewhat act as nucleation 

points for the growing of such a polymer layer eventually covering the entire substrate. The 

adsorption of PEG did not seem to affect the topography of the PDMS substrates (Figure 5.7). 

By contrast, the further silanization process with TESU appeared to generate homogeneously 

dispersed dots, which are likely to be related to TESU-based polymer structures generated at 

specific positions where an isolated –OH group, coming from the adsorbed PEG molecules, 

appeared. As pointed out above, such big differences between PVA and PEG-modified surfaces 

could be explained taking into consideration that PEG contains a much lower density of –OH 

groups than PVA in their respective structures. These results are in good agreement with those 

obtained by XPS and contact angle measurements. Regarding the chemical oxidation process, 

AFM images show a surface roughness increase compared with that one of the native PDMS 

(Figure 5.8). However, no significant differences were observed upon the silanization process. 

These results indicate that the chemical oxidation process generated a very low density of –OH 
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groups on the PDMS surface and so the further silanization with TESU appeared to slightly 

change the topography of these samples. 

 

 

Figure 5.6. Topographic and phase AFM pictures of the PDMS surface before and after the modification 
with PVA and silane. 
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Figure 5.7. Topographic and phase AFM pictures of the PDMS surface after the modification with PEG 
and further silanization with TESU. 
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Figure 5.8. Topographic and phase AFM images of the PDMS surface after the chemical oxidation and 
further silanization with TESU. 

 

5.4.2. Analytical performance of the different biosensor approaches 
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analytical performance of the resulting biosensor approaches was tested in H2O2 solutions in a 

concentration range from 0.10 µM to 100 µM. The corresponding calibration plots (Figure 5.9) 

showed a linear increase in the measured absorbance at 420 nm up to a H2O2 concentration of 

24.2 µM. Therefore, a linear fitting was carried out in this range and the analytical parameters 

were calculated (Table 5.3). No significant differences were observed among the different 

approaches. Nevertheless, the estimated error was higher for the adsorption approach, this 
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of the adsorbed molecules when carried out repeated measurements with the same PhLOC. A 
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Figure 5.9. Calibration plots recorded with the different biosensor approaches. Each point is the mean 
value obtained for each hydrogen peroxide concentration in three different experiments, the error bars 
being the corresponding standard deviation. A linear range from 0 to 24.3 µM H2O2 was obtained in all 

cases. 

Table 5.3. Analytical parameters of the four different biosensor approaches. 

Modification Sensitivitya (A.U./µM) LOD (µM)a,b R2 

Adsorption 0.017±0.003 0.12±0.08 0.996 

PEG + TESU 0.019±0.001 0.28±0.08 0.990 

PVA + TESU 0.019±0.001 0.14±0.08 0.996 

Oxid. + TESU 0.021±0.005 0.10±0.01 0.998 

aMean values and corresponding standard deviations of the parameters extracted from three calibration curves recorded with 
different devices in three consecutive days are represented.  
bLOD calculated following the 3σ IUPAC criteria using the lowest order of the linear concentration range from 0.1 µM to 1.53 µM.  
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Finally, the operational stability of the PhLOC was systematically tested for over a month. 

Figure 5.10 shows the shift in the sensitivity values with time. Two different trends were 

observed. Those devices based on the adsorption and PEG-modification processes show a 

rapid decrease in the sensitivity values during the first week of operation while those based on 

PVA-modification and chemical oxidation processes remained more stable for at least one 

month. However, a clear shift towards lower sensitivity values was observed for the oxidation 

approach after one month of operation while it was estimated that the PVA-based one 

retained 82% of its initial sensitivity after two months of operation. 

 

 

 

 

 

 

 

 

 

Figure 5.10. Sensitivity measurements of the microsystems through time after keeping them in PBS pH 
7 at 4ºC. 

 

Overall, from the results presented above, the PVA and oxidation approaches gave rise to the 

PhLOC systems with a better analytical performance in terms of reproducibility and stability. 

Nevertheless, the structural characterization together with the analytical studies clearly 

indicate that the PVA-based approach is the one to be chosen considering the apparent higher 

density of chemical functional groups introduced on the PDMS surface and the longer stability 

of the resulting biosensor device. 

 

5.5. Conclusions 
 

Different chemical modification processes that enabled the introduction of hydroxyl groups on 

the surface of PDMS and the further attachment of a silane molecule for the selective 

immobilization of a biomolecule receptor are reported. A thorough structural and analytical 

characterization clearly indicated that the modification with PVA polymer is the most suitable 

approach for the biofunctionalization of PDMS PhLOC systems. These processes do not require 

any specific instrumentation, thus enabling their easy and rapid implementation in chemical 

and biological laboratories working with PDMS microfluidic systems. 
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6.1. Summary 
 

Two Lab-on-a-Chip (LOC) systems are presented in this chapter, both of them incorporating a 

dual detection approach (electrochemical and optical). The so-called DLOC approaches 

monolithically combine in one single chip a Multiple Internal Reflection (MIR) element and 

additional microfluidic structures. A microreactor is integrated in the DLOC1, whereas a mixer 

that plays the role of both a mixer and a reactor was added to the DLOC2, herein simplifying 

the design by avoiding the integration of an extra reservoir containing the bioreceptors and 

resulting in a significant reduction of the dead volumes. The concepts were validated by 

functionalizing the reactor and the mixer with horseradish peroxidase (HRP) and glucose 

oxidase (GOx), being possible in this way to detect glucose both optically and electrochemically 

under continuous flow conditions. A limit of detection (LOD) of 1.9 ± 0.1 mM glucose for the 

DLOC1 at 30 µL/min and 6.3 ± 0.4 mM glucose for the DLOC2 at 100 µL/min, were achieved, the latter 

showing a response time of only 20s. By decreasing the flow rate of the DLOC2 to 10 µL/min, a LOD of 

0.1137 ± 0.0003 mM glucose was obtained, with a response time of 60 s. 

 

6.2. Introduction 
 

The integration of both optical and electrochemical transduction methods in a single Lab-on-a-

Chip (LOC) is anticipated to be advantageous in different scenarios. They can provide with 

either complementary information or enhanced the system performance: i) if the linear range 

of each detection method is different, their combination in a single LOC improves the 

concentration range where such LOC may be used (assuming that there is no cross-talk, as 

discussed by Ordeig and co-workers1; ii) this integration can be used to detect analytes with 

different optical and electrochemical properties (different absorbance bands, fluorescent/non 

fluorescent analytes, conductivity, etc), and even to induce oxidation to some analytes, 

resulting in a colored oxidized form which could be measured optically2; iii) when both 

detection methods have similar sensitivity to a given analyte, their combination ubiquitously 

provides the LOC with a self-verifying mechanism, which reduces the number of false 

positives/negatives, resulting in a more robust and reliable LOC.  

In addition to the transduction mechanism, there are several strategies towards providing the 

LOC with biosensing abilities such as the development of immunosensors (by using antibodies 

as recognition element)3, enzyme-based sensors4 or DNA biosensors5. Among them, LOCs that 

make use of enzymatic reactions have shown better performance in terms of reusability and 

fast kinetics6. The inclusion of microreactors in their structure offers several advantages such 

as high efficiency and repeatability. Generally, larger surface areas can be obtained, achieving 

a faster mass transfer compared to the traditional batch devices. Also, reaction conditions and 

time can be controlled by making changes in the design of the microfluidics7. These structures 

can be used as microreactors for various purposes such as synthesis, catalysis or analytical 

detections. Tudorache et al. for example, developed a microreactor by immobilizing 

horseradish peroxidase (HRP) on gold patterns for the catalytic oxidation of phenol8. Luckarift 

et al. used a silica-immobilization of enzymes in microfluidic systems for multi-step synthesis of 
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2-aminophenoxazin-3-one from nitrobenzene under continuous flow conditions9. Baeza et al. 

fabricated a ceramic device that incorporated a microreactor with immobilized ß-galactosidase 

enzyme for the detection of ortho-nitrophenyl ß-D-galactopyranoside in continuous flow10. 

However, many of these reactor approaches include several fabrication steps such as the 

fabrication of additional structures like gold patterns8 or the mechanization of several layers10, 

or make use of very low flow rates9 (in the range of 50-300 µL/hr) that increase the response 

time. Therefore, the development of new approaches that make both the fabrication and 

measurement processes easier is required in this context. 

In this work, two LOCs are presented, both of them incorporating a dual detection approach 

(electrochemical and optical), which monolithically combine in one single chip a Multiple 

Internal Reflection (MIR) and additional biofunctionalized microfluidic structures: a 

microreactor for the first LOC (DLOC1) and a mixer that plays the role of both a mixer and a 

reactor for the second LOC (DLOC2). The reason why this second microfluidic element has this 

two-folded role is because it has been functionalized with horseradish peroxidase (HRP) and 

glucose oxidase (GOx) in the same way as the reactor. Here, a reaction between the 

immobilized enzymes of the mixer and the glucose and the redox mediator 2,2′-Azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) present in the sample occurs together with the 

downstream propagating of the same. The cascade reaction that takes place is described in 

Scheme 6.1. Glucose oxidase catalyzes the oxidation of D-glucose by oxygen to produce D-

gluconolactone and H2O2. H2O2 is the substrate for HRP, which catalyzes the reduction to H2O 

with the concomitant oxidation of ABTS redox mediator to the ABTS+• green colored radical 

cation. This cation presents various absorbance peaks at 420, 650, 740 and 835 nm, as 

described by Cho and co-workers11, being possible in this way to detect glucose both optically 

and electrochemically and in continuous flow. Nevertheless, this approach is also valid for 

other optically/electrochemically responsive analytes. These easy-to-fabricate approaches 

avoid the necessity to add an enzyme reservoir in the system, resulting in a significant 

reduction of the dead volumes and keeping the advantage of the low reagent consumption 

that is associated to the LOC concept.  

 

Scheme 6.1. Enzymatic cascade reactions for glucose detection. 

 

 

6.3. Experimental details 

 

6.3.1. Materials and reagents 

Polyvinyl alcohol (PVA), ethanol 99%, triethylamine (TEA), sodium cyanoborohydride 

(NaBH3CN), tween 20, potassium hexacyanoferrate (II) ([Fe(CN)6]
4-, ferrocyanide), , potassium 

D-Glucose + O2
Glucose oxidase

D-Gluconolactone + H2O2

H2O2 + ABTS
Horseradish peroxidase

H2O + ABTS·+
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nitrate (KNO3), glucose oxidase (GOx) and horseradish peroxydase type VI (HRP) and 2,2′-

Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt were from Sigma-Aldrich 

(Munich, Germany). Potassium hexacyanoferrate (III) ([Fe(CN)6]
3-, ferricyanide) was from 

Panreac (Castellar del Vallés, Spain). 11-triethoxysilyl undecanal (TESU) was from ABCR GmbH 

& Co. (Karlsruhe, Germany). EPON SU-8 25 photoresist and propylene glycol methyl ether 

acetate (PGMEA) were from MicroChem Corporation (Newton, MA, US). The PDMS Sylgard 

184 elastomer kit was from Dow Corning (Midland, MI, US). 

6.3.2. Design and fabrication of the DLOCs  

DLOC1 is shown in Figure 6.1. It is composed of a branched microreactor and a MIR (Figure 

6.1). The branches increase significantly the surface area of the microreactor in order to 

increase the number of enzymes that can be immobilized and the surface-to-volume ratio. 

There is one input to direct the functionalizing reagents to the microreactor and a passive 

valve that avoids the leaking of the samples coming from the reactor and directs the flow to 

the MIR zone, where the measurements are performed.  

 

 

Figure 6.1: photography of DLOC1. 

 

DLOC2 is shown in Figure 6.2. It includes a mixer and a MIR fabricated in PDMS and sealed over 

a glass substrate. The in-plane passive mixer makes use of the Coanda effect (the tendency of a 

fluid to be attracted to a nearby surface) in Tesla structures to split and recombine counter 

propagating liquid flows12. Up to three fluidic inlets can be simultaneously used with the 

mixer/reactor. An additional auxiliary inlet has been implemented to directly pump to the MIR 

the samples that do not need to be mixed or that could negatively affect the immobilized 

enzymes on the mixer/reactor (as could be washing solutions). Passive unidirectional valves at 

both downstream the mixer and the auxiliary inlet, and directly connected with the MIR, 

assure no liquid counter propagation in the DLOC2. The MIR working principle was discussed in 

chapter 3. 

10 mm
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Figure 6.2: (a) Photography of DLOC2. Close view of the (b) mixer structure, (c) passive valves and (d) 
biconvex lens. 

 

The glass substrate contains alignment patterns as well as the required microband gold 

electrodes at the MIR zone. They consist of a reference electrode, two working electrodes and 

a counter electrode with an exposed area of 183.3 x 1250 µm, 2 x (135 x 1250) µm and 475 x 

1250 µm respectively. They were fabricated by sputtering two 20 nm-thick adhesion layers of 

Ti and Ni and a 100 nm Au layer. Then the electrode layout was photolithographically defined 

and a wet chemical etching was performed. Afterwards, a passivating silicon oxide layer of 600 

nm thickness was deposited by plasma-enhanced chemical vapor deposition (PECVD). Then, 

the electrode areas were opened (leaving 5 µm of passivation on the edges of the electrodes, 

so as to enhance robustness and to avoid early aging) with the help of a second 

photolithographic step and a further dry etching process. At this point, the substrates were 

ready to be bonded with the MIR. 

All the micro-optical and microfluidic elements of the systems were monolithically fabricated 

in PDMS by replica molding, following a protocol described in Chapter 3 and using deionized 

water (DI H2O) as lubricant for the alignment with the electrodes in the substrate. Finally, after 

soldering the wires to the electrical contact pads of the electrodes, the DLOC systems were 

ready to be used. 

6.3.3. Experimental set-up 

A halogen lamp (HL-2000-FHSA, OceanOptics, Dunedin, FL, US) was used as light source in this 

work. It was coupled to a 230 µm diameter multimode fiber optic (Thorlabs, Dachau/Munich, 

Germany), previously inserted in the input self-alignment element. Readout comprised an 

identical fiber optics and connected to a QE65000 miniature spectrophotometer (OceanOptics, 

Dunedin, FL, US), which was controlled via SpectraSuite software.  

10 mm
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Electrochemical measurements were performed with a portable µSTAT2000 bipotentiostat 

(Dropsens, Spain), which was controlled with Dropview 1.3 software. 

Fluid handling was achieved by connecting the DLOCs to a Nemesys syringe pump (Cetoni, 

Korbussen, Germany) composed of three syringe modules: the first one for activation/cleaning 

buffers and the other two for the mixing of buffer with and without glucose in order to obtain 

different glucose concentrations for the calibrations. 

6.3.4. Characterization of the mixer 

For the bioanalytical application developed with DLOC2, only two inlets were required for 

pumping the target analyte solution / sample (glucose) and the dilution buffer, while the third 

one included in the design was only used for washing purposes. Therefore, in order to assess 

the performance of the mixer / reactor, water and ink solutions were simultaneously injected 

into the mixer at different proportions, from 20% to 100 % ink.  The ink presented an 

absorbance peak at 430 nm, which was used for obtaining a calibration curve.  

6.3.5. Characterization of the electrochemical cell 

The amperometric electrochemical cell required the initial pretreatment of the working 

electrodes by carrying out an electrochemical activation step consisting in applying a repeated 

cyclic potential scan in  0.5 M KNO3, in a potential window from -1 V to 1 V, at least 3 times. 

Then, 0.5 M KNO3 solutions containing ferricyanide and ferrocyanide in a concentration range 

from 0.05 mM to 2 mM were sequentially pumped into the system and the cyclic voltammetric 

response was recorded under continuous flow at a flow rate of 100 µL/min. The limiting 

current values at +0.3 V (vs. peuso-reference Au electrode), corresponding to the oxidation of 

ferrocyanide, were used as the analytical signal and plotted to assess the correct performance 

of the electrochemical cell. 100 continuous cyclic voltammetric signals were then performed in 

the ferri/ferrocyanide solution in order to check the stability of the electrodes. 

6.3.6. Enzyme immobilization 

For testing the DLOCs, glucose was selected as target analyte. It is worth mentioning that, 

unlike the work presented by Ordeig et al1, GOx and HRP enzymes were immobilized in the 

microreactor and mixer rather than pumping them inside the system together with the 

sample. The functionalization of these elements was carried out following the protocol 

described in Chapter 5 and a simplified scheme of it is shown in Figure 6.3. 
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Figure 6.3: Representation of the surface modification protocol. 

 

Aldehyde functional groups were incorporated to the PDMS walls of these fluidic elements by 

only pumping the modifying solutions through the mixer until its end, avoiding the 

contamination of the MIR and the electrochemical cell.  These groups work as anchoring points 

for proteins through their amine groups of its lysine residues, by forming a Schiff base. This 

bond can be stabilized by reducing it to a secondary amine by using sodium cyanoborohydride 

(NaBH3CN). Thus, a 0.1 M?? carbonate buffer solution pH 8.0 containing GOx, HRP and 5 mM 

NaBH3CN was pumped inside these elements. After 1h incubation at RT, a 0.1 M phosphate 

buffer saline solution pH 7.0 containing 0.02% (v/v) Tween 20 (PBST) was pumped to remove 

the nonspecifically adsorbed proteins. Four different GOx and HRP concentration ratios were 

used for comparison and optimization of the immobilization protocol, as it is explained later. 

6.3.7. Optimization of the GOx:HRP ratio 

The kinetics of these two enzymes is different and choosing their correct ratio is important to 

obtain the optimum performance of the system’s response. It is known that excess of H2O2 

inhibits the enzymatic activity of HRP, due to the oxidative degradation of the compound 

formed by the reaction of HRP with H2O2 
13. This reason, together with the instability of the 

H2O2 itself, makes it necessary to have a faster activity of HRP than for glucose oxidase, which 
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oxidizes glucose, a substrate that is not inhibitory at all14. Oriented by the literature found in 

this context15-17, four different ratios were compared: 2:1, 1:1, 1:2, 1:4 (in terms of enzymatic 

activity units: 0.0375 KU GOx/mL:0.01875 KU HRP/mL,  0.0375 KU GOx/mL:0.0375 KU HRP/mL, 

0.0375 KU GOx/mL:0.075 KU HRP/mL and 0.0375 KU GOx/mL:0.15 KU HRP/mL, respectively). 

With this purpose, the Abbe prisms used in Chapter 5 were functionalized using these different 

ratios18.  

2 mM stock D-glucose solution was prepared in phosphate buffered saline (PBS) pH 7.2 24 h 

prior to the measurements and stored overnight at 4 ºC to reach mutarotational equilibrium19. 

Then, the enzymatic activity (see Scheme I) was monitored by absorbance measurements at 

420 nm, the main absorbance peak of ABTS•+. Calibration curves were obtained for each of the 

enzyme ratios tested by pumping samples of different glucose concentrations (ranging from 

7.03 µM to 1.8x103 µM) in presence of 0.5 mM ABTS (in PBS pH 7.2) and waiting for 10 min for 

the enzymatic reactions to occur. From the calibration curves, the limit of detection (LOD) and 

the sensitivity values were obtained in order to choose the optimal enzyme ratio to be 

immobilized in the presenting microsystems.  

6.3.8. Glucose detection and cross-talk test 

Once the DLOCs were functionalized and before starting the glucose measurements, the 

electrodes were activated following the procedure described above.  

For the measurements using DLOC1, different concentrations of glucose in presence of ABTS 

0.5 M were previously prepared and sequentially pumped at 30 µL/min in a range from 2 mM 

to 30 mM. For the absorbance measurements, the 420 nm peak of the ABTS+• was used, while 

for the electrochemical measurements, the consumption of ABTS by the HRP reaction was 

monitored at +0.3 V (vs. Au pseudo-ref. electrode). 

For the measurements using DLOC2, glucose and PBS buffer (both in presence of ABTS 0.5 

mM) were simultaneously pumped at different flow rates (total flow rate 100 µL/min) in order 

to obtain different final concentrations from 10 mM to 100 mM. They were mixed in the Tesla 

mixer and measured in the MIR without stopping the pump (continuous flow).  

Simultaneous measurements in a range between 10 mM and 90 mM glucose were performed 

with DLOC2 to check the absence of cross-talk and identical fast response. Absorbance and 

amperometric detection was carried out as above. Finally, a calibration experiment was 

performed at 10 µL/min total flow rate by using the same system in a range from 200 µM to 2 

mM glucose to test whether the analytical performance of the system could be enhanced 

while still keeping the analysis time short.  

 

6.4. Results and discussion 
 

6.4.1. Characterization of the mixer 

The absorbance spectra of the ink dilutions and the calibration obtained by measuring the 

absorbance peak at 430 nm are shown in Figure 6.4. A linear response (fitting: Y = -0.005 ± 
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0.003 + 0.00530 ± 5.538 x 10-5 X, R2 = 0.99946) was obtained for all the ink dilution range 

studied. Also, the increasing rate of the absorbance was proportional to the increasing rate of 

the ink concentration, as it can be seen in Table 6.1. These results show that the mixer was 

working correctly. 

 

 

Figure 6.4. (a) Optical spectra of samples containing different ink concentrations and (b) corresponding 
calibration plot.  

Table 6.1. Calculation of the absorbance increase rate depending on the ink increase rate. 

Ink percentage range (%) Ink increase rate Absorbance increase rate 

16,67-33,33 1,999 2,114 

33,33-50 1,5 1,575 

50-66,67 1,333 1,327 

66,67-83,33 1,25 1,266 

83,33-100 1,2 1,179 
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6.4.2. Characterization of the electrodes 

The cyclic voltammetric signals of ferri/ferrocyanide recorded with the gold electrochemical 

cell showed two limiting current plateaus at +0.3 V (corresponding to the ferrocyanide 

oxidation) and at -0.3 V (due to the  ferricyanide reduction) (Figure 6.5a). This is the expected 

behavior of electrochemical cells working under laminar flow hydrodynamic conditions. The 

calibration at a set potential of +0.3 V showed a linear response for the whole measured 

concentration range of ferrocyanide (Figure 6.5b) (fitting: Y = 0.03 ± 0.06 + 1.46 ± 0.06X, R2 = 

0.9906). The electrodes showed a good stability, retaining the whole measuring activity after 

100 voltammetries (Figure 6.6). 

 

 

Figure 6.5 (a) Cyclic voltammograms recorded in solutions containing different ferri/ferrocyanide 
concentrations at 100 µL/min flow rate. (b) Calibration curve obtained by plotting the current values 

corresponding to the ferrocyanide oxidation at +0.3 V vs. Au pseudo-reference. 
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Figure 6.6. Stability test of the electrodes. First and last three out of 100 cyclic voltammograms are 
shown. 

 

6.4.3. Optimization of the GOx:HRP ratio 

This study was carried out by measuring the absorbance of the ABTS•+ cation radical. The 

absorbance spectrum of this redox species is shown in Figure 6.7, where it can be seen the 

peaks at 420, 650, 740 and 835 nm.  

 

 

 

 

 

 

 

 

 

 

Figure 6.7. Absorbance spectrum of ABTS•+. 
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Out of the four different ratios compared, 1:2 was the one which showed the best LOD and 

sensitivity, 4.83 ± 0.13 µM glucose and 4.70 x 10-4 ± 1 x 10-5 A.U./µM glucose respectively, as 

shown in Figure 6.8. For the ratios 1:4, 1:1 and 2:1, LODs and sensitivities were found to be 8.2 

± 0.4 µM glucose and 2.5 x 10-4 ± 1 x 10-5 A.U./µM glucose, 28 ± 5 µM glucose and 3.4 x 10-4 ± 5 

x 10-5 A.U./µM glucose, 18 ± 2 µM glucose and 1.6 x 10-4 ± 2 x 10-5 A.U./µM glucose, 

respectively. 

 

 

Figure 6.8. (a) Limit of detection and (b) sensitivity for glucose of the Abbe prism microsystems 
functionalized with different glucose oxidase and horseradish peroxidase ratios. 

 

6.4.4. Glucose detection and crosstalk test 

Prior to the enzymatic measurements, cyclic voltammetric measurements were performed in a 

PBS buffer solution containing ABTS between -0.2 V and +0.4 V (vs. Au pseudo-ref. electrode) 

in order to detect the potential at which the oxidation limiting current is reached. From the 

signals shown in Figure 6.9, a potential of +0.3 V can be chosen. 

 

 

Figure 6.9. Cyclic voltammetry of ABTS and PBS buffer. As ABTS concentration decreases, current at 
0.3 V also decreases. 
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For DLOC1, a range from 2.5 to 30 mM glucose was measured at 30 µL/min (Figure 6.10). A 

linear range from 2.5 to 10 mM for the optical detection and from 5 mM to 17.5 mM for the 

electrochemical detection were considered, obtaining LODs and sensitivities of 3.2 ± 0.6 mM 

glucose and (0.21 ± 0.04) x 10-2 A.U./mM glucose, and 1.9 ± 0.10 mM glucose and -0.0024 ± 

0.0001 µA/mM glucose respectively. 

 

 

 

 

 

 

 

 

 

Figure 6.10. Electrochemical and optical measurements of glucose at 30 µL/min using DLOC1. 

 

For DLOC2, a range from 10 to 100 mM glucose was measured at 100 µL/min (Figure 6.11). A 

linear range from 10 to 90 mM for the optical detection and from 10 mM to 60 mM for the 

electrochemical detection were considered, obtaining LODs of 8.9 ± 0.5 mM glucose and 6.3 ± 

0.4 mM glucose respectively and sensitivities of (0.037 ± 0.002) x 10-2 A.U./mM glucose and –

(6.6 ± 0.3) x 10-4 µA/mM glucose respectively.  

 

 

 

 

 

 

 

 

 

Figure 6.11. Electrochemical and optical measurements of glucose at 100 µL/min using DLOC2. 
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Simultaneous measurements were also performed with DLOC2 showing absence of crosstalk 

between detection modes. The two of them also showed identical fast response of just 20 

seconds, as it can be seen in Figure 6.12. 

 

  

Figure 6.12. Simultaneous measurement of (a) absorbance at 420 nm and current at 0.3 V through 
time showing signal response after injections of buffer and different glucose concentrations in a range 

from 10 µM to 90 µM. 

 

Since mixings can be made in DLOC2 itself, providing with a more simple working procedure, 

this system was selected for the measurements at lower flow rates.  

When measurements at a lower flow rate were carried out (10 µL/min), the measurable 

glucose range decreased to 200 µM – 2 mM (Figure 6.13), being the linear range up to 1.6 mM 

for the optical detection (for the two measured wavelengths) and up to 2 mM for the 

electrochemical detection. In this way, the absorbance peak at 750 nm could also be plotted, 

which would be useful if a sample presents absorbance around 420 nm itself (as may be the 

case of urine or serum). LOD and sensitivity values for optical measurements at 420 nm and 

750 nm were 0.21 ± 0.15 mM glucose and (4.2 ± 0.3) x 10-2 A.U. /mM glucose, 0.22 ± 0.02 mM 

glucose and (2.2 ± 0.2) x 10-2 A.U. /mM glucose, respectively. For the electrochemical 

measurement LOD and sensitivity values were 0.113 ± 0.003 mM glucose and -0.0101 ± 0.0003 

µA/mM glucose. Since the flow rate was lower, the response time necessary to observe the 

signal increased to 60 s (Figure 6.14).  
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Figure 6.13. Optical and electrochemical measurements of glucose at 10 µL/min using DLOC2.  

 

Figure 6.14. Optical detection of glucose samples through time at 10 µL/min using DLOC2. Peak 1, 2 
and 3 represent injections of 600, 1200 and 1800 µM glucose respectively. 

