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Top: Close-up photograph of a fully assembled electrochemical-SERS detection unit 
showing SERS chip connected with a copper tape as working electrode and re-usable 
electrode unit consisting of U-shaped platinum counter electrode and chlorinated silver 
reference electrode. Right: A CAD design of Lab-on-a-Disc device showing pneumatic 
chambers, siphon valve, sample loading, and waster collection chambers. Bottom: 
Exploded view of Microscope-on-a-Disc setup. Left: A photograph of intestine Tissue-
modified Clark electrode. Center: Photograph of compact, modular, lightweight 
Potentiostat-on-a-Disc. 
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Abstract 

There is a growing demand for compact, cost efficient, and user-friendly sensors and 

analysis platforms, demanding the need for development of new detection systems and 

analysis tool. In this Ph.D. thesis, the development and application of novel 

electrochemical and optical sensors is presented, and the integration of modular 

electrochemical and optical detection units with centrifugal microfluidics is explored.  

For studying the interaction of oral drugs with the catalase present in the intestine, a user-

friendly electrochemical tissue-based biosensor was developed. The easy to use sensor 

provided a new way to monitor catalase activity in the intestine tissue and also provided 

new insights into the antioxidant capability of some commonly taken oral drugs such as 

paracetamol. Furthermore, we explored the combination of Surface-enhanced Raman 

Spectroscopy (SERS) with electrochemistry. The developed novel electrochemistry-

assisted SERS platform facilitates the reusability of the SERS substrate and improves 

sensor sensitivity. The compact detection unit was used for quantification of melamine, an 

adulterant found in milk products.  

In order to develop a portable and compact microfluidic analysis system, we designed and 

optimized modular detection units, which can be integrated with centrifugal microfluidics, 

Lab-on-a-Disc (LoD) systems. To eliminate the integration complexity, a disc-shaped, 

lightweight electrochemical detection unit, potentiostat-on-a-disc (PoD) was designed. The 

PoD was thoroughly characterized, and its performance was compared with a commercial 

potentiostat. The PoD combined with a microfluidic disc facilitated real-time 

electrochemical detection of the release of a model drug from oral drug delivery 

microdevices during rotation. With the integration of valving on the disc, the platform can 

be used to mimic the pH variations in the gut, and the system can facilitate monitoring the 

integrity of pH sensitive coatings used for sealing of oral drug delivery microdevices.  

Additionally, the integration of an optical imaging module on LoD was achieved, and the 

potential for real-time optical detection in centrifugal microfluidics was shown. The usage 

of modular detection units with LoD opens up new possibilities for developing portable, 

compact analysis systems for point-of-need on-site detection.  
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Danske Resumé 

Som følge af en voksende efterspørgsel efter kompakte, omkostningseffektive og 

brugervenlige sensorer samt analyseplatforme, er der brug for udvikling af nye 

detektionssystemer og analyseværktøjer. I denne Ph.d. afhandling gennemgås udviklingen 

og applikationerne af nye elektrokemiske og optiske sensorer, derudover udforskes 

integrationen af modulære elektrokemiske og optiske detektionsenheder, og centrifugal 

mikrofluidik.  

For at studere interaktionen af oral indtaget medikamenter under tilstedeværelsen af 

katalase i tarmen, blev en brugervenlig eletrokemisk vævs-baseret biosensor udviklet. 

Denne let anvendelige sensor åbnede for nye tilgange til monitorering af katalase aktivitet 

i tarmvæv og gav også en indsigt i den antioxidative kapacitet af nogle af de mest anvendte 

orale medikamenter, såsom paracetamol.  Ydermere, undersøgte vi kombinationen af 

”Surface-Enhanced Raman Spectroscopy” (SERS) og elektrokemi. Udviklingen af nye 

elektrokemisk-assisteret SERS platforme faciliterer genanvendelighed af SERS substratet, 

og forbedrer sensorernes sensitivitet. Den kompakte detektionsenhed blev brugt til 

kvantitativ analyse af Melamin - et giftigt stof der kan findes i mælkeprodukter.  

For at kunne udvikle et bærbar og kompakt mikrofluidisk system, designede og optimerede 

vi modulære detektionsenheder, som kan integreres med centrifugal mikrofluidik, Lab-on-

a-Disc (LoD) systemer. For at eliminere kompleksitet i integrationen, designede vi en disc-

formet, letvægts elektrokemisk detektionsenhed, Potentiostat-on-a-Disc (PoD). PoD’en 

blev karakteriseret og ydeevnen blev sammenlignet med en kommerciel potentiostat.  

Under rotation faciliterede PoD’en, kombineret med den mikrofluidiske disc, realtid 

elektrokemiske målinger af medikament-frigivelse fra oral-delivery systemer. Med 

integrationen af ventiler på disc’en, kan platformen bruges til at efterligne tarmens pH 

variationer og systemet kan derfor facilitere integritets-monitorering af pH sensitiv coating, 

brugt som forsegling af oral-drug-delivery systemer. Derudover blev integrationen af det 

optiske imaging modul på LoD’en også realiseret, og potentialet for real-time optiske 

målinger i centrifugal mikrofludik blev påvist. Brugen af modulære detektionsenheder og 

LoD åbner nye muligheder indenfor udvikling af bærbare, kompakte analysesystemer for 

point-of-care on-site målinger.  
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1. Introduction 
Analytical chemistry has become indispensable in our routine and has radically 

transformed the quality of our lives. Analytical chemistry is truly ubiquitous, starting from 

monitoring environmental pollution, food safety, diagnostics in healthcare, and quality 

control in industrial processes. The demand for rapid, cost-efficient, home and on-site 

testing, led to the development of miniaturization strategies 1, smart and wearable      

sensors 2,  and various integrated point-of-care devices 3–6. 

One of the earliest developed analytic instrumental analysis was infrared spectroscopy, 

which was established during World War II. Perkin-Elmer developed the first Infrared 

spectrometer called Model 12, primarily aimed at monitoring C4 hydrocarbon during the 

process of synthetic rubber production 7. Soon after, the instrument was commercially sold 

and became an inevitable tool for analyzing organic compounds. However, the adoption of 

this technology in everyday life was limited due to the high cost and the need for skilled 

personnel for operation and maintenance. A similar fate was met by other new emerging 

analytical instruments, such as mass spectrometers, nuclear magnetic resonance 

spectroscopes, etc. at that time. A game-changing moment in analytical instrumentation 

emerged after the invention of gas chromatographs in 1955 by Perkin-Elmer Corporation 

(Norwalk, Connecticut) and Burrell Corporation (Pittsburgh, Pennsylvania) 8. This 

instrument was one of the first that did not require highly skilled and specialized operators. 

Therefore it was rapidly adopted by laboratories across the world to be used e.g., for quality 

control (i.e., sample purity) 9. The usage of gas chromatographs in standard analytical 

laboratories paved the way for a new commercially flourishing scientific instrumentation 

industry.  

In an analytical process, regardless of the instrumentation used for analysis, the sample 

needs to be prepared/pre-treated to be compatible with the respective analytical      

technique 10. For instance, measuring drug concentration from blood using e.g., liquid 

chromatography cannot be performed with whole blood as withdrawn from a subject. To 

begin with the analysis, collected blood first needs to be centrifuged to separate the red 

blood cells from the plasma. The plasma, after separation, is suitable for analysis. Here, 

the process of centrifugation is termed as ‘sample preparation.’ There are several other 
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often executed sample preparation methods such as sedimentation, filtration, dissolution, 

solvent extraction, dilution, or chemical reactions to extract or modify the target analyte. 

The choice of the sample pretreatment is based on the analyte, sample matrix type and 

complexity, detection limit that needs to be reached, and the detection 

method/instrumentation used.  

Attempts to miniaturize parts of instrumentation (e.g., detectors for gas chromatography) 

started in the late 1950s aimed at improving analytical performance, especially with the 

growing popularity of lithography. Shortly after the commercial success of gas 

chromatography, the utility of thermal-conductivity detectors was a serious challenge due 

to the large detector volume. Marcel J.E. Golay who joined Perkin-Elmer in the 1950s, 

explored several theoretical aspects of improving separation in columns and came up with 

the concept of micro-thermal conductivity detectors (10 m x 3mm outer diameter, 0.25mm 

inner diameter), which significantly improved the speed of separation 11,12. The earliest 

reported miniaturized complete instrument was a gas chromatograph by Terry et al. 13 in 

1979. Most of its components were fabricated in silicon by photolithography and etching, 

thus enabling miniaturization to reach startling three orders of magnitude. Depending on 

the miniaturization of either a part of the analytical process or the whole instrument, there 

are several advantages.  One of the great advantages is the ability to work with low sample 

volumes (mL to µL). This is particularly useful in medical diagnostics, where large sample 

volumes are often not available. Working with low sample volumes is also relevant in the 

early stage of drug discovery when drug candidates are being characterized and screened 

since the synthesis of new drug (even in small quantities) is often expensive and first 

produced batches are often small. Another advantage is the possibility of lowering the 

consumption (and waste) of chemicals and reagents used for an assay. Due to the small 

size of the channels/reservoir in a miniaturized system, the same analysis that is performed 

in large scale can be downscaled, thereby greatly reducing the reagent volumes 14. 

It was Manz et al. 15 in 1990 who formally coined the term ‘total chemical analysis system 

(TAS)’, which is an integrated device comprising all steps of an analytical process, e.g., 

sampling, sample pre-treatment, and  detection, and can transform chemical information 

into electronic information. When a TAS can be utilized to handle all the analytical steps 
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in the same unit, in close proximity of the measurement, it can be called “miniaturized 

TAS’ or µTAS (Figure 1.1). With the size reduction of the experimental platforms and the 

ability to handle µL to nL sample volumes, there was a need to develop miniaturized 

sensors for suitable integration in µTAS. 

 

 

 
Figure 1.1 Schematic representation of µTAS concept, enabling sample to answer analysis. 

 

Sensors are present in our everyday life, and they can be integrated in detection systems, 

such as blood gas analyzer with integrated O2 sensor (e.g., ABL800 FLEX, Radiometer) 

or used as an independent detection unit, such as the pH sensor. A sensor can be defined 

as “a device that responds to a physical stimulus such as heat, light, sound, pressure, 

magnetism or a particular motion and transmits a resulting impulse”16. One of the earliest 

sensors was invented by Warren Johnson, used for regulating room temperature. Its 

mechanism used a bimetal element, wherein one wire of electrical circuit was attached to 

a fixed end and the other wire to a small mercury reservoir. A change in air temperature 

caused the free end of the thermal element to move in and out of the mercury reservoir, 

thus closing and opening the electrical circuit. This circuit was sequentially connected to a 

dampener in his classroom basement, which regulated the room temperature 17.   

There are several types of sensors available, all having two major components: a receptor 

and a transducer. For example, one of the most popular sensors is a breath analyzer used 

by law-enforcement agencies for indirect determination of blood alcohol concentration 



12 
 

from ethanol in the breath. Breath analyzer is a type of chemo-resistive gas sensor which 

uses metal oxides as receptor for detection. The sensing is based on the molecular 

adsorption of ethanol from the gas phase is followed by the chemical reaction wherein the 

charges are exchanged among the gas molecules and the oxide layer, leading to a change 

in resistance. This change in resistance in the metal oxide layer is converted to a signal 18. 

The selectivity of the sensor can be tuned for a specific analyte, by making the receptor 

more selective towards the analyte of interest. The selectivity could be enhanced either by 

improving the metal surface adsorption of the specific analyte 19 or altogether by choosing 

a specific receptor. One such interesting change of receptor was adopted by immobilizing 

alcohol oxidase on the sensing surface, thus making it more selective 20. When a “biological 

element” is incorporated as recognition element, the sensors are termed biosensors 21.  

The very first reported biosensor was used for monitoring blood glucose using the glucose 

oxidase enzyme as recognition element immobilized on a Clark electrode 22. This biosensor 

used glucose oxidase as the recognition element. It was a phenomenal discovery that 

opened a new research area in biosensing. Various ‘biological elements,’ such as 

antibodies, oligonucleotides, aptamers, organelles, whole organisms (e.g., bacteria, cells), 

phages, molecular imprinted polymers, and tissues 23–26 were implemented for sensing.  In 

Chapter 2, various sensing techniques are discussed in detail with a special focus on 

electrochemical sensing methods used in the framework of this Ph.D. project. 

In Paper I, a new intestinal tissue-modified oxygen electrode for monitoring catalase 

activity in the presence of H2O2 is presented. Due to the activity of the native catalase in 

the porcine small intestine, with the tissue-modified oxygen sensor, we were able to detect 

H2O2 in the linear range between 50 to 500 µM. Furthermore, the O2 production was 

reduced in the presence of a known antioxidant: quinol. This indirect antioxidant activity 

was also demonstrated with commonly used oral drugs such as mesalazine and 

paracetamol, which were also previously known to have antioxidant activity. The sensor is 

a macroscale device and is not meant to be miniaturized or integrated in a TAS type unit. 

The primary application would be in testing newly developed drugs that could have radical 

scavenging properties or can affect catalase activity. 
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For the past three decades, electrochemical detection has been coupled with different types 

of spectroscopic techniques such as UV-Vis absorption and reflectance spectroscopy, 

luminescence spectroscopy, infrared and Raman spectroscopies, electron spin resonance 

spectroscopy and ellipsometry 27. Among them, electrochemistry assisted surface-

enhanced Raman spectroscopy (SERS), provided an improved SERS-based detection and 

a further decrease of the limit of detection 28. There are several studies showing the 

combination of electrochemical detection and SERS for different applications 29–31; 

however, the high cost of SERS substrates, fabrication challenges (non-uniform substrates) 

and the inability to reuse substrates have largely inhibited the adoption of electrochemical 

assisted SERS methods in everyday life  32. Due to these reasons, there are no commercially 

available analytical assays based on SERS sensing, although Raman instruments 33,34, and 

SERS substrates 35,36 are frequently used in general. In Paper II, we demonstrate that the 

sensitivity of the SERS sensor can be increased by a manifold through facilitating the 

electrostatic interaction between a SERS substrate and a target analyte and thereby bringing 

the analyte closer to the electromagnetic hotspot, wherein the electromagnetic field 

enhancement is the highest. As a case study, we detected melamine in milk, a toxic 

compound that can be present in dairy products. The platform presented in Paper II is an 

early prototype of a detection platform, which, if combined with a portable detector, would 

have the potential to be used for analysis in a decentralized laboratory and be a µTAS type 

device.  

There are countless methods available in analytical chemistry that could be used to measure 

specific analytes. However, these methods are tedious and usually entail the use of complex 

laboratory equipment and skilled personnel 37,38. Various analytical techniques, such as 

electrophoresis, chromatography, could be integrated in a chip having a footprint that is 

several orders of magnitude lower compared to the conventional laboratory equipment 39,40. 

Several years after the term  µTAS was coined, it started to be used interchangeably with 

the term Lab-on-a-Chip (LoC) in some cases 15, even though LoC generally only indicates 

the downscaling (miniaturization) of one or multiple laboratory processes on a chip format. 

With the miniaturization and reduction of the footprint of the analytical steps and detection 

platforms, integration of the miniaturized sensors in µTAS and LoC devices become 

indispensable. Despite decades of research efforts in LoC, there are only a handful of 
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commercially successful LoC devices. Among them, pregnancy test kits and glucose 

sensors stand out by serving the needs of millions of people. Glucose sensors alone had  a 

market valued at 15.3 Billion USD in 2015, and it is expected to reach 31 Billion USD by 

2022 41. Nevertheless, the development of µTAS and LoC platforms are continuing to be 

in the focus of research. There has been an increased number of devices developed for 

diagnosis, biomarker detection, bioprocess monitoring, disease modeling, drug delivery, 

and toxicity screening 42–44. The commercial success of a few TAS/LoC type point-of-care 

devices (e.g., glucose meter, pregnancy detection kit) can be attributed to simplicity of use, 

fast and reliable results, stability of the recognition element, large demands from end-users 

and most importantly economic viability. The latter is primarily due to cost-efficient assays 

and also arduous efforts put on material engineering for new polymer materials such as 

poly(methyl methacrylate) (PMMA), poly(styrene) (PS), poly (dimethylsiloxane) 

(PDMS), poly(carbonate) (PC), etc. 45,46. Although some materials still possess commercial 

challenges, they are mostly used in the development of LoC applications in the laboratory. 

Especially, some of the new age polymers could be used for fabrication of LoC devices 

easily without the need for costly cleanroom fabrication methods. For instance, materials 

such as PMMA, PS, Topas (COC) could be easily cut and patterned with channels by a 

standard CO2 laser. Moreover, these materials can also be injection molded to yield devices 

at a faster rate with the advantage of price with scale-up akin to mass production. The 

advantages and application of the various types of polymer materials for fabricating LoC 

devices will be discussed further in Chapter 5. 

Depending on the size of the channels, an appropriate liquid actuation method needs to be 

chosen for LoC devices. Some of the available methods of liquid actuation approaches are 

capillary movement 47, finger-actuation based on pneumatic pressure 48, vacuum-driven 

actuation based on PDMS permeability 49 and electrowetting-based actuation 50. However, 

for a few LoC devices, the need for actuation arises. In these cases, LoC devices typically 

require an external pump for liquid actuation, such a peristaltic pumps or syringe pumps, 

leading to more chip-in-the-lab rather than LoC type devices. New sets of practical 

challenges might arise in terms of requiring external pumps and connection of the 

microfluidic chips.  
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To mitigate the issue of actuation of liquids in a LoC, a new type of disc-shaped LoC 

devices is becoming increasingly popular in the form factor of a DVD, which can be spun 

using a spindle motor. This circular LoC, also called Lab-on-a-Disc (LoD), further 

simplifies LoC by eliminating complex tubing (intrinsic pumping due to centrifugal 

forces), while still preserving all the features of a LoC.  Additionally, LoD devices are also 

capable of parallelization/multiplexing of assays with the ability to automate 51. Like any 

LoC device, LoD devices also need to be integrated with sensors to detect target analyte 

for genuinely becoming a µTAS. There are several studies demonstrating the integration 

of different detection principles that are based on mechanical, optical, and electrochemical 

detection 52. Among these methods, electrochemical detection has a unique advantage for 

its ability for miniaturization of sensors, low cost of instrumentation, and low power 

requirements. However, integrating an electrochemical analyzer (potentiostat) with LoD 

platforms is a challenging task, particularly when there is a need for a physical contact 

between the sensing surface (electrodes) and the instrument (potentiostat). In Chapter 3, 

the theory and application of centrifugal microfluidics are discussed with a focus on liquid 

routing using different valves in LoD. Chapter 4 describes challenges associated with 

sample readout and modular detection units for LoDs as realized in the frame of this PhD.   

In this thesis, a wirelessly powered, lightweight potentiostat-on-a-disc (PoD), which 

enabled easy interfacing with the LoD device, was developed and characterized. The 

developed device solved a classical challenge of interfacing electrochemical sensors onto 

a LoD platform 53. Paper III presents the developed PoD and demonstrates its performance 

in static mode and during spin. The versatility of the PoD was also shown by integrating it 

with electrodes of different sizes and form factor. Thus, proving the usability of the PoD 

in various applications. As a proof-of-concept, real-time monitoring of drug release from 

microdevices designed for oral drug delivery applications was shown using a LoD device. 

Additionally, in Paper IV, a new LoD concept is proposed for testing the integrity of pH 

coatings of oral drug delivery devices by simulating gut-like differential pH regimes. In 

Paper V, the concept of modular optical detection unit in centrifugal microfluidics is 

proposed. As a proof-of-concept, a real-time optical monitoring of yeast sedimentation is 

demonstrated using the modular Microscope-on-a-Disc (MoD) detection system. 
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In conclusion, the general aim of this thesis was to demonstrate the use of electrochemical 

techniques for measuring antioxidant activity of drugs (Paper I), detection of toxic 

compound in food (melamine in milk, Paper II), to show the integration of modular 

electrochemical and optical detection with centrifugal microfluidics (Paper III, IV,  and V, 

respectively).  

1.1 Thesis outline 

The content of this thesis is presented in six chapters focusing on sensing techniques, 

experimental platforms, instrumentation, fabrication, and general conclusions. Some of the 

highlights of the chapters are briefly outlined below.  

Chapter 2 

This chapter introduces commonly implemented sensing techniques and applications with 

a special emphasis on theoretical aspects and application of electrochemical detection. In 

addition, this chapter also describes the use of a novel intestine tissue-modified biosensor 

for indirect monitoring of antioxidant activity of orally administered drugs. Finally, the 

advantages of combining analytical techniques such as electrochemistry and SERS are 

described by demonstrating melamine detection.  

Chapter 3 

Chapter 3 introduces centrifugal microfluidics, highlighting its advantages over traditional 

microfluidics. Basic theoretical aspects of the forces acting in centrifugal microfluidics are 

described. In addition, this chapter also presents different types of valving used for liquid 

routing in LoD devices.  

Chapter 4 

In this chapter, the challenges of integrating different detectors and the need for custom-

made modular instrumentation for centrifugal microfluidics is explained. Especially, the 

development of a custom-built modular potentiostat is explained in detail, along with the 

development of integrated optical imaging on the disc.  
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Chapter 5 

Chapter 5 describes the fabrication, assembly, and integration of electrochemical SERS 

detection units, LoD devices, and sensors used in this Ph.D. project. Furthermore, 

possibilities for improving the reproducibility of LoD devices are also described.  

Chapter 6 

This chapter provides a conclusion of the work underlying the thesis and discusses future 

perspectives. 

Appendix 

The appendix contains four publications and a manuscript accomplished during the Ph.D. 
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2. Sensing techniques and sensor development   

Currently, a majority of analytical methods relies on laboratory-based analytical 

techniques, which entails the use of bulky and expensive equipment such as gas 

chromatography coupled with mass spectrometry (GC-MS) or high-performance liquid 

chromatography coupled with mass spectrometry (HPLC-MS). The use of these bulky 

analytical instruments for bioanalysis, i.e., quantitative measurement of an analyte (e.g., 

drug) or its metabolites in biological fluids (e.g., blood, serum, plasma, etc.), is 

cumbersome and incurs huge cost. These above-mentioned analytic techniques are used 

primarily for their established performance in terms of selectivity, sensitivity, and 

reproducibility. Nevertheless, the need for specialized maintenance, complicated and time-

consuming sample pretreatment processes, and the need for highly skilled personnel to 

operate and carry out analysis, have necessitated the need for centralized laboratory testing. 

To operate these centralized facilities, the samples must be transported, which further 

prolongs the time taken for analysis. Therefore, there is a pressing need for decentralization 

of analysis for faster turnaround time 54, cost efficient analysis and portability for specific 

cases when aiming for onsite 55–57or point of care testing 58–60. 

Miniaturized analytical systems such as Lab-on-a-Chip (LoC), a concept proposed by 

Manz et al. 15, could be potentially used for overcoming the traditional centralized 

laboratory processing with the benefit of portability and relatively low cost. Microfluidics 

can be used for both sample transport and manipulation through microchannels. The high 

degree of flexibility in microfluidics provides the possibility to customize the detection 

platform based on the application. The ability of engineering desirable geometries, high 

surface to volume ratio, and ability to integrate a variety of sensing techniques, makes LoC 

highly attractive for bioanalysis 61. Furthermore, the feasibility for easy parallelization 

enables high throughput while having a small footprint 62. 

One of the prominent methods for tailoring a LoC for a specific application is by integrating 

a suitable sensor for analyte detection. Based on the measured physical phenomena, there 

are different types of sensing techniques that could be integrated with microfluidics such 

as optical (absorbance, fluorescence, reflectance, SERS, chemiluminescence) 63,64, thermal 
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(calorimetry) 65, mechanical (stress, strain), optical imaging 66, electromechanical 

(piezoelectric actuator, strain gauge, quartz) 67 and electrochemical (current, potential, 

impedance) 68. Among these techniques, optical and electrochemical sensing are widely 

used in combination with  microfluidic systems, mostly due to their relatively easy 

integration 69. Regardless of differences in sensing approach, the performance of these 

sensors is evaluated based on few parameters such as accuracy, reproducibility, precision, 

selectivity, and sensitivity. Moreover, depending on the end-user, and application, extra 

parameters such as cost, response time, user friendliness, multiplexing, portability, and 

need for on-site operation are also considered. 

Sensor integration in microfluidics is a formidable challenge as the sensor needs to be 

miniaturized and integrated. There are only few types of sensors which could be 

miniaturized without loss of sensing performance, such as electrochemical and optical 

sensors. Moreover, integration challenge arises due to the need for different fabrication 

methods for the microfluidic channels (polymer based) and sensors (metal based). 

Therefore, the sensors need to be either fabricated on the surface of the microfluidic chip 

(discussed in section 5.2.1) or integrated in a modular manner (discussed in section 5.1.4). 

Furthermore, the design and integration are also influenced based on the readout, which 

could be performed either at “end-point” or “real-time” both in classical microfluidics and 

centrifugal microfluidics.  

Specifically, real-time sensing in centrifugal microfluidic platforms is challenging since 

the measurements are performed during rotation. This challenge is taken to a whole new 

level when electrochemical sensors are physically interfaced during spin since, unlike 

optical sensors, electrochemical sensors need to be in physical contact with the analytical 

instrument (potentiostat). Chapter 4 is dedicated for the development of potentiostat (PoD) 

and integrated camera (MoD) for real-time detection in centrifugal microfluidics.  

In this thesis, electrochemical detection is predominantly used. Hence, basics of 

electrochemistry and few important concepts in electrochemistry are particularly explained 

in detail. 
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2.1 Optical sensors and detection methods 

Optical detection based on absorbance, fluorescence, and luminescence are commonly 

used for quantitative analysis in various assays. They are easy to use as there is no 

requirement for interconnection for read-outs between the detector and microfluidic chips. 

Hence, optical detection is convenient to be used in combination or to be integrated with 

both static and microfluidic platforms. The commonly used optical detections techniques 

are based on measuring absorbance, fluorescence, and luminescence 52,63. 

Surface-enhanced Raman spectroscopy (SERS) is also becoming a promising technique 

for quantitative analysis 70–73 since this technology is able to record the molecular 

fingerprint of Raman active molecules. However, obtaining consistent and reproducible 

spectroscopic results has been a challenge. Wang and Yu demonstrated the utility of 

microfluidics for precise sample handling and thereby improved SERS detection 74. 

Subsequently, many studies emerged, showing the integration of SERS with both LoC and 

LoD platforms 75,76. 

Although integrating optical sensing in microfluidics is convenient, not all optical 

detections are universally used for readout in LoC platforms. For instance, simple 

absorbance-based detection is ruled out in some LoCs due to the short pathlengths of 

microchannels and poor detection limits. Nevertheless, absorbance-based measurements is 

the most popular methods among different optical methods 77–79. Following, optical 

detection techniques fluorescence and luminescence detection are preferred techniques 

both in traditional formats (e.g., plate reader) and microfluidics 52,69. The most widely used 

assay in bioanalysis is enzyme-linked immunosorbent assay (ELISA) due to its specificity 

and the possibility to be performs analysis in high throughput format (multi-well plate).  

ELISA is mostly used in combination with absorbance (UV-Vis) or fluorescent       

detection 80,81. On the other hand, flow cytometry, another commonly used detection 

method is mostly based on fluorescence due to its inherent sensitivity. Absorbance based 

detection could be also easily integrated into microfluidic platforms such as LoD to 

perform  ELISA without compromising the quality in readout with high degree of 

automation 82. However, the required instrumentation for sample excitation and readout is 
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usually complex and costly. In recent years, the necessary components and their costs have 

been reduced drastically. Thus, enabling the use of fluorescence detection in point-of-care 

situations too 83,84.  

Previously, Donaloto et al. 85, developed and  integrated a highly sensitive detection 

method, called Opto-magnetic detection with LoD. A Blu-ray optical pickup unit was used 

for the detection of magnetic beads in an agglutination assay 85. This method exploits the 

change in Brownian rotation dynamics of functionalized magnetic nanobeads using an 

external AC magnetic field. The developed LoD was used for detecting E. coli DNA 

amplified by rolling circle amplification. Additionally, Uddin et al.86 have demonstrated 

that readout could also be performed merely by visualizing and quantifying average size 

of magnetic bead aggregates using a CCD camera 87.  

Despite the advantage of contact-free sensing, integrating real-time optical sensing in 

centrifugal microfluidics is marred by flawed optical alignment due to vibration of the 

spinning disc and also the absence of mechanical interface between optical detector to the 

disc. Nevertheless, numerous approaches are available for tackling the error caused by 

vibration of disc that still renders the optical detection and imaging viable in LoD 88–92. In 

Paper V, a miniaturized microscope integrated with LoD is presented and used for real-

time visualization of yeast sedimentation.  

Is important to mention that most of the commercially available LoD devices are based on 

optical detection 90,93, where the measurement is performed in at end-point after the assay 

is performed and the rotation of the disc is stopped.  

2.2 Electrochemical sensors 

Electrochemical detection provides unparalleled advantage for cost, sensitivity, and, most 

importantly, miniaturization for both the sensor (electrode) and instrumentation 

(potentiostat). Unlike optical sensing, electrochemical sensing is faster and requires less 

power 94 to operate while the detection not being affected by sample turbidity. Hence, 

electrochemical detection is widely used for integration in microfluidic devices. The 
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integration of miniaturized electrochemical sensors is especially beneficial when 

developing portable point-of-care, on-site analysis, or point-of-need systems 95,96. 

Integration of electrochemical sensors in centrifugal microfluidics is challenging, 

especially due to the requirement for direct connection between the sensor and the 

potentiostat during rotation, especially when aiming for real-time, and on-line detection. 

Chapter 4 describes different approaches to mitigate this integration challenge.  

Irrespective of the form factor of microfluidic chip used and depending on the used 

electrochemical detection technique, commonly two-electrode arrays (connected to 

potentiostat as working electrode (WE)  and (counter electrode (CE) + reference electrode 

(RE)) 97 or three-electrode arrays (WE, RE and CE) 98,99 are required to be  integrated in 

the microfluidic chip. In the electrochemical cell, the RE enables the control of potential 

with respect to WE though which the reaction is being monitored, and CE carries the 

current from the WE. All the electrochemical detection in this thesis are performed in three-

electrode mode. 

Another important aspect of electrochemical detection is the choice of electrode material 

used for sensing, such as WE. Usually, the WE material is selected based on conductivity, 

inertness, cost, and ability to be used for microfabrication. In the context of biological 

applications, biocompatibility is also an important aspect to consider. The most widespread 

choice of materials being gold and carbon patterned on either glass or silicon wafer 

(standard cleanroom substrates). In Paper III and IV, all the three electrodes (RE, WE, and 

CE) were fabricated using gold. Chapter 5 describes the fabrication, electrochemical 

characterization, and application of these electrodes. Since electrochemical principles are 

extensively used in this thesis, the following sections provide a brief introduction to the 

fundamental aspects of electrochemistry and the detection techniques such as cyclic 

voltammetry, square-wave voltammetry and amperometry are described in detail.  
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2.3 Basic principles of Electrochemistry 

Electrochemistry is a branch of chemistry that deals with studying the phenomena of 

chemical processes that causes electron movement. In fact, the movement of electrons is 

called electricity, which is produced by oxidization-reduction (redox) reaction. Typically, 

electrochemical reactions are of heterogeneous nature, as the charge transfer occurs in the 

region between an electronic conductor (electrode) and an ionic conductor (electrolyte).  

2.3.1 Electrochemical cell 

For electrochemical process, a redox reaction is essential for studying the reaction. A redox 

reaction is characterized by electron transfer occurring from a substance that is being 

oxidized to the substance that is being reduced. Since it is impossible to have an oxidation 

reaction without reduction and vice versa, a redox reaction is designated using two half-

reaction, each denoting oxidation and reduction process. For example, the reaction of 

bromine with zinc could be presented using two half-reactions as: 

Oxidation half-reaction: 

(Eq. 2.1)            Zn (s) → Zn2+(aq) + 2 e- 

Reduction half-reaction: 

(Eq. 2.2)                   Br2 (aq) + 2 e- → 2 Br- (aq) 

Combining both the half-reactions, the overall chemical reaction of zinc and bromine is 

described in (Eq. 2.3). As observed in any balanced chemical reaction, the overall process 

is neutral, and the net charge is same on both the sides. 

(Eq. 2.3)                             Zn (s) + Br2 (aq) → Zn2+(aq) + 2 Br- (aq) 

For redox reactions, there is a possibility for physically separating each of these half-

reactions, while keeping their circuit complete. For example, a simple wire could be used 

to connect these half-reactions. When a chemical reaction takes places, the electrons must 

be transferred from one half-cell (An electrode-electrolyte pair) to another, thus producing 
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current. A setup that could be used to generate current due to the spontaneous redox 

reaction can be termed as an electrochemical cell.  

Electrochemical cells are of two types: galvanic cells and electrolytic cells. Galvanic cells 

are named after Luigi Galvani. A galvanic cell uses the energy produced during 

spontaneous redox reaction for producing current, while an electrolytic cell consumes 

electrical energy (from external source) to drive non-spontaneous redox reactions.  

 

Figure 2.1 A galvanic cell showing the anodic reaction (left half-cell) and cathodic reaction (right half-

cell). 

For illustrating the fundamental principles of galvanic cell, a galvanic cell using Zn2+/Zn 

and Cu2+/Cu couple with NaCl as salt bridge is shown in Figure 2.1. This cell is 

conventionally depicted as:  

Zn(s) | Zn2+ (Aq.) || Cu2+ (Aq.) | Cu(s) 

where ‘|’ represents the phase boundary between the metal and the electrolyte, while ‘||’ 

represents salt bridge. As shown in Figure 2.1, the anode is the electrode where oxidation 

occurs (left half-cell). As a result of oxidation, Zn loses two electrons to form Zn2+, while 

Cu2+ gains two electrons at cathode where reduction occurs. This flow of electrons from 

anode to cathode generates current.  
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A voltmeter could be used for measuring the potential difference between these two half-

cells as shown in Figure 2.1 The potential (𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) of the galvanic cell is measured in volts, 

which is the difference between the potentials of the two half-reactions involved. For the 

galvanic cell shown in Figure 2.1, the cell potential is 1.10 V. 

In an experimental setup, usually the current is determined by a single electrode, also called 

as WE, whereas the second electrode does not impact the response of WE. Customarily, 

the second electrode is called a reference electrode (RE) and the cell current is usually low. 

Nonetheless, a considerable number of experimental measurements are performed using 

three electrodes cells. As shown in Figure 2.2, in the case of three-electrode cells, the 

potential of WE is controlled using a RE, while the current flows between WE and counter 

electrode (CE), with CE having significantly large surface area compared to WE 100. 

 

Figure 2.2 A classical three-electrode cell. Adapted with permission from 101. 

2.3.2 Electrical double-layer  

The application of potential to an electrode leads to charging of the electrode in the 

electrolyte. Ions of opposite charge and dipoles are drawn towards the electrode surface, 

and the ‘electrical double-layer’ is formed, as shown in Figure 2.3. The configuration of 

ions close to the electrode surface dictates the potential distribution as a function of 

distance from the electrode surface and hence acts as the driving force for electron transfer. 
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The applied potential determines the surface charge of the electrode, and hence attracts the 

oppositely charged ions.  

The dipoles and ions that are immediately adjacent to the electrode surface are specifically 

adsorbed. This inner layer is termed as Stern layer or Inner Helmholtz layer (Figure 2.3). 

The adsorbed ions which are non-specific in nature are spread across a three-dimensional 

space comprises the diffuse layer 102,103.  

2.3.3 Non- Faradaic processes 

 

Figure 2.3 Electrical double-layer for a positively charged electrode in water. Inner and outer Helmholtz 

plane are represented as IHP and OHP, respectively. 

The change in potential of the electrodes or electrolyte composition causes adsorption and 

desorption of charged species on the surface of the electrode. This process is called non-

faradaic process. Although there is no charge transfer across the electrode-electrolyte layer, 

external current could still flow. This behavior is akin to a capacitor and can be described 

by Eq 2.2: 

(Eq. 2.4)                                                   𝐸𝐸 = 𝑄𝑄/𝐶𝐶 

where Q is the charge stored by the capacitor (C), E is the potential across the electrode-

electrolyte interface, C is the capacitance. Thus, the current generated due to adsorption 
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and desorption of charged species is called as charging or capacitive current. Hence in 

electrochemical measurements, charging currents and double-layer capacitance cannot be 

eliminated 104. 

2.3.4 Faradaic processes 

A simple electron transfer reaction at the electrode surface can be described by Eq. 2.5: 

(Eq. 2.5)                                               𝑂𝑂𝑂𝑂 + 𝑛𝑛𝑒𝑒− ↔  𝑅𝑅𝑒𝑒𝑅𝑅 

where Ox is the oxidized species being reduced which is denoted as Red and n is the 

number of electrons per reaction cycle.  

At equilibrium the electrode potential, when the net current flow through the system is zero 

(i.e., the open circuit potential), the equilibrium potential is described a function of the 

surface activities of the oxidized (𝑎𝑎𝑂𝑂𝑂𝑂) and reduced species (𝑎𝑎𝑅𝑅𝑐𝑐𝑅𝑅). This can be evaluated 

using Nernst equation Eq. 2.6:  

(Eq. 2.6)                                              𝐸𝐸 = 𝐸𝐸0 + 𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

ln 𝑎𝑎𝑂𝑂𝑂𝑂
𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅

 

where 𝐸𝐸0 is the formal potential of the redox reaction, R is universal gas constant (8.314 J 

mol-1 K-1), T is temperature (K), and F is Faraday constant (96485 C mol-1) 105. 

When there is a change in electrode potential from its equilibrium state, the system 

establishes a new equilibrium by just changing the relative concentrations of Ox and Red 

species at the electrode surface. This causes a current to flow through the electrode-

electrolyte interface 100. The dependence of current density (j) on the electrode potential is 

described by the Butler-Volmer equation: 

(Eq. 2.7)                                 𝑗𝑗 = 𝑗𝑗0 �𝑒𝑒
�(𝛼𝛼𝐴𝐴𝑛𝑛𝑛𝑛𝑅𝑅𝑅𝑅 )𝜂𝜂� − 𝑒𝑒�(𝛼𝛼𝐶𝐶𝑛𝑛𝑛𝑛𝑅𝑅𝑅𝑅 )𝜂𝜂�� 

where 𝑗𝑗0is the exchange current density (i.e., current flowing at η = 0), η is the overpotential 

(i.e., the difference of applied potential with respect to the equilibrium potential), 𝛼𝛼𝐴𝐴 and 
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𝛼𝛼𝐶𝐶 are anodic and cathodic transfer coefficients, respectively. The sum of 𝛼𝛼𝐴𝐴 and 𝛼𝛼𝐶𝐶 is 

equal to 1, which depicts the symmetry of energy barrier for the reaction in Eq. 2.5 104. 

At high rates of redox process, the surface concentrations of redox species become 

negligible. Therefore, the mass transport becomes the rate-limiting process that determines 

the overall current density, which is given by: 

(Eq. 2.8)                                                   𝑗𝑗𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑐𝑐
𝛿𝛿

 

where  𝑗𝑗𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 is current density limited by diffusion, D is the diffusion coefficient, c is the 

bulk concentration, δ is the thickness of the diffusion layer. Experimentally, 𝑗𝑗𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 can be 

determined by using a rotating disc electrode, described by Levich equation: 

 (Eq. 2.9)                                   𝑗𝑗𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑 = 0.62𝑛𝑛𝑛𝑛𝑛𝑛𝐷𝐷2/3𝜈𝜈−1/6𝜔𝜔1/2 

where υ is the kinematic viscosity of the solution, and ω is the angular frequency which is 

used to describe the electrode rotation rate. 

 

Figure 2.4 Dependence of current density and the potential for reversible and irreversible anodic reactions. 

Regions a to c show a) pure electron transfer control, b) mixed regime of electron transfer and mass transfer 

and c) pure mass transfer, respectively.  
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If the rates of forward and reverse reactions in Eq. 2.5 are fast to be limited by mass 

transport at any potential (i.e., rate constant k > 0.02 cm s-1) in thermodynamic equilibrium, 

such electrode reactions care called as reversible. However, if the k < 0.005 cm s-1, the 

electrode reactions is considered as irreversible and limited by the electron transfer rate 100. 

The current density and potential dependency are shown in Figure 2.4. 
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2.4 Techniques for studying electrode reactions 

 

Figure 2.5 Interfacial electrochemical techniques for studying electrode reactions. Adapted and modified 

from 106. 
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There are numerous methods to study the charge transfer across the electrode-electrolyte 

interface. Primarily, interfacial electrochemical techniques can be divided into static and 

dynamic techniques, as indicated in Figure 2.5. In static techniques, current is prevented 

from passing through the cell (i.e., i=0); hence the concentration of chemical species is 

constant. Potentiometry is one such frequently implanted quantitative electrochemical 

techniques which can be used to measure the potential of an electrochemical cell under 

static condition. On the other hand, in dynamic techniques (i.e., i≠0), current can flow 

through the cell and thus a reaction occurs, causing the change in the concentration of 

chemical species 107. Depending on the parameters being controlled, dynamic techniques 

can be further divided into potential controlled and current controlled techniques. For 

instance, amperometry and voltammetry are potential controlled techniques where the 

current is recorded at a fixed or variable potential, respectively. For current controlled 

techniques, coulometry is a good example, where the current is measured over time. In this 

thesis, potential controlled techniques such as cyclic voltammetry, square-wave 

voltammetry, linear sweep voltammetry, and amperometry have been extensively used. 

These techniques are briefly described in the sections below.  

2.4.1 Cyclic voltammetry 

Cyclic voltammetry (CV) is a potential sweep technique, specifically used for 

understanding new systems. In CV, a continuous time-dependent potential is applied, and 

the subsequent current response is recorded. Figure 2.6a shows the variation of applied 

potential with time. The measured response is plotted as current (or current density) vs. 

potential, as shown in Figure 2.6b.  

CV was extensively used to characterize gold electrodes used in Paper III and IV with 

potassium ferrocyanide (FoC)/potassium ferricyanide (FiC) redox couple (a reversible 

redox system) at different concentrations and scan rates. Particularly, in Paper III, CVs 

were also extensively used to calibrate ADC (analog-to-digital) conversion and 

characterize the developed Potentiostat-on-a-Disc (PoD) performance with respect to 

commercial potentiostat during developmental phase. 
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Figure 2.6 Cyclic Voltammetry: a) waveform used for the experiment and b) a sample measured response. 

Some of the important information derived from a cyclic voltammogram are the number 

of oxidation and reduction peaks in forward and reverse scans, peak potentials, peak 

separation, shape of the peaks, charges associated with peaks and the difference between 

the cycles. Cyclic voltammograms are often used to measure how experimental parameters 

such as scan rates and potential scan window affect the above-mentioned features. Some 

parameters such as concentration of reactants, pH, electrode material, and temperature, 

may also additionally influence a cyclic voltammogram 100. 

CVs also provides information about the reversibility of the electrochemical reaction. For 

instance, one of the prominent features of a reversible system is that the peak current 

(oxidation/reduction) should be proportional to the square root of scan rate, as shown in 

Figure 2.7a. Some of the other features of reversible system are the oxidation and reduction 

peak must be independent of scan rate, the amplitude of peak current should be proportional 

to square root of potential scan rate,  the ratio of anodic and cathodic peak currents should 

denote unity, and the anodic and cathodic peak separation can be expressed as 59/n mV, 

where n is the number of electrons involved. All the above-mentioned features are observed 

in Figure 2.7b. Hence, the used redox couple demonstrates reversible electron transfer. 

Furthermore, there is appearance of only one distinct peak in forward and reverse scan,  
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which indicates the oxidation/reduction of one chemical species at overpotential of 

oxidation/reduction. 

Since electrochemical reaction is taking place at the electrode-electrolyte interface, 

Faradaic currents can be observed in the region of applied potential. Additionally, 

capacitive currents also arise due to charging of double-layer as a result of potential sweep 

and the capacitive current increases with increasing scan rate, as shown in Figure 2.6a. 

Hence, the current from cyclic voltammetry is a combination of both faradaic current and 

capacitive current.  

 

Figure 2.7 a) Oxidation and reduction peak currents of 1 mM FiC/FoC redox couple (carbon WE, area 50 

mm2) as a function of the square root of the scan rate; b) Cyclic voltammograms of 1 mM FiC/FoC redox 

couple (carbon WE, area 50 mm2). Reprinted (adapted) with permission from 108. 

2.4.2 Square-wave voltammetry 

Square-wave voltammetry (SWV) provides tremendous advantages over CV, such as 

lower background current, improved sensitivity, fast scan rate, and it can also be used for 

quantitative detection. Especially when using WE with high surface roughness such as 

carbon electrodes, pulsed techniques such as SWV provides excellent sensitivity 109. To 

appreciate the speed of SWV, trace analysis at dropping mercury electrode (DME) could 

be considered as an example. DME consists of glass capillary through which mercury is 

dropped via gravity. Every generated drop is a new clean electrode surface, however a 

major challenge for measurement being continuous change in the surface area as the drop 

grows and falls. Hence, using SWV greatly solves the measurement challenge with 
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improved sensitivity and faster potential scan 110. However, the use of SWV for real-time 

detection is very rare and are sparsely seen in the literature 111.  

Although pulsed techniques were conceptualized as early as 1957 by Barker 112, these 

techniques gained popularity only in the past few decades, mainly impeded due to the need 

for higher computational speeds. However, with the advancement in digital electronics, 

pulsed techniques such as SWV is now a common feature. In Paper III, the performance of 

PoD was demonstrated using SWV to measure different concentrations of ascorbic acid 

using carbon electrodes (Fig. 2.7d). The obtained data not only showed improvement in 

sensitivity but also demonstrated the computational power of the PoD. 

As mentioned earlier in the section 2.3 and 2.4.1 about double-layers and cyclic 

voltammetry, sensitivity in measurement is hampered mainly by charging current. 

Eliminating charging current by switching the continuous potential ramp (Figure 2.6a) with 

staircase potential-time function in CV is a viable alternative (Figure 2.8a). Measuring the 

current output after each potential step minimizes the contributions from charging current 

considerably. This greatly improves the sensitivity and the quality of the voltammetry data. 

This technique is called as staircase voltammetry. 

A more advanced form of voltammetry can be performed if the staircase potential function 

is used in combination with small potential pulses, as shown in Figure 2.8b. This potential 

profile is typical for SWV. A single potential step is shown in Figure 2.8c. Every potential 

step has two small potential pulses which are oppositely oriented (with respect to scan 

direction). The oppositely oriented pulse duration is identical and expressed as 𝑡𝑡𝑝𝑝 = 𝜏𝜏/2, 

wherein τ is the duration of a single potential step. The height of a single pulse is designated 

as square-wave amplitude (Esw). Therefore, the experimental parameters are the step size 

of staircase ramp (ΔE), square-wave amplitude (Esw), and potential pulse duration (tp). 

Usually, the latter is expressed as square-wave frequency, 𝑓𝑓 = 1/𝑡𝑡𝑝𝑝. Similar to the cyclic 

voltammetry, the scan rate is defined as the product of the frequency and step size of 

staircase ramp, 𝜐𝜐 = 𝑓𝑓Δ𝐸𝐸 113. 



36 
 

 

Figure 2.8 a) Waveform for cyclic staircase voltammetry. In the inset, potential step (τ) and the scan 

increase of staircase potential (ΔE) is shown; b) waveforms in square-wave voltammetry; c) a single 

square-wave waveform: d) Wquare-wave voltammograms of 10 mM ascorbic acid (carbon WE, area 50 

mm2) The green and blue curve indicates the data collected from a commercial potentiostat (CH 

Instruments) and PoD (Paper III), respectively. Reprinted (adapted) with permission from 108. 

Notably, τ is very small (milliseconds) compared to other pulsed techniques (seconds). 