 

Linear fittings, LODs and sensitivities of the glucose detection in continuous flow are shown in 

Table 6.2 for comparison purposes. DLOC2 shows a better performance in terms of easiness, 

since mixings can automatically be done, avoiding sample preparation steps. It provides with 

similar LOD and measurable ranges for glucose compared to other amperometric20,21 and 

optical22-24 microsystems based on enzymatic detection, being in or under the physiological 

range depending on the flow rate used, and offering additional advantages comparing also to a 

previously presented DLOC1, such as reduced response time and sample volumes, and 

inclusion of the mixer and the MIR in a single substrate, avoiding the tubing for their 

connection. Finally, the immobilization of the enzymes drastically reduces the reagent 

consumption. 
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Table 6.2. Linear fittings, R2 values, LODs and sensitivity values for the glucose measurements 

in continuous flow. 

Flow rate 
(µL/min) 

Detection method Results 

30 (DLOC1) Absorbance at 420 nm 

Linear fitting:  

Y = 0.2 ± 0.2 + 0.21 ± 0.04 X 

R
2
: 0.936 

LOD: 3.2 ± 0.6 mM 

Sensitivity: (0.21 ± 0.04) x 10
-2

 A.U. /mM 

30 (DLOC1) Current at +0,3 V 

Linear fitting:  

Y = 0.3370 ± 0.0015 - 0.0024 ± 1 x 10
-4

 X 

R
2
: 0.988  

LOD: 1.9 ± 0.10 mM 

Sensitivity: 0.0024 ± 1 x 10
-4

 µA /mM 

100 (DLOC2) Absorbance at 420 nm 

Linear fitting:  

Y = 0.04 ± 0.11 + 0.037 ± 0.002 X 

R
2
: 0.976  

LOD: 8.9 ± 0.5 mM 

Sensitivity: (0.037 ± 0.002) x 10
-2 

A.U. /mM 

100 (DLOC2) Current at +0.3 V 

Linear fitting:  

Y = 0,5930 ± 0.0014 – 6.6 x 10
-4

 ± 3 x 10
-5

 X 

R
2
: 0.983 

LOD: 6.3 ± 0.4 mM 

Sensitivity: 6.6 x 10
-4

 ± 3 x 10
-5

 µA /mM 

10 (DLOC2) Absorbance at 420 nm 

Linear fitting: 

 Y = 0.4 ± 0.3 + 4.2 ± 0.3 X 

R
2
: 0.971 

LOD: 0.21 ± 0.15 mM 

Sensitivity: (4.2 ± 0.3) x 10
-2

 A.U. /mM  

10 (DLOC2) Absorbance at 750 nm 

Linear fitting:  

Y = 0.24 ± 0.16 + 2.15 ± 0.16 X 

R
2
: 0.967 

LOD: 0.225 ± 0.017 mM  

Sensitivity: (2.15 ± 0.16) x 10
-2

 A.U. /mM 

10 (DLOC2) Current at +0.3 V 

Linear fitting:  

Y = 0.0013 ± 3 x 10
-4

 – 0.0101 ± 3 x 10
-4

 X 

R
2
: 0.991 

LOD: 0.113 ± 3 x 10
-3

 mM  

Sensitivity: 0.0101 ± 3 x 10
-4

 µA/mM glucose 
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6.5. Conclusions 
 

Two bienzymatically biofunctionalized DLOC that combine both optical and electrochemical 

transduction modes integrated together with a microreactor or a mixer and capable of 

performing continuous flow measurements have been presented. The DLOCs have been tested 

for the analysis of glucose. For this purpose, GOx and HRP were immobilized at microreactor 

and mixer walls. The results show that glucose can be measured at the physiological level using 

a relatively high flow rate and with fast system response of just 20 seconds for the DLOC2. 

Simultaneous measurements show absence of crosstalk and identical fast response, enhancing 

the reliability of the DLOCs by making them self-verifying. By manipulating the flow rate, the 

LOD could be improved while keeping the response time short, this being of just 60 seconds.  
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7.1. Summary 
 

In this chapter, a simple methodology for the biofunctionalization of PC and PMMA is carried 

out based on the previous protocol described in Chapter 5 and focused on the 

biofunctionalization of PDMS. In addition, a PMMA-based photonic LOC (PhLOC) has been 

functionalized to determine the possibility of transferring the designs of PDMS LOCs to this 

material. PC flat surfaces were tested by the detection of hydrogen peroxide (H2O2) with 

immobilized horseradish peroxidase (HRP), obtaining a limit of detection (LOD) of 2.5 ± 0.2 µM 

and a stability of one month. In the case of the PMMA-based PhLOC, GOx and HRP were 

immobilized and the analysis of glucose was carried out, obtaining a LOD of 24± 1µM. 

Escherichia coli (E. coli) bacteria was also successfully immobilized, keeping their viability 

intact. 800 ± 200 viable bacteria/mm2 were immobilized on modified PDMS surfaces while 600 

± 300 live bacteria/mm2 were immobilized on modified PC surfaces. 

 

7.2. Introduction 
 

Although polydimethylsiloxane (PDMS) offers some advantages for the fabrication of 

microfluidic chips, there are some drawbacks that hamper its massive implantation in 

commercially-available systems. For example, its elastic modulus is key to fabricating patterns 

by soft lithography. Thus, it enables the fabrication of actuated fluidic components such as 

pneumatic valves to be monolithically integrated with other fluidic components. However, the 

same property limits the aspect ratios of the structures that can be fabricated with it in order 

to avoid pairing and sagging negative effects. These can make the geometry of the final 

microsystem to be altered thus giving rise to a failure in the prediction of flow rates or 

alteration in the alignment of optical systems and their focusing. Designs that seem to work in 

PDMS at laboratory level could not work when transferring them to other materials with a 

different elasticity. Even with an increase in the cross-linker to silicon elastomer ratio above 

1:10, rigidity is not significantly increased. Reliable PDMS bonding depends on many variables 

such as humidity, temperature, applied plasma power and crosslinking agent to polymer ratio. 

When this bond is made between PDMS and glass, it fails around 30-50 PSI, which makes these 

microsystems inappropriate for applications where high pressure is required1. For these 

reasons different polymers were applied in the fabrication of LOCs, which are also cost-

effective and easy to pattern by, for instance, hot embossing or injection molding processes. 

Therefore, in order to integrate biosensor approaches in LOCs made with other polymers, 

additional research in the functionalization of these materials is required.  

Polycarbonate (PC) is an inexpensive polymer also applied to the fabrication of LOCs. It 

presents a high impact resistance, low moisture absorption, good machining properties, high 

glass transition temperature and transparency in the visible region2. It has already been 

applied in the fabrication of a variety of microfluidic chips3-5. However, its surface chemistry 

does not enable the covalent stable attachment of biomolecules. In this context, diverse 

processes have been published for the surface modification of PC. Many of them, however, 
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modify the properties of the material6, make use of solvents such as acetonitrile that could 

alter the shape of the patterned structures7, or involve the use of plasma treatments, which 

could be difficult to apply in microfluidic channels8. 

Polymethylmethacrylate (PMMA) has also been widely used for the fabrication of microfluidic 

chips9-11. It is a cheap, optically transparent material that can be easily patterned using 

different methods such as laser ablation, hot embossing, reactive ion etching and deep UV 

lithography12. In addition, its surface can be chemically modified and it is biocompatible13. 

On the other hand, although isolated proteins have only been immobilized in this Thesis, 

proteins in nature can also be found immersed in more complex systems such as cells. The 

possibility to immobilize any protein on polymeric surfaces following the protocols described 

throughout this Thesis can be exploited to immobilize cells through their membrane proteins. 

In this way, immobilized cells can be used for a variety of purposes, such as biosynthesis of 

vitamins, amino acids, organic acids, production of  monoclonal antibodies, recovery of heavy 

metals, whole cell enzymatic reactions or ethanol fermentation14. Different methods have 

been previously reported for cell immobilization in microfluidic chips, but most of the 

materials onto which cells were immobilized were not polymers15,16. In most of the already 

existing works describing bacterial immobilization onto polymers, a non-specific 

immobilization is used, such as simple adsorption of cells on porous PDMS17 or by direct 

immobilization on polycarbonate membranes18. In addition, the immobilizing protocol must 

preserve the viability of these cells19.  

In this chapter, a simple methodology for the biofunctionalization of PC and PMMA is carried 

out based on the previous protocol that is described in Chapter 5 of this Thesis and in the work 

by Ibarlucea et al.20. This methodology avoids the use of specific instrumentation and keeps 

intact the optical and structural properties of the materials used. In addition, a PMMA-based 

photonic LOC has been functionalized to determine the possibility of transferring the designs 

of PDMS LOCs to this material. Finally, Escherichia coli (E. coli) bacteria have been selectively 

immobilized through their membrane proteins following the same immobilization protocol on 

PDMS and PC. The viability of immobilized cells has been determined. 

 

7.3. Experimental details 
 

7.3.1. Materials and reagents 

Polyvinyl alcohol (PVA), 99.5% ethanol, 99% triethylamine (TEA), glucose oxidase (GOx), 

horseradish peroxydase type VI (HRP), sodium cyanoborohydride (NaBH3CN), tween 20, 99% 

2,2’azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), and 30 % hydrogen peroxide (H2O2) 

were purchased to Sigma-Aldrich Co. (St Louis, MO 63103, USA). 90% 11-triethoxysilyl 

undecanal (TESU) was from ABCR GmbH & Co. KG (76187 Karlsruhe, Germany). The PDMS 

Sylgard 184 elastomer kit was bought from Dow Corning (Midland, MI, USA). Escherichia coli 

strain was provided by the Genetics and Microbiology Department (Universitat Autònoma de 

Barcelona). LIVE/DEAD® BacLight™ Bacterial Viability Kit was from Invitrogen (Life 

Technologies Corporation, Carlsbad, CA 92008, USA). 
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7.3.2. Polymer biofunctionalization 

It has been previously reported that PVA can form coatings on hydrophobic surfaces21. Based 

on this and in our previously described protocol20, PC surfaces were modified as shown in 

Scheme 7.1. 

 

Scheme 7.1. Surface modification protocol on PC prior to protein immobilization. 

 

 

First, a PC sheet was cut in 4 cm2 pieces using a milling machine. They were cleaned in an 

ultrasonic bath (Thermo Fisher Scientific Inc., Waltham, MA, US) at 37 KHz, first in ethanol for 

15 min and then in deionized water (DI H2O) for 15 min. Then they were immersed in a 1 mg 

ml-1 solution of PVA in DI H2O and left to react for 1h. After this step, they were rinsed in water 

and dried under a N2 stream. Next, a silanization process was carried out by incubating the 

modified PC surfaces in a 99.5% ethanol solution containing 2% TESU and 2% TEA for 1h at 

room temperature (RT). Then the surfaces were rinsed with 99.5% ethanol and dried at 80ºC 

for 2h. Finally, the silanized PC surfaces bound HRP through the amine groups of its lysine 

residues, by forming a Schiff base that is further reduced to a stable secondary amine with 

sodium cyanoborohydride. For this, an incubation of 1 hour in a 1 mg ml-1 HRP enzyme 

solution in 0.05 M carbonate buffer pH 8 at room temperature was done. 

Following the same modification procedure, PC wells provided by the Institut für 

Mikrosystemtechnik (IMTEK, Freiburg, Germany) were biofunctionalized. However, for the 

enzyme incubation step, a solution containing 0.0375 KU GOx/mL and 0.075 KU HRP/mL was 

used with the aim of developing glucose sensing systems. The optical detection scheme was 

the same already applied in Chapter 6.  

In the case of PMMA, it has also been previously reported that PVA can form coatings on its 

surface22,23. A PVA-based modification of PMMA surfaces was carried out following the same 
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protocol. PMMA wells provided by the Institut für Mikrosystemtechnik (IMTEK, Freiburg, 

Germany) were modified first for the incubation of a 1:2 ratio of GOx and HRP, using the same 

concentrations as for PC. Finally, a photonic LOC (PhLOC) fabricated in PMMA provided by the 

IMTEK was biofunctionalized following the same procedure. 

7.3.2.1. Characterization of the polymer modification steps 

Contact angle measurements were carried out with the sessile drop method, using a Krüss 

Easydrop contact angle meter and DS1 analysis software (Krüss GmbH, Hamburg, Germany). A 

drop of water was deposited on the modified polymer surfaces and the angle formed between 

the liquid and the solid surfaces was measured. Atomic force microscopy topographic and 

phase images of the modified surfaces were taken with a Veeco Nanoscope Dimension 3100 

(Veeco, Plainview, NY, USA), working in tapping mode. 

7.3.2.2. Characterization of the analytical performance of the PC 

surfaces 

The analytical performance of the HRP containing surfaces was tested by measuring their 

enzymatic activity of this enzyme. The reduction of H2O2 in the presence of colorless 2,2’azino-

bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) charge transfer mediator, catalyzed by HRP, 

was monitored by absorbance measurements at 420 nm, as detailed in Chapter 5. 1 mL 

acetate buffer pH 5.5 samples containing different H2O2 concentrations in presence of 0.5 mM 

were incubated on the PC surfaces for 4 minutes and the solution was transferred to a 

standard spectrophotometry cuvette for the absorbance measurement. The calibration curve 

was plotted and the linear range, LOD and sensitivity for H2O2 were calculated. These results 

were compared to surfaces modified by direct adsorption of the enzyme. Then, the surfaces 

were stored in PBS at 4 ºC for over a month and the stability of the immobilized specieswas 

studied by repeating the calibration curve each week.  

For the bienzymatic surfaces, a 100 mM glucose and 0.5 mM ABTS containing sample was 

incubated for 10 minutes and the color formation was observed. 

7.3.2.3. Characterization of the analytical performance of the 

biofunctionalized PMMA 

For the PMMA wells, the activity of the immobilized enzymes was checked by the observation 

of the difference in the green color formation between the biofunctionalized and non-

biofunctionalized wells, in the same way as for the PC wells mentioned above. 

For the measurement in the PhLOC, a halogen lamp was used as light source and a 1930F-SL 

power meter (Newport, Irvine, USA) was used as detector. The microsystem consisted of a MIR 

system similar to that previously published24, being the lenses modified in accordance to the 

PMMA refractive index and the fabrication constrictions of the milling machine at IMTEK 

facilities. Samples of PBS buffer pH 7.2 containing glucose in a range from 20 µM to 1 mM  in 

presence of 0.5 mM ABTS were pumped inside the LOC and the increase in the detected power 

at 420 nm due to the formation of ABTS+• after the enzymatic cascade mentioned before was 

plotted. Finally, the LOD and sensitivity for glucose was calculated. 

7.3.3. Immobilization of bacteria 

7.3.3.1. Bacteria immobilization protocol 
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The protocol described in Chapter 5 for PDMS biofunctionalization was followed for the 

immobilization of bacteria on 4 cm2 flat PDMS and PC surfaces through their membrane 

proteins. The immobilization step was done by immersing overnight the modified surfaces in 2 

ml of 1 x 108 E. coli ml-1 containing carbonate buffer pH 8 at 4 ºC. The surfaces were then 

thoroughly rinsed in a 0.1M phosphate buffered saline pH 7.0 containing 0.02% (v/v) Tween 20 

(PBST) for 1 h in order to remove the nonspecifically adsorbed bacteria. The resulting surfaces 

were stored at 4ºC in PBS until their characterization by epifluorescence microscopy. 

7.3.3.2. Viability test and counting of immobilized bacteria 

Immobilized bacteria were stained with the LIVE/DEAD® BacLight™ Bacterial Viability Kit to 

quantify them and to monitor their viability as a function of their membrane integrity. This kit 

consists of two nucleic-acid-binding stains, SYTO® 9 and propidium iodide. The first one 

penetrates the cell membranes and labels bacteria with green fluorescence, while the second 

one is highly charged and does not penetrate the membranes unless they are damaged. In this 

last case, the bacteria are considered to be non-viable and they are labeled with red 

fluorescence, while the living ones remain green25,26. These stains were mixed together at a 1:1 

ratio and diluted 1:10 in a NaCl solution (0.085%). A volume of 1 ml of the mixture was added 

to the modified PDMS surfaces with immobilized bacteria and they were incubated in the dark 

at room temperature for 15 min. After incubation, the surfaces were observed with a Zeiss 

AXIO Imager A1 epifluorescence microscope and random pictures were captured. Cells were 

counted on 10 pictures for each material, and the average value was calculated together with 

the standard deviation. Viable cells were fluorescent green, while non-viable cells were 

fluorescent red. In this way, viable and total counts were obtained in a single staining step. 

PDMS surfaces with directly adsorbed bacteria were also observed for comparison purposes. 

 

7.3 Results 
 

7.3.4. Characterization of the polymer modification steps 

A rapid estimation of the degree of modification of the PC surfaces after every step carried out 

in the modification protocol was provided by contact angle measurements (Figure 7.1). The 

contact angle of a native PC surface was found to be 68 ± 4°, which agrees with the value 

found in the literature27. Following the PVA adsorption step, it decreased to 55 ± 1°, as 

expected due to the hydrophilic nature of its hydroxyl groups. The silanization step gave rise to 

an increase of the contact angle to 75 ± 8°. 
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Figure 7.1. Contact angle values measured following every step of each modification procedure. Error 
bars correspond to the standard deviation of three replicates. 

 

The topographic and phase images obtained by AFM (Figure 7.2) show that the unmodified PC 

surface is topographically flat (25.29 nm) as well as structurally and chemically homogeneous. 

After the PVA adsorption and silanization process, AFM images show a surface roughness 

increase (up to 36.23 nm) compared with that one of the native PC and an increase in the 

surface heterogeneity. 
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Figure 7.2. Topographic and phase AFM pictures of the PC surface before and after the modification 
with PVA and silane. 

 

7.3.5. Characterization of the analytical performance of the PC surfaces 

After the immobilization of HRP on PC surfaces, the analytical performance of the resulting 

sensing surfaces was tested in H2O2 solutions in a concentration range from 2 µM to 20 µM. 

For the surfaces with the enzyme directly adsorbed, the measurable range was found to be 

between 10 µM and 80 µM. The corresponding calibration plots can be seen in Figure 7.3. A 

LOD of 2.5 ± 0.2 µM H2O2 and a sensitivity of 0.0066 ± 0.0005 A.U./µM H2O2 was obtained with 

the modified PC surfaces, while for the surfaces with the adsorbed enzyme the LOD and the 

sensitivity values were 6.3 ± 0.4 µM H2O2 and 0.0101 ± 0.0007 A.U./µM H2O2 respectively. 

Linear fittings can be seen in Table 7.1.  
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Figure 7.3. Calibration plots for the hydrogen peroxide sensing surfaces on (a) modified PC and (b) 
directly adsorbed PC.  

Table 7.1. Linear fittings, limit of detections and sensitivities of the different polymeric sensing 

systems obtained. 
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Modified PC 
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2
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LOD: 2.5 ± 0.2 µM H2O2  
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Native PC 
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Sensitivity: 0.0101 ± 7x 10
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PMMA PhLOC 

Linear Fitting: 
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The operational stability of the surfaces was tested for over a month. Figure 7.4 shows the 

shift in the sensitivity values with time. The surfaces based on the adsorption of HRP show a 

rapid decrease in the sensitivity values during the first week of operation, while the modified 

ones remained more stable for one month due to the presence of several bonding points that 

long PVA chains create over the PC surface, as it occurred when using PDMS surfaces (see 

Chapter 5). A shift towards lower sensitivity values was observed after this month. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. Stability study for the hydrogen peroxide sensing surfaces on modified and unmodified PC. 

 

When the analytical performance of the bienzymatic surfaces was observed, a clear color 

difference was observed between the biofunctionalized wells and the non-biofunctionalized 

ones (Figure 7.5), showing that the two enzymes can be immobilized at the same time on the 

modified PC. 

 

 

Figure 7.5. (a) PC wells (1) with and (2) without immobilized enzymes. (b) Color comparison between 
glucose samples after incubation on (3) biofunctionalized and (4) non-biofunctionalized PC wells.  
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Overall, from the results presented above, it can be seen that the PVA-based modification 

protocol gives rise to stable sensing surfaces with a good analytical performance. 

7.3.6. Characterization of the analytical performance of the 

biofunctionalized PMMA 

The correct activity of the immobilized enzymes was checked on the PMMA wells by the 

observation of the difference in the green color formation between the biofunctionalized and 

non-biofunctionalized wells, in the same way as for the PC wells mentioned above. As it can be 

seen in Figure 7.6, a green color was developed on the solutions incubated on the 

biofunctionalized wells. 

 

 

Figure 7.6. (a) PC wells (1) with and (2) without immobilized enzymes. (b) Color comparison between 
glucose samples after incubation on (3) biofunctionalized and (4) non-biofunctionalized PC wells.  

 

Using the PMMA-based LOC, a linear range between 20 µM and 300 µM was obtained (Figure 

7.7). The LOD and sensitivity were found to be 24.2 ± 1.4 µM glucose and 0.001 ± 8 x 10-5 

nW/µM glucose respectively. Linear fittings can be seen in Table 1. 

 

 

 

 

 

 

 

 

Figure 7.7. Calibration plots for the glucose biosensor approach in the PMMA PhLOC. 
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7.3.7. Immobilization of bacteria 

On the modified PDMS surfaces, 8000 ± 200 live bacteria/mm2 and 300 ± 100 dead 

bacteria/mm2 were found to be immobilized, while on the unmodified PDMS 100 ± 100 live 

bacteria/mm2 and 10 ± 20 dead bacteria/mm2 were immobilized, as it can be seen in figure 

7.8. Some pictures obtained by microscopy can be seen in Figure 7.9. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8. Comparative quantification of dead and live immobilized bacteria on unmodified and 
modified PDMS. 

 

 

Figure 7.9. Fluorescence microscopy picture of (a) unmodified and (b) modified PDMS after bacteria 
immobilization protocol. 

 

On the modified PC surfaces, 600 ± 300 live bacteria/mm2 and 100 ± 100 dead bacteria/mm2 

were immobilized, while on the unmodified PC 200 ± 200 live bacteria/mm2 and 20 ± 30 dead 

bacteria/mm2 were immobilized, as it can be seen in Figure 7.10. Pictures obtained by 

microscopy can be seen in Figure 7.11. 
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Figure 7.10. Comparative quantification of dead and live immobilized bacteria on unmodified and 
modified PC. 

 

 

Figure 7.11. Fluorescence microscopy picture of (a) unmodified and (b) modified PC after bacteria 
immobilization protocol. 

From the results, it can be observed that enzymes have been immobilized on PC and PMMA 

retaining both the enzymatic activity and the optical and structural properties of the polymers 

intact. The MIR structure has been used in PMMA with minimum changes and glucose has 

been detected below the physiological level. Cells have also been immobilized through their 

proteins, retaining their viability.  

 

7.4 Conclusions 
 

Immobilization of enzymes on PC and PMMA has been successfully achieved. The stability has 

been proved for 1 month for peroxide sensing PC flat substrates. By using a PhLOC fabricated 

in PMMA, a system for glucose detection was obtained with a LOD below the physiological 

level. E. coli bacteria were also immobilized through their membrane proteins on PDMS and PC 
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surfaces in a higher number than the ones that can be nonspecifically adsorbed to the same 

surfaces. Most of the immobilized bacteria were alive, permitting their use for cell-based 

sensing applications on microfluidic systems. 
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8. CONCLUDING REMARKS 
 

 

The main objective of the PhD Thesis was focused towards the development of low-cost 

functionalized Lab-on-a-(Bio)Chip (LOC) devices, which could be applied for the analysis of 

target analytes of interest in the environmental and biomedical field. The results obtained to 

achieve this objective were quite satisfactory and can be summarized as follows:  

1. Analytical procedures for the detection of various analytes (cells and heavy metal ions) 

using polymeric photonic lab on a chip (PhLOC) systems have been developed. These 

PhLOCs implemented using a low-cost polymer, polydimethylsiloxane (PDMS), 

monolithically integrate all the required micro-optical structures. They present air 

mirrors in order to lengthen the optical path without dramatically enlarging its size, 

resulting in a sensitivity enhancement, in accordance to the Beer-Lambert law. When 

analyzing cells, these PhLOCs tackle the drawbacks of the Neubauer cell counters in 

terms of measuring speed and avoidance of human errors. It has been possible to 

measure and differentiate live and dead cell populations. Heavy metal ion 

concentrations have also been determined by combining the use of PhLOCs with 

selective colorimetric ligands, developing a simple procedure that can be implemented 

in portable systems for in situ measurements. They outperform other previously 

reported systems just by considering the ease and cost of their fabrication process and 

the simplicity of the applied absorbance-based detection approach, which avoids the 

implementation of electrodes, heaters or the incorporation of toxic substances. 

 

2. Protein immobilization protocols in liquid phase for PDMS microchannels have been 

developed. They retain the optical and structural properties of the material intact, as 

well as the activity of the enzymes that have been immobilized for the use of PhLOCs 

as biosensors. These protocols do not require any specific instrumentation, thus 

enabling their easy and rapid implementation in chemical and biological laboratories. 

The protocol that involves a surface modification with polyvinyl alcohol (PVA) polymer 

is the most suitable one and the immobilized enzyme presented a stable activity for 

more than a month.  

 

3. Additional structures have been added to the PhLOCs, such as a reactor and a 

microfluidic structure combining properties of a mixer and a reactor (by enzymatically 

biofunctionalizing a mixer), as well as electrodes which, in combination with the micro-

optical structures, make possible to perform simultaneous electrochemical and optical 

measurements and gave rise to the development of two different dual LOCs (DLOCs). 

More reliable analytical tools could be developed with these systmes, since the 

optical/electrochemical double response make them to be self-verifying. In addition, it 
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opens the possibility to perform measurements of the enzymatic activity under 

continuous flow conditions, reducing response time and sample volumes. Compared 

to previously published DLOCs, the inclusion of the MIR with the other microfluidic 

structures in a single substrate avoids the tubing for their connection. Also, the 

immobilization of the enzymes drastically reduces the reagent consumption. 

 

4. The protein immobilization protocol developed in this work was tested on different 

polymers and by immobilizing different biological targets. It was demonstrated that 

enzymes could also be immobilized on polycarbonate (PC) and 

polymethylmethacrylate (PMMA). The correct performance of the micro-optic 

elements of the PhLOC when they are transferred to PMMA was verified. Escherichia 

coli bacteria was also immobilized on PC and PDMS substrates, keeping their viability 

intact and making possible to use this process for its application in cell-based 

biosensors or for the study of cells in controlled environments that required 

theirattachment to such kind of polymeric substrates. 
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Cell Screening Using Disposable Photonic Lab on a
Chip Systems

Bergoi Ibarlucea,† Elisabet Fernandez-Rosas,†,‡ Jordi Vila-Planas,† Stefanie Demming,§

Carme Nogues,‡ Jose A. Plaza,† Stephanus Büttgenbach,§ and Andreu Llobera*,†,§

Centre Nacional de Microelectrònica (IMB-CNM, CSIC), Barcelona, Spain, Departament de Biologia Cel · lular,
Fisiologia i Immunologia, Universitat Autònoma de Barcelona, 08193-Bellaterra, Barcelona, Spain, and Institut für
Mikrotechnik, Technische Universität Braunschweig, 38124 Braunschweig, Germany

A low-cost photonic lab on a chip with three different
working regimes for cell screening is presented. The
proposed system is able to perform scattering, scattering
+ absorption, and absorption measurements without any
modification. Opposite to the standard flow cytometers,
in this proposed configuration, a single 30 ms scan allows
to obtain information regarding the cell optical properties.
An additional novelty is that the whole spectrum is
obtained and analyzed, being then possible to determine
for each regime which is the optimal working wavelength
that would provide the best performance in terms of
sensitivity and limit of detection (LOD). Experimental
results have provided with an LOD of 54.9 ( 0.7 cells
(in the scattering regime using unlabeled cells), 53 ( 1
cells (in the scattering + absorption regime using labeled
cells), and 105 ( 4 cells (in the absorption regime using
labeled cells). Finally, the system has also been used for
measuring the dead/live cell ratio, obtaining LODs be-
tween 7.6 ( 0.4% and 6.7 ( 0.3%, depending on the
working regime used.