This parameter enables SWV to have fast scan rates, leading to faster output when 

compared to other pulsed techniques. For every single potential step (square-wave cycle), 

the resultant current is sampled at the end of forward pulse (Ifor) as well as reverse pulse 

(Irev). The output of a SWV is given as the difference between the forward current and 

reverse current for every step 114. Thus, SWV efficiently eliminates the instantaneous 

charging current at the electrode interface, yielding current responses for Faradaic 

processes alone.  
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2.4.3 Amperometry 

In Papers I, III, and IV, amperometry has been extensively used for real-time measurement 

of analytes. For example, in Paper I, a Tissue-modified oxygen electrode was used to 

indirectly monitor antioxidant activity of orally administered drugs such as paracetamol, 

mesalazine, aspirin, indomethacin, and metformin. In Paper III, centrifugal microfluidic 

platform with embedded gold electrodes was used in a proof-of-concept study to monitor 

the real-time release of an electrochemically active analyte (Fic) from microdevices used 

for oral drug delivery. Moreover, multichannel amperometric measurements during 

rotation were also performed to show the functionality of the potentiostat developed (PoD) 

for centrifugal microfluidics. In Paper IV, a proof-of-concept, amperometry measurement 

of paracetamol was demonstrated for testing the pH sensitive lid integrity of microdevices. 

Among all interfacial electrochemical techniques (Figure 2.5), amperometry is the simplest 

techniques. In amperometry, current is measured as a function of time, at a constant 

potential. The current output is a combination of both the faradaic and capacitive processes 

occurring at the electrode-electrolyte interface, while the capacitive processes biases 

current output during short response time. Therefore, amperometry is limited due to 

charging currents at short time scale and by mass transfer at longer time scale 100. 

Amperometry is the primary choice of electrochemical detection for many commercial 

sensors as it relies on the analyte oxidation/reduction at the surface of inert metal (ex. 

glucose meter). Amperometry is also a preferred method for developing immunosensors 

such as electrochemical ELISA on LoD 115. In ELISA, the target analytes (e.g., antigens, 

antibody) are not electrochemically active; therefore labels (e.g., enzymes) are commonly 

used which can generate a signal when acting upon a specific substrate. Thus, the product 

of the reaction can be detected electrochemically.  

The experimental parameters required for performing amperometry is a constant potential 

(Econ) and the duration of the experiment (t). The applied constant potential can be 

determined from oxidation or reduction peak potential values recorded from cyclic 

voltammograms, as described previously in section 2.4.1. When there is a potential applied, 

the total charge at the surface for time (t) is given by: 
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(Eq. 2.10)                                                𝑄𝑄 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 +  𝑄𝑄𝑅𝑅𝑐𝑐 

wherein Q is the electric charge, Qdl is double-layer charge, A is the surface area, and Γ is 

the concentration of the surface bound species. Usually to perform amperometry, an 

overpotential is applied to the WE vs. RE to ensures decrease in the concentration of the 

target analyte to zero on the electrode surface. The overpotential is chosen such that it is 

above the oxidation or reduction potential of an analyte, ensuring complete oxidation or 

reduction of analyte.  It is important to note that choice of over potential needs to be defined 

taking into consideration the presence of the interfering electrochemically active 

compounds, which can be present in the sample matrix. 

For an electrochemical reaction occurring at the surface of a planar electrode, assuming 

fast electron transfer and linear diffusion of electroactive species, the transient current is 

defined by the Cottrell equation: 

(Eq. 2.11)                                             𝑖𝑖(𝑡𝑡) = 𝑛𝑛𝑛𝑛𝐴𝐴𝑛𝑛(1/2)𝐶𝐶𝑏𝑏
(𝜋𝜋𝜋𝜋)(1/2)  

where F is the Faraday’s constant, A is electrode area, D is diffusion coefficient, Cb is the 

bulk concertation of electroactive species, n is the number of electrons involved in the 

reaction, and t is the duration of reaction. From Eq. 2.11, the measured current is directly 

proportional to the bulk concentration of electroactive species and tends to become zero as 

the time progresses. In reality, the current reaches a constant value instead of zero, which 

is termed as steady state current, as shown in Figure 2.4. Hence, this steady state current is 

direct indicator of the concentration of electroactive species 100. 

2.5 Tissue-based biosensor used for monitoring the antioxidant effect 

One of the early electrochemical sensors used for bioanalytical application is the oxygen 

electrode developed by Leyland Clark in 1953 116. As the name suggests, the electrode was 

used for real-time monitoring of blood oxygen amperometrically. This invention lead to 

the development of first biosensor for measuring glucose by immobilizing glucose oxidase 

enzyme in a membrane having proximity to the platinum surface of the electrode.  
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Figure 2.9 a) Schematic representation of the tissue-modified oxygen electrode; b) Photograph of the 

tissue-modified oxygen electrode with immobilized intestinal tissue. The inset shows the top view of the 

immobilized tissue with O-ring and Parafilm®. 

In Paper I, a tissue-based biosensor is constructed by immobilizing jejunum part of the 

porcine small intestine (3 mm Ø) over the custom-made oxygen electrode. Figure 2.9 

illustrates the tissue-modified biosensor used to indirectly measure antioxidant activity of 

commonly taken oral drugs. 

The working principle of this tissue-modified biosensor is based on the activity of catalase 

present in the intestine. When the tissue-modified biosensor is exposed to H2O2, the 

enzyme catalase converts H2O2 to O2 and H2O. The generated O2 will diffuse through the 

Teflon membrane and gets reduced at the platinum WE (at - 0.7 V vs. Ag/AgCl/Sat. KCl 

RE) and measured amperometrically. As shown in Figure 2.10a, a decrease in O2 is 

observed after the addition of 5-ASA (red curve). This is similar to the response obtained 

after the addition of a known antioxidant, quinol (blue curve). Using the tissue-modified 

sensor, antioxidant activities of some commonly used oral drugs (with phenolic rings) such 

as paracetamol, aspirin, indomethacin, and metformin was compared. Among the tested 

drugs, paracetamol showed the highest antioxidant effect, followed by mesalazine. The 

comparison results are described in detail in Paper I. 
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Figure 2.10 a) Effect of a known antioxidant quinol and test drug, mesalazine on the O2 produced from 

H2O2 catalyzed by catalase in the intestine tissue; b) Relative antioxidant activity of some commonly used 

beverages. 

Based on the concept of measuring indirect antioxidant activity in Paper I, the antioxidant 

activity of some commonly consumed beverages was also measured. Figure 2.10b shows 

the comparison of relative antioxidant value. Among the tested beverages, the coffee 

displayed highest antioxidant effect. 

Therefore, the developed tissue-modified biosensor could be used for indirect monitoring 

of antioxidant effect of food samples. 

2.6 Electrochemistry-assisted SERS 

Raman spectroscopy is an optical technique which gives molecular fingerprints based on 

the vibrational mode of the molecules 117. The Raman effect occurs due to the inelastic 

scattering of photons. Hence, it is a very week effect and detection of analyte of interest at 

low concentration is challenging. One of the methods to increase weak Raman signals is to 

guide the target analyte molecule closed to metallic nanostructures. This approach is called 

Surface-enhanced Raman spectroscopy (SERS) 117. Therefore, SERS combines molecular 

fingerprints of analyte along with the signal-enhancement of the plasmonic structures. 

SERS suffers from two serious physical constraints, namely: i) non-uniform SERS- 

substrates and ii) weak substrate-analyte interactions. Therefore, this technique is mostly 

used for qualitative analysis; however, there are several report proving the utility of SERS 
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for quantitative analysis 72,73,118. Additionally, reusability of substrates and repeatability of 

measurements is a huge challenge. In the last few decades, several efforts have been made 

for developing SERS substrates yielding high enhancements and good uniformity. More 

recently, Schmidt et al.119 developed a simple 2-step process (described in section 5.2.2) 

for obtaining uniform metal-capped nanopillars demonstrating high Raman      

enhancement 119, and this substrate was subsequently integrated into LoD 75,76.  

To improve the substrate-analyte interaction with the metallic nanostructures, many 

researchers demonstrated electrochemistry-assisted SERS 120–122. This was primarily 

achieved by applying a constant potential on the SERS substrate (used as WE) with respect 

to a RE. By altering the applied potential in amperometry, the binding of target analyte on 

the SERS substrate could be modulated. 

 

 

Figure 2.12 Working principle of the electrochemically assisted SERS-based melamine detection. 

"Reprinted (adapted) with permission from 123. 

In Paper II, we perform electrochemistry-assisted SERS detection and quantification, using 

an in-house developed SERS substrate based on metal-capped Si nanopillars. With this 

method, we were able to measure melamine, a toxic compound found in milk, as low as 

0.01 ppm in PBS and 0.3 ppm in milk. Melamine has a pKa value of 5 and pKb value of 9, 

i.e., melamine is protonated (net positive charge) in samples of pH < 5 and deprotonated 

(net negative charge) in samples of pH >9 and remains neutral at pH 7.4. Using this 

principle, melamine could be electrostatically attracted to the surface of the nanopillars in 

the SERS substrate. We found that the effect can be reversed, and the SERS substrate can 
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be regenerated (Figure 2.9). Hence, Paper II demonstrates a truly reusable SERS substrate. 

A brief description of fabrication of SERS substrates is presented in section 5.2.2. 
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3. Centrifugal microfluidics 

Microfluidic platforms have become practical tools which provide solutions for various 

analytical problems. Primarily, microfluidic technology offers a solution for handling small 

volumes of fluids (nL to µL regime) and opens new possibilities for the downscaling of 

complex laboratory process onto a small chip. Numerous academic proof-of-concept 

studies have showed the advantages of LoC systems over standard laboratory tests 124,125 

and there are also several commercial products based on microfluidic technology such as 

Microreactors (Micronit Microfluidics), Multiflux (Dolamite Microfluidics), Pico-Gen 

Picodroplet Formation Chips (Sphere Fluidics Ltd.), etc. 126. LoC devices which use 

centrifugal forces for liquid actuation, also called LoD, are compact in the format factor of 

a DVD disc.  

 

Figure 3.1 a) a compact detection unit with spindle motor; b) A typical spin stand setup used in a research 

laboratory 

The only peripheral instrument required for actuation in case of centrifugal microfluidics 

is a spindle motor (Figure 3.1a); however, to monitor and optimize fluidics in laboratory, 

a CCD camera along with strobe light source is required (Figure 3.1b). Therefore, LoD 

devices have great potential to be used for ‘point-of-care’ and ‘point-of-need’ applications.  
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Figure 3.2 a) Lab-on-a-disc for Liquid-liquid extraction and detection of bacterial metabolites. Liquid 

handling is done using two modules: b) assay module and c) calibration module. Reproduced from 75 with 

permission from the Royal Society of Chemistry. 

In spite of its simplicity, complex sample handling can still be performed by integrating 

different sample handling modules, as shown in Figure 3.2 75. Flow in microvolumes is 

different from the bulk flow which highly influences the fluidic actuation in microfluidics. 

One primary difference is the relationship between viscous and inertial forces, which are 

identified using the Reynolds number (Re) 127. Reynolds number is a dimensionless number 

defined as the ratio between the inertial and viscous force as: 

(Eq. 3.1)                                                    𝑅𝑅𝑒𝑒 = 𝜌𝜌𝑅𝑅𝜌𝜌
𝜂𝜂

 

Where ρ is the density, d is the length, e.g., capillary diameter, υ is the linear flow velocity 

and η is the dynamic viscosity. On large scales (bulk), inertial forces are dominating, 

leading to turbulent flow regime (higher Re). On the other hand, viscous forces become 

predominant when channel dimensions are reduced (typical for microfluidics), resulting in 

smooth, orderly fluid movement (low Re), also called as laminar flow. Although laminar 

flow enables precise control of flow, it makes mixing of fluids challenging. 

The second  difference in actuating microvolumes and bulk liquids is the interplay between 

gravity and surface tension, which can be expressed using a dimensionless parameter called 

Bond number (Bo) 128 and expressed as: 
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(Eq. 3.2)                                                 𝐵𝐵𝐵𝐵 = Δ𝜌𝜌𝑔𝑔𝑅𝑅2

𝜎𝜎
 

Where Δρ is the difference of mass density between fluids (in the surrounding), g is the 

gravity of acceleration, d is the channel length, σ is the interfacial tension. Bulk fluids 

relatively have no impact due to surface tension (high Bo), while the gravitational forces 

become insignificant in microvolumes (low Bo). However in centrifugal microfluidics, 

these forces are not influential as centrifugal forces could easily overcome both the surface 

force and the gravitational force by increasing the rotational frequency.  

A third difference is the impact of interfacial properties of microvolumes and bulk 

volumes. For example, surface tension and wettability are major factors for liquid actuation 

and retention in microfluidics wherein the surface-to-volume ratios are very high. Surface 

tension is the forces experienced by the liquid molecules at the liquid/gas interface. The 

liquid molecules at the liquid/gas interface cannot form hydrogen bonds like molecules at 

the bulk. The net result is the inward forces experienced by liquid molecules at the surface 

of the liquid/gas interface. This inward force results in formation of meniscus and thus 

acquires a surface area as small as possible. At constant temperature and pressure, surface 

tension is same as the Gibbs free energy per surface area (γ) 129 is expressed as:  

(Eq. 3.3)                                                    𝛾𝛾 = �𝜕𝜕𝜕𝜕
𝜕𝜕𝐴𝐴
�
𝑅𝑅,𝑃𝑃,𝑛𝑛

 

Where G is Gibbs free energy, A is the area, T is temperature, P is pressure and n is an 

empirical factor.  

Wettability of fluid is the other influencing factor in microvolumes. The behavior can be 

quantified using contact angle of the liquid on the surface. Contact angle (θc) is the angle 

between the tangent drawn at the liquid/gas interface and the point of contact of all the 

three phases, as shown in Figure 3.2. 

It should be noted that contact angle of liquid measured in static condition is much different 

from the contact angle measured during flow, which is termed as dynamic contact angle. 

The former is a measure of wettability of the surface, while the latter is a complex quantity 

that relies on the advancing or receding liquid edge 127. If the stationary contact angle of a 
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water drop is less than 90º, then the surface is classified as hydrophilic. Conversely, if the 

angle is more than 90º, the surface is considered hydrophobic, which results in droplet 

formation and demonstrates poor wettability. 

 

Figure 3.3 Contact angle: The angle between the tangent drawn at the liquid/gas interface and the point 

of contact of all the three phases  

 

3.1 Theory  

Fluid actuation in centrifugal microfluidics is achieved by manipulating three different 

pseudo forces, namely:  Centrifugal force (FC), Coriolis force (FCO), Euler force (FE).  

Forces exerted on a point-like object of mass m at position r (radially from the center of 

rotational axis) with an angular rotational frequency ω are described by Eq. 3.4 to Eq. 3.6. 

(Eq. 3.4)                                              𝑛𝑛𝐶𝐶 =  −𝜌𝜌𝜔𝜔.𝜔𝜔𝜔𝜔       

(Eq. 3.5)                                             𝑛𝑛𝐶𝐶𝑂𝑂 = −2𝜔𝜔. 𝑅𝑅
𝑅𝑅𝜋𝜋
𝜔𝜔 

(Eq. 3.6)                                              𝑛𝑛𝐸𝐸 = −𝜌𝜌 𝑅𝑅
𝑅𝑅𝑂𝑂
𝜔𝜔. 𝜔𝜔 

Where ρ is the density if the actuated liquid, and ω is the angular frequency. Among these 

pseudo-forces, centrifugal force acts radially outwards and pushes the fluid to the outer 

periphery of the disc. On the other hand, Coriolis force acts perpendicular to the centrifugal 

forces. During higher frequency of rotation, Coriolis force dominates the centrifugal force. 

Coriolis forces actuates liquid differently depending on the direction of rotation. For 

instance, Coriolis force actuates the fluids in the opposite direction of rotation, while spin 
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direction has no impact on centrifugal forces since it is constant radially outward. In fact, 

the directional nature of Coriolis force has been used previously to smartly switch liquid 

based on the direction of rotation by Brenner et al.130. Lastly, the Euler force acts in the 

direction opposite to the rotational acceleration in the disc plane and also promotes fluid 

mixing by forming lateral motion of fluid during microfluidic disc acceleration. 

Non-pseudo forces are also present in centrifugal platforms, which significantly influences 

the performance in many centrifugal until operations. Some of the primary dominant and 

most used non-pseudo forces and their respective differential pressures are viscous force 

(Δ𝑃𝑃𝑉𝑉), pneumatic force exerted by pressurized gas Δ𝑃𝑃𝑝𝑝𝑛𝑛𝑐𝑐𝑝𝑝, fluidic inertia (Δ𝑃𝑃𝑑𝑑) and 

capillary force (Δ𝑃𝑃𝑐𝑐𝑎𝑎𝑝𝑝). 

(Eq. 3.7)                                                     Δ𝑃𝑃𝑉𝑉 = −𝑅𝑅ℎ𝑦𝑦𝑅𝑅𝑞𝑞 

(Eq. 3.8)                                                Δ𝑃𝑃𝑝𝑝𝑛𝑛𝑐𝑐𝑝𝑝 = 𝑃𝑃0 �
𝑉𝑉0
𝑉𝑉
− 1� 

(Eq. 3.9)                                                      Δ𝑃𝑃𝑑𝑑 = −𝜌𝜌𝜌𝜌𝑎𝑎 

(Eq. 3.10)                                                 Δ𝑃𝑃𝑐𝑐𝑎𝑎𝑝𝑝 = 𝜎𝜎𝜎𝜎 

Where, 𝑅𝑅ℎ𝑦𝑦𝑅𝑅 is the hydraulic resistance, which is directly proportional to the dynamic 

viscosity µ, q is the flow-rate,  𝑃𝑃0 is the ambient pressure, 𝑉𝑉0 is volume of gas at 𝑃𝑃0, and V 

is the gas volume  (compressed or expanded), l is the length of fluidic channel, a is liquid 

acceleration, 𝜎𝜎 is the surface tension of the actuated liquid, and k is the meniscus curvature.  

From an operational standpoint, centrifugal microfluidics utilizes four primary liquid 

manipulation strategies such as pumping, valving, metering, and mixing. They are 

described briefly in the following section. 

3.2 Unit operations 

Different microfluidic functions are used in centrifugal microfluidics to perform 

bioanalytical assays 51. In this section, a brief explanation is given about the usability and 
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applicability of these operations. In specific application where there is a need for complex 

liquid handling, one or more operations are combined. 

3.3 Pumping 

As shown in Figure. 3.4, at inlet reservoir, a liquid plug is at rest. Centrifugal forces act 

radially outward from the axis of rotation which actuates the liquid to the periphery of the 

disc. This flow in centrifugal platforms are well characterized and depends on rotational  

 

 

Figure 3.4 Schematic description of different forces in centrifugal microfluidics 

frequency, radial position of the fluidic channels/reservoirs, geometry of channel, and fluid 

properties such as density, viscosity, etc. Assuming laminar flow, the volumetric flow-rate 

is expressed as: 

(Eq. 3.11)                                                 𝑄𝑄 = Δ𝑃𝑃
𝑅𝑅ℎ𝑦𝑦𝑅𝑅

 

Where ΔP is the pressure drop across the channel and  𝑅𝑅ℎ𝑦𝑦𝑅𝑅 is the hydraulic resistance of 

the microchannel. The liquid flow in the microchannel is driven by the centrifugal pressure 

over the liquid column, as described in equation Eq. 3.12. 

(Eq. 3.12)                                                    𝛥𝛥𝑃𝑃𝐶𝐶 = 1
2
𝜌𝜌𝜔𝜔2(𝜔𝜔22 − 𝜔𝜔12) 
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Where 𝜔𝜔 is the angular velocity, r1 and r2 are the inner and outer radius of the liquid 

column, respectively. 

Customarily in centrifugal microfluidics assays, emphasis is merely on moving liquids 

from a defined point A in the disc to point B, usually placed radially outward. However, 

controlling the flow-rate is very important, considering that rate of reactions (e.g., 

antibody-antigen binding, enzyme-substrate interaction) are influenced by                         

flow-rate 115,131–133. Achieving a controllable flow-rate was one of the major objectives in 

Paper III, since the flow-rate influences the rate of model drug dissolution from drug 

delivery microdevices. The precise control of the flow-rate was a critical aspect when 

designing the LoD, presented in Paper III. The effect of flow-rate on the measured current, 

as shown in Figure 5.14. 

The following equations (Eq. 3.13 to Eq. 3.15 )were used for theoretical calculation of 

flow-rate for the LoD designed in Paper III, based on the work by Abi-Samra et al. 133. Eq. 

3.13 is used for calculating resistance in a rectangular channel derived from Navier-Stokes 

equation. 

(Eq. 3.13)                         𝑅𝑅ℎ𝑦𝑦𝑅𝑅 = 12𝜂𝜂𝜂𝜂
𝑤𝑤ℎ3

�1 − �ℎ
𝑤𝑤
� . �192

𝜋𝜋5
∑ 1

𝑛𝑛5
tanh 𝑛𝑛𝜋𝜋

2ℎ
∞
𝑛𝑛=1,3,5 ��

−1
 

To simplify this equation, we can assume w > 2h. This will cause a small error of less than 

0.2%. The simplified equation is 

(Eq. 3.14)                                   𝑅𝑅ℎ𝑦𝑦𝑅𝑅 = 12𝜂𝜂𝜂𝜂
𝑤𝑤ℎ3

�1 − 0.630 �ℎ
𝑤𝑤
��
−1

 

Considering low Re and long narrow channels, hydraulic resistances could be coupled in 

series based on the additivity law, i.e., R = R1 + R2. Therefore, considering that the 

hydraulic resistance is determined by a rectangular channel with w > 2h, and the pressured 

difference is only due to the centrifugal forces, the volumetric flow-rate can be determined 

by combining equations Eq. 3.12 and Eq. 3.14 into Eq. 3.11 gives: 

(Eq. 3.15)                              𝑄𝑄 = 𝑤𝑤ℎ3𝜌𝜌𝜔𝜔2�𝑟𝑟22−𝑟𝑟12�
24𝜂𝜂𝜂𝜂

�1 − 0.630 ℎ
𝑤𝑤
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 Table 3.1 Parameters used for calculating theoretical flow-rate of LoD used in Paper III. 

Parameter Symbol Value Unit 

Width of microchannel w 0.650 mm 

Height of microchannel (Thin PSA) h 0.084 mm 

Height of microchannel (Thick PSA h 0.140 mm 

Length of serpentine microchannel L 55.400 mm 

Inner radius  r1 27.690 mm 

Outer radius r2 44.250 mm 

Viscosity η 0.001 Pa.s 

Density ρ 1000 Kg.m-3 

The parameters used for the calculation of flow-rate in Table 3.1 were determined based 

on the dimensions of the design made in SolidWorks, as shown in Figure 3.5. A comparison 

of theoretical flow-rate and experimentally measured flow-rate is presented in Figure 5.3. 

 

Figure 3.5 Schematic representation for parameters used for calculation of flow-rates in Paper III. 

 

3.4 Valving 

Since the invention of flow injection analysis, a wide range of chemical and biochemical 

assays were automated. Most importantly, valves offered flexibility for sample movement 

and improved the utility of flow injection tremendously 134. In spite of these advantages, 
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the experimental setup was rather cumbersome to integrate 135. LoD platforms can 

overcome this complexity by enabling passive valving as shown in Figure 3.6. 

Ideally, a valve should fulfill certain criteria such as quick fluid passage at specific points 

in the spatio-temporal domain, compatibility with wide range of  physio-chemical 

properties of fluid, and minimal “dead-volumes” 75. Valves in centrifugal microfluidics can 

be classified as either active valves or passive valves; wherein passive valves refers to 

liquid actuation exclusively controlled by centrifugal forces alone 75. There are several 

active sacrificial values available such as vacuum compression valves actuated by heating 

on disc 136, carbon printed dots actuated by laser diode 136, and laser irradiated Ferro-wax 

microvalves (LIFM) 137. Among these, carbon printed dots and LIFM are robust, 

independent to the speed of rotation, and hence was used for automating complex   

bioassays 138–140. However, use of laser diodes caused unnecessary heating of the disc. 

Although passive valving offers flexibility, it comes at the expense for the need for 

peripheral instruments and complicated disc fabrication. 

Undoubtedly, passive valving is desired, especially considering point-of-care’ and ‘point-

of-need’ applications. In the following sections, different types of passive valves are 

described along with the valves used for designing LoD in this Ph.D. project. 