Nowadays, there is a huge demand of simple, disposable, and
low-cost diagnostic tools that could be implemented in any
laboratory, even in developing countries with limited resources.
Additionally, point-of-care (POC) situations also demand not only
such tools but also monitoring systems which provide real-time
information about a therapy. When related to cell culture analysis,
the main issues that such tools have to address are the isolation
of the cells of interest and their fast screening. Cell isolation is
generally evaluated with immunofluorescent labeling, which
provides high specificity at the expenses of increasing the time
and the required steps of sample processing. Additionally, for
population measurements, the counting repetition at random
points is required in order to avoid errors due to irregular or
random patterns of uneven cell distribution.1,2 Some interesting

approaches have recently been presented trying to tackle this
issue.3 Nevertheless, a microscope is still required, being then
necessary for manual counting of the entrapped cells on a single
device (with the possibility of having computer-assisted systems).
A step forward is the lensless, ultrawide field cell monitoring array
platform based on shadow imaging (LUCAS) that records the
shadow of each individual cell.4,5 Although these results are a
significant step toward white light microscopy on a chip, they
cannot perform multiwavelength measurements (as could be the
case of fluorescent labeling). Hence, the use of the LUCAS
configuration is restricted to cell counting.

Generally speaking, manual counting chambers, automated cell
counters, and flow cytometry are the standard methods used to
determine cell concentration in cultures. Several dyes are also
used to evaluate live and dead cells in culture, based on the
assumption that only dead cells are stained.6 In this approach,
human errors caused by operator subjectivity in manual counters
and statistical errors due to dilutions or sample concentration in
manual and automated counters are common. Flow cytometry
solves this issue but at the expense of a high price. Hence, a fast,
multiparametric, disposable system for POC applications able to
count cells in a constant volume is yet to be presented.

This open issue is currently addressed with the miniaturization
and integration of the systems that require a minimal amount of
samples and reagent volumes. Manz and co-workers7 defined
them as micro total analysis systems (µTAS), also known as lab
on a chip. The importance that these configurations have acquired
has been favored by the enormous development in two main fields:
microfluidics and detection methods. In the first case, the scaling
down of the analytical systems does not only mean the reduction
in size and price but also a significant improvement of the
analytical performance (reagent consumption, response time, and
parallelization). Hence, it becomes clear why microfluidics has
evolved from the early simple microchannels to a myriad of
different systems ranging from drop generators to single-cell
cultivation systems.8-13
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Regarding the detection methods, nowadays the optical readout
(defining the so-called photonic lab on a chip) uses light as the
interrogation mechanism. Such a configuration has additional
advantages as compared to its counterparts, as described in ref
14. Additionally, from an analytical prespective, measurements do
not require direct contact with the cell culture or the use of
potentials, which could either interfere or modify the cell proper-
ties.15 Two different approaches toward lab on a chip can be found
in the literature: performance enhancement, which means the
development of high-throughput systems (HTS) for multipara-
metric detection,16 or accuracy enhancement, with the most
significant example as the use of optical tweezers for single cell
analysis and manipulation.17 In both cases, the low-cost assump-
tion is not fulfilled. The tackling of this issue is generally
associated with the use of polymers, especially poly(dimethylsi-
loxane) (PDMS), using soft lithographic methods.18 Considering
its excellent optical and structural properties, microfluidic and
photonic elements can be monolithically defined. Not surprisingly,
it has already been used in laser-induced-fluorescence systems19

and optical cytometers.20 Moreover, multiplexing/filtering can also
be included.21,22 The integration of photonic elements also allows
one to remove the bulky inverted microscope and the external
filters from the experimental setup, hence having an in-plane
configuration with much higher accessibility. Besides, a final result
is given directly, avoiding the possibility of interpretation errors.
Finally, its biocompatibility and its low cost make this material
the most suitable for meeting the previously mentioned require-
ments. Hence, polymeric photonic lab on a chip is a promising
configuration, especially in the field of cellular biology, where time-
dependent multiparametric measurements have to be done
without compromising the environmental conditions of either the
cells or the media. The low cost also assures having disposable
systems, being then possible to use sterile systems for each
measurement.

Currently, fluorescence is the most common analytical
method.23 Nevertheless, as it was previously mentioned, the
labeling adds another step to the cell preparation. Additionally,

fluorescence is emitted in 4π sr, which makes it challenging to
have a reasonable amount of fluorescence reaching the detector.
Conversely, absorbance measurements can be done much faster
without requiring labeling or with a simpler labeling method. Since
the absorbance is directly proportional to the path length, larger
interrogation regions reduce the limit of detection (LOD). It has
to be noted, however, that the increase of the optical path requires
having reflections inside the interrogation volume. Because of the
low refractive index contrast between the PDMS and the liquid
that fills the interrogation region (as could be phosphate saline
buffer, PBS), the reflection coefficients at the PDMS-PBS are 0.029
for TE-polarization and 0.062 for its TM counterpart, requiring
hence long integration times for achieving a reasonable signal-
to-noise ratio (SNR) and thus inherently preventing the possibility
of implementing them in high-throughput screening (HTS).

In an attempt to go beyond this state of the art, the low cost,
disposable, polymeric photonic lab on a chip system in multiple
internal reflection (MIR) configuration is used. Such MIRs
systems have already been used for fluorophore detection,24 but
to the best of our knowledge, up to now there has been no
contribution regarding using such systems for cell screening. In
addition, we show in this manuscript that MIRs can work in the
three working regimes: LS (scattering), LS + ABS (scattering +
absorption), and ABS (absorption). Opposite to cell cytometers,
where the cells are successively counted, in our approach a single
measurement of 30 ms is done in the entire interrogation region.
If the cells are unlabeled or do not have absorption bands in the
wavelength range under study, a scattering band (flat absorption
band) is obtained. Conversely, when they are labeled, a super-
imposed absorbance band is observed. In both working regimes,
the population can be determined. Finally, by subtraction of the
two previous results, we obtain the spectra related only to the
absorption (ABS). To show the viability of the proposed system,
it has been used not only for determining the population of labeled
and unlabeled cells but also for determining the dead/live ratio.
This is the first time, to the best of our knowledge, that a photonic
lab on a chip that simultaneously tackles both the human errors
of the Neubauer chamber and the cost issue of the cell counters
is presented to the scientific community.

MATERIALS AND METHODS
Optofluidic System Design. The working principle of the

PDMS-based MIR systems has already been presented.24 Never-
theless, for completeness, it is briefly reproduced here. The
interrogation region is tailored so as to reduce the mean flow cell
volume. Optically, they form a complex system with a high degree
of monolithic integration, since they comprise self-alignment
systems for adequate positioning of fiber optics, lenses, and
focusing mirrors. Light propagates in the system following a zigzag
path with the help of integrated air mirrors.25 In such conditions,
the air mirrors meaningfully lengthen the optical path without
dramatically increasing the overall size of the reactor.

Cell Culture and Labeling. Human monocytic cell line THP-1
(ECACC No.88081201) was maintained in RPMI 1640 medium
(Gibco, 21875-034) with 20% fetal bovine serum (Gibco, 10106-

(8) Applegate, R. W.; Squier, J.; Vestad, T.; Oakey, J.; Marr, D. W. M.; Bado,
P.; Dugan, M. A.; Said, A. A. Lab Chip 2006, 6, 422–426.

(9) West, J.; Michels, A.; Kittel, S.; Jacob, P.; Franzke, J. Lab Chip 2007, 7,
981–983.

(10) Skelley, A. M.; Kirak, O.; Suh, H.; Jaenisch, R.; Voldman, J. Nat. Methods
2008, 6 (2), 147–152.

(11) Joensson, H. N.; Samuels, M. L.; Brouzes, E. R.; Medkova, M.; Uhlén, M.;
Link, D. R.; Andersson-Svahn, H. Angew. Chem., Int. Ed. 2009, 48, 2518–
2521.

(12) Godin, J.; Chen, C. H.; Cho, S. H.; Qiao, W.; Tsai, F.; Lo, Y. H. J. Biophoton.
2008, 1 (5), 355–376.

(13) Lindström, S.; Larsson, R.; Andersson-Svahn, H. Electrophoresis 2008, 29,
1219–1227.

(14) Flusberg, B. A.; Cocker, E. D.; Piyawattanametha, W.; Jung, J. C.; Cheung,
E. L. M.; Schnitzer, M. J. Nat. Methods 2005, 2 (12), 941–950.

(15) Cheng, X.; Liu, Y. S.; Irimia, D.; Demirci, U.; Yang, L.; Zamir, L.; Rodrı́guez,
W. R.; Toner, M.; Bashir, R. Lab Chip 2007, 7, 746–755.

(16) Duffy, D. C.; Gillis, H. L.; Lin, J.; Sheppard, N. F., Jr.; Kellogg, G. J. Anal.
Chem. 1999, 71, 4669–4678.

(17) Perroud, T. D.; Kaiser, J. N.; Sy, J. C.; Lane, T. W.; Branda, C. S.; Singh,
A. K.; Patel, K. D. Anal. Chem. 2008, 80, 6365–6372.

(18) Xia, Y.; Whitesides, G. M. Angew. Chem., Int. Ed. 1998, 37, 550–575.
(19) Camou, S.; Fujita, H.; Fujii, T. Lab Chip 2003, 3, 40–45.
(20) Lin, C. H.; Lee, G. B. J. Micromech. Microeng. 2003, 13, 447–453.
(21) Llobera, A.; Wilke, R.; Büttgenbach, S. Lab Chip 2004, 4, 24–27.
(22) Hofmann, O.; Wang, X.; Cornwell, A.; Beecher, S.; Raja, A.; Bradley, D. C.;

deMello, A. J.; deMello, J. C. Lab Chip 2006, 6, 981–987.
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169) at 37 °C in 5% CO2. Before each experiment, cells were
rinsed twice in PBS tempered at 37 °C and kept alive in an
incubator under controlled temperature and atmosphere. To
obtain the dead cell population, monocytes were fixed with 4%
paraformaldehyde in PBS for 10 min. Afterward, cells were
stained with trypan blue (Gibco, 15250-061) in PBS (1:1) for 5
min and rinsed twice in PBS to maintain the label only inside
the cells and not in the buffer. Trypan blue is one of the most
commonly used methods for assessment of viability in a given
cell population26 and gives the possibility to differentiate the
dead/live cells with an easy staining procedure. The trypan
chromophore is negatively charged. Hence, this stain does not
enter inside the cells unless the membrane is damaged. When
it penetrates into the cytoplasm of dead cells through the
membrane, it can be seen as a blue color on the whole area of
the cells, while live cells are still transparent.27 Finally, for the
dead/live ratio measurement, both populations were diluted
to obtain the desired cell proportions. All the measurements
have been performed in PBS buffer to ensure that results are
due only to the cell signals.

Measurement Setup. The MIR system can be seen in Figure
1. A broadband light source (Ocean Optics HL-2000, Dunedin,
FL) is coupled into the input multimode fiber optics with a
diameter of 230 µm, which in turn is located in the self-alignment
microchannels. At the end of this microchannel, a microlens
corrects the numerical aperture of the fiber optics, having then
parallel beams. Light enters into the interrogation region and
interacts with the media that fills this region. As previously
discussed, because of the reflection coefficients, most of the light
is transferred to the PDMS. When it reaches the air mirror, the
conditions of total internal reflection (TIR) hold. Hence, light is
reflected toward the interrogation region, reaching the second
air mirror, which reflects again the light while focusing it on the
vicinity of the collecting fiber optics. Hence, light propagates in
the system following a zigzag path. The readout comprises an
identical fiber optics, which carries the signal to a spectrometer
(Ocean Optics HR4000, Dunedin, FL) with a spectral resolution

of 2 nm. The integration time has been fixed to 30 ms. All
measurements have been done at room temperature in a temper-
ature-controlled lab. This setup remains unchanged throughout
the experiment, that is, for the three regimes and for labeled/
unlabeled cells.

RESULTS AND DISCUSSION
Measurement Protocols. Three different experiments have

been carried out with the proposed systems and using the
previously mentioned working regimes: counting of living cells
by LS, counting of trypan blue dyed cells (both by LS + ABS and
ABS) and finally the determination of the dead/live ratio at a
constant population (again by LS + ABS and ABS). The main
objective is to determine the LOD of the system for each
experiment and for each regime. The following experimental
procedure has been carried out: first, the system has been filled
with buffer solution (PBS) and the readout obtained was consid-
ered as the reference for all subsequent experiments. Then, for
the LS and the LS + ABS experiments, dilutions with progressively
higher concentrations of live or dead cells from 50 to 2000 kcells/
mL have been injected in the MIR. In the case of determining
the LOD of dead cells, trypan blue is used since it is a direct,
nearly instantaneous vital stain able to be used at room temper-
ature with an optimal detection peak located at a wavelength of
580 nm. For each cell concentration, the average of 10 consecutive
scans was taken. After measurement of the highest available cell
concentration, the buffer solution is injected again to check
possible drifts of the reference signal. In all the measured sets,
the reference signal had a constant value within the experimental
error. Then, the absorbance as a function of the cell concentration
has been plotted, obtaining a linear fit for different wavelengths.
In accordance to the 3σ IUPAC definition,28 from the values of
this linear fit, the LOD are obtained for live and dead cells. It is
noteworthy mentioning IUPAC states that the LOD is not the
lowest detectable cell concentration but also depends both on the
sensitivity and the accuracy of the linear fit. From these data, it
is possible to determine at which wavelength the LOD has a
minimum and the sensitivity is maximal, being then able to obtain
the optimal working parameters according to the cells under
study. Once this optimization has been done, a third experiment
(live/dead) is pursued. A total of 11 serial tubes were arranged
with a 10% of variation in the live/dead cell ratio between them
and a constant cell concentration of 2000 kcells/mL. In this case,
LS + ABS and ABS working regimes were used to measure the
dead cells percentage. The value obtained therein was afterward
compared and confirmed using a Neubauer-counting chamber;
images of this experiment were recorded with a digital camera
under an IX71 inverted microscope (Olympus) with a differential
interference contrast and a 20× objective.

To avoid nondesired cell death and minimize noncontrolled
variations in the optical measurements, all the experimental work
was carried out with the minimum required time and keeping the
monocytic cell line under culture conditions (37 °C in 5% CO2)
until the measurements were done.

Live Cells: LS Regime. The absorbance spectra as a function
of the live cell concentration are shown in Figure 2a. As expected,
because of the size of such cells (between 7 and 15 µm in(26) Uliasz, T. F.; Hewett, S. J. J. Neurosci. Methods 2000, 100, 157–163.

(27) Cheng, L. L.; Luk, Y. Y.; Murphy, C. J.; Israel, B. A.; Abbott, N. L.
Biomaterials 2005, 26, 7173–7182. (28) Long, G. L.; Wineforder, J. D. Anal. Chem. 1983, 55 (7), A712–A724.

Figure 1. Picture of the PDMS-based MIR system. It comprises self-
alignment microchannels for accurate fiber optics positioning, micro-
lenses, and air mirrors. All these microoptic elements ensure an
adequate zigzag path of the light along the interrogation region, which
can be filled through the input fluidic port.
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diameter), a nearly flat absorption band can be observed for all
cell concentrations. There are two main differences of the
proposed photonic lab on a chip with those previously presented:
(i) The cell detection is done in parallel. That is, it does not work
cell by cell (serial counting) as most of the cytometers but is able
to provide information regarding the cell population in the volume
by a single 30 ms measurement. (ii) Instead of measuring the
absorption at a concrete wavelength, with the proposed MIR
systems, the whole cell spectral response is obtained. This
approach allows simultaneous in situ multiparametric detection
by choosing the appropriate working wavelengths. Once the LS
spectral response is obtained for the different cell concentrations,
the absorbance as a function of the cell concentration can also be
determined for several wavelengths (see Supplementary table S-1
in the Supporting Information), obtaining the expected linear
behavior in all cases, which is in accordance to the Beer-Lambert
law. Interestingly, and as an improvement of the state of the art,
the linear fits allow one to determine the sensitivity and the LOD
for each wavelength. From them, it is possible to determine which
wavelength has the highest sensitivity and/or lower LOD, optimiz-
ing the response of the photonic lab on a chip.

The results of this optimization for live cells can be seen in
Figure 2b, where the sensitivity and the LOD are plotted as a
function of the wavelength. It can be seen that a plateau of maximal
sensitivity is obtained at wavelengths between 580 and 700 nm,
which simultaneously corresponds to an LOD minima, with values
between 60 ± 1 and 38.4 ± 0.5 kcell/mL. Considering that the
system has a volume of 1.43 µL, these LODs correspond to 86 ±
1 and 54.9 ± 0.7 cells, respectively.

Dead Cells: LS + ABS and ABS Regimes. When a vital stain
or a dye are used for cell labeling, two effects simultaneously
occur: absorption and scattering. Generally, it is challenging to
uncouple them, especially if measurements at a single wavelength
are done. This issue is also addressed and solved with the
proposed system: as it is shown in Figure 3a, the absorbance as
a function of the wavelength for 2000 kcell/mL shows the trypan
blue peak at 580 nm and the scattering band in the wavelength
range studied. In the previous subsection, the absorption band
for such a cell concentration was determined (also shown in
Figure 3a for clarification). Hence, simply by subtraction of both
spectra, the trypan blue absorption band can be isolated.

Interestingly with labelled cells, the MIR-based photonic lab
on a chip system allows working in two distinct regimes: scattering
+ absorption (LS + ABS) or absorption (ABS). In the first case,

Figure 2. Results obtained for the scattering measurements using
unlabeled cells: (a) absorbance as a function of the wavelength for
concentrations ranging from 50 to 2000 kcell/mL. The flat absorption
band is due to the cell scattering, which have a size between 7 and
15 µm. From these results, the absorbance as a function of the
concentration is obtained, which can afterward be linearly fitted
(Beer-Lambert regime). From this fit, sensitivity and LOD as a
function of the wavelength for the LS regime is obtained, which is
shown in part b, which determines the optimal working wavelength.

Figure 3. (a) Absorbance as a function of the wavelength for the
three regimes studied: LS (flat absorption band), LS + ABS (flat
scattering band and a strong trypan peak superimposed), and ABS
(only showing the trypan peak) for a cell concentration of 2000 kcell/
mL. This latter regime is obtained by subtraction of the first two
regimes. Identical to the previous figure, we have use labeled cell
concentrations ranging from 50 to 2000 kcell/mL. Absorbance vs
concentration is plotted, and from these graphs, the sensitivity and
LOD as a function of the wavelength for LS + ABS and ABS regimes
are obtained, which are shown in part b.
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the procedure is identical to that presented in the previous section:
The results of these fits are presented in Figure 3b and at also in
the Supplementary table S-2 in the Supporting Information. As
expected, because of the strong trypan absorption band, the
maximum sensitivity is obtained at 580-600 nm. At such a range,
a minimum LOD between 53 ± 1 and 61 ± 1 cells is obtained. It
is also noticeable that the scattering band still can be seen at
longer wavelengths, which allows one to have LODs of some
hundreds of cells in the NIR range (>700 nm). Such configuration
is of interest for measuring samples without preprocessing (such
as labeling). Nevertheless, in the most general situation, cell
labeling is used. Then, overall spectra is formed both by contribu-
tions of biomarkers and scattering. In this situation the scattering
can be considered as a background noise, which modifies the
overall shape of the spectra. Hence, having the possibility to
subtract the scattering effects, and only obtaining the absorption/
fluorescence contribution, is highly advantageous. The results
obtained in the previous section have been taken as reference
and subtracted from the spectra, as previously discussed. Again,
several key wavelengths have been taken, and their linear fit is
shown in Supplementary table S-3 in the Supporting Information.
Since only the trypan blue band is obtained, the mentioned table
just shows the linear fits of interest, with a minimum LOD of 105
± 4 cells. The comparison between both regimes can also be seen
in Figure 3b. Although the absorbance has a slightly smaller
sensitivity, it provides a much higher specificity, since outside
the trypan blue region, LODs higher than 350 cells are obtained.

Up until now, we have shown that the proposed photonic lab
on a chip is able to work in three different regimes: scattering
(LS), scattering + absorption (LS + ABS), and absorption (ABS),
obtaining comparable sensitivities and LODs, although each of
them with distinct features. To confirm this last point, we have
selected a key application, namely, the detection of dead/live cell
ratios. To this effect, different proportions of labeled (dead) and
nonlabeled (live) cells (10% variation between conditions) are
mixed at a constant concentration (2000 kcells/mL) and afterward
injected in the MIR. The results of the conducted experiments
are presented in the next subsection.

Dead/Live Ratio Measurement. The absorbance as a func-
tion of the wavelength for different dead/live cell ratio is presented
in Figure 4a. Since the samples injected range from 0% to 100%
labeled cells, the spectra also vary from only the flat absorption
band (0% of dead cells) to the conditions where the trypan
absorption peak is superimposed (100% of dead cells). An image
of labeled and nonlabeled cells inside the MIR can be seen in
Figure 4b. Similar to the previous section, these spectra have been
analyzed with two of the previously presented regimes: LS + ABS
and ABS. In the first case, the absorbance as a function of the %
of dead cells is presented in Figure 5a. The highest sensitivity
corresponds to the trypan blue region (580-600 nm), decreasing
sharply both for longer and shorter wavelengths. The values above
the 70% of dead cells do not match the tendency. This effect is
understood when the same dead/live cell ratio was placed in a
Neubauer counting chamber. While the percentage of dead cells
counted corresponds to the dead/live cell ratio analyzed, the total
number of cells did not; dilutions above 70% have a significant
cell deficit, which explains why these points do not follow the
expected linear tendency. This point is also noteworthy, since this

behavior can be understood as a self-test system: if the experi-
mental value falls outside the calibration curve, a cell deficit is
likely to have happened.

Once the values above 70% had been understood, they have
not been used for the determination and the sensitivity and the
LOD, which are presented in Figure 5b and Supplementary table
S-4 in the Supporting Information. In this case, no scattering effects
are observed even though we are using the whole spectra, namely,
LS + ABS. Only the wavelengths where the trypan blue absorbs
show a high sensitivity peak and an LOD of the percentage of
dead cells of 7.6 ± 0.4%. This effect can be understood if we take
into account that we are using a constant population of 2000 kcell/
mL. Hence, the scattering band is similar in all the samples used,
and no difference in both parameters (sensitivity, LOD) should
be observed. As it was presented in the previous section, if a
variation of any of these parameters were seen, it could only be
due to the variation of the population.

Because of the constant population level, the absorption
measurements are suitable to provide lower LODs. The procedure
has been similar to that previously presented, and the results are
shown in Figure 5b and Supplementary table S-5 in the Supporting
Information. In this case, the experimental and statistical errors
of the LS + ABS make it difficult to compare their specificity,
although the thinner full-width half-maximum (FWHM) of the

Figure 4. Measurement of the dead/live ratio. A constant cell
concentration of 2000 kcell/mL has been selected, varying the live/
dead ratio in the 11 samples taken. In the absorbance as a function
of the wavelength, the spectra shift from the LS regime (scattering)
when all cells are alive to the LS + ABS regime (scattering + trypan
peak), when only measuring dead cells. (b) Image of a concrete region
of the MIR filled with dead and alive cells in a 50/50 ratio.
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sensitivity for the ABS may suggest that this latter regime has a
slightly higher specificity. Again, a decrease of the sensitivity is
obtained, although the LOD for the percentage of dead cells using
ABS has been experimentally measured to be 6.7 ± 0.3%.

Regarding the direct applications and as an example, a CD4+

T cells count below 200 cells/µL is given as a key diagnosis
for AIDS.29 Such cells have not been used in our experiments
but, due to its size and its common hematopoietic origin, are
comparable to these used in our measurements. Therefore, it
could be estimated that the performance of the presented
photonic lab on a chip would be similar when using CD4+ T
cells, and the presented LODs of the three detection methods
are far below the requested CD4+ T cells limit. When compar-
ing the performance of the presented system with the LUCAS
configuration,4,5 it can be seen that the integration time has been

reduced more than 80 times while having a much lower LOD,
reducing the technological complexity and keeping the same error
count (less than 10%).

CONCLUSIONS
A low-cost polymeric photonic lab on a chip is presented with

the attempt to tackle the inherent drawbacks of the Neubauer
cell counters: counting error due to uneven distribution, measur-
ing speed, and cost of the system. The proposed system takes
advantage of the definition of air mirrors in the vicinity of the
interrogation region which meaningfully lengthen the optical path
while keeping the overall dimensions of the system at a reasonable
size. Optically, the system has a high degree of integration, since
it comprises self-alignment systems, microlenses, and air mirrors.
Nonetheless, the whole photonic lab on a chip is defined with a
single photolithographic mask using low-cost materials (PDMS
and soda-lime glass as substrates). Cell measurement has allowed
determining three distinct working regimes: scattering, where no
significant absorption band has been observed in the studied UV-
NIR spectra, scattering + absorption, where over the scattering
band a clear absorption band is superimposed, and absorption,
in which the two previously mentioned spectra have been
subtracted in order to have a clear view of the bands of interest.
For such characterization, and opposite to the standard procedure,
a broadband spectrum has been analyzed, being then possible to
determine the optimal working wavelengths in terms of sensitivity
and LOD. Such regimes have been demonstrated with labeled
and nonlabeled cells, obtaining LODs between 53 and 105 cells
depending on the working regime. Finally, as a concrete demon-
stration of the applications of the presented configuration, it has
also been used for measuring the dead/live cell ratio of a constant
cell concentration. The two studied regimes show LODs between
7.6 ± 0.4% and 6.7 ± 0.3%, that is, with a performance comparable
to the Neubauer cell counters but only requiring 30 ms for its
measurements and with the possibility of multiparametric (by
detecting different wavelengths) and continuous cell monitoring.
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Figure 5. From the results obtained in the previous figure, the
absorbance vs % of dead cells for different wavelengths are obtained,
which are plotted in part a, together with their respective linear fit
(using a constant concentration of 2000 kcell/mL). The wavelengths
absorbed by the trypan blue have the highest sensitivity and the
lowest LOD (both in the LS + ABS and ABS regimes) as shown in
part b.
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Supplementary table S-1: Linear fits and LODs of LS measurements for different wavelengths.  

LS 

Wavelength 

(nm) 

Intercept Slope LOD 

(kcell/ml) 

 Value Error Value Error 

R
2 

Value Error 

400 -0,0015 2E-4 8,2E-6 3E-7 0,988 105 4 

480 -0,013 1E-3 4,6E-5 1E-6 0,991 90 3 

500 -0,012 1E-3 5,3E-5 1E-6 0,994 75 2 

580 -0,013 1E-3 5,7E-5 1E-6 0,996 60 1 

600 -0,0121 9E-4 5,6E-5 1E-6 0,997 48,7 0,9 

680 -0,0105 7E-4 5,55E-5 8E-7 0,998 38,4 0,5 

700 -0,012 1E-3 5,3E-5 1E-6 0,996 60 1 

780 -0,004 1E-3 4,8E-5 1E-6 0,993 79 2 

800 -0,007 1E-3 4,7E-5 1E-6 0,993 81 2 

880 0,002 1E-3 2,7E-5 1E-6 0,986 112 5 

900 0,0012 3E-4 2,23E-5 4E-7 0,997 50,2 0,9 

980 0,0018 6E-4 6,5E-6 6E-7 0,926 269 26 

 

Supplementary table S-2: Linear fits and LODs of the LS+ABS measurements for different 

wavelengths. 

 

LS+ABS 

Wavelength 

(nm) 

Intercept Slope LOD 

(kcell/ml) 

 Value Error Value Error 

R
2 

Value Error 

400 8E-4 3E-4 1,04E-5 4E-7 0,984 95 4 

480 -0,009 2E-3 9,3E-5 2E-6 0,994 57 1 

500 -0,016 2E-3 1,85E-4 3E-6 0,997 37,4 0,7 

580 -0,016 2E-3 1,80E-4 4E-6 0,997 42,7 0,9 

600 -0,011 3E-3 9,0E-5 4E-6 0,982 100 5 

680 -0,011 3E-3 7,0E-5 4E-6 0,978 110 6 

700 -0,005 2E-3 5,6E-5 3E-6 0,972 125 7 

780 -0,006 2E-3 5,2E-5 2E-6 0,983 96 4 

800 -0,001 2E-3 3,2E-5 3E-6 0,947 174 14 

880 -0,004 1E-3 2,6E-5 2E-6 0,965 141 9 

900 3E-4 2E-4 8,8E-6 3E-7 0,986 86 3 

980 8E-4 3E-4 1,04E-5 5E-7 0,984 95 4 

 

 

 



 

Supplementary table S-3: Linear fits and LODs of the ABS measurements for the wavelengths 

of interest. 

ABS 

Wavelength 

(nm) 

Intercept Slope LOD 

(kcell/ml) 

 Value Error Value Error 

R
2
 

Value Error 

480 0,008 2E-3 1,9E-5 3E-6 0,761 405 79 

500 0,004 3E-3 3,8E-5 4E-6 0,907 234 26 

580 0,003 3E-3 1,24E-4 4E-6 0,990 74 3 

600 0,003 3E-3 1,21E-4 5E-6 0,988 82 3 

680 0,001 4E-3 3,2E-5 5E-6 0,823 338 54 

 

Supplementary table S-4: Linear fits and LODs of the live/dead cell measurements using 

LS+ABS for different wavelengths with a constant population of 2000 kcell/mL. 

LS+ABS 

Wavelength 

(nm) 

Intercept Slope R
2
 LOD 

(% of dead cells) 

 Value Error Value Error  Value Error 

400 0,017 2E-4 2,7E-5 4E-6 0,851 22 4 

480 0,101 3E-3 2,2E-4 6E-5 0,704 34 9 

500 0,119 3E-3 4,9E-4 7E-5 0,889 19 3 

580 0,133 5E-3 0,0018 1E-4 0,981 7,6 0,4 

600 0,134 5E-3 0,0018 1E-4 0,978 8,1 0,5 

680 0,131 3E-3 4,3E-4 7E-5 0,857 22 3 

700 0,127 3E-3 1,8E-4 7E-5 0,460 54 22 

780 0,119 3E-3 6E-5 6E-5 0,000 135 137 

800 0,109 3E-3 6E-5 6E-5 0,013 129 124 

880 0,070 2E-3 6E-5 3E-5 0,251 77 44 

900 0,0561 8E-4 4E-5 2E-5 0,348 65 32 

980 0,0183 3E-4 1,4E-5 6E-6 0,483 52 20 

 

Supplementary table S-5 Linear fits and LODs of the live/dead cell measurements using ABS for 

the wavelengths of interest with a constant population of 2000 kcell/mL.  

ABS 

Wavelength 

(nm) 

Intercept Slope LOD 

(% of dead cells) 

 Value Error Value Error 

R
2
 

Value Error 

480 -0,003 2E-3 1,8E-4 3E-5 0,828 26 4 

500 -0,004 2E-3 3,7E-4 4E-5 0,939 14 1 

580 7E-4 3E-3 0,00136 6E-5 0,985 7,1 0,3 

600 2E-4 3E-3 0,00134 6E-5 0,986 6,7 0,3 

680 5E-4 1E-3 3,0E-4 2E-5 0,962 11,3 0,8 

700 0,0028 9E-4 1,1E-4 2E-5 0,850 23,7 3 
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IntroDuctIon
Microfluidic research has enabled the huge development of port-
able point-of-care (POC) medical diagnostic systems. Microfluidics 
offers a major step forward in analytical systems through the 
reduction in size, weight and reagent consumption, as well as the 
enhancement of sensitivity, accuracy and parallelization1. Thus, 
microfluidics has been applied to a variety of assays, including drug 
screening2, cell sorting and detection3, in vivo imaging of dynamic 
cellular processes4 and biodetection. Microfluidic developments 
have enabled the integration of analytical steps from initial raw 
clinical samples to final, purified volumes with a minute concentra-
tion of etiological agent, using the so-called lab-on-a-chip (LoC) 
configuration3. In addition to the myriad of applications for LoC 
systems in developed countries, it is broadly accepted that micro-
fluidic diagnostic technology may be a valuable methodology in 
the developing world5. LoC systems designed for applications in the 
developing world ideally should be fast, mechanically and chemi-
cally robust, low cost, easy to use even for occasional users, autono-
mous and able to work in a broad temperature range ( − 10 °C 
to 40 °C). In addition, they should have self-containing reagents 
and self-calibration or, ideally, not require calibration at all. Such 
stringent requirements are the reason why only lateral-flow analysis 
or microfluidic paper-based devices6,7 have shown their capability 
until now. Although they are effective for immunochromatographic 
assays, these devices have not been proven suitable for cell counting 
and screening. This is crucial for many applications; for example,  
a CD4 +  T cell count below 200 cells per µl is a key diagnostic indi-
cator for AIDS8. In developing countries, access to automated cell 
counters or cytometers is rare, owing to their cost and mainte-
nance requirements. Cells are most commonly counted manually  
using Neubauer chambers. However, the measurement errors 
caused by operator subjectivity, the statistical errors due to sample 
concentration and the time required make the Neubauer chambers 
suboptimal for massive POC applications.

Photonics applied to life sciences, such as total internal reflec-
tion (TIR), fluorescence, fluorescence resonance energy transfer, 
scattering, surface-enhanced Raman spectroscopy, localized surface 

plasmon resonance or fluorescence correlation spectroscopy, has 
become popular for cell screening and sorting, mainly because of 
its speed and noninvasiveness9. The fluorescence-based cytometer, 
or fluorescence-activated cell sorting (FACS), has become most 
popular10. Using FACS, cells can be sorted with frequencies up to  
10 kHz (104 cells per s). As POC applications in developing coun-
tries, however, most of the above-mentioned methods are not ideal, 
as they require full-sized laboratory benchtop instruments with 
strict technical requirements and have high cost. The combination 
of photonics and microfluidics (giving rise to the concept ‘photonic 
LOC’ (PhLoC)11, sometimes also called optofluidics) is a potential 
low-cost alternative. As an example, the combination of FACS with 
microfluidics12 provides portable flow cytometers with frequencies 
up to 1 kHz (corresponding to analysis of 103 cells per s). Clearly, 
this is progress, although the cost and technical constraints already 
mentioned still prevail13. In addition, the integration of as many 
optical and photonic components as possible with the microfluidic 
network can reduce costs. These components can be combined 
with polymeric materials, particularly poly(dimethylsiloxane) 
(PDMS)14, to define the PhLoC.

Fluorescence-based approaches require the implementation of 
very accurate optical systems and filters. As fluorescence is emitted 
in 4π sr, enhancement of the readout signal requires to refocus the 
emitted light and/or use with highly sensitive detectors (photomulti-
plier or avalanche photodiodes). To discriminate between excitation 
and emission wavelengths in fluorescence measurements, it is also 
required to use filters. With regard to PhLoC for fluorescence detec-
tion, the optimal situation in order to retain a low cost is to integrate 
the filters in the PhLoC using the same technology15. Although PhLoC 
with an in-plane configuration and a very high level of accessibility 
can be obtained, integrated filters are mainly absorbance-based filters 
and therefore do not have the same filtering effectivity as external 
interferometric filters; thus, the overall performance of the PhLoC 
is hampered. This issue can be addressed by using the principle of 
absorbance rather than fluorescence. The Beer-Lambert law states 
that absorbance is directly proportional to path length. Therefore, 

Cell analysis using a multiple internal reflection 
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Here we present a protocol for analyzing cell cultures using a photonic lab-on-a-chip (phloc). By using a broadband light 
source and a spectrometer, the spectrum of a given cell culture with an arbitrary population is acquired. the phloc can work in 
three different regimes: light scattering (using label-free cells), light scattering plus absorption (using stained cells) and, by 
subtraction of the two former regimes, absorption (without the scattering band). the acquisition time of the phloc is ~30 ms.  
Hence, it can be used for rapid cell counting, dead/live ratio estimation or multiparametric measurements through the use of 
different dyes. the phloc, including microlenses, micromirrors and microfluidics, is simply fabricated in a single-mask process 
(by soft lithographic methods) using low-cost materials. Because of its low cost it can easily be implemented for point-of-care 
applications. From raw substrates to final results, this protocol can be completed in 29 h.
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longer paths provide higher sensitivity and lower limits of detection 
(LOD). To enable the lengthening of the optical path without increas-
ing the size of the PhLoC, light can follow a zigzag path inside the 
system by using air mirrors16. They have already been implemented 
in multiple internal reflection (MIR) systems for detection of minute 
quantities of fluorophore11.

In this protocol, we describe the manufacture and use of a PhLoC 
system with an accuracy similar to that of Neubauer chambers; 
however, it only requires a sampling time of 30 ms. Rather than 
consecutively measuring each cell, the signal related to the whole 
volume sample is acquired. By using only white light to scan, there 
is a reduction in cost and the ability to work, without any change of 
its geometry, in three different regimes: light scattering (LS), LS  +  
absorbance (LS  +  ABS) and ABS. LS occurs when the cells under 
study are label free or have absorbance bands outside the spectrum 
screened. If a specific dye is used or the cells have an absorbance 
band, its effect can be seen on the LS  +  ABS regime. Finally, by 
subtracting the two previous regimes, the effect of the absorbance 
bands can be obtained. In all these regimes, a quantitative measure-
ment of the cell population can be recorded.

Details of the cell culture types and labeling that we have used 
in our PhLoC system can be found in ref. 17. The following equip-
ment is required: a broadband light source, a microspectrometer 
and two multimode fiber optics. The PhLoC is defined in a single 
photolithographic step using SU-8 as master, replicated by soft 
lithography with PDMS and bonded to a cheap soda-lime sub-
strate. The PhLoC and the working regimes have been used for 
screening monocytes (label free or stained with trypan blue). This 
protocol was used in ref. 17 for cell counting as well as for deter-
mining the dead/live cell ratio of a constant monocyte concen-
tration. Because of their size (between 7 and 15 µm) and their 
common hematopoietic origin, monocytes are similar to CD4 +   
T cells; therefore, the protocol presented here could also be used in 
AIDS diagnosis. This protocol could also be used in a large variety 
of other applications. For example, it could be used to determine 
the number of different cone cells in a given volume, which are 
responsible for human color vision18; to analyze conformational 
changes of proteins19; or to screen tumor cells20.

Experimental design
The protocol comprises three distinct parts: first, the design of the 
MIR; second, the fabrication; and finally, the benchmarking.

MIR design. The key issue in the development of a PhLoC sys-
tem is the integration of all micro-optical elements. In addition, 
to reduce the fabrication complexity and costs to a minimum level, 
the photolithographic steps have to be reduced, if possible, to a 
single-mask process. These strict requirements limit the design to 
in-plane micro-optics to basically three refractive indices: air (n

air
  =  

1.00), PDMS (n
PDMS

  =  1.41) and the liquid carrier (in our case, PBS, 
n

PBS
  =  1.334). Although these refractive indices can seem too close 

in value to obtain micro-optical elements with high-enough per-
formance, in a previous paper, it was shown how microlenses21 or 
micromirrors16 can be easily defined. For this integration, two main 
aspects have to be considered (Fig. 1): (i) the working configuration 
of the micro-optical elements so as to obtain the required flow of 
light (light focalization, reflection) and (ii) the bonding process 
of the system to avoid leakage from the microfluidic to the micro-
optics components, which would result in the air regions being 
filled with the liquid carrier and the malfunction of the micro- 
optical elements.

Correct implementation of the microlenses requires the adequate 
positioning of the light source. With respect to fiber optics, its rela-
tive positioning and its numerical aperture are the key parameters. 
Self-alignment channels for positioning and clamping of the fiber 
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Figure 1 | Schematic representation of the merging of micro-optics and 
microfluidics. (a) Microlens defined at the vicinity of a microchannel. 
Constrictions can be defined to clamp the fiber at the position defined 
by the PDMS-air microlens. Safety distance assures that no leak from the 
microchannel reaches the air regions (green arrows). (b) Reflection at the 
PDMS-PBS surface is very weak, requiring long integration times to capture 
a significant amount of reflected light. This issue can be tackled with the 
inclusion of air mirrors. (c) If TIR condition holds, light bounces back toward 
the output fiber optics with a high efficiency. FO, fiber optics. 
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optics greatly simplifies these issues. Nevertheless, the positioning 
in the x axis is of key importance on the light propagation inside 
the system, and this cannot be accurately provided unless constric-
tions are defined within the self-alignment systems. These constric-
tions assure the clamping of the fiber optics when they reach the 
required position in the x axis. The size of these constrictions has 
to be defined so that they cover the cladding of the fiber optics, 
but with minimum blocking of the core, in order not to modify 
the numerical aperture.

Concerning the light path, several aspects have to be considered. 
Assuming at this stage that the light beam is properly injected into 
an optofluidic system, sensitivity enhancement and decrease of the 
LOD is directly related to the length where light-analyte interaction 
occurs (Beer-Lambert law). Therefore, this length has to be maxi-
mized. A possibility is to use liquid-liquid waveguides22, yet accurate 
fiber optics alignment is required. If, with a different approach, 
micro-optical elements are used, other issues should be taken into 
account. Generally, the larger the system, the longer the propagation 
length. Nevertheless, this approach clearly goes against integration 
and minute reagent quantity. A simple way of doubling the propa-
gation length and keeping the same system size is to define light 
input and output at the same side of the microfluidic channel, and 
measure the light that reflects at the PBS-PDMS interface. Although 
effective, basic calculations of the Fresnel coefficient at the PBS-
PDMS interface provide with extremely low values (0.029 and 0.062 
for transverse electric (TE) and transverse magnetic (TM) polari-
zation, respectively), and hence most of the light simply crosses 
the microfluidic channel, thus requiring long integration times 
to collect the small reflected part and hampering its application 
in high-throughput systems. To maximize the reflection, mirrors 
should be defined at the opposite size of the microfluidic system. 
Again, mirrors (coated with metal and noncoated) could be easily 
defined on the substrate, but this would entail aligning and would 
increase the system fragility, which is not consistent with low cost 
and robustness. Conversely, very basic calculations provide with 
critical angles of θ

c
PDMS-air  =  45.17° and θ

c
PDMS-PBS  =  70.60°, which 

means that any light directed toward a PDMS-air interface will 
undergo TIR if the respective angle is higher than 45.17° (same situ-
ation as the previously mentioned critical angle at the PDMS-PBS 
interface). The optimal situation, presented in Figure 1c, is to have 
TIR conditions at the PDMS-air interface but not at the PDMS-
PBS (to assure that light reaches the output fiber optics). These 
kinds of structures were labeled as air mirrors in a previous paper16, 
which improved the performance of hollow prisms for absorbance 
detection 80 times23 without requiring any additional technological 
steps. The integration of microlenses and an air mirror in a PhLoC 
is what we defined as single internal reflection systems. Once the 
lenses and the mirrors for readout enhancement were optimized, 
LODs for fluorescein and methyl orange (used as calibration sam-
ples) below the micromolar range were obtained. LODs could be 
further decreased by increasing the single internal reflection size, 
but again at a cost of integration complexity.

A further development is the shift from single to multiple reflec-
tions. Air mirrors can be defined at both sides of a given micro-
fluidic system. If TIR conditions are held, light follows a zigzag 
path, meaningfully lengthening the optical path without a marked 
increase in the size. In addition, the shape of the air mirrors can be 
arbitrarily defined, making it possible to focus the light inside the 
microfluidic system or correct its divergence. Another advantage 

is that the shape of the microfluidic system can be tailored so as 
to match with the optical path, resulting in a reduction of the 
required volume sample as well as in a reduction of the dead  
volumes. This approach has been demonstrated in ref. 13, obtaining 
LODs between 110 and 41 nM using fluorescein.

One of the weak points when implementing in-plane single-
mask PhLoC is the distance between photonics and microfluidics. 
Clearly, the longer the distance the higher the background noise, 
but also the less possibility that leakages from the microfluidic 
part reach the micro-optical elements (shown as green arrows in  
Fig. 1a–c). Although the PDMS-to-glass bond with O

2
 plasma is 

broadly known24, when the replicated master has several patterns 
very close to each other, the irreversible bonding between glass 
and PDMS can be suboptimal. In the worst cases, it does not bond 
properly, even when increasing the time and/or the power. In our 
case, trial and error experience has allowed us to define a rule of 
thumb that states that this distance (safety distance) has to be at 
least 0.4 times the thickness of the master.

The layout of our final system, optimized as discussed above, is 
presented in Figure 2a. From a fluidic point of view, it can be seen as 
a tailored microchannel with one inlet and one outlet. Photonically, 
it comprises two biconvex microlenses, two self-alignment micro-
channels (with constrictions) and two air mirrors. Ray tracing 
inside the system is also presented (in green), where it can be seen 
that light undergoes TIR at the air mirrors and propagates in the 
expected zigzag path. At the macroscopic scale, alignment of all 
these optical elements will be bulky and will require a considerable 
space in an optics laboratory. Conversely, as this process is done 
using a single mask, all the structures are inherently self-aligned, 
markedly simplifying the required setup. Figure 2 also shows close-
up views of the air mirror region (Fig. 2b) and the input microchan-
nel with the constrictions (Fig. 2c, with the fiber optics in magenta), 
together with the required microlenses. Notice that all the edges of 
the structure have been rounded on purpose. This has been done 
considering that the material used for defining the master is the 
negative-tone photocurable SU-8 with high internal stresses. Such 
stresses can be minimized by rounding the edges of the structures 
defined25,26, assuring a longer half-life of the fabricated masters.

b

a

c

Figure 2 | Layout of the mask used for implementing the PhLoC system. 
(a) General view showing the self-alignment microchannels, micromirrors, 
microlenses and the microfluidic parts. The ray tracing simulation (shown with 
green lines) predicts TIR at the convergent mirrors, assuring a zigzag light 
path inside the system. (b,c) Expanded views show the region between the air 
mirrors (b) and the input region (c), with simulated fiber optics (magenta).
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Fabrication steps. To produce a robust, low-cost and portable 
system, we use low-cost substrates and polymers, such as soda-
lime glass (as substrate), SU-8 (for implementing the masters) and 
PDMS (to define the PhLoC). Although the fabrication steps are 
thoroughly described in the procedure section, some key points 
of the fabrication process that require further discussion are  
explained here.

The fabrication starts with the cleaning and dehydration of a 
low-cost, 700-µm-thick soda-lime glass. The adhesion between 
glass and SU-8 is known to be suboptimal. Some adhesion pro-
moters can be used, either from organic or inorganic origin. 
Among them, a thin (10 nm) chromium layer is a good alterna-
tive. Even with this adhesion layer, if a thick ( >200 µm) SU-8 layer 
has patterns that are very close to each other, developing becomes 
challenging, causing loss of adherence and/or cracks during long 
rinsing times in SU-8 developer. An alternative is to use a double- 
layer adhesion promoter comprising Cr and a thin ( <5 µm) SU-8 
layer. The subsequent polymeric layer adheres to this initial SU-8 
film, resulting in better mechanical stability for long developing 
times. This double-layer adhesion promoter (inset in Fig. 3a) is 
suitable for thin and thick SU-8 layers. Nevertheless, owing to the 
hydrophobic character of this polymer, uneven thin layers of non-
exposed SU-8 are likely to be obtained. This can be solved by apply-
ing O

2
 plasma just before making the spinning. In our case, we used 

a 75 W and 85 sccm. O
2
 plasma for 5 min, but these conditions are 

highly system dependent. Therefore, some tests are required in 
order to optimize this step.

At this point, a single spin-on process is done using SU-8 50 
(Fig. 3b). Two issues are important at this point: (i) use a spinner 
with lid to assure even polymer distribution, and (ii) allow planari-
zation of the SU-8 just after the spinning step. Thereafter, bake, 
cool and expose substrates to UV light (Fig. 3c). To minimize the 
stresses on the master, it is important to avoid sharp edges on the 
geometries. It is also of key importance to allow SU-8 relaxation 
after the post-exposure bake (PEB; typically overnight). In this case, 
substrates are maintained under clean room (CR) conditions for at 
least 8 h before proceeding to development (Fig. 3d). SU-8 swells 
owing to humidity, even after this PEB27. To improve the durability 
of the masters even more, remove all possible remaining solvent, 
and partially repair possible cracks occurred during the develop-
ment via a hard-bake step. Special care has to be taken to hard 
bake under nitrogen atmosphere to minimize oxidation during 
heating. Masters fabricated using this protocol have a thickness of  
250 µm, allowing the hassle-free insertion of the optical fibers (with 
a diameter of 230 µm).

Instead of making a flat PDMS layer, we define a frame of  
SU-8 that functions as a hydrophobic barrier that defines the exact 
dimensions of the system and avoids the manual cutting of the 
PDMS with a scalpel (Fig. 3e). PDMS-coated masters are cured and 
then PDMS is peeled off with the aid of tweezers (Fig. 3f). A soda-
lime substrate with the suitable dimensions is, together with the 
PDMS, exposed to oxygen plasma in a barrel etcher. Both surfaces 
are immediately brought into contact and left to seal the system. 
This step finishes the fabrication of the PhLoC systems.

Although PDMS is permeable to gases, the fabricated system is 
sealed and thus it can be presumed to have a very high level of steril-
ity until the fluidic ports are opened. Directly before the use of the 
PhLoC system (Fig. 3g), the ports have to be mechanically opened. 
In our case, we use a stainless steel tip, but other systems can also 
be used. Thereafter, two multimode fiber optics are inserted in the 
microchannels until they reach the constrictions (Fig. 3h). Although 
this step can be done without the use of a microscope, during the 
training phase, the use of the microscope is highly recommended. 
In addition, filling the self-alignment systems with ethanol assures 
a smoother fiber optics insertion. When ethanol is used, it requires 
some time (between 2 and 10 min, depending on the PDMS thick-
ness) until it completely evaporates from the system (Fig. 4).

Benchmarking and measurement protocol. The experimental 
setup requires low-weight and relatively low-cost parts. We have 
used components mainly from Ocean Optics and Thorlabs, but 
equivalent ones can be purchased from other brands. What is 
desirable is that all the components are connectorized. The first 
step is the opening of the fluidic ports with the stainless steel tip. 
Thereafter, the microfluidics is filled with the analyte to be meas-
ured. We use a micropipette and manual injection. For a more 
systematic approach, setups similar to that described4 could easily  
be implemented.

MIR systems can be used with a monochromatic light and a photo-
diode for the measurement of optical density (OD). An alterna-
tive that provides more information about the cell culture injected  
in the microfluidic system is using a broadband light source and 
a microspectrometer. Here, instead of having a given OD value, 
quantitative results as a function of the absorbance peaks can be 

Glass
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PDMS
PDMS

PDMS
PDMS

Glass
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Fiber optics

Cr

SU-8 SU-8

SU-8
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Figure 3 | Fabrication steps. (a–h) Definition of the double adhesion layer 
(a), spinning of the 250-µm-thick SU-8 layer (b), UV-lithography of the 
PhLoC (c), development with PGMEA (d), PDMS pouring without having 
overflow (provided by the frame) (e), PDMS release from the master (f), 
PDMS-glass bonding by O2 plasma (g) and fluidic ports opening and fiber 
optics positioning (h).
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provided. This allows, for instance, an estimation of the live/dead 
cell ratio, as discussed below.

We benchmark using a connectorized broadband light source 
(Ocean optics HL-2000), which, according to its data sheet, has a 
wavelength range between 360 and 2,000 nm. It is coupled to the 
input fiber optics (Thorlabs BFL22-200), which has previously been 
inserted in the self-alignment microchannel. The readout comprises 
an identical fiber optic, which is connected to a microspectrometer 
(Ocean optics HR-4000), with a detection range between 200 and 
1,100 nm. Combining both systems provides a window of working 
wavelengths between 360 and 1,100 nm. We fix integration time to 
30 ms throughout the experiment so as to obtain a signal-to-noise 
ratio higher than 14 dB. Shorter times are possible if the system is 
shielded against stray light.

LS measurements can be recorded when the cells injected do not 
have any significant absorbance band in the wavelength range used 
(label free). Furthermore, from an optical point of view, such cells 

can be envisaged as a material with a different refractive index (RI). 
Light interacting with such cells will be scattered—the amount of 
this scattering will also depend on the roughness of the cell—and 
its optical path will be modified. Scattered light will not reach the 
output fiber optics. As a rule, the higher the cell concentration the 
higher is the scattering and the lower the signal at the microspec-
trometer. Typically, the cell size is much bigger than the working 
wavelengths (in our case, we used monocytes, with mean size 
between 7 and 15 µm). Therefore, the spectral response consists 
of a flat band (scattering band) with increasing absorbance values 
as a function of cell concentration.

To obtain an LS  +  ABS reading, some cells need to be stained. 
Several dyes have been reported, which specifically stain a given 
part of the cell. In our case, to enable live versus dead cells to be 
distinguished, we have used Trypan blue, as it can only enter a cell 
if its membrane is damaged. Thus, dead cells present a homoge-
neous blue color, whereas live cells retain their transparency28. 
In this context, the readout will consist of an absorbance peak 
(centered at 584 nm) superimposed over the previously discussed 
scattering band.

Finally, the ABS regime can be obtained. Working with a broad-
band light source enables some wavelengths to remain unaffected 
by the dye absorption band (Trypan blue). Therefore, wavelengths 
higher than 700 nm should provide an identical absorbance value 
for stained and nonstained cells. Therefore, by subtracting the LS 
spectra from the results obtained in the LS  +  ABS regime, the 
absorption peaks that are due only to the dyes can be obtained.

Hence, cell screening with broadband light can provide mul-
tiparametric analysis29, either by using different dyes or a single 
dye and determining the cell population with the scattering band. 
Alternatively, this approach allows determination of the wavelength 
that provides the highest sensitivity and the lowest LOD for a given 
cell culture. Only recently, it was demonstrated that local moni-
toring of yeast Saccharomyces cerevisiae was strongly wavelength 
dependent30. Changing the working wavelength from 425 to 470 nm 
gave rise to an increase of the sensitivity by a factor of nine.

Self-alignment
microchannel

Self-alignment
microchannel

Output fluidic port

Output fiber optics

Microlenses

Air mirror

Input fluidic port
Microlenses

Input fiber optics

Air mirror

Interrogation region

Figure 4 | Picture of the completed PhLoC, having self-alignment 
microchannels for accurate fiber optics positioning, microlenses and  
air mirrors. The PhLoC can be filled through the input fluidic port.  
Scale bar, 1 cm.