 

 

Figure 3.6 Different types of passive valves used in centrifugal microfluidics. 
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Capillary valves 

The fundamental principle of capillary valves is based on the balance of pressure induced 

due to centrifugal force and capillary pressure in the microchannel junction. If the capillary 

forces are greater than centrifugal force, then the liquid flow is prevented. The liquid will 

flow into the outlet reservoir only when the disc exceeds a certain threshold angular 

frequency called a burst frequency. Thus, increased angular frequency causes the  

 

 

Figure 3.7 A cartoon view of LoD used in Paper III. The long serpentine channel (blue color) acts as 

capillary valve, and highlighted red rectangle shows metering chamber. Reprinted (adapted) with 

permission from 108." 

centrifugal forces to overcome the capillary forces causing the valve to open.              

Kinahan et al.141 have previously demonstrated the operation of multiple valves simply by 

changing the angular frequency based on the theoretically calculated burst frequency. The 

burst frequency is calculated using equation Eq. 3.16 and Eq. 3.17 as follows: 

(Eq. 3.16)                              𝑃𝑃𝑏𝑏𝑝𝑝𝑟𝑟𝑏𝑏𝜋𝜋.𝑉𝑉𝑏𝑏𝑠𝑠𝑎𝑎𝑐𝑐𝑐𝑐 𝜌𝜌𝑣𝑣𝑐𝑐. = 𝑃𝑃𝑎𝑎𝜋𝜋𝑠𝑠.𝑉𝑉𝜋𝜋𝑣𝑣𝜋𝜋𝑎𝑎𝑐𝑐 𝜌𝜌𝑣𝑣𝑐𝑐 

(Eq. 3.17)                              𝑃𝑃𝑏𝑏𝑝𝑝𝑟𝑟𝑏𝑏𝜋𝜋 =  𝑃𝑃𝑎𝑎𝜋𝜋𝑠𝑠 +  𝜌𝜌𝜔𝜔2(𝜔𝜔22 −  𝜔𝜔12)/2 

Where 𝑃𝑃𝑏𝑏𝑝𝑝𝑟𝑟𝑏𝑏𝜋𝜋 is the pressure required for valve opening, 𝑃𝑃𝑎𝑎𝜋𝜋𝑠𝑠 is the atmospheric pressure, 

𝑉𝑉𝑏𝑏𝑠𝑠𝑎𝑎𝑐𝑐𝑐𝑐 𝜌𝜌𝑣𝑣𝑐𝑐. is inlet volume and 𝑉𝑉𝜋𝜋𝑣𝑣𝜋𝜋𝑎𝑎𝑐𝑐 𝜌𝜌𝑣𝑣𝑐𝑐. is outlet volume , ω is the angular frequency, r1 

and r2 are the radial position of the liquids.  
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Hydrophobic valves 

Hydrophobic valves function either due to sudden narrowing of a hydrophobic channel or 

by placing functionalized hydrophobic spots in the microchannel to prevent the fluid 

actuation. In these two cases, like capillary valves, the liquid is forced to pass through the 

valve after the angular frequency exceeding a certain range 142. For example, Gyros Protein 

Technologies AB use hydrophobic patches at channel openings to moderate liquid 

actuation in their commercial centrifugal device 92. 

Siphon valves 

Siphon can be used for both liquid valving and transfer. A siphon valve relies on priming 

of liquid into the channel as result of capillary action. Therefore, for successful functioning 

of a siphon channel, the surface of the channel should be hydrophilic 143. While the disc is 

spinning at high angular velocity, the centrifugal forces ensure to position the meniscus 

front just below the siphon’s crest level (Figure 3.6). Following this, when the angular 

frequency is dropped below a threshold value, the channel is primed, and the liquid is 

transferred immediately after the meniscus crosses the crest level. If there is a discontinuity 

in the liquid column or the level of liquid is hydrostatically in balance, the flow stops. 

Figure 3.8 shows the use of the siphon valve in Paper IV. Siphon valving is often preferred 

in LoD when there is a requirement for high angular velocity as the primary step (e.g., 

plasma separation from blood). 

Sacrificial valves 

Among all the valves used in this Ph.D. project, valves based on dissolvable film (DF) tabs 

used in Paper IV are the only active valve used. The novel concept of valves based on DF 

was first reported by Gorkin III et al. 144. These valves are made of Polyvinyl alcohol 

(PVA), with different thickness and polymer mix enabling varying control over dissolution 

time. Despite significant advancement in the valving scheme, the DF valve’s utility was 

compromised due to wide variations in burst frequencies required to open the valve, 

occurring due to manufacturing tolerance 145. To improvise DF valves, Kinahan et al. 146, 

reported a strategy called “Event-triggered logical flow” for sequential liquid handling.  
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Figure 3.8 Siphon and sacrificial layer (blue color) used for LoD similar to Paper IV. 

This technology uses the emergence of a fluid (event) at a specific location on the disc to 

trigger the release of another fluid present in a different location of the disc via a connecting 

pneumatic channel. As part of a two-week external research stay, DF based valving and 

fluidics for paper IV was developed at Dr. David Kinahan’s lab in DCU. The fabrication 

of DF valves is explained in Section 5.3. 

3.5 Volume metering  

Volume metering is a crucial function in centrifugal microfluidics for ensuring 

reproducibility of liquid processing on the disc as well as to achieve appropriate reagent 

volumes for diagnostic assays 51. Metering on the disc is usually achieved via an overflow 

channel connected to the fluid metering chamber 99. As the chamber gets filled to the radial 

level of the overflow channel, excess fluid is routed to a ‘waste chamber’ via an overflow 

channel. The principle of volume metering could also be used for aliquoting samples when 

the overflow channels are connected to several metering chambers 147. 
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The principle of volume metering has been used in Paper III, wherein about 80 µL of liquid 

is metered in all the eight units of the LoD. As shown in Figure 3.7, such a metering was 

used for an unconventional purpose of arresting the immediate liquid flow due to the 

opening of the serpentine burst valve, and then later to establish a controlled flowrate. 

Contrastingly, in Paper IV, the ‘waste chamber’ itself is designed to be used for metering 

out liquid such that the overflow of excess dissolved the water-soluble sacrificial layer for 

valve opening.  

3.6 Mixing  

Fluids in microscale domain have characteristics of laminar flow due to low Reynolds 

number. This causes certain constraints for appropriate mixing of reagents in LoD 

platforms. Mixing is particularly crucial for biomedical diagnostic applications for 

homogenizing samples and combining reagents for processing 148. Therefore, without any 

intervention, the mixing highly relies on diffusion, which is a slow process and thus 

becomes a limiting factor in centrifugal microfluidics 149,150.   

To overcome this challenge, several strategies have been validated on LoD platforms. One 

of the simplest methods is to utilize swift oscillation of the disc, i.e., alternating between 

clockwise and counterclockwise rotation 148. Thus, resulting in rapid mixing in the low Re 

regime. This simple mixing strategy has been used for mixing in the LoD used in Paper 

IV. Another efficient mixing strategy is magnetic stirring. This could be performed using 

paramagnetic particles in the processing liquid and by positioning magnets underneath the 

mixing chamber 151. Another strategy, without using any peripherals is Euler-mixing, 

achieved by fast acceleration 152.  

3.7 Sample preparation 

There are several sample preparation/pre-treatments integrated into centrifugal 

microfluidics 76,86,98,99 since this operation is a significant part of an analytical assay. An 

extensive overview of various sample pretreatments/preparation strategies is beyond the 

scope of this thesis. They are performed based on the analyte and the analytical method 

required for detection. In this thesis, we have used a very simple sample preparation 

technique, i.e., filtration (Figure 5.9). In Paper III and IV, we monitor the model 
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analyte/drug release from microdevices used for oral delivery (also called as 

microcontainers). However, these microcontainers need to be physically prevented from 

entering the channels containing the electrochemical sensor, for interference free 

amperometric measurement. 
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4. Modular detection units for centrifugal microfluidics  

For detection in LoD, three different strategies could be considered 53: (i) “off-disc” signal 

readout, i.e., the processed sample is removed from the disc at the end of the experiment 

and transferred to a instrument for signal readout 153; (ii) “stop-spin”, which implies 

stopping the rotation of the disc and aligning of the detection chamber with a sensor or 

detection system 154 and (iii) “real-time” detection, i.e., the signal output is measured 

continuously without stopping the rotation of the disc, thereby allowing the experiment to 

progress without disruption 155. In fact, both “off-disc” and “stop-spin” can also be termed 

together as “end-point” detection, as the detection is performed at the end of fluidic 

actuation. Table 4.1 describes the advantages and disadvantages of these three 

readout/detection strategies. 

Table 4.1 Advantages and disadvantages of detection strategies for LoD 

 Advantages Disadvantages 

 

Off-disc 

Can be used with existing laboratory 

instruments suitable for end-point 

measurements. 

Need for manual sample handling, stopping 

the disc rotation could negatively impact the 

sample processing and/or the assay, risk of 

contamination, portability is severely limited. 

 

Stop-spin 

Minimal sample handling, suitable 

for end-point measurements. 

Need for customized instrumentation 

compatible with LoD, stopping the disc 

rotation could negatively impact sample 

processing and/or the assay.  

 

Real-time 

Complete automation, possibility for 

on-line, continuous measurements, 

and point of care and/or point-of-

need detection. 

Need for customized instrumentation 

compatible with LoD and with measurements 

during rotation. 
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Sample-to-answer type analysis and full automation of the LoD platform is preferred when 

aiming for compact portable detection units and point-of-need detection. In these cases, 

real-time or stop-spin detection is naturally the preferred readout strategy. In the case of 

electrochemical detection, there are several studies available that uses both stop-spin 99 and 

real-time detection 115,156. To achieve electrochemical real-time detection, physical 

connection is required between sensor on the LoD platforms to static potentiostat via slip-

rings 156; however, the complexity associated with the slip-ring makes it less user-friendly. 

On the other hand, for optical detection in LoD, although there is no requirement for 

physical contact, the detection is still performed in stop-spin mode. In fact, most assays 

with optical readout, such as ELISA are developed for end-point measurement. 

 

Figure 4.1 Concept of the proposed system for electrifying disc. a) Conception and physical 

implementation, depicting the stack system design, the rotating platform, and the static transmitter coil;  

b) Block diagram of the system; c) Schematic of the wireless power transfer, rectification, and DC-DC 

conversion. Reproduced from 145 with permission from the Royal Society of Chemistry. 

To achieve real-time detection, a read-out strategy with simplicity and high degree of 

automation is still challenging. The use of slip-rings for electrochemical detection, 

transpired the implementation of active operation units and techniques (e.g., valving and 

heating) in centrifugal microfluidics. The active operational units on LoD need auxiliary 

power, which lead to the concept of ‘electrifying Lab-on-a-Disc’, also called as eLoaD, as 

shown in Figure 4.1. Höfflin et al. 145 proposed, for the first time, the concept of modular 
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rotating platform for wireless power and data transmission for LoD application 53. The 

possibility to power wirelessly the operations on the LoD opened up new possibilities for 

the development of a true µTAS type platform on LoD 53. The compact, portable LoD with 

wireless power and data transmission has the potential to be used for on-site, point-of-

need/care detection.  

4.1 Electrochemical detection in LoD 

 

 

 

Figure 4.2 a) Exploded view of different components in the experimental setup. (i) Spindle motor. (ii) 

Bottom holder. (iii) Microfluidic disc. (iv) Custom made plug for interfacing on-disc electrodes with the 

electrical slip-ring. (v) Electrical slip-ring. b) Fully assembled setup during measurement. The 3D printed 

holder (red color) holds the electrical slip-ring in place during spin. Reproduced from 156 with permission 

from the Royal Society of Chemistry. 

In the framework of this Ph.D. project, the main focus was on the integration of 

electrochemical sensor and optical detection in the LoD platform aiming for real-time 

detection. Generally, for electrochemical detection, the sensor (electrode) needs to be 

integrated in the LoD, and the electrode needs to be in physical contact with the sample. 

Additionally, when an assay needs to be carried out during rotation, to facilitate real-time 

monitoring, the electrodes needs to be connected to a potentiostat during spinning. There 

are reports, where an electrical slip-ring was used to connect the sensor on the LoD with a 

static potentiostat for real-time detection 115,133,145,157,158. However, using slip-rings caused 
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several challenges such as increased complexity of experimental setup, high noise (due to 

brush connectors), and poor physical contact with sensor. Particularly, brush connectors 

used in slip-ring must withstand high wear and tear, and therefore limits the rotational 

frequency for operating LoD 159.  

To overcome the problem of brush connectors, Andreasen et al. 156 proposed the usage of 

mercury-based slip-rings, as shown in Figure 4.2. This type of slip-ring offered lower 

resistance compared to conventional slip-rings based on brush connectors. However, the 

limiting factor was its bulkiness and complexity, even though only a single channel 

measurement was performed, as shown in Figure 4.2.    

More recently, Bauer et al. 160 used the principles of eLoaD for developing wireless 

electrochemical detection on disc. As shown in Figure 4.3a, the experimental setup 

involved placing the detection unit, the electrochemical analyzer (potentiostat) directly 

over the spinning disc, powered by a battery and the data transmission done via Bluetooth 

to a mobile phone or PC. Although the developed system is a viable alternative for slip-

rings, the system still suffered from poor contacts to the electrode in LoD, thereby 

generating significant noise during spin. Bauer et al. proposed using fast Fourier transform 

data treatment to mitigate noise. Most importantly, the weight of the potentiostat (and its 

holder) placed over the disc affected inertia during spin, particularly during quick 

acceleration and deceleration. Therefore, there was still a need for robust interfacing of 

potentiostat with the LoD devices.  

As part of this Ph.D. project, a custom made potentiostat for LoD devices was designed 

and optimized, which provides a solution for the above-mentioned challenges in the 

integration of electrochemical detection with LoD. The modular, lightweight, wirelessly 

powered, PoD was developed for electrochemical detection in LoD. Figure 4.3b shows the 

exploded view of the detection unit used for experiments. In Paper III, the design, 

optimization and application of the developed electrochemical analyzer is explained in 

detail. The following sections highlights some of the important aspects in the design of the 

PoD. 
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Figure 4.3 a) Setup used for electrochemical measurements by Bauer et al. with permission under Creative 

CC BY license from MDPI; b) Exploded view of experimental setup using Potentiostat-on-disc (PoD) 

reported in Paper III. Reprinted (adapted) with permission from 108. 

 

4.2 Design and performance of PoD 

The PoD was designed with emphasis on modularity, enabling simple and robust 

interfacing with the electrodes on LoD, while allowing optical inspection of microfluidic 

channels on the disc. As shown in Figure 4.4a, PoD has three functional units: i) a 5 V, 250 

kHz Qi-based wireless supply, ii) core circuit also called as platform (see Figure 4.4b), and 

iii) a uniquely shaped connection module (for optical inspection of microfluidic channels 

via CCD camera) also called as shield (see Figure 4.4c). The measurable current range (for 

single channel shield) varies between ±400 nA to ±400 μA, which is adjusted using a 

selected gain. The single channel shield has 8 detection units (electrode interfaces), and the 

appropriate channel for measurement is selected by placing a jumper with the 

corresponding channel selector (see Figure 4.4c). A detailed description of the PoD 

circuitry and the electronic specification is presented in Paper III. 
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Figure 4.4 a) Block diagram of the designed potentiostat (PoD); b) Photographs of core circuit, and             

c) Single channel connection module; d) Compact experimental setup with spindle motor, microfluidic 

disc assembled with PoD. Reprinted (adapted) with permission from 108. 

The developed potentiostat can perform some commonly used electrochemical detection 

techniques such as CV, SWV, and amperometry. However, additional electrochemical 

techniques (Figure 2.5) could be readily programmed using the custom-made LabVIEW 

control program based on the assay requirements.  

To evaluate the performance (single channel) of the designed potentiostat, CV, SWV, and 

amperometry were performed using various types of LoD (supporting information of Paper 

III) and compared with a commercial potentiostat (CHI 660C, CH Instruments, USA). 

Figure 4.5 shows the comparison of data output from both PoD and CHI (commercial 

potentiostat) and demonstrates the reliability of the PoD. 
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Figure 4.5 a) Representative CVs of 1 mM FiC with the PoD and a commercial potentiostat (Au WE, area 

50 mm2, Au-CE), applied potential vs. pseudo-Au-RE. The CVs were performed at a scan rate of 50 mV/s; 

b) Oxidation and reduction peak currents as a function of the square root of the scan rate; c) SWVs of 10 

mM ascorbic acid (carbon WE, area 50 mm2, carbon CE), applied potential vs. Ag-RE. The SWVs were 

recorded with a potential step 0.004 V, frequency 10 Hz, and amplitude 0.025 V; d) Calibration plot 

recorded for different concentrations of ascorbic acid; e) Calibration curve of paracetamol obtained with 

the PoD and commercial potentiostat  (Au WE area, 50 mm2, Au-CE), applied potential + 0.4 V vs. pseudo-

Au-RE;  f) CVs were recorded at various rotation speeds at 100 mV/s scan rate in 1 mM FiC  (Au WE, 

area 0.69 mm2, Au-CE), applied potential vs. pseudo-Au-RE. All measurements were performed in PBS 

as supporting electrolyte, pH 7.4, and standard deviations were calculated based on triplicates (n = 3). 

Reprinted (adapted) with permission from 108. 
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4.3 Modularity of the PoD  

One of the major advantages of the PoD is the ability to implement additional features in a 

modular way. For example, to enable multichannel measurements in PoD, instead of 

redesigning the whole device, a simple redesign of shield was made. Figure 4.6 presents 

the designed multichannel shield in the same form factor of single channel shield (Figure 

4.4c). 

Multichannel measurement provides advantage of parallelization of assays in LoD. 

However, the circuit design of such a shield (modular part) proved to be rather complicated 

due to then need for additional electronic components (e.g., multiplexers) to be placed in a 

small footprint (2848 mm2 of single channel shield). Even after the addition of 

multiplexers, the measurable current could range from ± 400 nA to ± 400 µA depending 

on the used gain setting with a resolution of 200 pA for 10 MΩ gain setting. The 

multichannel shield facilitated simultaneous amperometric measurements in 4 different 

channels, as presented in Paper III. In Chapter 5, Figure 5.14 shows the amperometric 

current recorded in flow, when measuring 500 μM FiC in four different microchannels.  

 

Figure 4.6 Photograph of multichannel connection shield, with main operating units. 
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Robust integration with LoD  

As mentioned previously in section 4.1, the core challenge for low-noise detection is due 

to poor connection of electrodes to the potentiostat. The robust connection of electrodes in 

LoD to the shield (both single and multichannel) was achieved using 7 mm long spring-

loaded gold pins (Figure 4.7a). Additionally, using spring-loaded pins the shield can be 

connect to electrodes of LoD with varying layer thickness too, thus enabling high design 

tolerance.  

To check the robustness of the developed solutions which facilitates good interfacing of 

the electrodes with PoD, a simple noise measurement during rotation was performed. 

Figure 4.7b shows the raw data (without filtering) obtained from PoD and data from the 

commercial potentiostat. At rotational speeds up to 3Hz, the noise level is comparable in  

 

Figure 4.7 a) Closeup photograph showing single channel shield interfaced with the LoD using spring-
loaded gold pins; b) Baseline noise measured during rotation using PBS at applied potential of +0.4 V vs. 
pseudo-Au-RE recorded with the PoD and a commercial potentiostat using the Au electrodes (WE area, 
0.69 mm2, pseudo-Au-RE, Au CE) patterned on PMMA. Reprinted (adapted) with permission from 108. 

 

both the cases. At higher speeds (> 3Hz), differences emerge due to increased current from 

PoD. It is important to note that these baseline noise measurements are performed as PBS 

flows over the electrodes, as shown in Figure 3.7. The peaks emerge due to inertia of fluid. 

In fact, lack of peaks for commercial potentiostat is probably due to internal noise filtering. 

Therefore, this simple experiment suggests that the observed noise during rotation is mostly 

of electrochemical origin and not instrumental. 
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4.4 Next generation PoD  

Although the developed PoD provided significant advancement in integration of 

electrochemical detection in centrifugal microfluidics, it still suffered from some 

challenges such as complex circuitry (redesign and adopting Arduino Mega in disc format), 

data transfer rate limitation (ATmega2560), and limited power supply (5 V, 250 kHz Qi-

based wireless power supply). Therefore, in collaboration with the research group of Prof. 

Jin-Woo Choi, at Louisiana State University, further development of the PoD was also 

carried out in the frame of this Ph.D. project.  

As part of an external research stay at Prof. Choi’s research group, the first prototype of 

the potentiostat (PoD v2.0) was developed, as shown in Figure 4.8. This PoD is different 

from the previous generation PoD in several aspects. Firstly, the core circuit is based on 

Teensy 3.5, which significantly simplifies the circuit and reduces the circuit footprint. 

Secondly, the gain selection is now performed digitally, which is now placed in the core of 

the circuit. Thirdly, PoD v2.0 is now powered by a 300 mAh rechargeable Lithium-Ion 

battery, eliminating the challenges associated with wireless charging.  

 

Figure 4.8 Photograph of Bottom-view of PoD v2.0 core circuit. 
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The prototype of PoD v2.0 is controlled using Bluetooth command terminal either by PC 

or via mobile phone, and the data is retrieved in text format.  To evaluate the performance 

of PoD v2.0, A CV recorded using 1 mM Fic/Foc redox couple is compared with an open-

source potentiostat (Dstat), as shown in Figure 4.9. A current difference of 25% is observed 

for both oxidation and reduction peaks between the cyclic voltammograms from the 

compared potentiostats. The difference might be due to inaccurate ADC calibration.  
 

Figure 4.9 CV of 1 mM FiC/FoC recorded with Dropsens 220AT electrode, using PoD v2.0 and Dstat at 

25 mV/Sec. 
 

Furthermore, the output from PoD v2.0 is without any processing, i.e., the raw signal 

without averaging data points. These issues can be fixed in future iterations with ease by 

appropriate programming of microprocessor.  

4.5 Optical detection in LoD 

Section 2.1 provides an overview of different optical detection systems in centrifugal 

microfluidics. For optical detection in LoD, the measurements are either performed in “off-

disc” 154 or “stop-spin” mode 155, while real-time measurements are still not achieved. The 

lack of real-time optical detection in LoD can be explained by the fact that most commonly 

used optical assays adapted on LoD are optimized for end-point measurement, as 

mentioned above. However, when developing new sensing approaches and new assays it 

is relevant to consider real-time detection. 
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Figure 4.10 a) Microscope-on-a-disc (MoD) unit for imaging with key functional units; b) Exploded view 

of MoD used in Paper V. 

During the development of PoD, the modularity of the potentiostat provided new insights 

for integration of alternative sensing in similar manner. Hence in Paper V, a concept of 

integrating modular optical detection units is proposed. The optical imaging unit was 

designed and integrated with a LoD platform to monitor sedimentation of yeast, as shown 

in Figure 4.11. The device shown in Figure 4.10 is meant to be assembled with the LoD 

like a shield, as shown in Figure 4.3b. 

Typically, this monitoring process could have involved the use of stroboscopic lights and 

CCD camera, with precise control of spindle motor position with strobe light source and 

the camera (as shown in Figure 3.1b). However, with the developed optical unit, using the 

inbuilt light source, images can be retrieved in real-time independent of the frequency of 

rotation. Figure 4.11 shows the real-time images retrieved via WiFi with a mobile phone 

during the yeast sedimentation process. The development of optical detection is promising 

as it demonstrates a way to eliminate the need for stroboscopic lights and CCD camera, 

thus reducing the need for peripheral instruments required for developing centrifugal 

microfluidic application. The concept of the optical detection was further developed in the 

frame of another Ph.D. project, to enable real-time monitoring of mammalian cells in an 

LoD cell culture system. 
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Figure 4.11 Yeast sedimentation captured in sequence (1-6) inside a microfluidics chamber at 30 frames 

per second using MoD detection unit.  
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5. Fabrication 

Before the widespread use of LoC devices, glass was a very popular material for fabrication 

of different LoC devices until late 20th century 153. This popularity of the glass substrate is 

an outcome of fabrication methods established by the semiconductor industry. However, 

glass was an expensive substrate as well as impractical for LoC, considering the upscaling 

and commercialization aspects. Hence, with the increasing research and development 

activities in the field of microfluidics, there was a growing demand for suitable, cost 

effective materials, which are also suitable for mass fabrication. as indicated in Figure 5.1. 

 

Figure 5.1 Factors influencing the choice of materials for microfluidic devices. 