MaterIals
REAGENTS

Appropriate substrates. We used soda-lime glass wafers (Schott) with a 
diameter of 100 mm and a thickness of 700 µm.
SU-8 2005 (e.g., MicroChem, Microresist) ! cautIon It is highly flammable. 
Wear chemical goggles, gloves resistant to organic acids and protective  
clothing when handling SU-8 resists. Avoid contact with eyes, skin or clothing. 
SU-8 50 (e.g., MicroChem, Microresist) ! cautIon It is highly flammable. 
Wear chemical goggles, gloves resistant to organic acids and protective  
clothing when handling SU-8 resists. Avoid contact with eyes, skin or clothing.
Propylene glycol methyl ether acetate (e.g., PGMEA, MicroChem or  
mr-dev 600, Microresist) ! cautIon Wear chemical goggles, gloves resistant 
to organic acids and protective clothing. It may form explosive peroxides 
and has a vapor explosion hazard.
Poly(dimethylsiloxane) (PDMS, e.g., Sylgard 184 kit,which includes the 
Sylgard 184 silicone elastomer base and the Sylgard 184 silicone elastomer 
curing agent, both from Dow Corning)
Cell sample to be analyzed (we used human monocytic cell line THP-1 
(ECACC, cat. no. 88081201))
Isopropyl alcohol
Ethanol
Deionized (DI) water
Ultrapurified water (e.g., Milli-Q, Millipore)
Nitrogen or argon gas supply

•

•

•

•

•

•
•
•
•
•

RPMI 1640 medium (Gibco, cat. no. 21875-034)
FBS (Gibco, cat. no. 10106-169)
 l-Glutamine (200 mM, Gibco, cat. no. 25030)
PBS (10×, Sigma, cat. no. P4417-100TAB)
Paraformaldehyde (Electron Microscope Sciences, cat. no. 19200)  
! cautIon It is very hazardous in case of skin or eye contact, as well as in 
case of ingestion or inhalation.
Trypan blue (Gibco, 15250-061) ! cautIon It is hazardous in case of inges-
tion. It is slightly hazardous in case of skin and eye contact or inhalation.

EQUIPMENT
Sterile cell culture flasks
Spin coater (e.g., D80 controller, SÜSS Microtec)
UV mask aligner (e.g., MA6/BA6, SÜSS Microtec)
Hot plate (e.g., Harry Gestigkeit)
Automatic pipettors with sterile plastic serology pipettes
Automatic pipettes with sterile disposable tips
Biosafety hood with vertical laminar flow and equipped with UV light for 
decontamination
Water bath with temperature control
Incubator with both temperature and gas composition controls
Centrifuge (no temperature control is needed)
Optical microscope with phase-contrast equipment (optional)
Neubauer counting chamber

•
•
•
•
•

•

•
•
•
•
•
•
•

•
•
•
•
•
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Vacuum chamber
Sterile conical tubes, 15 ml
Sterile microcentrifuge tubes, 1.5 ml
Connectorized microspectrometer (e.g., Ocean Optics HR4000, QE65000 
and so on (Ocean Optics))
Multimode optical fiber, 230 µm diameter
Broadband light source (e.g., Ocean Optics HL-2000 (Ocean Optics))

REAGENT SETUP
Complete RPMI 1640 medium (with 20% (vol/vol) FBS) Adjust to  
50 ml by adding RPMI 1640 medium to a solution containing 10 ml of 

•
•
•
•

•
•

FBS and 2 mM of L-glutamine. Complete culture medium can be stored 
for 1 week at 4 °C.
PBS 1× solution Dissolve one tablet in 200 ml of Milli-Q dH

2
O and  

sterilize. This solution can be stored at room temperature (RT; 25 °C)  
for months.
Paraformaldehyde solution (4% (wt/vol)) Add 4 ml of the paraformalde-
hyde stock solution to 96 ml of 1× PBS. Mix it until paraformaldehyde is 
completely diluted. The solution is stable at RT.
Trypan blue solution (1:1) Mix 50 ml of Trypan blue stock with 50 ml of 1× 
PBS and stir it. Freshly prepare each time.

proceDure
Master fabrication ● tIMInG 24 h
1|  Clean the soda-lime wafer with acetone and ethanol. If the cleaning is not complete, proceed with high-pressure DI 
water before using acetone and ethanol.

2|  Dehydrate the soda-lime wafer by placing it on a hot plate (or oven) at 150 °C for 60 min. Allow it to cool down to RT 
(25 °C) before further processing (cooling will take ~60 min).

3|  Sputter a thin chromium layer (10 nm) with the required process parameters according to in-house equipment. This layer 
should appear translucent.
? trouBlesHootInG

4|  Dehydrate the substrate by placing it on a hot plate (or oven) at 150 °C for 60 min. Allow it to cool down to RT before 
further processing (cooling will take ~60 min.). 
 crItIcal step Proceed to Step 5 immediately so as to avoid substrate rehydration.

5|  Center the wafer on the spinner chuck and apply vacuum. Dispense 4 ml of SU-8 2005 on a centered position of the 
wafer. Program a two-step spinning program using a spinner with a lid. Start with 400 r.p.m. × 15 s to homogenize, followed 
by 2,500 r.p.m. × 60 s to obtain a 4-µm thick layer. The thickness of this layer is not critical.
? trouBlesHootInG

6|  Planarize the wafer for 5 min by placing it in a holder with a lid (assuring solvent-saturated atmosphere). 
 crItIcal step Planarization must be done on a level surface.
? trouBlesHootInG

7|  Dry the substrates for 2 min at 65 °C, followed by 4 min at 95 °C. The same hot plate can be used. Control the  
temperature ramp so that it is not higher than 5 °C min − 1. Allow to cool down to RT before further processing (cooling will 
take ~30 min). 
! cautIon This step evaporates a substantial part of the organic solvent (cyclopentanone). Perform this step in a  
fume hood.

8|  Flood expose to UV light using a mask aligner with a dose of 75 mJ cm − 2.

9|  PEB the substrate, starting at 65 °C with a ramp of 5 °C min − 1 until it reaches 95 °C. Bake at 95 °C for 5 min. Allow it to 
cool down to RT before further processing (cooling will take ~30 min). 
! cautIon This step evaporates a substantial part of the organic solvent (cyclopentanone). Perform this step in a  
fume hood. 
 pause poInt Wafers can be stored at this point for months under CR conditions.

10| Plasma activate the SU-8 surface. Conditions strongly depend on the in-house equipment. Our conditions were 5 min at 
75 W and with 85 sccm O2. Immediately afterward, proceed with Steps 11 and 12. If, after Step 12, uneven SU-8 distribution 
still occurs, increase plasma time and/or power. 
 crItIcal step Plasma activation is reversible, with a very short half-life ( <30 min). Assure complete access to the  
spinner before starting the activation.



©
20

11
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

protocol

1648 | VOL.6 NO.10 | 2011 | nature protocols

11| Center the wafer on the spinner chuck and apply vacuum. Dispense 4 ml of SU-8 50 on a centered position of the wafer. 
Program a two-step spinning program using a spinner with lid. Start with 400 r.p.m. × 15 s to homogenize, followed by 
400 r.p.m. × 30 s to obtain a 250-µm-thick layer.
? trouBlesHootInG

12| Planarize the wafer for 30 min by placing it in a holder with a lid (assuring solvent-saturated atmosphere).
 crItIcal step Planarization must be done on a level surface.

13| Dry the substrates for 5 min at 65 °C and then for 3 h at 95 °C. The same hot plate can be used. Control the tempera-
ture ramp so that it is not higher than 5 °C min − 1. Allow it to cool down to RT before further processing (cooling will take 
~30 min). Gently press with the tweezers at the edges of the SU-8 after reaching RT. If it is dry enough, very small or no 
scratches will occur. If the SU-8 is scratched, it will stick to the mask in the next step. To avoid this situation, bake for an 
additional 30 min at 95 °C and repeat the test with the tweezers.
 crItIcal step Keep the wafer in a leveled position until the exposure is complete. Even the hot plates must be leveled.
! cautIon This step evaporates a substantial part of the organic solvent (γ-butyrolactone). Proceed only in a fume hood.
? trouBlesHootInG

14| Load the mask into the mask aligner strictly according to the requirements of the in-house mask aligner. 
Position the wafer centered on the chuck and apply vacuum. Expose with a dose of 750 mJ cm − 2. Use hard contact 
for optimal results.

15| PEB the substrate, starting at 65 °C with a ramp of 5 °C min − 1 until it reaches 95 °C. Bake during 20 min. Allow it to 
cool down to RT before further processing (cooling will take ~30 min).
 crItIcal step Keep the wafer under CR conditions for 8 h before further processing to minimize internal stresses.

16| Develop the substrate in PGMEA. It is best if two flasks are used: the first, filled with PGMEA, for removal of the bulky 
nonexposed SU-8 50 and the second, with fresh PGMEA, for pattern developing. Apply vigorous agitation for faster develop-
ment. Periodically remove substrate from the flask, and dry with an air gun to check under microscope. Rinse the substrate 
with isopropyl alcohol and dry again with an air gun. The appearance of a crack indicates that further development cannot 
be done. Consider the yield to decide when to stop the development step. Be careful, if you aim to develop all the systems in 
one wafer, you may end up with a broken substrate.
! cautIon PGMEA is harmful. Proceed only in a fume hood.
? trouBlesHootInG

17| Hard-bake the substrate, starting at 65 °C with a ramp of 5 °C min − 1 until it reaches 120 °C. Place a lid filled with an 
inert gas (nitrogen or argon) over the substrate and bake during 60 min. Allow to cool down until RT before further 
processing (cooling will take about 60 min).
 crItIcal step Having the lid filled with inert gas prevents SU-8 oxidation. Keep lid on until substrate reaches RT again.
 pause poInt Wafers can be stored at this step under CR conditions.
? trouBlesHootInG

pDMs replica ● tIMInG 50–80 min
18| Prepare PDMS pre-polymer by mixing the curing agent and the elastomer base in a 1:10 ratio (v/v) in a flask. Thorough 
mixing is obtained when the resulting mixture becomes opaque (due to a high amount of small air bubbles). Degas it in a 
vacuum chamber. Use an appropriately sized flask. Bear in mind that when applying vacuum, the bubbles increase several 
orders of magnitude in size, which may result in an overflow from the flask.
? trouBlesHootInG

19| Pour the degassed PDMS on the SU-8 master. Insert the PDMS in a syringe and use minute amounts of PDMS prepoly-
mer to fill the systems without having a PDMS overflow over the frame (hydrophobic barrier). Degas once again to remove 
entrapped air bubbles.
 crItIcal step Assure that there is PDMS on the top surface of the SU-8 master.

20| Bake the prepolymer for 20 min at 80 °C, starting at RT and with a ramp of 5 °C min − 1.
 pause poInt Wafers can be stored at this step under CR conditions.
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21| Dice a second soda-lime wafer with dimensions slightly larger than the system (this will simplify the fiber optics inser-
tion, minimizing the facet damage). Use a diamond blade or in-house equipment. Microscope glass slides also work.

22| Clean the substrates with acetone and ethanol. If the cleaning is not complete, proceed with high pressure DI water 
before using acetone and ethanol.

23| Dehydrate the substrates by placing them on a hot plate (or oven) at 150 °C for 60 min. Allow to cool down until RT 
before further processing (cooling will take about 60 min).

24| Peel off the elastomer from the mold by gently pressing with the tweezers at one PDMS edge. Use the in-house PDMS 
bonding procedure (thermal, chemical or oxygen plasma). Oxygen plasma requires set-up of suitable conditions for the 
sealing process for each plasma system. Preliminary tests are required. Use dummy nonpatterned PDMS samples and clean 
substrates. Start with 30 s at 75 W and with 85 sccm O2. Increase time and/or power. If PDMS surface turns into a milky 
color, reduce power. After plasma, immediately bring both surfaces into contact and maintain for 60 min at 60 °C.
 pause poInt Systems are completed and remain stable for months even outside CR conditions.

culture of tHp-1 cells ● tIMInG 50 min
25| Maintain human monocytic cell line THP-1 in complete RPMI 1640 medium at 37°C in 5% CO2, in a concentration in the 
range (0.5−1.0) × 106 cells per ml. Subculture the cell line every 3 days.

preparing cells for measurement
26| For each experiment, transfer 2.00 × 106 cells per ml to a culture tube and rinse twice in PBS heated to 37 °C. Each rins-
ing consists of three stages: first centrifuge the samples for 3 min at 60g, then discard the remaining suspension and finally 
resuspend the pellet in 10 ml 1× PBS. Maintain healthy cells by growing in an incubator under controlled temperature and 
atmosphere. To avoid cell lysates, centrifuge at a maximum of 60g. To avoid cell death, do not store them in the buffer for 
more than 30 min.
? trouBlesHootInG

labeling the dead cell population
27| To obtain a dead cell population control, fix monocytes with 4% (wt/vol) paraformaldehyde solution for 10 min. After-
ward, rinse cells twice with 1× PBS solution (as explained in Step 26).
 crItIcal step The cell concentration is critical for a valid measurement. Avoid cell loss during the rinsings, verifying the 
presence of a pellet each time and removing the supernatant carefully.

28| Stain cells with Trypan blue solution for 5 min and rinse them twice in PBS to ensure that label is retained only inside 
appropriate cells and not in the buffer.
 crItIcal step When the stain penetrates into the cytoplasm of dead cells through the membrane, it can be seen as a 
blue color throughout the cells. Live cells are transparent.
? trouBlesHootInG

experimental setup ● tIMInG 20 min
29| Punch out the microfluidic ports with an appropriate tool (stainless steel tip, stencil).

30| Cut and peel off the optical fibers. Insert them on the self-alignment system. To facilitate the process, use an ethanol 
droplet as a lubricant. Wait until the ethanol is completely evaporated (between 2 and 10 min). This time depends on the 
PDMS thickness and on the length of the self-alignment microchannels.
? trouBlesHootInG

31| Connect the input fiber optics to the broadband light source (HL-2000 or similar) and the output fiber optics to the 
microspectrometer. Allow the light to warm up for 15 min before starting the measurements.
? trouBlesHootInG

32| Fill the MIR with DI water using a micropipette. Note the increase in the collected signal, as air mirrors are optimized 
to work with a refractive index similar to that of water. Select the highest integration time that does not have a saturated 
signal (an acquisition time of 30 ms should be appropriate). Set the number of scans to ten to reduce the noise level. Close 
the shutter of the light source and collect the dark noise spectra. When opening the shutter again, there must be a smooth 
spectral response, with intensity values close to zero below 360 nm and above 1,100 nm.
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33| Fill a micropipette with 5 ml of PBS and dispense it on the fluidic inlet. Apply a small vacuum on the fluidic outlet to 
aspirate the PBS. Repeat the injection three times before taking the reference value. 
 crItIcal step Be careful when aspirating the solution in order to ensure that no bubbles enter into the MIR. If no 
microscope is available, a bubble entrance can be seen as a strong decrease of the intensity values. This reference will be 
subtracted from all further measurements. It is of key importance to measure it accurately.

phloc working in ls regime (live monocytes) ● tIMInG 60 min
34| Considering that the system has a volume of 1.43 µl, prepare the volume of cells required to ensure a minimal error in 
the dilutions, as well as possible measurement repetition. In our case, the aliquots were obtained by resuspending the cells 
obtained in step 26 in 1× PBS to obtain the desired concentrations: 2.00 × 106, 1.50 × 106, 1.00 × 106, 0.75 × 106, 0.50 × 
106, 0.40 × 106, 0.30 × 106, 0.20 × 106, 0.10 × 106 and 0.05 × 106 cells per ml. Store the cultures in the incubator until  
their use.
? trouBlesHootInG

35| Before pipetting the prepared concentrations, stir cells gently. Dispense 3 ml on the inlet and gently apply vacuum at 
the outlet. Fix the time between pipetting and acquisition at a constant value throughout the experiment. Cells settle down, 
causing a variation in response. Alternatively, wait until a steady state is achieved.
 crItIcal step Between each measurement, rinse the system with the necessary amount of 1× PBS to remove unspecific 
cell adsorption at the PDMS surface of the PhLoC.
? trouBlesHootInG

36| Convert the intensity spectrum to an absorbance spectrum using the following equation: 

Abs = −
I
I0

where I is the acquired spectrum of a given cell concentration and I0 is the reference spectrum of PBS. Plot the absorbance 
as a function of the wavelength. A graph similar to that presented in Figure 5a should be obtained, in which absorbance is 
plotted as a function of the wavelength for several concentrations. A flat scattering band (no peaks) is due to the monocyte 
size (between 7 and 15 µm) being much larger than the wavelengths used.

37| To determine the sensitivity and the limit of detection, plot absorbance versus concentration. From the results obtained 
in Step 36, this can be easily obtained (transpose the data sheet). The plot should look similar to Figure 5b. The Beer- 
Lambert law is only valid at the region in which the absorbance is directly proportional to the concentration, with  
the formula 

Abs = eLC

where ε is the molar absorptivity, L is the path length and C is the cell concentration. Check if all concentrations match with 
this behavior; otherwise, discard the values where saturation has been reached. Perform the lineal regressions for a large 
number of wavelengths and store them in a different data sheet.

38| Plot the slope (sensitivity) of the linear regression as a function of the wavelength. Include the errors also provided in 
the linear regression fit. The LOD is, according to IUPAC, not the lowest detectable cell concentration, as it also depends on 
both the sensitivity and the accuracy of the linear fit31. In this case, the LOD can be obtained with the formula 

LOD ml a( / )kcell
m

=
3s

where σa is the intersection error, m is the slope and kcell is ‘per 103 cells’. Basic error propagation allows determining the 
error of the LOD as σLOD(kcell/ml) = LOD σm/m where σm is the error of the slope.
Different R2 values will be obtained, depending on the regime used and the sensitivity of the wavelength. These results allow 
choosing the optimal working wavelength for each regime.
? trouBlesHootInG



©
20

11
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

protocol

nature protocols | VOL.6 NO.10 | 2011 | 1651

39| Plot the obtained LOD, with its respective error as a  
function of the wavelength. A graph similar to that  
presented in Figure 5c should be obtained.

phloc working in ls  +  aBs regime (dead monocytes) ● tIMInG 60 min
40| Resuspend the labeled cells obtained in step 27–28 in 1× PBS to obtain the desired concentrations: 2.00 × 106,  
1.50 × 106, 1.00 × 106, 0.75 × 106, 0.50 × 106, 0.40 × 106, 0.30 × 106, 0.20 × 106, 0.10 × 106 and 0.05 × 106 cells per ml.

41| Repeat Steps 35–39. Check if all concentrations match with this behavior; otherwise, discard the values where saturation 
has been reached (for instance, 2.00 × 106 cells per ml in Figure 6 has not been used for the regression). Plots similar to 
Figure 6a–c should be obtained.

phloc working in aBs regime (dead monocytes without scattering) ● tIMInG 30 min
42| Copy the results obtained in Steps 36–41 into a different data sheet.

43| Subtract, for each concentration, the absorbance obtained in LS regime from the LS  +  ABS. A graph similar to Figure 7a 
should be obtained, where no scattering band at longer wavelengths is obtained.

44| Repeat Steps 36–39. Check if all concentrations match with this behavior; otherwise, discard the values where satura-
tion has been reached (for instance, in Fig. 7b the value corresponding to 2.00 × 106 cells per ml has not been used for the 
regression). Plots similar to Figure 7b,c should be obtained. 
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Figure 5 | Characterization in the LS regime. (a) Spectra obtained using 
unlabeled monocytes for concentrations ranging from 0.05 to 2.00 million 
cells per ml. (b) Beer-Lambert plots as a function of the wavelength and for 
concentrations ranging from 0.05 to 2.00 million cells per ml. (c) Sensitivity 
and LOD as a function of the wavelength, showing a broad range of optimal 
wavelengths.
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Figure 6 | Characterization in the LS  +  ABS regime. (a) Spectra obtained 
using monocytes labeled with Trypan blue for concentrations ranging from 
0.05 to 2.00 million cells per ml. Noticeable are the trypan blue absorption 
band (584 nm) and the scattering band (λ  >  700 nm). (b) Beer-Lambert 
plots as a function of the wavelength and for concentrations ranging from 
0.05 to 2.00 million cells per ml. This last concentration falls outside the 
linear regime (saturation region), and therefore it is not used for the linear 
fit. (c) Sensitivity and LOD as a function of the wavelength, with main two 
working regions: in the Trypan blue band (584 nm) or in the scattering band 
(λ>700 nm). Error is as described previously in the protocol.
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 crItIcal step Notice that in this regime, there is no 
working wavelength associated with the scattering band. 
This is logical, as the scattering effects have been removed 
in Step 43. Therefore, in this regime, simultaneous multipar-
ametric measurements can only be recorded if several dyes 
are simultaneously used.

comparison between the different regimes ● tIMInG 30 min
45| Note the difference between the suitable working 
wavelengths: for the LS regime, a broad region of wave-
lengths provides with the highest sensitivity, being 
(7.9 ± 0.1) × 10 − 5 A.U. per thousand cells (between 600 
and 700 nm). In the LS +  ABS, two working wavelength 
regions are accessible: the one that features with the 
highest sensitivity ((26.49 ± 0.4) × 10 − 5 A.U. per thousand 
cells) is associated with the Trypan blue band (584 nm). 
A second wavelength is associated with the scattering band. 
As an example, a working wavelength of 750 nm provides a 
respectable sensitivity and an LOD =  160 ± 4 cells. Therefore, in this regime, simultaneous multiparametric measurements 
can be taken, by taking advantage of absorption and scattering bands. Finally, in the ABS regime, a single Trypan blue band 
is obtained, with a maximum sensitivity of (17.7 ± 0.1) × 10 − 5 A.U. per thousand cells.

? trouBlesHootInG
Troubleshooting advice is presented in table 1.
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Figure 7 | Characterization in the ABS regime obtained by subtraction of the 
spectra obtained in LS and LS  +  ABS regimes. (a) Spectra obtained using 
monocytes labeled with Trypan blue for concentrations ranging from 0.05 to 
2.00 million cells per ml. Only the Trypan blue absorption band (584 nm) is 
observed, without any contribution of the scattering band. (b) Beer-Lambert 
plots as a function of the wavelength and for concentrations ranging from 
0.05 to 2.00 million cells per ml. This last concentration falls outside the 
linear regime (saturation region), and therefore it is not used for the linear 
fit. (c) Sensitivity and LOD as a function of the wavelength, showing a 
sharp sensitivity peak at the Trypan blue band (584 nm). As expected, no 
sensitivity and very high LOD is obtained at the scattering band (λ  >  700 nm).  
Error is as described previously in the protocol. See Figures 5a and 6a.

taBle 1 | Troubleshooting table.

step problem possible reason solution

3 Chromium layer is not 
translucent

Sputtering of the chromium conditions 
results in a thick layer, with the possibility 
of cracks forming

Reduce sputtering time and/or applied power

5 SU-8 seed layer too 
thin/thick

Different spinner produces different  
thicknesses

As long as the layer is homogeneous, this thickness is 
not critical. Thick layers, however, cause high mechanical 
stresses on the wafer

6 Thickness of the SU-8 
seed layer is not  
homogeneous

Planarization and/or bake have not been 
done on a level surface

Remove SU-8, spin again and use a level surface for 
planarization and baking

11 SU-8 thick layer is not 
homogeneously spun 
on the wafer

The SU-8 seed layer activation is not  
complete

Increase activation time and/or applied power. It is best 
to optimize this step with dummy wafers

(continued)
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● tIMInG
Steps 1–17, Master fabrication: 24 h (includes overnight relaxation time)
Steps 18–24, PDMS replica: 50 min (with the cut substrates available; if not, add additional 30 min)
Steps 25–28, Cell culture preparation: 50 min
Steps 29–33, Experimental setup: 20 min
Steps 34–39, Measurement in LS regime: 60 min (markedly shorter if a data sheet template is used)
Steps 40–41, Measurement in LS +  ABS regime: 60 min (markedly shorter if a data sheet template is used)
Steps 42–44, Measurement in ABS regime: 30 min (no additional measurements are required)
Step 45, Comparison of the different regimes: 30 min (no additional measurements are required)

antIcIpateD results
This protocol allows the fabrication and the benchmarking of a PhLoC system capable of screening an arbitrarily large cell 
concentration in a single measurement. The use of broadband light and a spectrometer provides the spectral response of the 
cells under study (photonic fingerprint). In our case, we used monocytes because they have the same hematopoietic origin 

taBle 1 | Troubleshooting table (continued).

step problem possible reason solution

13 Wafers stick to the 
mask

SU-8 thick layer is not dry enough Press gently with the tweezers on the wafer edge. If a 
deep scratch is present, bake for at least 30 min more

16 Cracks appear during 
the development

Development cannot be continued Stop development and rinse with isopropyl alcohol. If 
cracks are small, they are healed during the hard bake 
(Step 17)

17 SU-8 is brown after the 
hard bake

Oxygen reacted with the SU-8 This master can still be used but is highly stressed 
(minor half-life). In the next process, assure the lid is 
filled with N2 or Ar

18 PDMS overflows during 
degassing

Bubbles largely expand during vacuum Use a more appropriate (taller) flask

26 Cell lysates Excessive acceleration during centrifuga-
tion and/or time in PBS

Centrifuge at a maximum of 60g and do not store them in 
the buffer for more than 30 min

28 Blue color is not only 
in the dead cells but 
also in the PBS

Suboptimal rinsing Rinse again with PBS

Total cell population 
varies between the  
different aliquots

Incomplete pellet recovery during rinsing Do not completely remove the supernatant from the  
aliquots and/or check for any loss of pellet during the 
PBS removal

30 Fiber optics breaks 
at the self-alignment 
microchannels

Self-alignment microchannels with strict 
dimensions to clamp the fiber

Use ethanol as lubricant. Allow its evaporation before 
starting the measurements

31 The spectrum of the 
broadband light varies 
with time

Lamp is cold Wait for 15 min before starting the measurements

34 Random cell apoptosis/
necrosis in live mono-
cytes

Cells stored in PBS Once in PBS, cells can be maintained in the incubator  
for no more than 30 min

35 Cell spectral response 
varies with time

Cells settle down, causing a variation of 
its response

Fix the time between pipetting and acquisition at a  
constant value throughout the experiment. Alternatively, 
wait until a steady state is achieved

38 Wavelengths with defi-
cient linear fit (low R2)

Wavelengths not optimal for the  
measurement

Choose wavelengths with at least R = 0.99 for performing 
the experiments
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as the CD4 +  T cells (used for AIDS diagnosis), but their han-
dling is easier. Three different protocols (LS, LS +  ABS and 
ABS) can be used for screening the monocytes. In the first 
case, the measurements are recorded label free, only consid-
ering the scattering band. Conversely, if dyes are used, LS +
ABS and ABS result in a higher sensitivity.

To assess the validity of the PhLoC, we measured the 
dead/live ratio of a cell culture. Eleven aliquots containing 
different proportions of labeled (dead) and label-free (live) 
cells diluted in 1× PBS were prepared by keeping the total 
monocyte concentration at a constant value (2.00 × 106 cells 
per ml). These volumes were successively injected, and the 
spectral response was obtained. As it can be seen in 
Figure 8a, the acquired spectra show a clear shift from the 
ABS regime (100% label-free alive monocytes) to the LS +
ABS regime (100% labeled dead monocytes). The scattering band remains quite similar in all the spectra. This is consistent 
with the fact that the total cell concentration has a constant value. The scattering band therefore functions as a self-test 
method: if a large displacement of this band occurs, then a variation of the population has occurred. Therefore, the scat-
tering band does not exhibit variation as a function of the wavelength. From these spectra, the absorbance as a function 
of the percentage of dead cells can be obtained, exhibiting a linear response. In our case, we observed that values of dead 
cells higher than 80:20 did not match this regime (gray region in Fig. 8b). These aliquots were measured using a Neubauer 
chamber, exhibiting a population of 1.322 ± 10% (80:20), 1.205 ± 10% (90:10) and 0.915 ± 10% (100:0) million cells per 
ml, verifying the self-test protocol. These values were then discarded for the linear regression. A reason for this variation 
may be incomplete pellet recovery when removing the supernatant during rinsing with PBS. Thereafter, the sensitivity and 
the LOD were determined (including the errors calculated as before). It can be seen that the LS +  ABS and ABS regimes 
show quite similar results (Fig. 8c), with LODs ranging between 7.6 ± 0.4% (LS +  ABS) and 6.7 ± 0.3% (ABS), that is, 
more precise than the Neubauer chamber (typically 10%), more than 80 times faster than the lensless, ultra wide-field cell 
monitoring array platform based on shadow imaging (LUCAS)32 and holding the low cost and the portability issues.
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Figure 8 | Measurement of the monocytes dead/live ratio. A constant cell 
concentration of 2.00 million cells per ml has been selected. Eleven aliquots 
have been prepared, with a varying dead/live ratio (10% variation on each). 
(a) Spectra show a clear shift from the ABS regime (100% label-free alive 
monocytes) to the LS  +  ABS regime (100% labeled dead monocytes).  
(b) Absorbance versus percentage of dead cells for different wavelengths, 
with their respective linear fit. The gray region corresponds to values where 
the scattering band presented a significant shift, meaning a decrease of the 
total cell population (confirmed with a Neubauer chamber). These points have 
not been used for the linear fit. (c) Sensitivity and LOD as a function of the  
wavelength, showing only the sensitivity peak at the Trypan blue band (584 nm).  
No scattering band is observed as a constant total cell concentration was 
used. Further, there is no significant variation of this band among the 
different aliquots, resulting in the expected small sensitivity at the scattering 
band (λ  >  700 nm). Error is as described previously in the protocol.
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A comparative study of different approaches for the selective immobilisation of biomolecules on the

surface of poly(dimethylsiloxane) (PDMS) is reported. The motivation of this work is to set a robust

and reliable protocol for the easy implementation of a biosensor device in a PDMS-based photonic lab-

on-a-chip (PhLoC). A hollow prism configuration, previously reported for the colorimetric detection of

analytes was chosen for this study. Here, the inner walls of the hollow prism were initially modified by

direct adsorption of either polyethylene glycol (PEG) or polyvinyl alcohol (PVA) linear polymers as

well as by carrying out a light chemical oxidation step. All these processes introduced hydroxyl groups

on the PDMS surface to a different extent. The hydroxyl groups were further silanised using a silane

containing an aldehyde end-group. The interaction between this group and a primary amine moiety

enabled the selective covalent attachment of a biomolecule on the PDMS surface. A thorough

structural characterisation of the resulting modified-PDMS substrates was carried out by contact angle

measurements, X-ray photoelectron spectroscopic (XPS) analysis and atomic force microscopy (AFM)

imaging. Using horseradish peroxidase as a model recognition element, different biosensor approaches

based on each modification process were developed for the detection of hydrogen peroxide target

analyte in a concentration range from 0.1 mM to 100 mM. The analytical performance was similar in all

cases, a linear concentration range between 0.1 mM and 24.2 mM, a sensitivity of 0.02 a.u. mM�1 and

a limit of detection around 0.1 mM were achieved. However, important differences were observed in the

reproducibility of the devices as well as in their operational stability, which was studied over a period of

up to two months. Considering all these studies, the PVA-modified approach appeared to be the most

suitable one for the simple fabrication of a biosensor device integrated in a PDMS PhLoC.

Introduction

Microfluidics is the science devoted to the study of fluids in

channels with a size that varies from the units to the hundreds of

micrometres. Making use of microfluidics it is possible to fabri-

cate Lab-on-chip (LoC) systems, miniaturising diverse func-

tionalities that typically require a whole (bio)chemical

laboratory. These systems provide several advantages compared

to the standard ones, such as high sensitivity, faster analysis,

decrease in sample, reagent and waste volume, automatisation

and standardisation of processes.1,2

The huge impact of the LoC concept cannot be understood

without the development of polymeric materials. Indeed, poly-

carbonate (PC), poly (methyl methacrylate) (PMMA) and poly-

(dimethylsiloxane) (PDMS) have been widely applied for the

fabrication of LoC, thereby providing high versatility and

reduction of both time and cost of the fabrication process. By

using PDMS, microsystems can rapidly be fabricated by cast

moulding with resolutions down to 0.1 mm (ref. 3) and in turn

easily sealed to a variety of different substrates.4 It is a cheap

material that polymerises at low temperatures,5 it is optically

transparent in a very wide wavelength range (from UV to NIR)

and as such is compatible with many optical detection methods.

Its non-permeability to water, non-toxicity and permeability to

gases makes it fully compatible with biological studies. It is

flexible and elastic, with a Young’s modulus of 2.5 MPa when it

is fabricated with a 10 : 1 ratio of base : curing agent.6 This

elasticity enables its easy releasing from the master during the

fabrication process and it also facilitates the mechanical pumping

of fluids inside the microchannels.5,7 Among the different trans-

duction modes applied in LoC technology, those systems that use

aInstituto de Microelectr�onica de Barcelona, IMB-CNM (CSIC), Campus
UAB, 08193 Bellaterra, Spain. E-mail: andreu.llobera@imb-cnm.csic.es;
cesar.fernandez@imb-cnm.csic.es; Fax: +34 935801496; Tel: +34
935947700
bInstitut f€ur Mikrotechnik, Technische Universit€at Braunschweig, 38124
Braunschweig, Germany; Fax: +49 (0)531 391 8101; Tel: +49 (0)531
391 3320

† This article is part of a themed issue on Emerging Investigators.

‡ Electronic supplementary information (ESI) available. See DOI:
10.1039/c0an00941e

3496 | Analyst, 2011, 136, 3496–3502 This journal is ª The Royal Society of Chemistry 2011

Dynamic Article LinksC<Analyst

Cite this: Analyst, 2011, 136, 3496

www.rsc.org/analyst PAPER

D
ow

nl
oa

de
d 

by
 C

N
M

. I
ns

tit
ut

o 
de

 M
ic

ro
el

ec
tr

ón
ic

a 
de

 B
ar

ce
lo

na
 o

n 
07

 S
ep

te
m

be
r 

20
11

Pu
bl

is
he

d 
on

 1
8 

Fe
br

ua
ry

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0A
N

00
94

1E
View Online

http://dx.doi.org/10.1039/c0an00941e
http://dx.doi.org/10.1039/c0an00941e
http://dx.doi.org/10.1039/c0an00941e
http://dx.doi.org/10.1039/c0an00941e
http://dx.doi.org/10.1039/c0an00941e
http://dx.doi.org/10.1039/c0an00941e


light as interrogation mechanism (usually called photonic LoCs

or, PhLoC) exhibit some advantages. These include immunity to

electromagnetic interferences and/or multiplexed detection in

a single system.8 PhLoCs have already successfully been applied

to the detection and quantification of different targets such as

cells,9 DNA10 or glucose.11 In addition, PhLoCs can also take

advantage of the optical properties of PDMS, thus enabling the

fabrication of low-cost systems with the potential of being highly

sensitive, and easy-to-integrate with other microoptic and

microfluidic elements.

One important drawback of PDMS lies in its ability to non-

specifically adsorb biomolecules and other macromolecules,

which hampers its application for chemical sensing. In this

context, its surface can be easily tailored in order to avoid such

undesirable process or, by contrast, to selectively immobilise

different molecules.12 The application of PDMS-based micro-

systems to (bio)chemical analysis and other disciplines requires

carrying out surface modification processes, both chemical and

physical, aiming at, for instance, decreasing biomolecular

adsorption, as pointed out above, or increasing the hydrophilic/

hydrophobic character of the surface. Moreover, other processes

are directed to attach a biologically active molecule that alters the

lubricity of the polymer surface13 or provides the material with

the capacity to give a selective answer to a specific target ana-

lyte.14 Surface modification techniques can be divided into two

groups: physical adsorption and covalent modification. The first

one has been widely used due to its great simplicity but the

resulting surfaces present thermal, mechanical and solvolytic

instability because the interactions between the adsorbed mate-

rial and the surface are weak. Covalent modification can over-

come these drawbacks and give rise to a more robust

modification of the surface.15 In this context, PDMS surfaces

have been treated with oxygen plasma16 or UV/ozone,17 in order

to make the surface hydrophilic by replacing the surface methyl

groups, bound to the Si on the PDMS structure, by silanol

groups (Si–OH). These new groups are prone to chemically

interact with different functional groups, thus enabling the

selective modification of the PDMS surface. However, it should

be taken into account that the properties of these silanol groups

are dynamic in the sense that the surface progressively recovers

its hydrophobicity. Keeping in mind this drawback, the fact that

these processes required special instrumentation and cannot be

applied in microfluidic channels that were embedded in PDMS

matrices,18 alternative processes for the selective modification of

PDMS surfaces, which were easy to implement, are required.

In this work, a study of different liquid-based surface chemical

biofunctionalisation methods was carried out using a PDMS

PhLoC consisting of a hollow Abbe prism transducer configu-

ration (Fig. 1).19 On one hand, physical adsorption of two

different polymers containing hydroxyl groups, such as poly-

ethylene glycol (PEG) or polyvinyl alcohol (PVA) enabled the

further silanisation of the surface for the introduction of chem-

ical functional groups and the eventual covalent immobilisation

of the protein receptor. Both polymers were previously applied to

the modification of PDMS in order to avoid the non-specific

binding of proteins.20,21 On the other hand, a covalent modifi-

cation approach was tested based on the chemical oxidation of

the PDMS surface, thus generating silanol groups onto which

a silanisation process and further immobilisation of the protein

receptor were carried out, as above. A thorough structural and

analytical characterisation of the resulting modified PDMS

surfaces was carried out. These methods could be performed in

chemical and biological laboratories and applied to PDMS

microfluidic systems without the need for special instrumentation.

Materials and methods

Chemicals and materials

The EPON SU-825 photoresist and the propylene glycol methyl

ether acetate (PGMEA) were purchased from MicroChem

Corporation (Newton, MA, USA). The PDMS Sylgard 184

elastomer kit was bought from Dow Corning (Midland, MI,

USA) and used according to the datasheet.

99% PVA, PEG (molecular weight: 12 000 g), 30% (v/v) H2O2,

99% triethylamine (TEA), HRP type VI, 99% 2,20azino-bis

(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), sodium cyano-

borohydride (NaBH3CN) and Tween 20 were from Sigma-Aldrich

Co. (St Louis, MO 63103, USA). 90% 11-triethoxysilyl undecanal

(TESU) was from ABCR GmbH & Co. KG (76187 Karlsruhe,

Germany). All other chemicals were of analytical grade.

Fabrication of the microsystem

The PhLoC was fabricated by cast moulding, following a previ-

ously reported protocol.22 First, a master was fabricated with

EPON SU-8 25 negative photoresist. A spin coating process of

this photoresist was twice carried out with the aim of reaching

a height of 250 mm. The resist was dried at 95 �C for 3 hours and

then a standard UV-photolithographic process was carried out,

followed by a baking step for 20 min at 95 �C and a consecutive

developing step in PGMEA. The final step was a hard bake (HB)

at 120 �C for 2 hours in an inert atmosphere so as to harden the

master. Then, PDMS was used for the replication of the master.

Pre-polymer was prepared by mixing the curing agent and the

base elastomer in a 1 : 10 (v/v) proportion and degasifying it in

a vacuum chamber. After pouring the pre-polymer on the

master, the PDMS was cured on a hot plate at 80 �C for 20 min.

The PDMS was then peeled off from the mould and sealed over

Fig. 1 Picture of the PDMS PhLoC microfluidic system.
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a flat soda-lime glass substrate. For the sealing, both PDMS and

glass surfaces received a plasma treatment.23 That is, they were

placed in a barrel etcher (Surface Technology Systems, Newport,

UK) and exposed to oxygen plasma (75 sccm O2, 85 W, 30

seconds). Immediately after the treatment they were put in

contact and kept at 70 �C for 30 min, thus irreversibly sealing the

fluidic system. Finally, the fluidic ports were opened the final

volume of the PhLoC is 1.6 mL.

Modification and characterization of the PDMS surfaces

The three selected approaches for the PDMS surface modifica-

tion are based on the introduction of hydroxyl (–OH) groups.

Fig. 2 shows a scheme of the different steps required for each

functionalization process. First, the PDMS surfaces were cleaned

with ethanol and deionised water (DI H2O). For the modification

shown in Fig. 2A, a 1 mg ml�1 PEG solution in DI H2O was

pumped inside the system and left to react for 1 hour at room

temperature (RT). For the modification in Fig. 2B, the system

was filled with a 1 mg ml�1 PVA solution in DI H2O and left to

react for 1 hour at room temperature (RT). Fig. 2C shows the

direct introduction of –OH groups on the PDMS surface, using

an acidic solution containing DI H2O, 37% HCl and 30% H2O2

in a 5 : 1 : 1 (v/v/v) ratio.18 After each of these steps, the surfaces

were rinsed with DI H2O and dried under a N2 stream. Next,

a silanisation process was carried out by incubating the modified

PDMS systems in a 99.5% ethanol solution containing 2% TESU

(2%) and 2% TEA for 1 hour at RT. Then the surfaces were

thoroughly rinsed with 99.5% ethanol and dried at 80 �C for 2

hours. The TEA induces a highly nucleophilic oxygen in the –OH

group that readily interacts with a silane24 having its ethoxy

groups previously hydrolysed. In this way, the silane covalently

bound to the surface. All these modifications were also applied to

flat PDMS surfaces having an area of 1 cm2 to facilitate the

structural characterisation of the resulting modified material by

the different techniques described below.

Contact angle measurements were carried out with the sessile

drop method, using a Kr€uss Easydrop contact angle meter and

DS1 analysis software (Kr€uss GmbH, Hamburg, Germany). A

drop of water was deposited on the modified PDMS surface and

the angle formed between the liquid and the solid surface was

measured. XPS analysis was carried out at the facilities of the

Instituto de Nanociencia de Aragon (Spain) on an Axis Ultra-

DLD spectrometer (Kratos Analytical Ltd, Manchester,

England), using a monochromatised Al Ka source (1486.6 eV).

Signals were deconvoluted with the software provided by the

manufacturer, using a weighted sum of Lorentzian and Gaussian

component curves after background subtraction. The binding

energies were referenced to the internal standard C1s (284.9 eV).

Atomic force microscopy topographic and phase images of the

modified surfaces were taken with a Veeco Nanoscope Dimen-

sion 3100 (Veeco, Plainview, NY, USA), working in tapping

mode.

Fabrication of the biosensor approach

The analytical performance of the different modification proto-

cols was tested by developing a biosensor for the detection of

H2O2 based on the use of HRP as a model recognition element.

The resulting aldehyde-modified PDMS surfaces bound HRP

through the amine groups of its lysine residues, by forming

a Schiff base that is further reduced to a stable secondary amine

with sodium cyanoborohydride.25 HRP catalyzes the reduction

of H2O2 in the presence of colourless 2,20azino-bis (3-ethyl-

benzthiazoline-6-sulfonic acid) (ABTS) charge transfer medi-

ator, which is concomitantly oxidized to the green-coloured

ABTS+ radical cation (Fig. S1, ESI‡).26 This redox species shows

an absorption peak at 420 nm and two secondary peaks at

650 nm and 720 nm, the first one being chosen for the absorbance

detection of this enzymatic reaction.

The overall procedure is described in detail below. PhLoC was

filled with a solution containing 1 mg ml�1 HRP type VI and 5

mM sodium cyanoborohydride in 0.05 M carbonate buffer pH 8,

and incubated for 1 hour at RT. Then, a 0.1 M phosphate buffer

saline solution pH 7.0 containing 0.02% (v/v) Tween 20 (PBST)

was pumped inside the system in order to remove the non-

specifically adsorbed HRP molecules. The resulting biosensor

systems were filled with PBS and stored at 4 �C until use.

A fourth biosensor approach was developed by direct

adsorption of the HRP enzyme on the intact PDMS surface of

the microsystem. It has been previously reported that proteins

easily physisorbed on the surface of PDMS due to its high

hydrophobicity.13 In this work, the PDMS system was incubated

in a 1 mg ml�1 HRP solution in 0.05 M carbonate buffer pH 8 for

1 hour at RT. Then, the system was rinsed in PBST and stored

at 4 �C, in the same fashion as above.

Finally, solutions of 0.1 M acetate buffer pH 5.5 containing

0.5 mM ABTS and increasing concentrations of H2O2, from 0.1

mM to 100 mM were sequentially pumped inside each PhLoC.

The resulting response was detected by using a LED working at

a wavelength of 430 nm (spectrally very close to the previously

mentioned first absorption band of ABTS+), and measuring the

spectral response using a microspectrometer (OceanOptics

HR4000).

Fig. 2 Scheme of the different modification approaches tested for the

biofunctionalisation of PDMS.
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Stability of the microsystems

The microsystems were stored in PBS at 4 �C for over two

months. The stability of the immobilized enzyme was studied by

repeating the calibration curve in a H2O2 concentration range

from 0.1 mM to 1.53 mM. The slope (sensitivity) of the calibration

curve was plotted over time for comparative purposes.

Results and discussion

Each one of the three different approaches for the modification

of PDMS was chosen with the aim of providing the surface with

a different density of hydroxyl groups. The PVA adsorption

process could give rise to a higher proportion of these groups

comparing with the PEG adsorption one, taking into account the

chemical structures of both polymers. As for the chemical

oxidation process of the PDMS surface, the conditions were set

following an optimisation study, which showed that higher

concentrations of H2O2 and HCl in the solution or longer incu-

bation times gave rise to the PDMS surface degradation. As for

the selection of the TESU aldehyde-terminated silane, this

molecule enabled the straightforward covalent immobilisation of

the biomolecule receptor without the need of using cross-linking

molecules.

Structural characterisation of the modified PDMS surfaces

A rough but rapid estimation of the degree of modification of the

PDMS surface following every step of each modification

protocol was firstly provided by contact angle measurements.

Given the hydrophobic nature of the intact PDMS surface, it was

apparent that the introduction of chemical functional groups

would give rise to a decrease of the contact angle value. The

PVA-based approach was the one that appeared to induce the

most significant changes on the PDMS surface. The contact

angle of a native PDMS surface was found to be 114.57�, which is

a similar value to that reported in previous studies.27 Following

the PVA modification step, it decreased to 102.47�. However, the

contact angle did not change when PEG was adsorbed. This may

be related to the higher density of hydroxyl groups that PVA

contains in its linear structure compared with PEG, which only

presents two hydroxyl groups at both ends of its chain. This

facilitates the incorporation of a higher number of silane mole-

cules during the silanisation step, which indeed gave rise to

a further decrease of the contact angle on the PVA-modified

surface to 96.9�, whereas no difference in this value was

measured with the PEG-modified samples. The chemical oxida-

tion approach induced a change in the contact angle value to

110.75�, which appeared to be not significant since such a value

was not altered following the silanisation process. The light

chemical oxidation of the PDMS surface that took place using

the HCl/H2O2/H2O solution may account for such small differ-

ences in the measured contact angles. All these values were

plotted in a bar graph, which can be found in the ESI‡ (Fig. S2‡).

XPS analysis was carried out to make a fine estimation of the

density of hydroxyl and aldehyde groups introduced on the

PDMS surface during the different modification steps. Table 1

shows the atom content in percentage values extracted from the

XPS survey scan. An increase in the carbon content occurred

following the PVA modification step, from 43.38% to 51.74%,

while the Si percentage decreased from 36.90% to 27.05%. This is

a clear indication of the adsorption of PVA molecules on to the

PDMS surface. These changes were smaller in the samples

prepared by the other treatments. High resolution spectra of the

C1s region were also recorded. After the deconvolution of the C1

signal (Fig. S3–S5, ESI‡), new peaks could be detected that were

related to each step of the PDMS modification processes. The

native PDMS presents a unique peak that corresponds to the

carbon atom of the methyl group, with a binding energy of

284.90 eV. After the first modification steps carried out to

introduce –OH groups on the PDMS surface, a new peak was

observed in all cases with energy of 286.50 eV, which is ascribed

to C–O bonds (Table S1, ESI‡). Both PVA and PEG molecules

contain this bond, but PEG has it in lower quantities, thus giving

a smaller signal in the XPS spectra. In the case of the modifi-

cation by chemical oxidation, Si–OH groups must have been

introduced on the PDMS surface, instead of C–O bonds.

However, it is reported that the oxidation of PDMS could give

rise to –OH groups bound to the carbon atom of its methyl

groups (–CH3).28 This may be responsible for the appearance of

such a peak in the XPS analysis of the chemically oxidized

samples. Nevertheless, its signal is significantly lower than that

of the PVA-modified surface. Additionally, a new peak was

observed in all samples further silanised with TESU. This peak is

ascribed to the C]O bonds being part of the aldehyde end

group of the silane molecules. Again, the highest density of this

group appeared in the PVA-modified PDMS. From these

results, it can be assumed that the PVA-based modification

process seems to be more effective for the introduction of

chemical functional groups on the surface of PDMS, which

enabled the attachment of biomolecule receptors and thus the

fabrication of biosensors.

The topographic and phase images obtained by AFM (Fig. 3)

show that the unmodified PDMS surface is topographically flat

as well as structurally and chemically homogeneous. In all cases,

the modified surfaces upon each modification step exhibit from

slight to dramatic variations in topography and composition,

depending on the applied procedure. Branch-like structures can

be observed on the PVA-modified surfaces (also shown in Fig. 3),

which are likely to be related to the linear structure of the PVA

polymer chains randomly adsorbed on to the PDMS. Further-

more, the PDMS surface significantly changed upon the silani-

sation process with TESU and a honeycomb-like polymeric

structure was imaged (last two images of Fig. 3). Here, a poly-

merisation process could have taken place among the TESU

molecules starting at those ones attached to the PDMS surface,

which could somewhat act as nucleation points for the growing

of such a polymer layer eventually covering the entire substrate.

The adsorption of PEG did not seem to affect the topography of

the PDMS substrates (Fig. S6, ESI‡). By contrast, the further

silanisation process with TESU appeared to generate homoge-

neously dispersed dots, which are likely to be related to TESU-

based polymer structures generated at specific positions where an

isolated –OH group, coming from the adsorbed PEG molecules,

appeared. As pointed out above, such big differences between

PVA and PEG-modified surfaces could be explained taking into

consideration that PEG contains a much lower density of –OH

groups than PVA in their respective structures. These results are

in good agreement with those obtained by XPS and contact angle
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measurements. Regarding the chemical oxidation process, AFM

images show a surface roughness increase compared with that

one of the native PDMS (Fig. S7, ESI‡). However, no significant

differences were observed upon the silanisation process. These

results indicate that the chemical oxidation process generated

a very low density of –OH groups on the PDMS surface and so

the further silanisation with TESU appeared to slightly change

the topography of these samples.

Analytical performance of the different biosensor approaches

Once the HRP receptor was immobilised on the different

modified-PDMS surfaces, the analytical performance of the

resulting biosensor approaches was tested in H2O2 solutions in

a concentration range from 0.10 mM to 100 mM. The corre-

sponding calibration plots (Fig. S8, ESI‡) showed a linear

increase in the measured absorbance at 420 nm up to a H2O2

concentration of 24.2 mM. Therefore, a linear fitting was carried

out in this range and the analytical parameters were calculated

(Table 2). No significant differences were observed among the

different approaches. Nevertheless, the estimated error was

higher for the adsorption approach, this being related to the lack

of control of the adsorption process itself and the reported

instability of the adsorbed molecules when carried out repeated

measurements with the same PhLoC. A lowest limit of detection

around 0.10 mM H2O2 was attained, this being between 10 and

100-fold lower than those values previously reported with similar

analytical systems based on the use of a HRP receptor.19,29

Fig. 3 Topographic and phase AFM pictures of the intact PDMS surface, after modification with PVA and after the silanization process.
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Additionally, the sensitivity of the modified PhLoC improved

150 times when compared with another reported application

using the same system.22

Finally, the operational stability of the PhLoC was systemat-

ically tested for over a month. Fig. 4 shows the shift in the

sensitivity values with time. Two different trends were observed.

Those devices based on the adsorption and PEG-modification

processes show a rapid decrease in the sensitivity values during

the first week of operation while those based on PVA-modifica-

tion and chemical oxidation processes remained more stable for

at least one month. However, a clear shift towards lower sensi-

tivity values was observed for the oxidation approach after one

month of operation while it was estimated that the PVA-based

one retained 82% of its initial sensitivity after two months of

operation.

Overall, from the results presented above, the PVA and

oxidation approaches gave rise to the PhLoC systems with

a better analytical performance in terms of reproducibility and

stability. Nevertheless, the structural characterisation together

with the analytical studies clearly indicate that the PVA-based

approach is the one to be chosen considering the apparent higher

density of chemical functional groups introduced on the PDMS

surface and the longer stability of the resulting biosensor device.

Conclusions

Different chemical modification processes that enabled the

introduction of hydroxyl groups on the surface of PDMS and the

further attachment of a silane molecule for the selective immo-

bilisation of a biomolecule receptor are reported. A thorough

structural and analytical characterisation clearly indicated that

the modification with PVA polymer is the most suitable

approach for the biofunctionalisation of PDMS PhLoC systems.

These processes do not require any specific instrumentation, thus

enabling their easy and rapid implementation in chemical and

biological laboratories working with PDMS microfluidic

systems.
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Figure S1. HRP-catalyzed reduction of hydrogen peroxide mediated by colourless 

ABTS, which generates water and green-colour ABTS radical cation counterpart. 
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Figure S2. Contact angle values measured following every step of each modification 

procedure. Error bars correspond to the standard deviation of three replicates.  
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Figure S3. High resolution XPS spectra of the C (1s) region corresponding to intact 

PDMS (1), after the adsorption of PVA (2) and after the silanisation process with TESU 

(3).  



 

C 1s  a

Name
C 1s a
C 1s b

Pos.
284.89
286.50

FWHM
1.048
1.822

L.Sh.
GL(30)
GL(30)

Area
5384.3
259.4

At%
95.40
4.60 C

 1
s

x 10
2

10

20

30

40

50

60

70

C
P

S

290 280
Bindi ng E nergy (eV)

C 1s  a

C 1s  b

C 1s  c

Name
C 1s a
C 1s b
C 1s c

Pos.
284.88
286.40
288.80

FWHM
1.070
2.059
0.961

L.Sh.
GL(30)
GL(30)
GL(30)

Area
5164.1
561.1

62.1

At%
89.23
9.70
1.07

C
 1

s

x 10
2

10

20

30

40

50

60

C
P

S

290 280
Bindi ng E nergy (eV)

1

2

C-H

C-O

C-H

C-O
C=O

C 1s  a

Name
C 1s a
C 1s b

Pos.
284.89
286.50

FWHM
1.048
1.822

L.Sh.
GL(30)
GL(30)

Area
5384.3
259.4

At%
95.40
4.60 C

 1
s

x 10
2

10

20

30

40

50

60

70

C
P

S

290 280
Bindi ng E nergy (eV)

C 1s  a

C 1s  b

C 1s  c

Name
C 1s a
C 1s b
C 1s c

Pos.
284.88
286.40
288.80

FWHM
1.070
2.059
0.961

L.Sh.
GL(30)
GL(30)
GL(30)

Area
5164.1
561.1

62.1

At%
89.23
9.70
1.07

C
 1

s

x 10
2

10

20

30

40

50

60

C
P

S

290 280
Bindi ng E nergy (eV)

1

2

C-H

C-O

C-H

C-O
C=O

 

Figure S4. High resolution XPS spectra of the C (1s) region corresponding to PEG-

modified  PDMS before (1) and after (2) the silanization process with TESU. 
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Figure S5. High resolution XPS spectra of the C(1s) region corresponding to PDMS 

after the chemical oxidation (1) and after the silanisation process (2). 