For considering alternative materials to glass, it is important to understand the crucial 

parameters to be fulfilled when developing a LoC device, such as optical transparency, 

heat resistance, chemical resistance, material flexibility, gas permeability, 

biocompatibility, and surface energy 161. Moreover, ease of manipulation with regards to 

fast prototyping, precision, cost, required instrumentation, etc. are paramount for the choice 

of materials.  

Polymers proved to be a very attractive alternative for fabrication of microfluidic devices 

in numerous ways. Apart from being low-cost, they also offer many of the above-

mentioned properties that are ideal (Figure 5.1). Some of the popular polymers used for 

fabricating microfluidic devices are poly (dimethylsiloxane) (PDMS), cyclic olefin 

copolymer (COC), poly(styrene) (PS), poly(methyl methacrylate) (PMMA), and 

poly(carbonate) (PC). Different polymers are compatible with different fabrication 
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techniques based on their material properties. Table 5.1 summarizes the characteristics and 

fabrication techniques for some of the commonly used polymers in microfluidics. 

Table 5.1 Various thermoplastic characteristics and fabrication techniques utilized for fabricating 

microfluidic devices. Adapted from 162. 

Polymer Major characteristics Fabrication techniques 

COC High transparency, high strength and stiffness,     

heat resistance, low water absorption. 

Hot embossing, micro milling, injection 

molding. 

PC High heat resistance, high strength and 

stiffness, transparency. 

Hot embossing, micro milling, injection 

molding, laser photoablation. 

PS Good electrical properties, resistance to 

different chemicals. 

Hot embossing, injection molding, laser 

photoablation. 

PMMA Good abrasion resistance, low water 

absorption, transparent, UV resistance. 

Hot embossing, micro milling, injection 

molding, laser photoablation, X-ray 

lithography. 

Depending on the application, suitable material and fabrication methods are chosen (Table 

5.2). For research laboratory, the fabrication speed for fast prototyping and cost will be a 

major driving factor enabling quick iterations. Whereas for commercial use, scalability is 

an additional consideration for the choice of material. In some cases, a set of material and 

fabrication techniques are suitable for both laboratory and commercial use. For instance, 

injection molding of microfluidic devices using thermoplastics (PMMA / COC / PS / PC) 

can be utilized for large volume production. 

5.1 Polymer microfabrication using PMMA, PSA and PDMS  

The process of producing a microfluidic device is an iterative process, i.e., several cycles 

of designing, testing, and redesign is required to achieve a fully functional microfluidic 

device meeting the demands for the chosen application. Figure 5.2 describes the process 

flow for producing microfluidic devices.  

 



73 
 

Table 5.2 Different aspects for considering fabrication methods. 

 

For developing any new assay in LoC, a suitable fluidic scheme should be first conceived 

and then designed using a CAD program.  Following the design, material for fabrication is 

selected to be compatible with fluid/samples used in the conceived LoC.  Finally, different 

parts of the LoC are fabricated and assembled (e.g., bonding layers) together for obtaining 

a functional LoC.  The produced LoC is tested for its functionality, and corrections are 

made to improve the performance. This usually involves redesign of some aspects of 

microchannels in LoC. The following sections describe various fabrication techniques used 

in this thesis. 

5.1.1 Computer aided design (CAD)  

There are several commercial and open-source CAD softwares such as AutoCAD, 

Solidworks, Blender, OpenSCAD, etc. available for design of complex geometrical 

structures. All the designs of microfluidics used in Paper II-V were performed using 

Solidworks 2018 (Dassault Systèmes, France). AutoCAD 2018 (Autodesk, USA) was used 

for making the DXF drawings polyline (making several line segments to one continuous  
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Figure 5.2 Flow diagram for optimization of the design and operation of a microfluidic device. 

line), which enabled smooth and continuous cuts in the corners of the microfluidic 

channels.  

5.1.2 CO2 laser cutting 

PMMA is one of the most popular polymers used for the fabrication of microfluidic 

devices, since it can be optically transparent, biocompatible and can be fabricated using 

multiple methods (Table 5.1) 163 . In this thesis, PMMA was used for the fabrication of the 

electrochemical-SERS unit (Paper II) and for the manufacturing of the LoD devices (Paper 

III – V). As example of LoD where PMMA was used for the fabrication, LoD used in Paper 

IIS is presented in Figure 5.3. Throughout this Ph.D. project, a tabletop CO2 laser cutter, 

Epilog Mini 18 equipped with a 30 W CO2 laser (Epilog Laser, The Netherlands) was used 

to cut PMMA; to create chambers and reservoirs. A user can control the CO2 laser cutter 

by altering the speed, power, frequency, and the number of iterations based on the thickness 

of PMMA. There is a careful balance in selecting the laser power and speed. Using high 

laser power can lead to excessive melting of polymer, resulting in cuts with rough edges. 

For a smooth and precise cut, the cut should be performed at low power with fast speed 

and in multiple iterations.  

Typically, a microfluidic chip consists of several subunits (e.g., Figure 3.2), which are 

made from similar or different materials depending of the application and the complexity 

of the device. Assembling a microfluidic chip with different functional sub-units is a vital 

for deriving a fully functional microfluidic device. The assembly of the fabricated PMMA 

layers could be performed either by using thermal bonding or by using pressure sensitive 

adhesives (PSA) 164. In the case of thermal bonding, PMMA substrates are heated up to the 

glass transition temperature of either one of the substrates involved in bonding with  
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Figure 5.3 LoD assembly used in Paper III. Layers 1,3,5 and 7 are PMMA layers of thickness 0.5 mm, 2 

mm, 1 mm and 1.5 mm, respectively. Layers 2 and 4 are transparent PSA of 140 μm thickness, and layer 

6 is white PSA of 84 μm thickness. Reprinted (adapted) with permission from 108." 

added pressure for enhancing the contact forces. In Paper II – V, PSA were used for the 

assembly of the different layers, while in Paper III - V, the adhesive layers also acted as 

microfluidic channels of defined sizes, as shown in Figure 3.7. Moreover, when there is a 

need for bonding multiple layers, layer by layer bonding using PSA is the most preferred 

method, as it offers better control over bonding layers. 

5.1.3 Xurography 

Xurography is a rapid prototyping technique that uses a knife plotter (x-y plotter fit with 

knife) to cut thin film polymer materials to instantly generate microchannels. Usually, a 

knife cutter can create microstructures up to 20 μm in different polymer films 165.  

PSA is a thin and flexible polyester film coated with adhesive, where the adhesive part is 

usually protected by a release liner. There are several types of PSA available in the market 

based on aspects such as transparency, single or double-sided adhesives, varying thickness 

of adhesive layers, and different types of adhesive materials for applications such as sticker 
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and medical device manufacture. In Paper II, double-sided transparent PSA tape of 140 μm 

thick adhesive layer (ARcare 90106, Adhesive Research, Limerick, Ireland) was used to 

attach the PMMA layer with the microscope slide to form the sample chamber. The same  

 

Figure 5.4 Comparison of theoretical and optically measured flow-rates for LoD used in paper III using 

PSA of a) 140 µm and b) 84 µm thickness. Reprinted (adapted) with permission from 108.  

PSA was used to assemle different layers of LoD in Paper III, except for the microchannel 

layer (Figure 5.3, layer 6) where a white colored double-sided PSA tape of 84 μm thick 

adhesive layer (ARcare 7840, Adhesive Research, Limerick, Ireland) was used. The 

reasoning behind the usage of transparent PSA was to allow easy optical monitoring of 

fluidics in microchannels, which were placed under various layers at the bottom of the LoD 

(Figure. 5.3, layer 6). On the other hand, the choice of using a PSA with different thickness 

of adhesive was based on the characteristic difference in their flow resistance. Figure 5.4 

shows the comparison of flow-rate measured for microchannels made with transparent PSA 

of 140 μm and 84 μm thickness, with respect to the theoretically calculated values 

(calculations described in section 3.3). The microchannels made using 140 μm thick PSA 

demonstrated significant deviations from the theoretically calculated flow-rates, possibly 

due to higher hydraulic resistance (as result of PSA being smeared during assembly) when 

compared to the thin PSA. Moreover, the smearing of PSA (during assembly) also caused 

clogging of microchannels. Hence, particularly for Paper III, the PSA thickness used for 

LoD became crucial for precise control of flow-rates in the microchannels. 
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In Paper IV, the design of LoD (Figure 3.8) is fundamentally different in many ways 

compared to LoD used in Paper III (Figure 3.7). The primary differences are that the 

microchannels are on the top of LoD, and multiple layers of LoD had intricate 

microchannels apart from being a bigger LoD (6” diameter) overall. Hence, it was prudent 

to select 84 μm thick PSA for bonding all the layers (due to more accurate flow 

performance). Moreover, for the intended usage, the control of flow-rate was not required 

in this type of LoD. In fact, attempts to control the flow-rate in LoD used in Paper III is 

rare in centrifugal microfluidics.  

5.1.4 Casting PDMS 

The electrochemical-SERS detection unit used in Paper II has four parts. They are: i) a 

glass microscope slide base, ii) SERS substrate as WE, iii) sample chamber (325 μL), and 

iv) electrode holder consisting of CE and RE. Among them, the electrode holder is made 

reusable by using a removable unit made from PDMS and plugged into the sample chamber 

like a ‘Lego brick’ (shown in Figure 5.5). The PDMS was prepared by thoroughly mixing  

 

Figure 5.5 Photograph of Electrochemical-SERS detection unit a) assembled and b) disassembled;             

c) exploded view of components. "Reprinted (adapted) with permission from 123. 
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the base polymer and the curing polymer in the ratio 1:10 and poured into a PMMA mold 

(pre-cut using CO2 laser). Following the removal of air bubbles trapped in the mixture, 

PDMS was cured for 12 hours at 70º C in a hot air oven. PDMS was chosen for this use-

case because the cured PDMS is soft and was pierced easily with the counter and reference 

electrode. This PDMS construct was then repeatedly used for different electrochemical-

SERS detection units. 

5.2 Microfabrication of electrodes 

During the initial period of lithography in the microfabrication industry, metal electrodes 

were fabricated on glass or silicon substrates using lithography 166. Although the 

lithography process in the cleanroom is tedious and expensive, it is still preferred for 

producing high quality electrodes. With the exponentially growing need for miniaturized 

electrodes, a more economical yet highly scalable electrode fabrication technique was 

required. Screen printing technology was one such technology that greatly helped in  

 

Figure 5.6 A comparison of a) classical electrochemical cell containing 3 electrode setups in 30 ml volume 

flask and b) screen-printed electrode having 3 electrodes, with dimensions: 3.4 x 1.0 x 0.05 cm. Figures 

adapted from 167 and 168, respectively. 

developing low cost, miniaturized sensors at large scale 169. Very soon in most research 

laboratories, these disposable screen-printed electrodes were preferably used over the 

classical experimental setups composed of electrochemical cells with bulky electrodes 

(Figure 5.6). There are also various alternative attempts for fabrication of electrodes such 

as ink-jet printing 170, 3D printing 171, patterning metal electrodes on plastic surface 99, and 
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electrode fabrication on printed circuit boards (PCB) 172. However, electrodes fabricated 

by some of the above-mentioned techniques such as 3D printing and PCB electrodes cannot 

be readily used after fabrication 173,174. They usually required additional steps for surface 

activation or additional conductive layer deposition. Among all the available methods, 

patterning metal electrodes directly on plastic surface proved to be advantageous as it was 

not only economical but also enabled easy integration into microfluidic devices, thus 

tremendously helping in fast prototyping 99,175. In this thesis, planar Au electrodes for LoD 

platforms used in Paper III and IV were fabricated using e-beam metal deposition using a 

shadow mask on PMMA surface directly. Moreover, in Paper III we have demonstrated 

the versatility of our developed potentiostat by integrating electrodes of different materials 

and form factors. 

5.2.1 Electrodes for LoD  

5.2.1.1 Shadow mask fabrication 

The concept of fabrication of electrodes directly on PC was first reported by Xu et al. 176. 

A similar strategy was also successfully implemented using PMMA by Sanger et al. 99, 

demonstrating robust electrochemical performance of gold electrodes. Hence, patterning  

 

Figure 5.7 a) A laser spot, b) Gaussian intensity distribution of a laser beam 

electrodes (using shadow mask) was the primary choice of fabrication for prototyping 

throughout this Ph.D. project. A shadow mask is like a stencil made from thin metal (nickel 
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/ stainless steel), which has a cut pattern used to transfer the pattern to the substrate surface 

by metal deposition. To begin with the electrode fabrication, an appropriate shadow masks 

has to be prepared first. A laser micromachining tool (microSTRUCT vario, 3D Microac 

AG, Germany) was used to prepare a shadow mask consisting of the desired electrode 

pattern in 150 μm thick stainless steel using a 50W Time-bandwidth picosecond laser with 

a wavelength of 532 nm. It is important to note that the laser beam does not go through the 

metal like a knife; it rather has a gaussian intensity distribution (Figure. 5.7). The peak 

intensity of the laser is in the center of the beam axis while the intensity decreases radially 

outwards. The maximum intensity of the laser is expressed as 1/e2 177, and the diameter of 

the laser spot is around 40 μm. Therefore, the laser beam will not only ablate the material 

on the hairline but will also affect along the entire width of the laser spot diameter. The 

material hit upon by the higher intensity laser will have a better ablation rate compared to 

the material hit by lower intensity region of the laser spot.  

For the design of the shadow mask, an offset of ~ 70 μm was used towards the inner 

boundary of the actual design. Following this, five parallel lines were added towards the 

outer boundary of the offset pattern with 10 μm space between these lines (Figure. 5.8). 

After importing the file to the laser micromachining tool, its laser was programmed to move 

from the inner boundary to the outer edge. A small gap of 10 μm and high iteration of laser  

 

Figure 5.8 CAD design for shadow mask with iteration of laser passes. The prepared shadow mask is used 

for fabricating electrode array used is Paper III. 
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passes enabled the laser to remove all the material in its path. Additionally, the radial 

outward movement towards the edge minimized debris on the edges. For a quality cut, the 

laser was passed twice over the outer edges to ensure smooth edges, as this could remove 

any excessive material reaming over the edges. For quality control over the desired 

dimension of the outer boundary, a safe region equivalents to half the size of the laser spot 

diameter (20 μm) was considered for the offset distance calculation (Figure. 5.6). After 

laser micromachining, the cut masks were left in a water bath for ultrasonication (for 20 

minutes) to remove debris, and then later cleaned with ethanol.      

5.2.1.2 Thin-film metal deposition 

After the preparation of masks as described in section above, the masks were aligned with 

a 1.5 mm PMMA substrate that was already pre-cut with holes for alignment pins using at 

least four screws that are diametrically opposite. The aligned substrate-mask assembly was  

 

Figure 5.9 Illustration of the e-beam process inside a Wordentec system. 

placed into a 4” wafer holder inside the metal deposition chamber (Figure 5.9) of a 

Wordentec QCL 800 (Wordentec, UK). This equipment enables the deposition of metals 
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such as Au, Ti, Pt, Ni, Al, and Cr by e-beam evaporation, thermal evaporation, and DC 

sputtering. 

The Wordentec systems has the capacity to hold six 4” wafers; however, the deposition 

could be performed only one wafer at a time. Before the metal deposition, the deposition 

chamber needs to be brought to a high vacuum (< 2.0 x 10-6 mbar), which usually takes 

about 90 minutes, followed by activation of the electron gun that shoots high energy 

electrons towards the metal nuggets in the metal crucible. These high-energy electron 

beams hit the metal atoms, enabling the metal nuggets to absorb energy and then evaporate 

instantly. The material vapor is directed in the direction of the sample holder using an 

electric field, and thus a thin film is deposited through the patterns of the shadow mask. To 

monitor the deposition rate, a quartz crystal is usually also exposed to the deposition, along 

with the substrate, which measures the metal being deposited based on its mass. 

In Papers III and IV, gold planar electrodes were fabricated using e-beam metal deposition. 

However, gold layer cannot be directly patterned onto the PMMA layer due to poor 

adhesion. Therefore, an adhesion layer of either 20 nm Cr or Ti is first patterned on the 

plastic surface at rate of 5 Å/sec, followed by 200 nm of Au at 10 Å/sec. 

One of the major challenges in this electrode fabrication is that the process is time 

consuming. Especially when using an instrument such as Wordentec, which has a large 

metal deposition chamber and allows only one sample deposition at any given time. At the 

end of each cycle of metal deposition (both adhesive metal layer and Au layer), the vacuum 

needs to be again restored before depositing on the next sample for optimal performance. 

A typical wait time is about 45 min between each sample and for a batch of four samples, 

it takes about four and a half hours (including the time for mask assembly and disassembly). 

Moreover, PMMA as a substrate for metal deposition is particularly disadvantageous as 

the material is hygroscopic in nature. During the Ph.D. project, the low throughput of the 

metal deposition was overcome by moving the process to a new metal evaporator: 

Temescal (Ferrotec, USA), which had the capacity for four sample holders in load lock 

with the ability for simultaneous metal deposition as the sample dome rotates. Having a 

load lock is tremendously advantageous as the vacuum could be simultaneously maintained 



83 
 

in the lower chamber while the samples are loaded, and the volume for pumping the sample 

chamber for vacuum is small, enabling faster pumping. The challenge of hygroscopic 

nature of PMMA is managed by placing the substrate-mask assembly in a nitrogen purged 

chamber overnight (causes degassing) before the metal deposition process. By combining 

both these measures, the entire process for a batch of four samples was brought down to 

less than an hour, thus improving the efficiency of this process significantly. 

5.2.2 Electrodes for electrochemical-SERS detection unit 

A three-electrode array consisting of WE, CE, and RE were used in the electrochemical-

SERS detection unit (Figure 5.5). The SERS substrate acts as the WE, CE is a platinum 

wire of 1 mm diameter (GoodFellow, UK) bent in U-shape, positioned adjoining the 

boundary of the detection unit (Figure. 5.5c). The U-shape of the CE ensures uniform 

charge distribution between the CE and WE, in-turn leading to uniform enhancement of 

SERS signals emanating from the analyte bound on the SERS substrate. The RE is a 

custom-made Ag/AgCl reference electrode prepared by chlorinating the silver wire of 1 

mm diameter (GoodFellow, UK).  Briefly, chlorination was performed by using the silver 

wire as WE, high surface area Pt as CE, and Ag/AgCl/Sat. KCl as RE to perform 800 cycles 

of CV in concentrated KCl solution between +200 mV to +1600 mV at a scan rate of 200 

mV/sec. 

5.2.1.1 SERS substrate 

For SERS measurements, a well characterized SERS substrate with high degree of 

uniformity is required for achieving reliable and reproducible detection. Nanostructured 

surfaces were the best performing SERS active substrates as they could be consistently 

produced with high degree of uniformity compared to other methods. With great strides 

made in the micro-and nanofabrication technologies, nanostructures can be now fabricated 

with excellent control of shape, size, and spacing. 

In Paper II, SERS substrates consisted of Au-capped Si nanopillars fabricated by a  

maskless two-step process 178,179. Firstly, Si nanopillars were produced on a 4” Si wafer by 

reactive ion etching (Advanced Si Etcher, STS MESC Multiplex ICP, Germany)  
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Figure 5.10 SERS substrate fabrication scheme. Inset shows SEM image of the fabricated Si nanopillars. 

followed by e-beam evaporation of Au (Figure 5.10). The reactive ion etching process uses 

a combination of reacting gases such as SF6 and O2. These gases get ionized in the reaction 

chamber across a strong electric field and are forced towards the Si substrate, causing the 

etching of Si surface 119. Reactive ion etching process could be tuned for controlling the 

shape, height, and density of the Si nanopillars. The tunable parameters are etching time, 

reactive gases ratio, and chamber pressure. Usually, after etching process, a short O2 

plasma is recommended for removing the residual reactive species (for example, fluoride, 

sulfur) from Si surface as they may lead to high background signals from the Si substrate. 

Following the reactive ion etching, a thin layer of about 225 nm Au is deposited by ebeam 

evaporation to form Au metal caps. The finally formed Au-capped Si nanopillars are 50-

80 nm wide and about 400-600 nm tall. 

To adapt the fabricated SERS substrate into the electrochemical-SERS detection unit, the 

4-inch wafers were diced into 6 x 8 mm chips using a laser micromachining tool 

(microSTRUCT vario, 3D Microac AG, Germany) from the backside, while being held by 

a custom-made holder to preserve the structural integrity of the SERS nanopillars      

(Figure. 5.10). 

5.3 Assembly of the polymer layers and integration of operational units  

After fabrication of individual components of a microfluidic device, they need to be 

assembled in a defined manner for obtaining a fully functioning device. Some of the 
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commonly used assembly approaches in microfluidics are using PSA, thermal, UV-assisted 

bonding, and ultrasonic welding 53,175,180.  

In Paper II, three different materials such as glass, PMMA, and PDMS, were used for 

constructing the electrochemical-SERS detection unit. As previously mentioned in section 

5.1, PMMA and glass microscope slides were glued together using PSA (Figure. 5.5). For 

connecting the SERS substrate (as WE) to the potentiostat, a copper tape (Farnell Danmark 

AS, Denmark) was used. The whole assembly was performed manually by aligning the 

different layers. In this case, manual alignment was adequate as the form factor of the chip 

was small and easy to handle, while the error tolerance in alignment was high as 

misalignment did not influence the performance of the electrochemical-SERS detection 

unit per se. However, assembling different layers of LoD used in Paper III - V is more 

challenging, as the precise alignment is crucial for its performance. Moreover, LoD used 

in Paper III and IV have additionally elements such as a filter layer and water-soluble tabs 

among the layers, respectively. 

 

Figure 5.11 Pores (160 μm diameter, with 0.5 mm) made in PMMA using CO2 laser, preventing physical 

movement of microdevices (about 300 μm in diameter) 

In Paper III, there was a need to integrate a filter between the layers of LoD (Figure 5.3, 

layer 5 and 7) to prevent the oral microdevices from clogging the channels (layer 6) and 

blocking the electrodes (in layer 7). This could be achieved by just placing a cellulose filter, 

as previously demonstrated by Sanger et al. 99. However, adding an additional layer of 

cellulose filter caused poor adhesion around the region for microchannels, thus severely 
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affecting the flow-rates. To overcome this challenge, an alternative method was used for 

designing filters for LoD used in Paper III. The alternative method consisted of creating 

pores of 160 μm diameter with 0.5 mm spacing in the PMMA using a CO2 laser cutter 

(Figure. 5.11).  

In Paper IV, dissolvable films were used as event-triggered valves for sequential actuation 

of liquids (independent of rotation frequency) in the LoD. Using this type of valving proved 

be advantageous as these valves have higher tolerance towards fabrication precision. 

However, with the introduction of new material, additional fabrication steps are inevitable. 

The dissolvable films (DF) in Paper IV were made using PVA and it does not have any 

adhesive property. Therefore, a strategy had to be devised to place them over microfluidic 

channels made up of PSA. A separate subunit called DF tabs were fabricated to solve this 

challenge. 

 

Figure 5.12 a) Photograph of circular and slot-shaped DF tabs placed over PSA; b) Cartoon of a circular 

DF tabs. 

DF tabs consists of a layer of PVA over a layer of a pre-cut PSA, as shown in Figure 5.10. 

The PSA is cut such that it has a through cut and an outer cut boundary. Initially, a small 

piece of PSA is used to make several cuts of concentric circles of 1 mm and 3 mm diameter 

over PSA using a knife cutter. Then the inner cut is extracted using tweezers while keeping 

the remaining outer PSA cut intact while top adhesive layer alone is exposed. Over the 

exposed adhesive layer, DF was stretched and placed carefully over it, and the sandwiched 

DF-PSA layer is now again cut using the knife cutter, only over the outer boundary of 3 

mm diameter. The sandwiched DF-PSA layer is called DF tab, which can be removed 

easily from the bottom adhesive cover of PSA and placed over the desired location of the 
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microfluidic channel. Slot-shaped DF tabs have also been used in Paper IV apart from the 

circular DF tabs. Slot shape provides high tolerance of liquid overflow over the DF tabs 

for efficient valving. To further improve the reliability of the event-triggered valves, DF 

tabs had to be placed secured safely and mechanically protected. For this purpose, two 

separate layers of PSA, namely: DF support and DF cover layers were used, which 

sandwiches the DF tabs.  

 

Figure 5.13 Alignment tool used for assembling different layers of LoD 

After fabrication of different subunits required for LoD used in Paper III - V, a final 

assembly of different layers was also carried out. This assembly required precise 

positioning of layers, as the layers were intricately connected through narrow vents. 

Therefore, for improved reliability of alignment, an alignment tool made from aluminum 

was built, as shown in Figure 5.13. The layers were aligned seamlessly by three-point 

alignment using the built alignment tool. For ease of assembly, PMMA layers were always 

placed over PSA layer resting at the bottom of the holder to avoid wrinkling. For LoD 

assembled in Paper III and V, after the assembly, the LoD is placed under a bonding press 

(PW20, Paul-Otto Weber GmbH, Germany) at 15 N/m2 for 1 min, to remove air bubbles 

and enhance bonding. Whereas for LoD assembled in Paper IV, after placing each PSA 

layer, the readily available assembly (incomplete assembly) is placed in a hot roll laminator 
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(HL-101, Cheminstruments, USA) for bonding. Bonding every PSA-PMMA layer 

individually improves the performance of the LoD.  

It is important to note that for the LoD in Paper IV, since the actuation of liquid is based 

on event-triggered valving, the control of flow-rates between the loading and measure 

chambers was neither monitored nor controlled. However, in Paper III, control of flow-

rates was of paramount importance. Especially, when the flow-rates fluctuations are seen 

during amperometry, precise control over flow-rate was crucial (as indicated in Section 

3.3). By incorporating the 84 μm thick white PSA for microchannels, using tight tolerance 

for assembly, and by cleaning the PSA layers with 70% IPA (water base), the flow-rate 

performance (reproducibility) of LoD was improved significantly. Figure 5.14 shows the 

amperometric current response for 500 μM FiC in PBS. The current increase is due to 

increase in flow-rate (improved mass transfer), and the deviations of flow-rate started to 

emerge with increased angular frequency. Since most of the measurements for drug release 

from microdevices in Paper III was measured at 1.5 Hz of rotation, the deviations in flow-

rate was minimal. 

 

Figure 5.14 Reliability of microfluidic channels for uniform flow-rate in microchannels for LoD used in 

paper III. Reprinted (adapted) with permission from 108. 
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5.4 Slip-ring assembly for LoD 

As previously seen in Chapter 4, interfacing electrochemical sensors in LoD with a 

potentiostat during spinning is a challenge and typically, slip-rings have been extensively 

used before. With the development of PoD, a significant part of this challenge is already 

overcome. However, during the evaluation of the performance of PoD, particularly during 

spin, it was required to have comparative measurements connected to a potentiostat via 

slip-ring. The primary aspects that were considered for building a slip-ring assembly were 

to achieve a stable performance at higher rotational frequency (up to 10 Hz) and ability to 

handle easily. The former challenge was partly addressed by using a high-performance 

slip-ring (SRS110073, Penlink, Sweden), and the latter challenge was solved by building 

a 3D printed slip-ring holder (Figure 5.15a) that houses the slip-ring and also keeps the 

LoD firmly positioned. Combined, the slip-ring assembly (Figure 5.15b) used for LoD in 

Paper III was operated at up to 10 Hz for amperometry measurements during spinning. 

 

 

Figure 5.15 a) Illustration of 3D printed slip-ring holder; b) Photograph of slip-ring assembly used for 

connecting LoD to a commercial potentiostat for electrochemical measurements in Paper III. Reprinted 

(adapted) with permission from 108. 
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6. Conclusion and outlook 

In the framework of this Ph.D. project, novel sensing strategies and integrated detection 

systems for LoD were designed, fabricated, optimized, and applied with the goal to develop 

tools which are robust, facilitates real-time detection, and have the potential to be used for 

point-of-need detection.  

The integrated electrochemical sensors in LoD used with the developed disc-shaped, 

lightweight, wireless potentiostat (Paper III) enabled the real-time detection of an 

electrochemically active compound released from microdevices used for drug delivery. 

The potentiostat (PoD) was designed to have flexibility and modularity that facilitates the 

further development of the platform. For instance, the device can be programmed with 

additional electrochemical techniques such as linear sweep voltammetry, differential pulse 

voltammetry, and impedance spectroscopy. The modularity of the device made it possible 

to swap between the single-channel mode and multi-channel (4 channels) mode just by 

changing the shield placed over the investigated LoD. The flexibility of the PoD lead to 

the development of the concept of artificial gut-on-a-disc, where it is possible to mimic 

different pH regime in the gut (Paper IV). The integrated complex event-triggered valving-

based DF on the LoD, combined with proposed real-time electrochemical sensing, will 

enable the evaluation of pH sensitive coatings of oral drug delivery devices. This 

microfluidic platform will become a novel tool in the development and optimization of oral 

drug delivery devices, which can also be used in combination with optical detection 

methods such as absorbance, fluorescence. To further improve the concept of modular 

detection system used with LoD, the design of the PoD presented in Paper III was further 

optimized. During the development of PoD, we found that the complex circuitry with large 

footprint hindered the implementation of diverse modular detection units. To mitigate this 

challenge, the circuit of the PoD was further simplified, providing room for new circuits 

that enables higher degree of flexibility and modularity. The first developed prototype, PoD 

v2.0 showed significant reduction in circuit footprint while still having all the advantages 

of the previous generation PoD. 
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In parallel with the optimization of the PoD, we also initiated the development of a modular 

optical detection for LoD. The miniaturized microscope-on-a-disc (MoD) was used for 

monitoring yeast-sedimentation in real-time in the microfluidic chamber of LoD (Paper V). 

The developed MoD showed high temporal resolution imaging, irrespective of the rotation 

speed. The MoD is currently used for monitoring the growth of mammalian cells in real-

time on disc, in the framework of another Ph.D. project. In future, there could be the 

possibility to combine electrochemical and optical detection on a centrifugal platform that 

would enable real-time monitoring of cell cultures.  

Therefore, the compact, modular detection units developed in the framework of this Ph.D. 

project are important steps towards decreasing the technological barriers of LoD systems, 

which hindered their application for on-site or point-of-need analysis.  

Besides the design and development of modular detection systems and strategies for 

centrifugal microfluidics, a significant part of this Ph.D. project was dedicated for the 

development of tissue-based electrochemical sensor and electrochemistry assisted SERS 

detection unit. In Paper I, an intestinal tissue-modified oxygen electrode was proposed as 

a tool to measure antioxidant activity of orally administered drugs in the presence of H2O2. 

When the biosensor was exposed to a known antioxidant such a quinol in the presence of 

H2O2, it resulted in the inhibition of O2 produced by the native catalase, thus enabling 

indirect antioxidant measurement. Based on this mechanism, antioxidant activity of some 

commonly used oral drugs such as paracetamol, aspirin, mesalazine, indomethacin, and 

metformin were also evaluated. Moreover, we also measured the antioxidant activity of 

beverages such as coffee, tea, beer, and red wine, with coffee displaying highest H2O2 

scavenging. The tissue-based electrochemical biosensor could be used for testing new 

drugs that may have radical scavenging properties and not compatible with existing in vitro 

methods. Furthermore, the biosensor could be used for mechanistic and dose dependent 

studies for estimating the antioxidant activity of orally administered drugs. As described in 

Paper II, the concept of electrochemical assisted SERS was explored with the primary goal 

of improving the limits of detection and enabling the reusability of the SERS substrate. We 

developed a simplified electrochemical-SERS detection unit which could be easily 

assembled with reusable electrode units. The electrochemical-SERS unit allowed reliable, 
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repetitive measurements using a single SERS chip, thus eliminating chip-to-chip 

variations, and greatly reducing the cost of analysis. To demonstrate the utility of the 

developed detection unit, melamine, a toxic adulterant found in milk, was quantified from 

milk samples. The reusability of the developed platform was demonstrated by repeating 

measurements 60-80 times in a single chip, and a limit of detection of 0.3 ppm in milk was 

achieved, which is well below the limit of melamine allowed in milk-based food products. 

The developed platform combined with simple sample processing, opens new possibilities 

for continuous monitoring and in-line detection since the SERS substrate could be 

regenerated electrochemically. Moreover, with the wide availability of miniaturized 

Raman systems and potentiostat, the proposed detection strategy may potentially be used 

for on-site detection. 

 

 

 

 

 

 

 

 

 

 

 

 

 



94 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 
 

7. References 

(1)  St John, A.; Price, C. P. Existing and Emerging Technologies for Point-of-Care 

Testing. Clin. Biochem. Rev. 2014, 35 (3), 155–167. 

(2)  Wang, L.; Lou, Z.; Jiang, K.; Shen, G. Bio‐Multifunctional Smart Wearable Sensors 

for Medical Devices. Adv. Intell. Syst. 2019, 1 (5), 1900040. 

(3)  Rajendran, R.; Rayman, G. Point-of-Care Blood Glucose Testing for Diabetes Care 

in Hospitalized Patients. J. Diabetes Sci. Technol. 2014, 8 (6), 1081–1090. 

(4)  Ehrenkranz, J. R. L. Home and Point-of-Care Pregnancy Tests: A Review of the 

Technology. Epidemiology 2002, 13 (3). 

(5)  Pandey, C. M.; Augustine, S.; Kumar, S.; Kumar, S.; Nara, S.; Srivastava, S.; 

Malhotra, B. D. Microfluidics Based Point-of-Care Diagnostics. Biotechnol. J. 

2018, 13 (1), 1700047. 

(6)  Chen, H.; Liu, K.; Li, Z.; Wang, P. Point of Care Testing for Infectious Diseases. 

Clin. Chim. Acta 2019, 493, 138–147. 

(7)  Yakov M. Rabkin. From Classical To Modern Chemistry: The Instrumental 

Revolution (RSC Food Analysis Monographs); Peter J T Morris, Ed.; Royal Society 

of Chemistry, 2002; pp 15–16. 

(8)  Ettre, L. S. Fifty years of GC instrumentation 

http://www.chromatographyonline.com/fifty-years-gc-instrumentation. 

(9)  Bartle, K. D.; Myers, P. History of Gas Chromatography. TrAC Trends Anal. Chem. 

2002, 21 (9–10), 547–557. 

(10)  Sample Preparation Techniques in Analytical Chemistry; Mitra, S., Ed.; John Wiley 

& Sons, Inc.: Hoboken, NJ, USA, 2003. 

(11)  Marcel J.E. Golay. J. Chromatogr. Libr. 1979, 17, 109–114. 



96 
 

(12)  A Century of Seperation Science; Haleem J. Issaq, Ed.; CRC Press: New York, 2002. 

(13)  Terry, S. C.; Jerman, J. H.; Angell, J. B. A Gas Chromatographic Air Analyzer 

Fabricated on a Silicon Wafer. IEEE Trans. Electron Devices 1979, 26 (12), 1880–

1886. 

(14)  Impact of Instrumental Analysis on American Industry. Anal. Chem. 1962, 34 (6), 

23A-31A. 

(15)  Manz, A.; Graber, N.; Widmer, H. M. Miniaturized Total Chemical Analysis 

Systems: A Novel Concept for Chemical Sensing. Sensors Actuators B Chem. 1990, 

1 (1–6), 244–248. 

(16)  Sensor https://www.merriam-webster.com/dictionary/sensor. 

(17)  Johnson control https://www.johnsoncontrols.com/about-us/history/our-founder. 

(18)  Rezlescu, N.; Iftimie, N.; Rezlescu, E.; Doroftei, C.; Popa, P. D. Semiconducting 

Gas Sensor for Acetone Based on the Fine Grained Nickel Ferrite. Sensors Actuators 

B Chem. 2006, 114 (1), 427–432. 

(19)  Hieu, N. M.; Phuoc, C. Van; Hien, T. T.; Chinh, N. D.; Quang, N. D.; Kim, C.; 

Jeong, J.-R.; Kim, D. A Separated Receptor/Transducer Scheme as Strategy to 

Enhance the Gas Sensing Performance Using Hematite-Carbon Nanotube 

Composite. Sensors (Basel). 2019, 19 (18), 3915. 

(20)  Mitsubayashi, K.; Yokoyama, K.; Takeuchi, T.; Karube, I. Gas-Phase Biosensor for 

Ethanol. Anal. Chem. 1994, 66 (20), 3297–3302. 

(21)  Ronkainen, N. J.; Halsall, H. B.; Heineman, W. R. Electrochemical Biosensors. 

Chem. Soc. Rev. 2010, 39 (5), 1747. 

(22)  Clark Jr., L. C.; Lyons, C. Electrode Systems for Continuous Monitoring in 

Cardiovascular Surgery. Ann. N. Y. Acad. Sci. 1962, 102 (1), 29–45. 

(23)  Portable Biosensing of Food Toxicants and Environmental Pollutants, 1st Editio.; 



97 
 

Nikolelis, D. P., Varzakas, T., Erdem, A., Nikoleli, G.-P., Eds.; CRC Press: Boca 

Raton, 2013. 

(24)  Van Dorst, B.; Mehta, J.; Bekaert, K.; Rouah-Martin, E.; De Coen, W.; Dubruel, P.; 

Blust, R.; Robbens, J. Recent Advances in Recognition Elements of Food and 

Environmental Biosensors: A Review. Biosens. Bioelectron. 2010, 26 (4), 1178–

1194. 

(25)  Xie, L.; Yan, X.; Du, Y. An Aptamer Based Wall-Less LSPR Array Chip for Label-

Free and High Throughput Detection of Biomolecules. Biosens. Bioelectron. 2014, 

53, 58–64. 

(26)  Hasan, A.; Nurunnabi, M.; Morshed, M.; Paul, A.; Polini, A.; Kuila, T.; Al Hariri, 

M.; Lee, Y.; Jaffa, A. A. Recent Advances in Application of Biosensors in Tissue 

Engineering. Biomed Res. Int. 2014, 2014, 307519. 

(27)  Mortimer, R. J. Spectroelectrochemistry, Methods and Instrumentation. In 

Encyclopedia of Spectroscopy and Spectrometry (Third Edition); Lindon, J. C. B. 

T.-E. of S. and S., Ed.; Elsevier: Oxford, 2017; pp 172–177. 

(28)  Wu, D.-Y.; Li, J.-F.; Ren, B.; Tian, Z.-Q. Electrochemical Surface-Enhanced Raman 

Spectroscopy of Nanostructures. Chem. Soc. Rev. 2008, 37 (5), 1025–1041. 

(29)  Wang, L.; Gan, Z.-F.; Guo, D.; Xia, H.-L.; Patrice, F. T.; Hafez, M. E.; Li, D.-W. 

Electrochemistry-Regulated Recyclable SERS Sensor for Sensitive and Selective 

Detection of Tyrosinase Activity. Anal. Chem. 2019, acs.analchem.8b05341. 

(30)  Tsai, M.-H.; Lin, Y.-K.; Luo, S.-C. Electrochemical SERS for in Situ Monitoring 

the Redox States of PEDOT and Its Potential Application in Oxidant Detection. ACS 

Appl. Mater. Interfaces 2019, 11 (1), 1402–1410. 

(31)  Bindesri, S. D.; Alhatab, D. S.; Brosseau, C. L. Development of an Electrochemical 

Surface-Enhanced Raman Spectroscopy (EC-SERS) Fabric-Based Plasmonic 

Sensor for Point-of-Care Diagnostics. Analyst 2018, 143 (17), 4128–4135. 



98 
 

(32)  Sharma, B.; Fernanda Cardinal, M.; Kleinman, S. L.; Greeneltch, N. G.; Frontiera, 

R. R.; Blaber, M. G.; Schatz, G. C.; Van Duyne, R. P. High-Performance SERS 

Substrates: Advances and Challenges. MRS Bull. 2013, 38 (8), 615–624. 

(33)  Bruker’s Confocal Raman Microscope SENTERRA II 

https://www.bruker.com/products/infrared-near-infrared-and-raman-

spectroscopy/raman/raman-microscope-senterra-ii.html. 

(34)  Thermofisher’s DXRTM3 Raman Microscope 

https://www.thermofisher.com/order/catalog/product/IQLAADGABFFAHCMAP

B#/IQLAADGABFFAHCMAPB. 

(35)  Silmeco’s SERS substrate https://www.silmeco.com/products/sers-substrate-

serstrate/. 

(36)  Horiba’s SERS substrate 

https://www.horiba.com/en_en/products/detail/action/show/Product/sers-

substrates-1635/. 

(37)  Sheu, B.-S.; Lee, S.-C.; Yang, H.-B.; Wu, H.-W.; Wu, C.-S.; Lin, X.-Z.; Wu, J.-J. 

Lower-Dose 13C-Urea Breath Test to Detect Helicobacter Pylori Infection—

Comparison between Infrared Spectrometer and Mass Spectrometry Analysis. 

Aliment. Pharmacol. Ther. 2000, 14 (10), 1359–1363. 

(38)  Fahey, A.; Tyson, J. Instrumental Analysis in the Undergraduate Curriculum. Anal. 

Chem. 2006, 78 (13), 4249–4254. 

(39)  Ou, X.; Chen, P.; Huang, X.; Li, S.; Liu, B. Microfluidic Chip Electrophoresis for 

Biochemical Analysis. J. Sep. Sci. 2020, 43 (1), 258–270. 

(40)  de Mello, A. Focus On-Chip Chromatography: The Last Twenty Years. Lab Chip 

2002, 2 (3), 48N. 

(41)  Glucose Biosensor Market Size to Reach $31 Billion by 2022 | Million Insights 

https://www.prnewswire.com/news-releases/glucose-biosensor-market-size-to-



99 
 

reach-31-billion-by-2022--million-insights-681600061.html. 

(42)  Yılmaz, B.; Yılmaz, F. Chapter 8 - Lab-on-a-Chip Technology and Its Applications; 

Barh, D., Azevedo, V. B. T.-O. T. and B.-E., Eds.; Academic Press, 2018; pp 145–

153. 

(43)  Haeberle, S.; Zengerle, R. Microfluidic Platforms for Lab-on-a-Chip Applications. 

Lab Chip 2007, 7 (9), 1094–1110. 

(44)  Wu, J.; Dong, M.; Rigatto, C.; Liu, Y.; Lin, F. Lab-on-Chip Technology for Chronic 

Disease Diagnosis. NPJ Digit. Med. 2018, 1, 7. 

(45)  Becker, H.; Locascio, L. E. Polymer Microfluidic Devices. Talanta 2002, 56 (2), 

267–287. 

(46)  Nge, P. N.; Rogers, C. I.; Woolley, A. T. Advances in Microfluidic Materials, 

Functions, Integration, and Applications. Chem. Rev. 2013, 113 (4), 2550–2583. 

(47)  Olanrewaju, A.; Beaugrand, M.; Yafia, M.; Juncker, D. Capillary Microfluidics in 

Microchannels: From Microfluidic Networks to Capillaric Circuits. Lab Chip 2018, 

18 (16), 2323–2347. 

(48)  Park, J.; Park, J.-K. Finger-Actuated Microfluidic Device for the Blood Cross-

Matching Test. Lab Chip 2018, 18 (8), 1215–1222. 

(49)  Xu, L.; Lee, H.; Jetta, D.; Oh, K. W. Vacuum-Driven Power-Free Microfluidics 

Utilizing the Gas Solubility or Permeability of Polydimethylsiloxane (PDMS). Lab 

Chip 2015, 15 (20), 3962–3979. 

(50)  Pollack, M. G.; Shenderov, A. D.; Fair, R. B. Electrowetting-Based Actuation of 

Droplets for Integrated Microfluidics. Lab Chip 2002, 2 (2), 96–101. 

(51)  Strohmeier, O.; Keller, M.; Schwemmer, F.; Zehnle, S.; Mark, D.; von Stetten, F.; 

Zengerle, R.; Paust, N. Centrifugal Microfluidic Platforms: Advanced Unit 

Operations and Applications. Chem. Soc. Rev. 2015, 44 (17), 6187–6229. 



100 
 

(52)  Burger, R.; Amato, L.; Boisen, A. Detection Methods for Centrifugal Microfluidic 

Platforms. Biosens. Bioelectron. 2016, 76, 54–67. 

(53)  Delgado, S. M. T.; Kinahan, D. J.; Sandoval, F. S.; Julius, L. A. N.; Kilcawley, N. 

A.; Ducrée, J.; Mager, D. Fully Automated Chemiluminescence Detection Using an 

Electrified-Lab-on-a-Disc (ELoaD) Platform. Lab Chip 2016, 16 (20), 4002–4011. 

(54)  Definition of sensor https://www.merriam-webster.com/dictionary/sensor. 

(55)  Zhao, C.; Liu, X. A Portable Paper-Based Microfluidic Platform for Multiplexed 

Electrochemical Detection of Human Immunodeficiency Virus and Hepatitis C 

Virus Antibodies in Serum. Biomicrofluidics 2016, 10 (2), 24119. 

(56)  Long, F.; Zhu, A.; Shi, H.; Wang, H.; Liu, J. Rapid On-Site/in-Situ Detection of 

Heavy Metal Ions in Environmental Water Using a Structure-Switching DNA 

Optical Biosensor. Sci. Rep. 2013, 3 (1), 2308. 

(57)  Jiang, Q.; Wu, J.; Yao, K.; Yin, Y.; Gong, M. M.; Yang, C.; Lin, F. Paper-Based 

Microfluidic Device (DON-Chip) for Rapid and Low-Cost Deoxynivalenol 

Quantification in Food, Feed, and Feed Ingredients. ACS Sensors 2019, 4 (11), 

3072–3079. 

(58)  Li, H.; Steckl, A. J. Paper Microfluidics for Point-of-Care Blood-Based Analysis 

and Diagnostics. Anal. Chem. 2019, 91 (1), 352–371. 

(59)  Smolka, M.; Puchberger-Enengl, D.; Bipoun, M.; Klasa, A.; Kiczkajlo, M.; 

Śmiechowski, W.; Sowiński, P.; Krutzler, C.; Keplinger, F.; Vellekoop, M. J. A 

Mobile Lab-on-a-Chip Device for on-Site Soil Nutrient Analysis. Precis. Agric. 

2017, 18 (2), 152–168. 

(60)  Ahn, C. H.; Choi, J.-W.; Beaucage, G.; Nevin, J. H.; Lee, J.-B.; Puntambekar, A.; 

Lee, J. Y. Disposable Smart Lab on a Chip for Point-of-Care Clinical Diagnostics. 

Proc. IEEE 2004, 92 (1), 154–173. 

(61)  Khandurina, J.; Guttman, A. Bioanalysis in Microfluidic Devices. J. Chromatogr. A 



101 
 

2002, 943 (2), 159–183. 

(62)  Vyawahare, S.; Griffiths, A. D.; Merten, C. A. Miniaturization and Parallelization 

of Biological and Chemical Assays in Microfluidic Devices. Chem. Biol. 2010, 17 

(10), 1052–1065. 

(63)  Kuswandi, B.; Nuriman; Huskens, J.; Verboom, W. Optical Sensing Systems for 

Microfluidic Devices: A Review. Anal. Chim. Acta 2007, 601 (2), 141–155. 

(64)  Jahn, I. J.; Žukovskaja, O.; Zheng, X.-S.; Weber, K.; Bocklitz, T. W.; Cialla-May, 

D.; Popp, J. Surface-Enhanced Raman Spectroscopy and Microfluidic Platforms: 

Challenges, Solutions and Potential Applications. Analyst 2017, 142 (7), 1022–

1047. 

(65)  Bataillard, P. Calorimetric Sensing in Bioanalytical Chemistry: Principles, 

Applications and Trends. TrAC Trends Anal. Chem. 1993, 12 (10), 387–394. 

(66)  Burger, R.; Kurzbuch, D.; Gorkin, R.; Kijanka, G.; Glynn, M.; McDonagh, C.; 

Ducrée, J. An Integrated Centrifugo-Opto-Microfluidic Platform for Arraying, 

Analysis, Identification and Manipulation of Individual Cells. Lab Chip 2015, 15 

(2), 378–381. 

(67)  Lang, H. P.; Hegner, M.; Gerber, C. Cantilever Array Sensors for Bioanalysis and 

Diagnostics. In Nanobiotechnology II; Wiley-VCH Verlag GmbH & Co. KGaA: 

Weinheim, Germany; pp 175–195. 

(68)  Kimmel, D. W.; LeBlanc, G.; Meschievitz, M. E.; Cliffel, D. E. Electrochemical 

Sensors and Biosensors. Anal. Chem. 2012, 84 (2), 685–707. 