91.79

8.21

284.93

286.50

C-H

C-O
Oxidation

89.23

9.70

1.07

284.89

286.50

288.80

C-H

C-O

C=O

PDMS + PEG + TESU

95.40

4.60

284.89

286.50

C-H

C-O
PDMS+ PEG

Oxidation + TESU

PDMS +PVA+ TESU

PDMS+ PVA

PDMS

Sample

100284.90C-H

90.98

8.24

0.78

284.93

286.50

288.78

C-H

C-O

C=O

78.21

19.78

2.01

284.90

286.68

288.83

C-H

C-O

C=O

77.96

22.06

284.90

286.68

C-H

C-O

Atomic 
percentagePosition / eVBond

91.79

8.21

284.93

286.50

C-H

C-O
Oxidation

89.23

9.70

1.07

284.89

286.50

288.80

C-H

C-O

C=O

PDMS + PEG + TESU

95.40

4.60

284.89

286.50

C-H

C-O
PDMS+ PEG

Oxidation + TESU

PDMS +PVA+ TESU

PDMS+ PVA

PDMS

Sample

100284.90C-H

90.98

8.24

0.78

284.93

286.50

288.78

C-H

C-O

C=O

78.21

19.78

2.01

284.90

286.68

288.83

C-H

C-O

C=O

77.96

22.06

284.90

286.68

C-H

C-O

Atomic 
percentagePosition / eVBond

 

Table S1. C percentages corresponding to the different chemical groups introduced on 

the PDMS surface alter each modification step.   
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Figure S6. Topographic and phase AFM pictures of the PDMS surface after the 

modification with PEG and further silanisation with TESU. 
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Figure S7. Topographic and phase AFM images of the PDMS surface after the chemical 

oxidation and further silanisation with TESU. 

 

 



 

 

 

Figure S8. Calibration plots recorded with the different biosensor approaches. Each 

point is the mean value obtained for each hydrogen peroxide concentration in three 

different experiments, the error bars being the corresponding standard deviation. A 

linear range from 0 to 24.3 µM H2O2 was obtained in all cases.  
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Abstract 

Three simple approaches for the selective immobilization of biomolecules on the surface of 
poly(dimethylsiloxane) (PDMS) microfluidic systems that do not require any specific 
instrumentation, are described and compared. They are based in the introduction of hydroxyl 
groups on the PDMS surface by direct adsorption of either polyethylene glycol (PEG) or 
polyvinyl alcohol (PVA) as well as by a liquid-based oxidation step. The hydroxyl groups are 
then silanized using a silane containing an aldehyde end-group that allows the surface to interact 
with a primary amine moiety of the biomolecule structure to be immobilized. The entire process 
takes 4.5h. The required steps can be characterized in less than 15 hours by contact angle 
measurements, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). 
The performance of the biofunctionalization process can be assessed by using peroxidase 
enzyme as a model biomolecule. Its correct immobilization and stability is easily tested by 
developing an analytical approach for hydrogen peroxide (H2O2) detection in the 
biofunctionalized microfluidic system and carrying out analytical measurements for a period of 
up to two months. 
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Introduction 

Microfluidic systems have been highly evolving with the simultaneous development of polymer 
materials. Polymer technology has been key in the realization and definition of the so-called 
Lab-on-a-Chip (LoC) concept. The current high impact of LoC systems is partly due to the 
application of polymers such as polycarbonate (PC), poly (methyl methacrylate) (PMMA), SU-
8 and poly(dimethylsiloxane) (PDMS), which have made them more versatile while in turn have 
enabled reducing their fabrication cost and time. PDMS (Figure 1a) is a cheap material that 
polymerizes at low temperatures1. It is optically transparent in a very wide wavelength range, 
from ultra-violet (UV) to the Near-Infrared (NIR)2. This last property makes the material 
compatible with many optical detection methods. It is also compatible with biological studies, 
since it is non-permeable to water, non toxic and permeable to gases. PDMS is an elastomer 
with a 2.5 MPa Young modulus when prepared with a 10:1 ratio of a base:curing agent3. Cast 
molding of the as-prepared PDMS provides a rapid fabrication of microsystems with resolution 
down to 0.1 µm4. The resulting systems can easily be sealed to many different substrates3. When 
LoCs are fabricated with PDMS, low-cost systems can be obtained with the potential of being 
highly sensitive. However, this polymer has a disadvantage: biomolecules and other 
macromolecules easily adsorb non-specifically to it, thus hindering its application for chemical 
sensing. This disadvantage can easily be turned into an advantage as it can easily be modified in 
order to avoid that process or, by contrast, to selectively immobilize different molecules2. These 
surface modification processes are usually needed for the application of PDMS-based 
microsystems to (bio)chemical analysis. The aims of the modification are diverse and include 
from the minimization of the biomolecular adsorption, to the increase of the 
hydrophilic/hydrophobic character of the surface. Some processes are directed to bind a 
biologically active molecule that changes the lubricity of the surface5 or provides the material 
with the capacity to give a selective answer to a specific target analyte by binding antibodies6 or 
enzymes7.  

Biofunctionalization of PDMS surfaces can be carried out following two different strategies: 
physical adsorption and covalent modification. The first one is very simple but, due to the weak 
interactions between the adsorbed molecules and the surface, the modifications are instable both 
thermally and mechanically. Also, solvolytic processes can also occur. Covalent modification 
can overcome these problems and provide more stable modifications8. It is carried out by the 
initial introduction of hydroxyl groups (–OH) on the PDMS surface, which can further be 
modified by a silanization process. These hydroxyl groups react with silane molecules to form 
covalent Si-O-Si (siloxane) bonds. Different functional groups, to which the biomolecules can 
be covalently attached, are introduced on the surface depending on the chosen silane9. In this 
context, PDMS surfaces have been treated with oxygen plasma10 or UV/ozone11, in order to 
make the surface hydrophilic by replacing the surface methyl groups, bound to the Si atom 
within the PDMS structure, by silanol groups (Si-OH). These new groups tend to chemically 
interact with other functional groups, allowing to selectively modify the surface. Silanol groups 
can be useful as an initial step in the PDMS surface modification for covalently binding 
enzymes, as Yasukawa et al. did7. They immobilized glucose oxidase on a PDMS layer after a 
hydrophilization step using a plasma process and further silanization, with the aim of fabricating 
a glucose sensor. Sandison et al. made also use of a plasma and silanization process to 
immobilize antibodies on a PDMS column for protein purification applications12. But this 
process also has some drawbacks: the modification is temporal because the plasma oxidized 
surface progressively recovers its hydrophobicity. It also requires special instrumentation and 
cannot be applied in the microfluidic channels of LoCs13. This means that alternative processes 
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must be found to selectively modify PDMS surfaces, which were easy to implement and could 
be applied in channels embedded in PDMS matrices. 

The previously mentioned UV/ozone treatment could be an alternative process. The 
modification consists in firstly generating ozone from molecular oxygen by 185 nm wavelength 
light exposition and then photodissociating it to atomic oxygen under 254 nm wavelength light 
exposure. This oxygen abstracts hydrogen from the backbone of PDMS and silanol (Si–OH) 
structures are formed on it, becoming a hydrophilic surface14. This treatment is slower than a 
plasma activation process15 but it facilitates a much deeper modification without cracking or 
mechanical weakening side-effects11. This fact enables its application to the microchannels. But, 
as pointed out before, the process is reversible, and PDMS surface eventually recovers its 
hydrophobicity after exposure to air for a few hours.  

Chemical Vapour Deposition (CVD) can also be used to create polymer coatings on PDMS 
microchannels, as Chen and Lahann did for the eventual deposition of poly(4-benzoyl-p-
xylylene-co-p-xylylene) films. A light reactive coating film of carbonyl groups was obtained, 
which was exposed to UV light in order to generate the free radicals that could react with 
poly(ethylene oxide) (PEO) and create PEO-functionalized regions that avoided the adsorption 
of fibrinogen16. 

Silanol groups can also be obtained on PDMS surfaces by using sol–gel methods. Silica 
nanoparticles can be created in a PDMS piece by mixing it in a tetraethyl orthosilicate (TEOS) 
sol–gel precursor and then incubating it in an ethylamine catalyzing solution and heating it17. 
Glasslike layers can also be formed on a PDMS surface by applying the same sol–gel technique 
with transition metal sol-gel precursors18. However, these sol-gel methods are time consuming 
and therefore the production costs increase. 

An acidic solution containing hydrogen peroxide (H2O2) can also be pumped inside the 
microchannels, which oxidizes the PDMS surface and creates silanol groups13.The process 
should be carefully controlled since an excess of acidity could lead to a loss of optical 
transparency of the PDMS.  

Physical adsorption methods can also be applied for PDMS microchannel modification. These 
methods are applied to suppress electroosmotic flow in capillary electrophoresis and to avoid 
nonspecific binding of proteins. The hydrophobic parts of molecules can be physisorbed onto 
the PDMS surface while the hydrophilic parts keep exposed to the buffer, thus changing the 
surface properties of the PDMS. A coating process of polymers that contain hydrophobic and 
hydrophilic parts can be achieved by simply incubating the surface with the aqueous coating 
solution19. The so-called Layer by Layer (LBL) technique can also be carried out by 
electrostatic adsorption of positively and negatively charged alternating layers20. 

Here, the details of the protocol used in a previous work21 for different liquid-based surface 
chemical biofunctionalization methods are provided. The developed methods can easily be 
performed in standard chemical and biological laboratories avoiding the need of special 
instrumentation. Both physical adsorption and covalent modification methods are analyzed. On 
one hand, physical adsorption of two different polymers containing hydroxyl groups, such as 
polyethylene glycol (PEG) or polyvinyl alcohol (PVA) (figure 1b) enable the further 
silanization of the surface for the introduction of chemical functional groups and the eventual 
covalent immobilization of the bioreceptor. In some applications, as Yu et al did22, the aim of 
the PVA immobilization was to avoid the non-specific binding of proteins. Other groups used 
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PEG instead of PVA, since it offers the same advantage23,24. In the present application, the 
objective is totally different. These polymers are used as anchoring points for further 
silanization and final protein receptor immobilization. On the other hand, a covalent 
modification approach was tested based on the chemical oxidation of the PDMS surface that 
generates silanol groups (figure 1c) onto which a silanization process and further 
immobilization of the protein receptor are carried out, as above. This chemical oxidation 
protocol was already described by Sui et al. for creating hydroxyl groups that could be used as 
anchoring points for the immobilization of other molecules13. A deep structural characterization 
of the resulting modified surfaces is carried out. The analytical performance and the stability of 
the modified surfaces following the different methods are also tested using a PDMS-based 
photonic LoC (PhLoC) microsystem consisting of a hollow Abbe prism transducer 
configuration25. 

Experimental design 

Modification of the PDMS surfaces 

As it can be seen in Figure 2, the proposed three approaches for PDMS surface modification are 
based on the introduction of hydroxyl (-OH) groups and further silanization. PDMS surfaces 
were cleaned with ethanol and deionized water (DI H2O). For the modification shown in Figure 
2A, the PDMS surfaces were incubated in a PEG solution and left to adsorb. For the 
modification in Figure 2B, they were incubated in a PVA solution and left to adsorb. The 
backbone of these two polymers is able to physisorb from aqueous solutions to hydrophobic 
surfaces26. The third approach was carried out by a chemical oxidation process with an acidic 
solution containing DI H2O, HCl and H2O2

13 (Figure 2C). After each of these steps, the surfaces 
were rinsed with DI H2O and dried.  

For the previously mentioned silanization process, the modified PDMS systems were incubated 
in 11-triethoxysilyl undecanal (TESU) and triethylamine (TEA) containing ethanol solutions. 
Then the surfaces were thoroughly rinsed with ethanol and dried. The TEA induces a highly 
nucleophilic oxygen in the –OH group that readily interacts with the chosen silane27 having its 
ethoxy groups previously hydrolyzed. In this way, the silane molecules covalently bound to the 
surface (Figure 3).  

Characterization of the PDMS surfaces 

For the characterization process, flat PDMS surfaces were modified. The techniques used for 
this characterization were contact angle measurements, XPS and AFM. 

Contact angle measurements were carried out with the sessile drop method. Images with a high 
contrast should be obtained with the camera of the angle meter, with as less light reflections as 
possible in the drop. If these conditions are hold, the software is able to automatically detect the 
shape of the drop and measure the contact angle.  

XPS analysis was carried out on an Axis Ultra-DLD spectrometer, using a monochromatized Al 
Kα source (1486.6 eV). Signals were deconvoluted with the software provided by the 
manufacturer, using a weighted sum of Lorentzian and Gaussian component curves after 
background subtraction. The binding energies were referenced to the internal standard C 1s 
(284.9 eV).  
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Atomic force microscopy topographic and phase images of the modified surfaces were taken 
with a Veeco Nanoscope Dimension 3100, working in tapping mode and using phosphorous 
doped n-type silicon tips (Micromasch, San Jose, CA, USA). 

MATERIALS 

REAGENTS 

• Poly(dimethylsiloxane) (PDMS) Sylgard 184 elastomer kit (Dow Corning) 
• Polyvinyl alcohol 99% (PVA, molecular weight: 89,000-98,000g) (Sigma-Aldrich Co., cat. 

no. 341584) 
• Polyethylene glycol (PEG, molecular weight: 12,000g) (Sigma-Aldrich Co., cat. no. 81285) 
• Triethylamine 99% (TEA) (Sigma-Aldrich Co., cat. no. T0886) ! CAUTION Corrosive, 

Highly flammable 
• 11-triethoxysilyl undecanal 90% (TESU) (ABCR GmbH & Co. KG, cat. no. AB152514) ! 

CAUTION Irritant 
 
EQUIPMENT 

• Automatic pipettes with disposable tips 
• Krüss Easydrop contact angle meter and DS1 analysis software (Krüss GmbH) 
• Axis Ultra-DLD spectrometer (Kratos Analytical Ltd) 
• Atomic Force Microscope: Veeco Nanoscope Dimension 3100 (Veeco) 
• AFM tips (Micromasch): n-type silicon tip (phosphorous doped) (NSC15/AIBS)  

 
REAGENT SETUP 

PVA solution: dissolve 25 mg in 25 mL DI H2O. ? TROUBLESHOOTING High temperature 
(60 ºC) and stirring is needed to dissolve it. 

PEG solution: dissolve 25 mg in 25 mL DI H2O. 

TESU solution: dilute 50 µL TESU and 50 µL TEA in 2.5 mL ethanol 99.5%.! CAUTION 
Avoid the vapors coming from TEA by preparing the solution mix in a fume hood. 

PROCEDURE 

Modification of the PDMS surfaces 

1│ Clean flat PDMS surfaces: first with ethanol 96% and then with DI H2O. ? 
TROUBLESHOOTING. Flat PDMS surfaces are used for an easier characterization of the 
resulting modifications. 

2│ Create hydroxyl groups on the PDMS surface. Select the appropriate chemistry protocol: 

A. Modification with PEG: immerse the PDMS in a 1 mg/ml PEG solution in DI H2O. 
Leave to react for 1 hour. Then rinse with DI H2O and dry with N2. 

B. Modification with PVA: immerse the PDMS in a 1 mg/ml PVA solution in DI H2O. 
Leave to react for 1 hour. Then rinse with DI H2O and dry with N2. 

C. Chemical oxidation: immerse the PDMS in an acidic solution containing DI H2O, 
37% HCl and 30% H2O2 in a 5:1:1 (v/v/v) ratio18. Then rinse with DI H2O and dry 
with N2. ? TROUBLESHOOTING. This step can generate bubbles on the PDMS 
surface. Try to avoid them as far as possible by stirring the media. ! CAUTION 
Avoid the HCl vapors by carrying out this step in a fume hood. Use gloves, since 
apart from the acidic conditions of the liquid mixture, a direct contact with H2O2 
could lead to a whitish irritating skin color. 



Protocol Exchange (2011)     doi:10.1038/protex.2011.271 
 

 
Ibarlucea et al.  Published online  29 November 2011  
 

3│ Create aldehyde groups on the PDMS surface by incubating them in a 99.5% ethanol 
solution containing 2% TESU and 2% TEA for 1 hour. Then rinse with 99.5% ethanol and dry 
them at 80ºC for 2 hours. ! CAUTION Avoid the vapors coming from TEA by preparing the 
solution mix in a fume hood. ? TROUBLESHOOTING. This step should be done in a closed 
container and using enough solvent to avoid the total evaporation of the liquid. It should be 
carried out in an inert atmosphere like nitrogen or argon without humidity presence. 

█ PAUSE POINT After this step, systems can be stored overnight at 4ºC in carbonate buffer 
pH 8. 

Characterization of the modified PDMS surfaces  

4 | Measure the contact angle with a contact angle meter: deposit a drop of water on the 
modified PDMS surfaces and compare the angle formed between the drop and the surface to the 
angle formed using a non-modified PDMS surface. Make several drops and calculate the mean 
value of the angle and its standard deviation. ? TROUBLESHOOTING. Try to always use the 
same drop size. Try to obtain pictures with a high contrast to facilitate the automatic detection 
of the drop shape by the software of the contact angle meter. There should only appear one drop 
in each picture acquired by the camera. If there are more drops, the software could understand 
that the other drops form part of the drop that should be detected. 

5 | Make an XPS analysis of the modified and non-modified PDMS surfaces. Use a 
monochromatized Al Kα source or similar (1486.6 eV). Deconvolute the signals using a 
weighted sum of Lorentzian and Gaussian component curves after background subtraction. 

6 | Obtain topographic and phase images by using an atomic force microscopy in tapping mode. 
In this mode, the cantilever oscillates up and down at its resonance frequency. The interaction 
between the tip and the surface when they come close causes a decrease of the oscillation 
amplitude, and the control system changes the height of the cantilever to maintain this 
amplitude constant. In phase images, changes in phase oscillations give information about the 
different type of materials that can be found on the surface. Topographic images give 
information about the surface roughness. ? TROUBLESHOOTING Try to avoid an excess of 
contact between the tip and the surface because PDMS is a soft material and its deformation 
caused by the tip could appear in the pictures as noise. By contrast, if the distance between the 
surface and the tip is too large, a flat surface could be recorded. 

? TROUBLESHOOTING 

Troubleshooting advices are presented in Table 1 

Table 1| Troubleshooting table. 

Step Problem Possible reason Solution 
2 B PVA does not dissolve 

correctly 
The needed time, 
temperature or stirring 
has not been applied 

The solution should be left for 30 
min at 60 ºC with enough stirring 
using a magnetic stirrer (the 
revolutions per minute should be 
experimentally considered by the 
performer) 

2 C PDMS becomes white 
during the chemical 
oxidation 

HCl concentration is too 
high or oxidation time is 
too long 

Decrease the HCl concentration or 
oxidation time 

3 The surface appears totally 
dry after the  required 
incubation time 

The solvent evaporates Use more solvent and a closed 
container. 

4 The shape of the drop is not 
correctly detected by the 
software of the contact angle 
meter 

There may be too many 
light reflections or more 
drops on the 
surroundings 

Try to use the correct light 
conditions to avoid reflections in 
the drop. There should only 
appear one drop in each acquired 
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picture 
5 Unexpected bonds or 

elements are found on the 
XPS analysis 

The sample is 
contaminated 

Preserve the samples in inert 
atmosphere (N2 or Ar) until the 
XPS analysis 

6 There is too much noise in 
the AFM picture 

The PDMS deforms 
when the tip of the AFM 
touches it 

Increase the distance between the 
surface and the tip 

6 The surface in the AFM 
picture is completely flat 

The distance between the 
tip and the surface is too 
large 

Decrease the distance between the 
surface and the tip 

 

● TIMING 

Steps 1-3 Modification of the PDMS surfaces: 4h 30 minutes 

Steps 4-6: Characterization of the modified PDMS surfaces: 30 minutes for the contact angle 
measurements, 7 hours for the XPS analysis, 7 hours for the AFM. 

 

ANTICIPATED RESULTS 

This protocol allows the selective and stable modification of PDMS substrates with 
biomolecules containing primary amine groups. 

The processes described do not require any specific instrumentation, thus enabling the easy and 
rapid implementation in chemical and biological laboratories that work with PDMS-based 
microfluidic systems. 

Structural characterization of the modified PDMS surfaces 

Three different approaches were chosen for the modification of PDMS with the aim of 
providing different densities of hydroxyl groups on the surface and studying the influence on 
the immobilization of proteins and their eventual analytical performance. A higher density was 
expected for the PVA adsorption comparing to the PEG adsorption, due to the nature of their 
chemical structure. The conditions for the chemical oxidation process were set by an 
optimization study. It could be seen that a higher concentration of hydrogen peroxide and HCl 
or longer incubation times degraded the PDMS surface too much. The step for the introduction 
of aldehyde groups was the same for all the procedures. This molecule enables the one-step 
covalent immobilization of the enzyme.  

Contact angle measurements provided a rapid estimation of the degree of modification after 
each step by simply measuring the hydrophobic/hydrophilic character of the modified surface. 
Given the hydrophobic nature of the PDMS but the hydrophilic nature of groups sequentially 
introduced on its surface, a steady decrease in the water contact angle was expected. Once 
hydroxyl groups were introduced by PVA adsorption, a clear change from the 114.57º contact 
angle of the native PDMS to 102.47º of the PVA-modified surface was measured. The value 
found in the native PDMS was similar to that reported in previous studies28.  This decrease was 
not observed after the PEG adsorption. This is likely to be related to the lower density of 
hydroxyl groups that PEG provides. PEG only presents two hydroxyl groups at both ends of its 
chain, while PVA contains these groups all along its whole linear structure. The higher amount 
of introduced hydroxyl groups should facilitate the incorporation of a higher number of silane 
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molecules during the silanization step. This step also gave rise to another change in the contact 
angle value when working with the PVA-modified surfaces, which decreased to 96.9º. However 
no difference was observed in the PEG-modified surfaces, which also suggests a low density of 
silane molecules on the PDMS surface and in turn corroborates the above-mentioned 
assumption that the number of silanol groups introduced by this modification approach is rather 
low. Also, no changes in the contact angle values were obtained following each step of the 
chemical oxidation approach. Again, this light chemical oxidation process may give rise to a 
low density of silanol groups and of silane molecules on the PDMS surface. The values were 
plotted in a bar graph, which can be found in Figure 4.  

A more in depth study of the surface modification processes was carried out by XPS analysis. 
With this technique an identification and rough estimation of the density of the introduced 
groups during the modification steps can be done. The percentage values of the different atoms 
present on the PDMS surface were extracted from the XPS survey scan. They are shown in 
Table 2. The carbon percentage increased after the PVA adsorption, from 43.38% to 51.74%, 
while the Si content decreased from 36.90% to 27.05%. This was a consequence of the 
adsorption of PVA molecules on the PDMS surface. The changes were not so clear in the 
surfaces prepared by the other procedures. High resolution spectra of the C1s region were 
recorded for the detection of the new peaks formed by the introduced groups. The 
deconvolution of the C1s region showed that new peaks appeared after each PDMS 
modification step (Figures 5, 6 and 7). The non-modified PDMS presented one peak with a 
binding energy of 284.90 eV. This peak corresponded to the carbon atom of the methyl group. 
After the different steps that introduce hydroxyl groups on the surface, a new peak appeared 
with an energy of 286.50 eV, which corresponded to the C–O bond. Both PVA and PEG 
molecules contain this bond, but PEG has it in lower quantities, so it gave a smaller signal in the 
spectra, as expected. C-O bonds are not expected in the PDMS surface modified by the 
chemical oxidation procedure and just Si–OH groups should be detected. However, it is 
reported that oxidation of PDMS could give rise to hydroxyl groups that are bound to the carbon 
atom of the methyl groups29. This could be the reason of the presence of the C–O peak after the 
chemical oxidation step. Additionally, another peak was observed in all the surfaces after the 
silanization step. This peak corresponded to the C=O bond that is part of the aldehyde group of 
the applied functional silane. The highest signal was again found in the surfaces corresponding 
to the PVA adsorption procedure. These results reflect that the PVA modification process is 
more effective for the introduction of chemical functional groups on the surface of PDMS, in 
accordance with the contact angle measurement.  

AFM studies were also carried out to the resulting surfaces after each modification steps. The 
recorded topographic and phase images (Figure 8) showed that the native PDMS surface was 
flat and structurally and chemically homogeneous. After each modification step, the modified 
surfaces exhibited slight or dramatic variations depending on the applied procedure. After PVA 
adsorption, branch-like structures could be observed (also shown in Figure 8). These branches 
might be related to the linear structure of the PVA polymer chains that were adsorbed to the 
PDMS. After the silanization process with TESU, a honeycomb-like structure was observed 
(last two images of Figure 8). In this case, a polymerization process could have taken place 
among the TESU molecules, forming a layer that covered the entire surface.  

The adsorption of PEG did not seem to affect the PDMS substrates (Figure 9). By contrast, after 
the silanization process, homogeneously dispersed dots appeared on the surface. These might be 
TESU-based structures generated at the specific positions where isolated hydroxyl groups 
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belonging to the adsorbed PEG molecules were located. The reason for the differences between 
the TESU layer in the PVA modified surface and the PEG modified one may be that PEG 
contains only hydroxyl groups at the ends of its chain, as mentioned above.  

In the case of the surfaces modified by chemical oxidation, AFM images (Figure 10) showed an 
increase in the roughness compared to the non-modified PDMS surface, but no changes were 
observed after the silanization process. This indicates that the chemical oxidation generated a 
very low density of hydroxyl groups, thereby making the silanization less effective. 

 

Fabrication and stability of a biosensor approach 

The described PDMS biofunctionalization approaches were applied to the modification of a 
photonic Abbe prism based LoC system. Horseradish peroxidase was selected as a model 
biomolecule. The analytical performance of the resulting modified systems was then tested by 
carrying out the analysis of H2O2. HRP was chosen because it is a widely used enzyme that 
exhibits a high turnover number and can be applied with a high number of different mediators. 
Also, as H2O2 is the product of many other enzymatic reactions, HRP catalysis can be coupled in 
more complex enzymatic systems in order to get a cascade reaction to be applied for signal 
amplification.   