(69)  Yi, C.; Zhang, Q.; Li, C.-W.; Yang, J.; Zhao, J.; Yang, M. Optical and 

Electrochemical Detection Techniques for Cell-Based Microfluidic Systems. Anal. 

Bioanal. Chem. 2006, 384 (6), 1259–1268. 

(70)  Fornasaro, S.; Bonifacio, A.; Marangon, E.; Buzzo, M.; Toffoli, G.; Rindzevicius, 

T.; Schmidt, M. S.; Sergo, V. Label-Free Quantification of Anticancer Drug 



102 
 

Imatinib in Human Plasma with Surface Enhanced Raman Spectroscopy. Anal. 

Chem. 2018, 90 (21), 12670–12677. 

(71)  Fornasaro, S.; Alsamad, F.; Baia, M.; Batista de Carvalho, L. A. E.; Beleites, C.; 

Byrne, H. J.; Chiadò, A.; Chis, M.; Chisanga, M.; Daniel, A.; et al. Surface 

Enhanced Raman Spectroscopy for Quantitative Analysis: Results of a Large-Scale 

European Multi-Instrument Interlaboratory Study. Anal. Chem. 2020, 92 (5), 4053–

4064. 

(72)  Rostami, S.; Zór, K.; Zhai, D. S.; Viehrig, M.; Morelli, L.; Mehdinia, A.; 

Smedsgaard, J.; Rindzevicius, T.; Boisen, A. High-Throughput Label-Free 

Detection of Ochratoxin A in Wine Using Supported Liquid Membrane Extraction 

and Ag-Capped Silicon Nanopillar SERS Substrates. Food Control 2020, 113, 

107183. 

(73)  Morelli, L.; Zór, K.; Jendresen, C. B.; Rindzevicius, T.; Schmidt, M. S.; Nielsen, A. 

T.; Boisen, A. Surface Enhanced Raman Scattering for Quantification of P-

Coumaric Acid Produced by Escherichia Coli. Anal. Chem. 2017, 89 (7), 3981–

3987. 

(74)  Wang, C.; Yu, C. Analytical Characterization Using Surface-Enhanced Raman 

Scattering (SERS) and Microfluidic Sampling. Nanotechnology 2015, 26 (9), 

092001. 

(75)  Morelli, L.; Serioli, L.; Centorbi, F. A.; Jendresen, C. B.; Matteucci, M.; Ilchenko, 

O.; Demarchi, D.; Nielsen, A. T.; Zór, K.; Boisen, A. Injection Molded Lab-on-a-

Disc Platform for Screening of Genetically Modified E. Coli Using Liquid–Liquid 

Extraction and Surface Enhanced Raman Scattering. Lab Chip 2018, 18 (6), 869–

877. 

(76)  Durucan, O.; Rindzevicius, T.; Schmidt, M. S.; Matteucci, M.; Boisen, A. 

Nanopillar Filters for Surface-Enhanced Raman Spectroscopy. ACS Sensors 2017, 

2 (10), 1400–1404. 



103 
 

(77)  Gupta, R.; Bastani, B.; Goddard, N. J.; Grieve, B. Absorption Spectroscopy in 

Microfluidic Flow Cells Using a Metal Clad Leaky Waveguide Device with a 

Porous Gel Waveguide Layer. Analyst 2013, 138 (1), 307–314. 

(78)  Date, Y.; Terakado, S.; Sasaki, K.; Aota, A.; Matsumoto, N.; Shiku, H.; Ino, K.; 

Watanabe, Y.; Matsue, T.; Ohmura, N. Microfluidic Heavy Metal Immunoassay 

Based on Absorbance Measurement. Biosens. Bioelectron. 2012, 33 (1), 106–112. 

(79)  Steigert, J.; Grumann, M.; Dube, M.; Streule, W.; Riegger, L.; Brenner, T.; Koltay, 

P.; Mittmann, K.; Zengerle, R.; Ducrée, J. Direct Hemoglobin Measurement on a 

Centrifugal Microfluidic Platform for Point-of-Care Diagnostics. Sensors Actuators 

A Phys. 2006, 130–131, 228–233. 

(80)  Guo, Q.; Han, J.-J.; Shan, S.; Liu, D.-F.; Wu, S.-S.; Xiong, Y.-H.; Lai, W.-H. DNA-

Based Hybridization Chain Reaction and Biotin–Streptavidin Signal Amplification 

for Sensitive Detection of Escherichia Coli O157:H7 through ELISA. Biosens. 

Bioelectron. 2016, 86, 990–995. 

(81)  Liang, Y.; Huang, X.; Yu, R.; Zhou, Y.; Xiong, Y. Fluorescence ELISA for 

Sensitive Detection of Ochratoxin A Based on Glucose Oxidase-Mediated 

Fluorescence Quenching of CdTe QDs. Anal. Chim. Acta 2016, 936, 195–201. 

(82)  Lee, B. S.; Lee, J.-N.; Park, J.-M.; Lee, J.-G.; Kim, S.; Cho, Y.-K.; Ko, C. A Fully 

Automated Immunoassay from Whole Blood on a Disc. Lab Chip 2009, 9 (11), 

1548. 

(83)  Boppart, S. A.; Richards-Kortum, R. Point-of-Care and Point-of-Procedure Optical 

Imaging Technologies for Primary Care and Global Health. Sci. Transl. Med. 2014, 

6 (253), 253rv2. 

(84)  Obahiagbon, U.; Smith, J. T.; Zhu, M.; Katchman, B. A.; Arafa, H.; Anderson, K. 

S.; Blain Christen, J. M. A Compact, Low-Cost, Quantitative and Multiplexed 

Fluorescence Detection Platform for Point-of-Care Applications. Biosens. 

Bioelectron. 2018, 117, 153–160. 



104 
 

(85)  Donolato, M.; Antunes, P.; de la Torre, T. Z. G.; Hwu, E.-T.; Chen, C.-H.; Burger, 

R.; Rizzi, G.; Bosco, F. G.; Strømme, M.; Boisen, A.; et al. Quantification of Rolling 

Circle Amplified DNA Using Magnetic Nanobeads and a Blu-Ray Optical Pick-up 

Unit. Biosens. Bioelectron. 2015, 67, 649–655. 

(86)  Uddin, R.; Burger, R.; Donolato, M.; Fock, J.; Creagh, M.; Hansen, M. F.; Boisen, 

A. Lab-on-a-Disc Agglutination Assay for Protein Detection by Optomagnetic 

Readout and Optical Imaging Using Nano- and Micro-Sized Magnetic Beads. 

Biosens. Bioelectron. 2016, 85, 351–357. 

(87)  Antunes, P.; Watterson, D.; Parmvi, M.; Burger, R.; Boisen, A.; Young, P.; Cooper, 

M. A.; Hansen, M. F.; Ranzoni, A.; Donolato, M. Quantification of NS1 Dengue 

Biomarker in Serum via Optomagnetic Nanocluster Detection. Sci. Rep. 2015, 5 (1), 

16145. 

(88)  Nolte, D. D. Invited Review Article: Review of Centrifugal Microfluidic and Bio-

Optical Disks. Rev. Sci. Instrum. 2009, 80 (10), 101101. 

(89)  Riegger, L.; Grumann, M.; Nann, T.; Riegler, J.; Ehlert, O.; Bessler, W.; 

Mittenbuehler, K.; Urban, G.; Pastewka, L.; Brenner, T.; et al. Read-out Concepts 

for Multiplexed Bead-Based Fluorescence Immunoassays on Centrifugal 

Microfluidic Platforms. Sensors Actuators A Phys. 2006, 126 (2), 455–462. 

(90)  Blusense https://blusense-diagnostics.com/technology/. 

(91)  SpinDiag https://www.spindiag.de/#technology. 

(92)  Gyros Protein Technologies AB 

https://www.gyrosproteintechnologies.com/gyrolab-immunoassay-

products?hsCtaTracking=f3c5325e-44e2-437f-87ed-101ee47b1fbc%7C7b1179f0-

ebcb-4cf3-9142-bdf996f2c169. 

(93)  Hahn-Schickard-Gesellschaft für angewandte Forschung e.V. https://www.hahn-

schickard.de/en/. 



105 
 

(94)  Zhang, W.; Wang, R.; Luo, F.; Wang, P.; Lin, Z. Miniaturized Electrochemical 

Sensors and Their Point-of-Care Applications. Chinese Chem. Lett. 2020, 31 (3), 

589–600. 

(95)  Smith, S.; Mager, D.; Perebikovsky, A.; Shamloo, E.; Kinahan, D.; Mishra, R.; 

Torres Delgado, S. M.; Kido, H.; Saha, S.; Ducrée, J.; et al. CD-Based Microfluidics 

for Primary Care in Extreme Point-of-Care Settings. Micromachines 2016, 7 (2), 1–

32. 

(96)  Price, C. P. Point of Care Testing. BMJ 2001, 322 (7297), 1285–1288. 

(97)  Nwankire, C. E.; Venkatanarayanan, A.; Glennon, T.; Keyes, T. E.; Forster, R. J.; 

Ducrée, J. Label-Free Impedance Detection of Cancer Cells from Whole Blood on 

an Integrated Centrifugal Microfluidic Platform. Biosens. Bioelectron. 2015, 68, 

382–389. 

(98)  Andreasen, S. Z.; Sanger, K.; Jendresen, C. B.; Nielsen, A. T.; Emnéus, J.; Boisen, 

A.; Zór, K. Extraction, Enrichment, and in Situ Electrochemical Detection on Lab-

on-a-Disc: Monitoring the Production of a Bacterial Secondary Metabolite. ACS 

Sensors 2019, 4 (2), 398–405. 

(99)  Sanger, K.; Zór, K.; Bille Jendresen, C.; Heiskanen, A.; Amato, L.; Toftgaard 

Nielsen, A.; Boisen, A. Lab-on-a-Disc Platform for Screening of Genetically 

Modified E. Coli Cells via Cell-Free Electrochemical Detection of p-Coumaric 

Acid. Sensors Actuators B Chem. 2017, 253, 999–1005. 

(100)  Pletcher, D. A First Course in Electrode Processes: Edition 2, 2nd Editio.; Royal 

Society of Chemistry. 

(101)  Electrochemical cell 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Book%3A_Physica

l_Methods_in_Chemistry_and_Nano_Science_(Barron)/02%3A_Physical_and_Th

ermal_Analysis/2.07%3A_Electrochemistry. 

(102)  Grahame, D. C. The Electrical Double Layer and the Theory of Electrocapillarity. 



106 
 

Chem. Rev. 1947, 41 (3), 441–501. 

(103)  Pilon, L.; Wang, H.; d’Entremont, A. Recent Advances in Continuum Modeling of 

Interfacial and Transport Phenomena in Electric Double Layer Capacitors. J. 

Electrochem. Soc. 2015, 162 (5), A5158–A5178. 

(104)  Allen J. Bard, L. R. F. Electrochemical Methods: Fundamentals and Applications, 

2nd Edition; John Wiley & Sons, 2001. 

(105)  Brett, C. M. A. Electrochemistry: Principles, Methods, and Applications, 1 Edition.; 

Oxford University Press. 

(106)  David T. Harvey. Analytical Chemistry 2.1 

http://dpuadweb.depauw.edu/harvey_web/eTextProject/version_2.1.html. 

(107)  Overview of Electrochemistry 

https://chem.libretexts.org/Bookshelves/Analytical_Chemistry/Book%3A_Analyti

cal_Chemistry_2.1_(Harvey)/11%3A_Electrochemical_Methods/11.01%3A_Over

view_of_Electrochemistry. 

(108)  Rajendran, S. T.; Scarano, E.; Bergkamp, M. H.; Capria, A. M.; Cheng, C.-H.; 

Sanger, K.; Ferrari, G.; Nielsen, L. H.; Hwu, E.-T.; Zór, K.; et al. Modular, 

Lightweight, Wireless Potentiostat-on-a-Disc for Electrochemical Detection in 

Centrifugal Microfluidics. Anal. Chem. 2019, 91 (18), 11620–11628. 

(109)  Gokavi, N. M.; Pattar, V. P.; Bagoji, A. M.; Nandibewoor, S. T. Square Wave 

Voltammetric Determination of 2-Thiouracil in Pharmaceuticals and Real Samples 

Using Glassy Carbon Electrode. Int. J. Electrochem. 2013, 2013, 1–8. 

(110)  Turner, J. A.; Christie, J. H.; Vukovic, M.; Osteryoung, R. A. Square Wave 

Voltammetry at the Dropping Mercury Electrode: Experimental. Anal. Chem. 1977, 

49 (13), 1904–1908. 

(111)  Fonseca, W. T.; Santos, R. F.; Alves, J. N.; Ribeiro, S. D.; Takeuchi, R. M.; Santos, 

A. L.; Assunção, R. M. N.; Filho, G. R.; Muñoz, R. A. A. Square-Wave 



107 
 

Voltammetry as Analytical Tool for Real-Time Study of Controlled Naproxen 

Releasing from Cellulose Derivative Materials. Electroanalysis 2015, 27 (8), 1847–

1854. 

(112)  Barker, G. C. Squarewave Voltammetry. In Congress on Analytical Chemistry in 

Industry; 1957. 

(113)  Mirceski, V.; Skrzypek, S.; Stojanov, L. Square-Wave Voltammetry. ChemTexts 

2018, 4 (4), 17. 

(114)  Osteryoung, J. G.; Osteryoung, R. A. Square Wave Voltammetry. Anal. Chem. 

1985, 57 (1), 101–110. 

(115)  Kim, T.-H.; Abi-Samra, K.; Sunkara, V.; Park, D.-K.; Amasia, M.; Kim, N.; Kim, 

J.; Kim, H.; Madou, M.; Cho, Y.-K. Flow-Enhanced Electrochemical 

Immunosensors on Centrifugal Microfluidic Platforms. Lab Chip 2013, 13 (18), 

3747. 

(116)  Clark, L. C.; Wolf, R.; Granger, D.; Taylor, Z. Continuous Recording of Blood 

Oxygen Tensions by Polarography. J. Appl. Physiol. 1953, 6 (3), 189–193. 

(117)  Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R. A.; Auguié, 

B.; Baumberg, J. J.; Bazan, G. C.; Bell, S. E. J.; Boisen, A.; Brolo, A. G.; et al. 

Present and Future of Surface-Enhanced Raman Scattering. ACS Nano 2020, 14 (1), 

28–117. 

(118)  Sharma, B.; Frontiera, R. R.; Henry, A.-I.; Ringe, E.; Van Duyne, R. P. SERS: 

Materials, Applications, and the Future. Mater. Today 2012, 15 (1–2), 16–25. 

(119)  Schmidt, M. S.; Hübner, J.; Boisen, A. Large Area Fabrication of Leaning Silicon 

Nanopillars for Surface Enhanced Raman Spectroscopy. Adv. Mater. 2012, 24 (10), 

OP11–OP18. 

(120)  Booth, S. G.; Cowcher, D. P.; Goodacre, R.; Dryfe, R. A. W. Electrochemical 

Modulation of SERS at the Liquid/Liquid Interface. Chem. Commun. 2014, 50 (34), 



108 
 

4482–4484. 

(121)  Abdelsalam, M. E.; Bartlett, P. N.; Baumberg, J. J.; Cintra, S.; Kelf, T. A.; Russell, 

A. E. Electrochemical SERS at a Structured Gold Surface. Electrochem. commun. 

2005, 7 (7), 740–744. 

(122)  Musiani, M.; Liu, J.-Y.; Tian, Z.-Q. Applications of Electrochemical Surface-

Enhanced Raman Spectroscopy (EC-SERS). In Developments in Electrochemistry; 

John Wiley & Sons, Ltd: Chichester, UK, 2014; pp 137–162. 

(123)  Viehrig, M.; Rajendran, S. T.; Sanger, K.; Schmidt, M. S.; Alstrøm, T. S.; 

Rindzevicius, T.; Zór, K.; Boisen, A. Quantitative SERS Assay on a Single Chip 

Enabled by Electrochemically Assisted Regeneration: A Method for Detection of 

Melamine in Milk. Anal. Chem. 2020, 92 (6), 4317–4325. 

(124)  Manz, A.; Eijkel, J. C. T. Miniaturization and Chip Technology. What Can We 

Expect? Pure Appl. Chem. 2001, 73 (10), 1555–1561. 

(125)  Hong, J. W.; Quake, S. R. Integrated Nanoliter Systems. Nat. Biotechnol. 2003, 21 

(10), 1179–1183. 

(126)  Volpatti, L. R.; Yetisen, A. K. Commercialization of Microfluidic Devices. Trends 

Biotechnol. 2014, 32 (7), 347–350. 

(127)  Bruus, H. Theoretical Microfluidics; Oxford University Press, 2008. 

(128)  Gu, H.; Duits, M. H. G.; Mugele, F. Droplets Formation and Merging in Two-Phase 

Flow Microfluidics. Int. J. Mol. Sci. 2011, 12 (4), 2572–2597. 

(129)  de Gennes, Pierre-Gilles, Brochard-Wyart, Francoise, Quere, D. Capillarity and 

Wetting Phenomena; 2004. 

(130)  Brenner, T.; Glatzel, T.; Zengerle, R.; Ducrée, J. Frequency-Dependent Transversal 

Flow Control in Centrifugal Microfluidics. Lab Chip 2005, 5 (2), 146–150. 

(131)  Chen, C.-Y.; Karube, I. Biosensors and Flow Injection Analysis. Curr. Opin. 



109 
 

Biotechnol. 1992, 3 (1), 31–39. 

(132)  Jantra, J.; Zór, K.; Sanders, M.; De Saeger, S.; Hedström, M.; Mattiasson, B. 

Development of an Automated Flow‐based Spectrophotometric Immunoassay for 

Continuous Detection of Zearalenone. Biotechnol. Appl. Biochem. 2020, bab.1876. 

(133)  Abi-Samra, K.; Kim, T.-H.; Park, D.-K.; Kim, N.; Kim, J.; Kim, H.; Cho, Y.-K.; 

Madou, M. Electrochemical Velocimetry on Centrifugal Microfluidic Platforms. 

Lab Chip 2013, 13 (16), 3253. 

(134)  Ruzicka, J.; Hansen, E. H. Flow Injection Analysis – Where Are We Heading? TrAC 

Trends Anal. Chem. 1998, 17 (2), 69–73. 

(135)  Uthuppu, B.; Heiskanen, A.; Kofoed, D.; Aamand, J.; Jørgensen, C.; Dufva, M.; 

Jakobsen, M. H. Micro-Flow-Injection Analysis (ΜFIA) Immunoassay of Herbicide 

Residue 2,6-Dichlorobenzamide – towards Automated at-Line Monitoring Using 

Modular Microfluidics. Analyst 2015, 140 (5), 1616–1623. 

(136)  Kim, Y.; Jeong, S.-N.; Kim, B.; Kim, D.-P.; Cho, Y.-K. Rapid and Automated 

Quantification of Microalgal Lipids on a Spinning Disc. Anal. Chem. 2015, 87 (15), 

7865–7871. 

(137)  Park, J.-M.; Cho, Y.-K.; Lee, B.-S.; Lee, J.-G.; Ko, C. Multifunctional Microvalves 

Control by Optical Illumination on Nanoheaters and Its Application in Centrifugal 

Microfluidic Devices. Lab Chip 2007, 7 (5), 557. 

(138)  Lee, W. S.; Sunkara, V.; Han, J.-R.; Park, Y.-S.; Cho, Y.-K. Electrospun TiO 2 

Nanofiber Integrated Lab-on-a-Disc for Ultrasensitive Protein Detection from 

Whole Blood. Lab Chip 2015, 15 (2), 478–485. 

(139)  Xu, W.; Kim, T.-H.; Zhai, D.; Er, J. C.; Zhang, L.; Kale, A. A.; Agrawalla, B. K.; 

Cho, Y.-K.; Chang, Y.-T. Make Caffeine Visible: A Fluorescent Caffeine “Traffic 

Light” Detector. Sci. Rep. 2013, 3 (1), 2255. 

(140)  Phonchai, A.; Kim, Y.; Chantiwas, R.; Cho, Y.-K. Lab-on-a-Disc for Simultaneous 



110 
 

Determination of Total Phenolic Content and Antioxidant Activity of Beverage 

Samples. Lab Chip 2016, 16 (17), 3268–3275. 

(141)  Coli, R. actuated dissolvable-film valves for automated purification of total R. from 

E.; Kinahan, David J. , Clancy, Eoin, Kilcawley, Niamh, Dimov, Nikolay, Smith, 

Terry and Ducrée, J. Rotational-Pulse Actuated Dissolvable-Film Valves for 

Automated Purification of Total RNA from E. Coli. In The 18th International 

Conference on Miniaturized Systems for Chemistry and Life Sciences (µTAS 2014), 

26-30 Oct 2014, San Antonio, TX..; 2014. 

(142)  Andersson, P.; Jesson, G.; Kylberg, G.; Ekstrand, G.; Thorsén, G. Parallel Nanoliter 

Microfluidic Analysis System. Anal. Chem. 2007, 79 (11), 4022–4030. 

(143)  Gorkin, R.; Park, J.; Siegrist, J.; Amasia, M.; Lee, B. S.; Park, J.-M.; Kim, J.; Kim, 

H.; Madou, M.; Cho, Y.-K. Centrifugal Microfluidics for Biomedical Applications. 

Lab Chip 2010, 10 (14), 1758. 

(144)  Gorkin III, R.; Nwankire, C. E.; Gaughran, J.; Zhang, X.; Donohoe, G. G.; Rook, 

M.; O’Kennedy, R.; Ducrée, J. Centrifugo-Pneumatic Valving Utilizing Dissolvable 

Films. Lab Chip 2012, 12 (16), 2894. 

(145)  Nwankire, C.; Chan, D.-S.; Gaughran, J.; Burger, R.; Gorkin, R.; Ducrée, J. Fluidic 

Automation of Nitrate and Nitrite Bioassays in Whole Blood by Dissolvable-Film 

Based Centrifugo-Pneumatic Actuation. Sensors 2013, 13 (9), 11336–11349. 

(146)  Kinahan, D. J.; Kearney, S. M.; Dimov, N.; Glynn, M. T.; Ducrée, J. Event-

Triggered Logical Flow Control for Comprehensive Process Integration of Multi-

Step Assays on Centrifugal Microfluidic Platforms. Lab Chip 2014, 14 (13), 2249–

2258. 

(147)  Schembri, C. T.; Burd, T. L.; Kopf-Sill, A. R.; Shea, L. R.; Braynin, B. 

Centrifugation and Capillarity Integrated into a Multiple Analyte Whole Blood 

Analyser. J. Automat. Chem. 1995, 17 (3), 99–104. 

(148)  Grumann, M.; Geipel, A.; Riegger, L.; Zengerle, R.; Ducrée, J. Batch-Mode Mixing 



111 
 

on Centrifugal Microfluidic Platforms. Lab Chip 2005, 5 (5), 560. 

(149)  Liu, R. H.; Stremler, M. A.; Sharp, K. V.; Olsen, M. G.; Santiago, J. G.; Adrian, R. 

J.; Aref, H.; Beebe, D. J. Passive Mixing in a Three-Dimensional Serpentine 

Microchannel. J. Microelectromechanical Syst. 2000, 9 (2), 190–197. 

(150)  Groisman, A.; Steinberg, V. Efficient Mixing at Low Reynolds Numbers Using 

Polymer Additives. Nature 2001, 410 (6831), 905–908. 

(151)  Kido, H.; Micic, M.; Smith, D.; Zoval, J.; Norton, J.; Madou, M. A Novel, Compact 

Disk-like Centrifugal Microfluidics System for Cell Lysis and Sample 

Homogenization. Colloids Surfaces B Biointerfaces 2007, 58 (1), 44–51. 

(152)  Deng, Y.; Fan, J.; Zhou, S.; Zhou, T.; Wu, J.; Li, Y.; Liu, Z.; Xuan, M.; Wu, Y. 

Euler Force Actuation Mechanism for Siphon Valving in Compact Disk-like 

Microfluidic Chips. Biomicrofluidics 2014, 8 (2), 024101. 