For this aim, photonic LoCs were fabricated by a cast molding process, following a previously 
reported protocol30. The aldehyde-modified PDMS microchannels obtained after the different 
modification methods were incubated for 1 hour with 1 mg/mL HRP solution in carbonate 
buffer pH 8, getting it bound through the amine groups of its lysine residues by forming a Schiff 
base that is then reduced to a stable secondary amine with sodium cyanoborohydride 
(NaBH3CN)31. The time of incubation and concentration of biomolecule could change 
depending on the biomolecule to be immobilized, while the used buffer has the adequate 
composition for the reaction to takes place. The weakly and non-specifically adsorbed enzymes 
were removed by rinsing the surfaces with a Phosphate Buffered Saline (PBS) solution pH 8 
containing Tween 20, a rinsing step commonly applied for this purpose32,33. HRP catalyzes the 
reduction of H2O2 in the presence of 0.5 mM of colorless 2,2’azino-bis (3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) mediator in acetate buffer pH 5.5, which is in turn oxidized to the green-
colored ABTS●+ radical cation34 (Figure 11). This cation presents an absorption peak at 420 nm 
and two secondary peaks at 650 and 720 nm wavelenghts. The first one was chosen for the 
absorbance detection of this enzymatic reaction. Since proteins can easily adsorb on the surface 
of native PDMS due to their high hydrophobicity7, a fourth LoC was modified by direct 
adsorption of the enzyme under the same experimental conditions applied in the other 
approaches and tested for comparative purposes. 

The modified LoCs were stored for over two months and the operational stability of the 
immobilized enzyme was studied by calculating the sensitivity along with time. A better 
stability was expected for those systems selectively modified with the enzyme compared with 
that one where HRP directly adsorbed. This behavior could be anticipated considering the lack 
of control of the adsorption process and the fact that adsorbed proteins tend to expose the 
highest area possible to the surface in order to maximize this interaction, which produced 
irreversible changes in their structure and conformation and resulted in their extensive unfolding 
and inactivation35. 
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As it can be seen in Figure 12, the absorbance at 420 nm increased together with the H2O2 
concentration for all the tested systems. This increase was lineal in the range 0-24.3 µM H2O2 
and then saturation occurred. A linear fitting was carried out in this range and the analytical 
parameters were calculated (Table 3). There were no significant differences among the different 
approaches, but the estimated error was higher for the adsorption approach. The lowest LOD 
was 0.10 µM H2O2. This result was between 10 and 100 times lower than the previously 
reported values in similar analytical systems based on the use of HRP as a receptor25,36. In 
addition, the sensitivity of the modified PhLoC was 150 times better than in other applications 
using the same system30. 

The storage stability of the modified PhLoC systems was studied by calculating their changes in 
sensitivity with time, as mentioned above (Figure 13). Two different behaviors could be 
observed. The systems based on the modification with PEG showed a rapid decrease in the 
sensitivity during the first week, while those based on the PVA modification and chemical 
oxidation remained more stable for at least one month. However, the latter showed a decrease in 
the sensitivity after the first month, while the PVA-based system retained 82% of the initial 
sensitivity after two months. 

The present results indicate that the PVA and chemical approaches provide the PhLoC systems 
with a better analytical performance in terms of both reproducibility and stability. The structural 
characterization together with the analytical studies also verify that the PVA-based procedure 
should be the one chosen for the modification of PDMS with enzymes considering the higher 
density of functional groups introduced during the modification steps and the longer stability of 
the resulting analytical PhLoC system. 
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FIGURE CAPTIONS 

Figure 1: Chemical structure of, a) poly(dimethylsiloxane); b) (1) polyethylene glycol and (2) polyvinyl 
alcohol;  c) oxidized PDMS presenting silanol groups. 

Figure 2: Scheme of the different modification approaches tested for the biofunctionalization of PDMS. 

Figure 3: Scheme of the silanization process of the hydroxyl- containing PDMS surfaces. 

Figure 4: Contact angle values measured following every step of each modification procedure. Error bars 
correspond to the standard deviation of three replicates. 

Figure 5: High resolution XPS spectra of the C (1s) region corresponding to intact PDMS (1), after the 
adsorption of PVA (2) and after the silanization process with TESU (3). 

Figure 6: High resolution XPS spectra of the C (1s) region corresponding to PDMS after the chemical 
oxidation (1) and after the silanization process (2). 

Figure 7: High resolution XPS spectra of the C (1s) region corresponding to PEG-modified PDMS 
before (1) and after (2) the silanization process with TESU. 

Figure 8: Topographic and phase AFM pictures of the intact PDMS surface, after modification with PVA 
and after the silanization process. 

Figure 9: Topographic and phase AFM pictures of the PDMS surface after the modification with PEG 
and further silanization with TESU. 

Figure 10: Topographic and phase AFM images of the PDMS surface after the chemical oxidation and 
further silanization with TESU. 

Figure 11: HRP- catalyzed reduction of hydrogen peroxide mediated by colorless ABTS, which 
generates water and green-color ABTS radical cation counterpart. 

Figure 12: Calibration plots recorded with the different biosensor approaches. Each point is the mean 
value obtained for each hydrogen peroxide concentration in three different experiments carried out with 
three modified LoCs, the error bars being the corresponding standard deviation.  

Figure 13: Operational stability of the different PhLoC approaches measured as the sensitivity of the 
calibration plots sequentially recorded over a 35-day period. 
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Tables  

Table 2: Atomic percentages of the different surfaces extracted from the XPS survey scans. 

Sample Atomic Concentration (%) 

PDMS 
O1s 19.71 
C1s 43.38 
Si 2p 36.90 

PVA 
O1s 21.21 
C1s 51.74 
Si 2p 27.05 

PEG 
O1s 19.05 
C1s 43.85 
Si 2p 37.11 

OXIDATION 
O1s 20.09 
C1s 44.92 
Si 2p 34.99 

PVA + TESU 
O1s 21.29 
C1s 50.69 
Si 2p 28.02 

PEG + TESU 
O1s 19.13 
C1s 45.36 
Si 2p 35.51 

OXIDATION + TESU 
O1s 20.26 
C1s 44.25 
Si 2p 35.48 

 

 

Table 3: Analytical parameters of the four different biosensor approaches 

Modification Sensitivity (A.U./µM)1 LOD (µM)1,2 r 
Adsorption 0.017±0.003 0.12±0.08 0.996 
PEG + TESU 0.019±0.001 0.28±0.08 0.990 
PVA + TESU 0.019±0.001 0.14±0.08 0.996 
Oxid. + TESU 0.021±0.005 0.10±0.01 0.998 

1Mean values and corresponding standard deviations of the parameters extracted from three calibration curves recorded 
with different devices in three consecutive days are represented.  
2LOD calculated following the 3σ IUPAC criteria using the lowest order of the linear concentration range from 0.1 µM to 
1.53 µM.  



PDMS based photonic lab-on-a-chip for the selective
optical detection of heavy metal ions

Bergoi Ibarlucea,a César D́ıez-Gil,b Inma Ratera,b Jaume Veciana,b Antonio Caballero,c

Fabiola Zapata,c Alberto Tárraga,c Pedro Molina,c Stephanie Demming,d

Stephanus Büttgenbach,d César Fernández-Sáncheza and Andreu Llobera*ad

The selective absorbance detection of mercury(II) (Hg2+) and lead(II) (Pb2+) ions using ferrocene-based

colorimetric ligands and miniaturized multiple internal reflection (MIR) systems implemented in a low-

cost photonic lab on a chip (PhLoC) is reported. The detection principle is based on the formation of

selective stable complexes between the heavy metal ion and the corresponding ligand. This interaction

modulates the ligand spectrum by giving rise to new absorbance bands or wavelength shifting of the

existing ones. A comparative study for the detection of Hg2+ was carried out with two MIR-based PhLoC

systems showing optical path lengths (OPLs) of 0.64 cm and 1.42 cm as well as a standard cuvette

(1.00 cm OPL). Acetonitrile solutions containing the corresponding ligand and increasing concentrations

of the heavy metal ion were pumped inside the systems and the absorbance in the visible region of the

spectra was recorded. The optical behaviour of all the tested systems followed the expected Beer–

Lambert law. Thus, the best results were achieved with the one with the longest OPL, which showed a

linear behaviour in a concentration range of 1 mM–90 mM Hg2+, a sensitivity of 5.6 � 10�3 A.U. mM�1 and

a LOD of 2.59 mM (0.49 ppm), this being 1.7 times lower than that recorded with a standard cuvette, and

using a sample/reagent volume around 190 times smaller. This microsystem was also applied for the

detection of Pb2+ and a linear behaviour in a concentration range of 3–100 mM was obtained, and a

sensitivity of 9.59 � 10�4 A.U. mM�1 and a LOD of 4.19 mM (0.868 ppm) were achieved. Such a simple

analytical tool could be implemented in portable instruments for automatic in-field measurements and,

considering the minute sample and reagent volume required, would enable the deployment of high

throughput environmental analysis of these pollutants and other related hazardous species.

Introduction

Heavy metal ions can injure human health and pollute the
environment. It is well known that these metals are able to enter
organisms and interfere with metabolic processes,1 producing
physiological problems including neurological, neuromuscular,
or nephritic disorders. Among the different metals, mercury
and lead are considered to be the most toxic nonradioactive
chemical elements. They are highly water-soluble, being
bioavailable for animals by ingestion of water.2 The divalent
cation of mercury (Hg2+) is non-biodegradable, accumulative
and toxic even at very low concentrations. It can damage heart,

kidney, stomach and intestines, also causing sensory and
neurological damage.3 In the case of the divalent cation of lead
(Pb2+), exposure to very low levels can cause neurological,
reproductive, cardiovascular and developmental disorders.4

There are several analytical techniques that enable the
sensitive detection of heavy metal ions, such as inductively
coupled plasma mass spectrometry (ICP-MS),5 cold vapour
atomic absorption spectrometry (CV-AAS),6 X-ray uorescence
(XRF) spectroscopy7 and high performance liquid chromatog-
raphy (HPLC).8 However, the corresponding analyses have to be
carried out in centralised laboratories, making them expensive
andnot suitable for the rapid detection of these target analytes.2,3

In this context, the high toxicity of heavymetal ionshas given rise
to a necessity of new systems for their detection and quanti-
cation that were simple, portable and inexpensive. Miniaturiza-
tion of analytical systems is nowadays a trendy topic in
environmental monitoring and biomedical diagnostics. Size
reduction does not only mean a decrease in production costs,
analysis time, reagent and sample volume consumption as well
as waste production,9 but also an enhancement of the analytical
performance in terms of faster response time and potential for
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bInstitut de Ciència dels Materials de Barcelona (CSIC)/CIBER-BBN, Campus
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multiplexed analysis.1,10 Thus, there is a current demand for
simple, disposable and low cost analytical tools to perform in situ
and continuous monitoring of pollutants, which could be used
as alarm systems to target potential contamination outbreaks
and thus give rise to a faster response to tackle the problem.

Analytical microsystems being fabricated by micro-
fabrication technologies, comprising diverse functionalities of a
laboratory in a single system, are known as lab-on-a-chip (LoC).
Among the myriad of different applications, LoCs have also
been applied for the detection and quantication of heavy metal
ions. Most of them rely on electrochemical or optical detection
approaches. Among the former, Zhu et al.11 developed a chip
including amercury droplet based microelectrode to detect lead
and cadmium ions. Zou et al.12 further incorporated the possi-
bility to carry out in situ and online measurements to their
electrochemical detection based chip. However, these
approaches are based on the cumbersome implementation of
different materials and the application of highly toxic elec-
trodes. Optical detection approaches are gaining a preeminent
position mainly because they are highly sensitive non-contact
techniques that show immunity to electromagnetic interfer-
ences and provide with the capability of multiplexed detection
in a single analytical system.13 In this context, the LoC concept
has been extended to include the so-called photonic lab-on-a-
chip (PhLoC) approach,14 which comprises the integration of
microoptical and/or integrated optical elements together with
microuidic systems. The impact that PhLoCs have caused on
the scientic community is directly related to the signicant
improvement in the technology applied in their fabrication. To
this effect, the change from silicon bulk micromachining to
polymeric materials (mainly SU-8 and polydimethylsiloxane,
PDMS) as well as the use of so lithographic fabrication
processes has resulted in a dramatic decrease of the LoC cost
and fabrication time. Regarding PhLoC, the excellent optical
properties of the PDMS, which is optically transparent in the
UV-NIR range, allow dening absorbance-based microsystems
with a high level of integration with the potential of being highly
sensitive. Moreover, these systems require very short integra-
tion times and are compatible with many optical detection
methods.15,16 Since the absorbance is directly proportional to
the optical path length (OPL), it can be anticipated that the
larger the interrogation regions, the lower the limit of detection
(LOD) that can be attained. Here, the integration of of micro-
optical and/or photonic elements like air mirrors also allows the
increase of the optical path of the PhLoC even further, which is
important for the device miniaturization but also to get a better
performance and sensitivity.17 Such kinds of PhLoC approaches
have already successfully been applied for the detection of
different targets such as cells15 or lactate.18

In environmental applications, optical approaches have also
been reported for the measurement of heavy metal ions. There
is a wealth of molecular metal ion receptors that provide with
the possibility of performing optical detection, many of them
included in a recent review by Kim et al.,19 such as 1-pyr-
enecarboxaldehyde thiosemicarbazone (a uorescent ligand
that binds Hg2+),20 or an hybridized DNAzyme with an interca-
lated Picogreen (PG) uorescent molecule (which is cleaved in

the presence of Pb2+ resulting in a release of PG and a decrease
of the uorescent signal).21

In this context, this work aims to show the benets of simply
combining two colorimetric ferrocene-based ligands,22,23 which
selectively interacted in solution with Hg2+ and Pb2+ ions, with
low-cost miniaturized PhLoCs for the rapid detection of these
pollutants. Two different PhLoCs based on MIR approaches,14

showing different OPLs, are applied for the detection and quan-
tication of highly toxic metal ions (Hg2+ and Pb2+) by using
colorimetric ligands that formselective stable complexeswith the
corresponding ion and, upon complex formation, new absor-
bance bands or wavelength shi of the existing ones appear. The
successful performance of these PhLoCs make them potential
candidates to carry out rapid decentralised studies directed
towards monitoring these pollutants in the environment.

Materials and methods
Ligands

Analytical measurements in the PhLoCs were carried out by
previously mixing the heavy metal ions with the corresponding
selective ligands. Previously published works have already
demonstrated that certain derivatives of 2,3-diaza-1,3-butadiene
can act as sensitive and very selective molecular probes for the
detection and preconcentration of Hg2+ in standard solu-
tions22,24,25 and real water samples.26 Here, an azine derivative
bearing two ferrocene groups was used (Scheme 1, ligand 1).
This molecule was prepared using previously reported proce-
dures.27 A solution of ligand 1 in acetonitrile shows an absor-
bance band at 476 nm. The addition of increasing amounts of
an aqueous solution of Hg(ClO4)2 (Sigma Aldrich, St. Louis, MO,
US) to this solution causes the appearance of a new band at
551 nm, a secondary peak at 405 nm and the disappearance of
the initial band at 476 nm. The three well-dened isosbestic
points indicate that a neat interconversion between the
uncomplexed and complexed species occurs. The new band is
red-shied by 45 nm and is responsible for the change in colour
from yellow (neutral ligand 1) to deep purple (complexed ligand
1). The absorption spectral data indicate a 1:1 binding model
and an association constant of 4.35 � 105 M�1 in acetonitrile.22

The detection of Pb2+ was carried out using an imidazo-
phenazine-ferrocene ligand (Scheme 2, ligand 2) whose absor-
bance spectra also change upon complexation with Pb2+

cations. This ligand was prepared using a previously published

Scheme 1 Chemical structure of ligand 1 (1,4-disubstituted 2,3-diaza-1,
3-butadiene bearing two ferrocene groups) for the detection of Hg2+.
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method.27 A solution of ligand 2 in acetonitrile shows an
absorbance band at 503 nm. The addition of increasing
amounts of Pb(ClO4)2 (Sigma Aldrich, St. Louis, MO, US) to this
solution gives rise to a new absorbance band at 404 nm and the
shi of the initial band from 503 nm to 515 nm. Binding assays
previously performed23 using the method of continuous varia-
tions (Job's plot) suggest a 1:1 binding model with an associa-
tion constant of 1.4 � 105 M�1.

Design and fabrication of the PhLoC

The PhLoC design has already been reported in a previous
work.14 It consists of a microuidic system with a dened
geometry embedded in a PDMS chip and sealed on a soda-lime
glass. The analyzed volume/region is constructed so as to
reduce the mean ow cell volume. Thus, in the vicinity of the
micro channels, microoptical elements are dened in the PDMS
in the same fabrication step. These microoptical elements
include alignment channels for positioning the input/output
optical bres as well as bioconvex microlenses for the correction
of the bres numerical aperture. In addition, air mirrors have
been included to meaningfully lengthen the optical path
without dramatically increasing the overall size of the analytical
system. Taking into account the low cost issue, all these
elements have been dened considering the refractive indices
of air (nair ¼ 1.00), PDMS (nPDMS ¼ 1.41) and acetonitrile (nace ¼
1.34),28 the latter being used as the solvent for the preparation of
the heavy metal ion samples. It has been reported that this
solvent does not swell the PDMS or induce other negative effects
that could affect the performance of the analytical system.29

Images of the two PhLoC systems presented in this work can
be seen in Fig. 1. Both are based on a MIR detection approach.
The rst one is the Propagating Multiple Internal Reection
(PMIR) system (Fig. 1a), in which two air mirrors are included,
causing the light to follow a zigzag path along the detection
region with a total OPL of 6357 mm. The second system is the
Ring Multiple Internal Reection (RMIR) approach (Fig. 1b), in
which three air mirrors have been included in order to increase
the light path without signicantly increasing the chip size. The
total OPL in the RMIR is 14 264 mm.

The systems were fabricated by casting of PDMS (Sylgard 184
elastomer kit, Dow Corning, Midland, MI, USA) against a master
made of the EPON SU-8 negative tone polymer (SU8-25, Micro-
Chem Corporation, Newton, MA, USA), which in turn was
fabricated by standard photolithographic processes.

The fabrication process is briey described below and further
details canbe found in thepaperbyLlobera et al.14First, a two-step

spin-coating process was carried out with SU-8 on 4-inch silicon
wafers. The reason for this two-step process is that a sufficient
height is needed in order to fabricate structures that enabled the
hassle-free insertion of 230 mmdiameter input and output optical
bres in the alignment channels. Following a drying process, the
coatedwafer was exposed to ultraviolet (UV) light through amask.
A post-exposure bake stepwas followed by the development of SU-
8 in propylene glycol methyl ether acetate (PGMEA, MicroChem
Corporation, Newton, MA, USA). Aer a nal bake in an inert
atmosphere, a 250 mm high master was obtained.

The casting of PDMSwas carried out as follows. First, a PDMS
pre-polymer solution was prepared by mixing the curing agent
and the elastomer base in a 1 : 10 ratio (v/v) and then degassing
the resulting mixture in a vacuum chamber. Then, it was poured
over themaster and cured on a hotplate at 80 �C for 20min. Once
cured, the PDMS was peeled off themaster and sealed on a soda-
lime glass substrate. The sealing process required an oxygen
plasma based surface treatment30 of both the PDMS and the
substrate, which was carried out in a barrel etcher (Surface
Technology Systems, Newport, UK) using 75 sccm O2 at 85 W for
30 s. Immediately aer the plasma oxidation, the two surfaces
were brought in contact and a thermal treatment was performed
at 70 �C for 30 min, which irreversibly sealed the microsystem.
Holeswere punched outwith the tip of a syringe luer-lock to have
access to the uidic channels during the analytical procedures.
The total volumes of the as-fabricated PMIR and RMIR PhLoCs
were 1.43 mL and 5.34 mL, respectively.14

Experimental setup and measurement protocol

A comparative analytical study of the performance of the two
fabricated systems as well as a standard cuvette, which is
commonly used in spectrophotometric methods (10 000 mm
OPL, 1 mL, minimum working volume; CVD-UV1S plastic
cuvettes, Ocean Optics, Dunedin, FL), was carried out. To this

Scheme 2 Chemical structure of ligand 2 (2-ferrocenylimidazo[4,5-b]phena-
zine) for the detection of Pb2+.

Fig. 1 (a) PMIR and (b) RMIR systems used for the detection of heavy metals. The
detection region was filled with a red-colour solution for better contrast.
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effect, multimode optical bres with a diameter of 230 mm were
inserted in the alignment channels. The input bre optic was
connected to the light source (Ocean Optics HL-2000, Dunedin,
FL), whereas the output bre optic was connected to a micro-
spectrophotometer (Ocean Optics HR4000, Dunedin, FL). The
spectral response was recorded using the SpectraSuite soware
(Ocean Optics, Dunedin, FL).

Samples containing increasingHg2+concentrations from1mM
to 1 mM and a 0.1 mM constant concentration of ligand 1 in
acetonitrile were pumped into the PhLoC systems by using a
vacuum pump and the resulting absorbance spectra were recor-
ded in the visible wavelength range (from 300 nm to 800 nm)
under quiescent conditions. For each concentration, the average
of 10 spectra recorded consecutively was taken. Measurements
were carried out starting with the lowest Hg2+ concentration.
Acetonitrile was pumped in between measurements to clean the
microsystem. The results obtained with the two PhLoC systems
were compared to the ones obtained with the standard cuvette.

Once the PhLoC systems for Hg2+ detection were character-
ized, the system that presented the best performance was
selected to carry out the analysis of Pb2+ using ligand 2 under
the same conditions in terms of concentration and experi-
mental setup as for Hg2+.

Results and discussion

Fig. 2 shows the change of the absorbance spectra with
increasing concentrations of Hg2+, measured with the RMIR
system. A similar behaviour was observed with the PMIR. The
signal recorded in an acetonitrile solution just containing ligand
1 was taken as a reference. Two new peaks were observed at
405 nm and 551 nm when solutions with increasing amounts of
Hg2+ were owed through the system. Due to the fact that the
ligand shows several wavelengths at which a signicant change
in absorbance takes place upon increasing amounts of Hg2+ in
the sample, the sensitivity and LOD estimated from the

calibration curves recorded for each wavelength of the spectra
were plotted against the wavelength, as in Vila-Planas et al.31

(Fig. 3a andb, respectively). TheLODwas calculated as the lowest
analyte concentration for which the signal exceeds the relative
standard deviation of the background signal divided by the slope
of the calibration curve by a factor of 3. The calibration curves
showed in all cases the expected linear behaviour (Beer–Lambert
law) in aHg2+ concentration rangebetween20mMand100mmfor
the PMIR and between 1 mM and 90 mM for the RMIR system.

Fig. 3 clearly provides with the working wavelength that
shows the highest sensitivity (Fig. 3a) and lowest LOD (Fig. 3b)
for Hg2+ ions. These values were 5.6 � 10�3 � 1 � 10�4 A.U.
mM�1 and 2.59 � 0.04 mM (0.49 ppm), respectively, at a wave-
length of 551 nm for the RMIR system. The LOD and sensitivity
parameters attained with the cuvette were 4.38 � 0.14 mM and
4.2 � 10�3 � 1 � 10�4 A.U. mM�1, whereas for the PMIR these
values were 7.0� 0.2 mM and 1.67� 10�3� 6� 10�5 A.U. mM�1,
respectively. These variations are consistent with the different
optical paths of the RMIR, the cuvette and the PMIR system.
Similar analytical values were previously reported using this
ligand either in solution or deposited on a nitrocellulose
membrane by measuring the absorbance or uorescence
behaviour of this molecular probe.22,24 It is worth mentioning
that the sample/reagent volume was 190 times lower when

Fig. 2 Absorbance spectra recorded in acetonitrile solutions containing 0.1 mM
ligand 1 and increasing concentrations of Hg2+ in a range from 1 mM to 90 mM
with the RMIR system. The spectrum of the ligand 1 solution was taken as the
reference value and two new peaks were observed at 405 nm and 551 nm when
Hg2+ was present in solution. The inset shows a picture of acetonitrile solutions
containing 0.1 mM ligand 1 and the change in colour of this solution upon
addition of 1 equivalent of Hg2+.

Fig. 3 (a) Sensitivity and (b) LOD values for the detection of Hg2+ in a solution of
ligand 1 using a cuvette, PMIR and RMIR system in a spectral range that varies
from 300 to 800 nm.
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applying the RMIR system (5.34 mL) compared with the volume
required when the standard cuvette (1 mL minimum working
volume) was used.

The versatility of the presented analytical approach, which
combines the use of molecular ligands that selectively interact
with heavy metal ions with easy-to-use low-cost PhLoC devices,
is demonstrated by carrying out the detection of Pb2+. The RMIR
system was chosen because of its best performance in the
detection of Hg2+. Thus, an identical RMIR device to the one
used for the detection of Hg2+ was used. The analytical
measurement was based on the use of ligand 2 described in the
Experimental section. Here, the sensitivity and LOD were also
calculated as a function of the detection wavelength and results
are shown in Fig. 4. A linear behaviour in a concentration range
of 3 mM–100 mM Pb2+ was obtained, with 9.6 � 0.2 � 10�4 A.U.
mM�1 and 4.2� 0.1 mM (0.868 ppm) being the highest sensitivity
and lowest LOD values respectively. These results were recorded
at 515 nm, at which the spectra of ligand 2 show a peak when
interacts with Pb2+, as described above. These results are similar
to the ones previously reported using the same ligand and
uorescence detection23 but with the added advantage of
requiring minute sample volumes.

Although the results do not allow detection of mercury32 or
lead33 ion levels below the threshold for drinking water dened
by the US Environmental Protection Agency (EPA), the LOD
could be decreased by simply lengthening the optical path even
more without signicantly affecting the overall size of the chip.
Nevertheless, it should be highlighted that the LOD is also

limited in this work by the ligands themselves, which have been
previously shown to provide similar sensitivities and LOD to
those achieved in this work, even when applying a uorescence
detection approach in the case of Hg2+ analysis.22–25 The
increase in the length of the optical path is relatively simple to
carry out compared with the application of other more
complicated approaches such as surface plasmon resonance,34

or electrochemistry.35 Nevertheless, it is worth mentioning that
in some countries the tolerance limits are higher. For example,
in India, the allowed levels prescribed by the Bureau of Indian
Standards (BIS) for Hg2+ are 10 ppm for inland surface water
and 1 ppm for drinking water,36 which make the system pre-
sented here with the potential to be directly applied in these
scenarios.

Conclusions

Two low-cost polymeric PhLoC systems were presented and
their potential showed when combined with highly selective
ligands for the quick in situ testing of heavy metal ions using
very small sample volumes. The described systems included air
mirrors to lengthen the optical path without increasing their
inherent dimensions and presented high absorbance signals,
making them useful in miniaturized optical detection
approaches.

Overall, the here presented PhLoCs could be implemented as
miniaturized analytical systems for detecting Hg2+ and Pb2+ in
an easy and cheap way. They outperform other previously
reported systems just by considering the ease and cost of their
fabrication process as well as the simplicity of the applied
absorbance-based detection approach, which avoids the
implementation of electrodes,12,37 heaters or the incorporation
of toxic substances such as mercury droplets that make the
device non-disposable.11 Finally, these PhLoCs offer the possi-
bility of carrying out rapid analysis of such kind of pollutants if
a continuous ow operation mode is used. In addition, they can
be included in more complex PhLoCs, incorporating mixers for
mixing the sample with the ligand or lters to eliminate parti-
cles in suspension that would induce light scattering, as it is
usually done with real samples following the guidelines from
the United States (US)38 and from the European Union.39
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Fig. 4 (a) Picture showing acetonitrile solutions containing 0.1 mM ligand 2 and
the change in colour of this solution upon addition of 1 equivalent of Pb2+. (b)
Sensitivity and limit of detection (LOD) values for the detection of Pb2+ in a solution
of ligand 2 using the RMIR system in a spectral range ranging from300 to 800 nm.
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S. Büttgenbach and A. Llobera, Analyst, 2011, 136, 3496.

17 A. Llobera, R. Wilke and S. Büttgenbach, Talanta, 2008, 75,
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