(153)  Peytavi, R.; Raymond, F. R.; Gagné, D.; Picard, F. J.; Jia, G.; Zoval, J.; Madou, M.; 

Boissinot, K.; Boissinot, M.; Bissonnette, L.; et al. Microfluidic Device for Rapid 

(&lt;15 Min) Automated Microarray Hybridization. Clin. Chem. 2005, 51 (10), 

1836–1844. 

(154)  LaCroix-Fralish, A.; Clare, J.; Skinner, C. D.; Salin, E. D. A Centrifugal 

Microanalysis System for the Determination of Nitrite and Hexavalent Chromium. 

Talanta 2009, 80 (2), 670–675. 

(155)  Martin, J. W.; Nieuwoudt, M. K.; Vargas, M. J. T.; Bodley, O. L. C.; Yohendiran, 

T. S.; Oosterbeek, R. N.; Williams, D. E.; Cather Simpson, M. Raman on a Disc: 

High-Quality Raman Spectroscopy in an Open Channel on a Centrifugal 

Microfluidic Disc. Analyst 2017, 142 (10), 1682–1688. 

(156)  Andreasen, S. Z.; Kwasny, D.; Amato, L.; Brøgger, A. L.; Bosco, F. G.; Andersen, 

K. B.; Svendsen, W. E.; Boisen, A. Integrating Electrochemical Detection with 

Centrifugal Microfluidics for Real-Time and Fully Automated Sample Testing. RSC 

Adv. 2015, 5 (22), 17187–17193. 



112 
 

(157)  Cho, H. K.; Lee, Y. H.; Couch, R. A.; Jagadeesh, J. M.; Olson, C. L. Development 

of a Multichannel Electrochemical Centrifugal Analyzer. Clin. Chem. 1982, 28 (9), 

1956–1961. 

(158)  Martinez-Duarte, R.; Gorkin III, R. A.; Abi-Samra, K.; Madou, M. J. The Integration 

of 3D Carbon-Electrode Dielectrophoresis on a CD-like Centrifugal Microfluidic 

Platform. Lab Chip 2010, 10 (8), 1030. 

(159)  Höfflin, J.; Torres Delgado, S. M.; Suárez Sandoval, F.; Korvink, J. G.; Mager, D. 

Electrifying the Disk: A Modular Rotating Platform for Wireless Power and Data 

Transmission for Lab on a Disk Application. Lab Chip 2015, 15 (12), 2584–2587. 

(160)  Bauer, M.; Bartoli, J.; Martinez-Chapa, S.; Madou, M. Wireless Electrochemical 

Detection on a Microfluidic Compact Disc (CD) and Evaluation of Redox-

Amplification during Flow. Micromachines 2019, 10 (1), 31. 

(161)  Wu, J.; Gu, M. Microfluidic Sensing: State of the Art Fabrication and Detection 

Techniques. J. Biomed. Opt. 2011, 16 (8), 1–13. 

(162)  Becker, H.; Gärtner, C. Polymer Microfabrication Technologies for Microfluidic 

Systems. Anal. Bioanal. Chem. 2008, 390 (1), 89–111. 

(163)  Alrifaiy, A.; Lindahl, O. A.; Ramser, K. Polymer-Based Microfluidic Devices for 

Pharmacy, Biology and Tissue Engineering. Polymers (Basel). 2012, 4 (3), 1349–

1398. 

(164)  Tsao, C.-W.; DeVoe, D. L. Bonding of Thermoplastic Polymer Microfluidics. 

Microfluid. Nanofluidics 2009, 6 (1), 1–16. 

(165)  Bartholomeusz, D. A.; Boutte, R. W.; Andrade, J. D. Xurography: Rapid 

Prototyping of Microstructures Using a Cutting Plotter. J. Microelectromechanical 

Syst. 2005, 14 (6), 1364–1374. 

(166)  Convery, N.; Gadegaard, N. 30 Years of Microfluidics. Micro Nano Eng. 2019, 2, 

76–91. 



113 
 

(167)  Dr. Bob’s cell https://www.gamry.com/cells-and-accessories/electrochemical-

cells/dr-bob-s-cell/. 

(168)  Screen-printed electrodes 

http://www.dropsens.com/en/screen_printed_electrodes_pag.html. 

(169)  Taleat, Z.; Khoshroo, A.; Mazloum-Ardakani, M. Screen-Printed Electrodes for 

Biosensing: A Review (2008–2013). Microchim. Acta 2014, 181 (9–10), 865–891. 

(170)  da Costa, T. H.; Choi, J.-W. Low-Cost and Customizable Inkjet Printing for 

Microelectrodes Fabrication. Micro Nano Syst. Lett. 2020, 8 (1), 2. 

(171)  Foo, C. Y.; Lim, H. N.; Mahdi, M. A.; Wahid, M. H.; Huang, N. M. Three-

Dimensional Printed Electrode and Its Novel Applications in Electronic Devices. 

Sci. Rep. 2018, 8 (1), 7399. 

(172)  Güth, F.; Arki, P.; Löher, T.; Ostmann, A.; Joseph, Y. Electrochemical Sensors 

Based on Printed Circuit Board Technologies. Procedia Eng. 2016, 168, 452–455. 

(173)  Gusmão, R.; Browne, M. P.; Sofer, Z.; Pumera, M. The Capacitance and Electron 

Transfer of 3D-Printed Graphene Electrodes Are Dramatically Influenced by the 

Type of Solvent Used for Pre-Treatment. Electrochem. commun. 2019, 102, 83–88. 

(174)  Moschou, D.; Tserepi, A. The Lab-on-PCB Approach: Tackling the ΜTAS 

Commercial Upscaling Bottleneck. Lab Chip 2017, 17 (8), 1388–1405. 

(175)  Matteucci, M.; Heiskanen, A.; Zór, K.; Emnéus, J.; Taboryski, R. Comparison of 

Ultrasonic Welding and Thermal Bonding for the Integration of Thin Film Metal 

Electrodes in Injection Molded Polymeric Lab-on-Chip Systems for 

Electrochemistry. Sensors 2016, 16 (11), 1795. 

(176)  Xu, Y.; Huang, L.-B.; Yung, K.-L.; Xie, Y.-C.; Lee, T. M.-H. Low Cost Fabrication 

of Microelectrodes on Plastic Substrate. Microsyst. Technol. 2011, 17 (3), 361–366. 

(177)  Chang, Z. Fundamentals of Attosecond Optics, 2011th ed.; CRC Press. 



114 
 

(178)  Wu, K.; Rindzevicius, T.; Schmidt, M. S.; Mogensen, K. B.; Hakonen, A.; Boisen, 

A. Wafer-Scale Leaning Silver Nanopillars for Molecular Detection at Ultra-Low 

Concentrations. J. Phys. Chem. C 2015, 119 (4), 2053–2062. 

(179)  Wu, K.; Rindzevicius, T.; Schmidt, M. S.; Mogensen, K. B.; Xiao, S.; Boisen, A. 

Plasmon Resonances of Ag Capped Si Nanopillars Fabricated Using Mask-Less 

Lithography. Opt. Express 2015, 23 (10), 12965. 

(180)  Tran, H. H.; Wu, W.; Lee, N. Y. Ethanol and UV-Assisted Instantaneous Bonding 

of PMMA Assemblies and Tuning in Bonding Reversibility. Sensors Actuators B 

Chem. 2013, 181, 955–962. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



115 
 

 

 

 

 

 

8. Appendix 
 

 

 

 

Appendix 

 

 

 

 

 

 

 

 

 

 



116 
 

 



 

 

 

 

 

 

 

Paper I 

 

Tissue-based biosensor used for monitoring the antioxidant effect of orally administered drugs in 
the intestine 

 

Analytical Chemistry, under review 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



 

Tissue-based biosensor used for monitoring the antioxidant effect of 
orally administered drugs in the intestine 
Sriram Thoppe Rajendran*1, Kinga Huszno2,3, Grzegorz Dębowski2,3, Javier Sotres2,3, Tautgirdas 
Ruzgas2,3, Anja Boisen1 and Kinga Zór*1 

 
1 Center for Intelligent Drug Delivery and Sensing Using Microcontainers and Nanomechanics (IDUN), Department of Health Technology, 
Technical University of Denmark, Kgs. Lyngby, Denmark 
2 Department of Biomedical Sciences, Faculty of Health and Society, Malmö University, Sweden 
3 Biofilms - Research Center for Biointerfaces, Malmö University, Sweden 
*Corresponding author 
 

 

ABSTRACT: For a better understanding of the effect of drugs and their inter-
action with cells and tissues, there is a need for in vitro and ex vivo model systems, 
which enables studying these events. There are several in vitro methods available 
to evaluate the antioxidant activity; however, these methods do not factor in the 
complex in vivo physiology. Here we present an intestinal tissue modified oxygen 
electrode, used for the detection of the antioxidant effect of orally administered 
drugs in the presence of H2O2. Antioxidants are essential in the defense against 
oxidative, stress more specifically against reactive oxygen species, such as H2O2. 
Due to the presence of native catalase in the intestine, with the tissue-based bio-
sensor we were able to detect H2O2 in the range between 50 to 500 µM. The re-
producibility of the sensor based on the calculated relative standard deviations 
was 15 ± 6 %. We found that the O2 production by catalase from H2O2 was reduced in the presence of a well-known antioxidant, quinol. 
This indirectly detected antioxidant activity was also observed in the case of orally administered drugs with a reported anti-inflammatory 
effect such as mesalazine and paracetamol, while no antioxidant activity was recorded with aspirin and metformin.

Oral drug delivery remains the most preferred route of administra-
tion 1,2. Only during the past years, a myriad of oral drug delivery 
strategies has been discovered and clinically tried 3. Oral admin-
istration of drugs faces several challenges since the active com-
pounds need to traverse through the gastrointestinal tract, while be-
ing exposed to varying pH conditions and enzymes, before being 
able to be absorbed in the small intestine after crossing the mucous 
layer and epithelium 4. Assessing the permeation and interaction of 
drugs with the intestinal tissue is essential in drug discovery 5; 
therefore, evaluating the orally delivered drugs in model in vitro 
and ex vivo systems and simulated conditions are essential 6.   
The experimental methods currently used, prior clinical trials,  for 
studying drugs or drug delivery systems are broadly classified into 
computational, physiochemical, biological (e.g., cell cultures, tis-
sues, animal models) and non-biological methods (e.g. artificial 
membranes) 7,8. Among these approaches, in vitro models are ubiq-
uitous due to their ethical and economic viability in comparison 
with in vivo models, especially when large groups of lead candi-
dates are required to be screened. In vitro models, particularly cell 
cultures (e.g., Caco-2 cell monolayers) are widely used for study-
ing orally delivered drugs that meant to be absorbed in the intestine 
9. One major drawback of these systems is that the intricate array 
of in vivo physiological parameters are either oversimplified or 
wholly ignored 10. For instance, epithelial enzymes known to be 

involved in metabolizing drugs, which are also additionally ab-
sorbed 11 are often overlooked in the in vitro systems. Although 
several drug-metabolizing enzymes have been previously investi-
gated 4, little is known about the role of native antioxidant enzymes 
particularly in the site of inflammation in the intestine. In classical 
assays, the interaction or effect of drugs on enzymes is evaluated 
using isolated enzymes or in vitro cell culture systems 12–14. Con-
sidering the high abundance of catalase in the intestinal mucosa 
15,16 and in the intestine 17, it is relevant to evaluate how this en-
zyme or its substrate interacts with orally delivered drugs. Addi-
tionally, it has been also shown the  advantages of tissue-based 
electrochemical biosensors, regarding the prolonged stability of 
the enzymes in their native environment, better sensitivity, and lin-
ear range when compared with the typical isolated enzyme-based 
biosensors 18,19 
Ex vivo methods, using isolated small intestinal tissues are widely 
implemented for drug permeation studies in systems such as the 
Ussing chamber and Franz cells 20,21. Additionally, isolated tissue 
from porcine was also used to evaluate the interaction of drugs and 
delivery systems with intestinal tissue 22. Commonly, for permea-
tion and interaction studies, porcine intestines are preferred due to 
their similarities in function and morphology with the human in-
testines 23,24. Moreover, porcine intestines are also used as a 



 

 

2 

standard mammalian model to study acute and chronic inflamma-
tion. 24,25 
In the case of  inflammatory bowel diseases, such as ulcerative co-
litis 15, it has been reported that oxidative damage and in particular 
H2O2 have a crucial role. Oxidative stress is caused due to the im-
balance between the oxidants (reactive oxygen species (ROS)) and 
the antioxidant defense system in favor of the oxidants, which can 
lead to inflammation 26. Generally, ROS are required for intercel-
lular and extracellular signaling as well as for defense against path-
ogens 27. However, in excess, they are extremely reactive and cause 
damage to proteins, lipids, and nucleic acids, causing oxidative 
stress and resulting in several disease states 28,29. To neutralize any 
adverse effect of the ROS, the intestinal epithelial cells and mucosa 
are equipped with a very efficient antioxidant system comprising 
of enzymes such as superoxide dismutase, glutathione peroxidase, 
and catalase 15. Among antioxidant enzymes, catalase is highly ef-
ficient in neutralizing H2O2, one of the stable forms of ROS, by 
converting it to H2O2 and O2. 
Recently, real-time electrochemical monitoring of native catalase 
in skin has been proposed 30, which was also used to study the re-
action of polyphenol-H2O2 31. In this work, we used porcine small 
intestine modified oxygen electrode (Figure 1A) to study the anti-
oxidant effect of orally administered drugs. 
 
█ EXPERIMENTAL SECTION 

   
Chemicals and materials. Hydrogen peroxide (H2O2) (30%), 
phosphate buffer saline (PBS pH 7.4) in powder, KCl, sodium az-
ide (NaN3), amitrole (3-amino-1,2,4-triazole), quinol (hydroqui-
none), mesalazine (5-aminosalicylic acid), paracetamol (aceta-
minophen), aspirin (acetylsalicylic acid), and metformin (N,N-Di-
methylimidodicarbonimidic diamide) were purchased from Sigma 
Aldrich (St Louis, MO, USA). A custom-made three-electrode sys-
tem consisting of a 250 µm thick platinum wire as working elec-
trode (WE) melted in glass, an internal Ag/AgCl reference (RE), 
and internal platinum counter electrode (CE) (Figure 1A) was pur-
chased from Optronika, UAB (Vilnius, Lithuania). The Teflon 
membrane of 5 µm thickness was obtained from Hansatech Instru-
ments (Norfolk, UK). All solutions were prepared using deionized 
water from Milli-Q Integral Water Purification System from 
Merck Millipore (Billerica, MA, USA). 
Intestinal tissue-modified oxygen electrode. The platinum sur-
face of the WE was polished using a 1 µm alumina suspension 
(Buehler, Lake Bluff, IL, USA) and rinsed with deionized water. 
The body of the electrode was filled with saturated KCl solution 
and covered with a Teflon membrane, completing the basic oxygen 
electrode 32 construction. The oxygen electrode was further cov-
ered with tissue which was immobilized using an O-ring and in 
order to limit the exposure area of the immobilized tissue, the ex-
cess tissue in the sides were covered with Parafilm® (Figure S1). 
The jejunum part of small intestine was harvested from two sacri-
ficed pigs (15-16 weeks old, 50-55 kg, Landrace x Yorkshire x Du-
roc). The tissue was placed on the oxygen electrode in a way that 
the inner part of the tissue (towards the lumen) was exposed to the 
buffer solution during measurement, while the outer part was in 
direct contact with the Teflon membrane of the electrode. The in-
testinal tissue was cut into small pieces of about 5-6 cm and stored 
in 15 mL centrifuge tubes aliquots (1 piece of tissues/tube) at - 20 
°C. Before experiments, the tissues were thawed, rinsed with PBS 
and punched with a leather puncher (3 mm ⌀). Each aliquot of tis-
sue yielded up to 7 circular tissue punches. If the tissue punches 
were not used immediately, they were stored at + 4 °C in a humid 
chamber soaked with PBS for no longer than a week. This ex vivo 
study was conducted at the Technical University of Denmark under 
the license number DK-10-13-OTH-736416. 
Amperometric monitoring of catalase activity in tissue. All am-
perometric measurements were performed with the three-electrode 

setup as described above, using a CHI 660C potentiostat/gal-
vanostat (CH Instruments, Austin, TX, USA). The tissue-modified  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (A) Schematic representation of the tissue-modified oxygen 
electrode. (B)  Working principle of the tissue-modified oxygen electrode. 
____________________________________________________ 
 
biosensor (Figure S1) was submerged into an electrochemical cell 
containing 10 mL PBS (pH 7.4), with continuous stirring for 30 
minutes to eliminate the loosely bound catalase from the tissue. 
Before measurement, fresh PBS was placed in the electrochemical 
cell and chronoamperograms were recorded at a potential of – 0.7 
V vs. Ag/AgCl/Sat. KCl RE. After baseline current stabilized, typ-
ically, a 200 µl of various concentrations of H2O2 was added into 
the electrochemical cell, resulting in a reduction current due to O2 
production catalyzed by the native catalase in the tissue. The cur-
rent signal was recorded after a stable current was obtained. After 
the reduction current stabilized, the analyte of interest was added 
to the electrochemical cell, and the response of biosensor was 
measured after stabilization. If not otherwise specified, the concen-
tration of the tested drugs was three times higher than the concen-
tration of H2O2. For all measurements, the electrochemical cell was 
continuously intermixed with a magnetic stirrer and was carried 
out at room temperature. 
Data analysis. The data was recorded using the software supplied 
by CH Instruments. All experiments were performed in triplicates, 
if not otherwise specified. In assays aimed for quantitative meas-
urements, the same tissue or tissues from the same animal were 
used for a set of experiments. For better graphical representation, 
the obtained raw data were treated using Savitzky-Golay method 
with 30 points averaging. Origin 2018b (OriginLab Corp, North-
ampton, USA) was used to analyze and display the data. When ap-
plicable, the chronoamperograms were baseline shifted for better 
visualization. Normalization of the current was performed by con-
sidering the current response for H2O2 to be 100 %. The inhibition 
current for tested drugs is expressed with respect to the normalized 
current response for H2O2. 
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█ RESULTS AND DISCUSSION  

Working principle of the biosensor and detection of H2O2. The 
working principle of the sensor is depicted in Figure 1B. In the 
presence of native catalase in the intestine, H2O2 is converted to O2 
and H2O. The O2 will diffuse through the Teflon membrane and 
will be reduced on the Pt WE at - 0.7 V vs. Ag/AgCl/Sat. KCl RE.  
As shown in Figure 2A (red and grey curve), after addition of H2O2 
there is an apparent decrease in current as a result of the O2 pro-
duced by catalase while there is no signal in the control measure-
ment, when PBS is added to the electrochemical cell (Figure 2A, 
black curve). We also measured the current response from dis-
solved O2 in the PBS with a bare and tissue-modified oxygen elec-
trode. As expected, the recorded reduction current was lower in the 
presence of the tissue due to the diffusion limitation of O2 (Supple-
mentary information, Figure S2A).  

Figure 2. (A) Representative figure showing the current recorded before 
and after the addition of H2O2 (red and grey curve), the signal recorded in 
the control experiment (black curve), and current measured in the pres-
ence of catalase inhibitions, amitrole (red curve) and sodium azide (grey 
curve). (B) Current response after the addition of H2O2 recorded with the 
tissue-modified electrode without rinsing (black curve), after rinsing (red 
curve) and the signal measured with bare oxygen electrode in the presence 
of H2O2 in solution after the addition of mucosa from rinsing (grey curve). 

(C) H2O2 calibration curve (R2 = 0.989) obtained with the tissue biosen-
sor, from different aliquots of tissues from the same animal. Error bars 
represents the standard deviations, n=3. 
____________________________________________________  
 
To corroborate the role of catalase in the production of O2 from 
H2O2, we evaluated the effect of enzyme inhibitors. Figure 2A 
shows the signal recorded after the addition of an unspecific cata-
lase inhibitor, sodium azide (grey curve), and amitrole (red curve), 
the specific inhibitor of catalase 33. We observed that sodium azide 
inhibits the native catalase in the intestine, an effect earlier reported 
by Nocchi et al. 30 using native catalase in skin. When comparing 
the inhibitors, we observed that in the case of amitrole, the 100 % 
catalase inhibition was slower than for sodium azide (Figure 2A). 
However, catalase was reversibly inhibited by sodium azide and 
irreversibly by its specific inhibitor amitrole (Supplementary infor-
mation, Figure S2B). The data presented in Figure 2A, confirm that 
the change in current recorded after addition of H2O2 is due to O2 
reduction on the Pt WE, where the O2 was produced as a result of 
catalase activity. 
We found that when working with freshly immobilized intestinal 
tissue without rinsing, it was challenging to obtain a stable reduc-
tion current after the addition of H2O2 (Figure 2B, black curve). 
The unstable baseline could be attributed to the fast consumption 
of H2O2 due to the high abundance of catalase produced by the 
large population of bacteria present in the mucosal layer 34. On the 
other hand, when the tissue was thoroughly rinsed after immobili-
zation, a stable current could be recorded (Figure 2B, red curve). 
To evaluate if the unstable baseline in the case of the unrinsed tis-
sue is related to the excess of catalase in the mucosa, we measured 
the O2 produced with a bare oxygen electrode in the presence of 
H2O2 and added mucosa, removed during the rinsing of the intes-
tine. As shown in Figure 2B (grey curve), there is a substantial 
amount of O2 produced, in the presence of 200 µM H2O2 present in 
the PBS, when the loose mucosa (1 mL) from the rinsing process 
was added to the electrochemical cell. This excessive O2 produc-
tion confirms the presence of abundant catalase in the mucosa 
layer, and therefore for further experiments, the tissues were rinsed 
prior measurement. 
Figure 2C shows the linear dependency between current recorded 
with the tissue-modified oxygen electrode and H2O2 concentration 
from 50 up to 500 µM. For studies evaluating the antioxidant ac-
tivity of drugs, 200 µM H2O2 was chosen to mimic oxidative stress 
conditions. The concentration was selected, considering the rela-
tively low concentration of H2O2, leading to a substantial reduction 
current, while a stable signal can be obtained in less than 15 min 
(Figure 2A). Furthermore, using a relatively low concentration of 
H2O2 is essential to prevent catalase inactivation 35. Based on the 
data presented in Figure 2, the relative standard deviation (RSD) 
calculated based on the signal recorded from the tissue modified 
electrode after addition of various concentration of H2O2 was 
found to be 9 ± 5%.  
The stability of the native catalase was evaluated using tissues from  
the same animal. The RSD values were calculated from the current 
response for 200 µM H2O2  recorded from three sensors, each mod-
ified with tissue from the same aliquot. The measurement were per-
formed for 6 days in triplicates and data was collected on day 1, 5 
and 6. We found that RSD between the obtained signals was 7 ± 2 
%. When performing the stability study for 2 weeks (data collected 
in triplicates on day 1, 8 and 13) using three sensors, modified with 
tissues from a second aliquot from the same animal, we found a 
variation of 11 ± 4 %. The obtained data with a relatively low var-
iation within days indicates that the biosensor can be used for sev-
eral days when stored in humid chamber. However, in this study, 
the tissue punch outs were used within three days. 
  
Effect of drugs on O2 production catalyzed by catalase. Many 
phenolic compounds are known to have antioxidant activity 
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36mostly related to their ROS scavenging capacity due to their 
chemical structure 37. It has been shown that certain orally deliv-
ered drugs, with phenolic structure and anti-inflammatory proper-
ties, such as mesalazine, paracetamol, and aspirin display antioxi-
dant activity in vitro 38, although their therapeutic effect is not con-
nected to this antioxidant behavior. Mesalazine is administered to 
reduce inflammation and, therefore, to ameliorate the symptoms of 
patient suffering from ulcerative colitis 39. There are several for-
mulations of mesalazine available; however, the oral form is ex-
tensively used for patients at advanced disease state 40,41. The effect 
of action of mesalazine is not fully known, but its anti-inflamma-
tory effect has been associated with its capacity to indirectly reduce 
production of prostaglandins which results in decreased inflamma-
tion 39 Besides this effect it has also been shown that mesalazine 
has antioxidant properties using animal models and isolated micro-
villus membrane vesicles 13,42. In the animal models, Managlia et 
al., showed that the mesalazine reduced ROS levels over 40% 13.  
As shown in Figure 3A, using the intestinal tissue biosensor, we 
measured a decrease in O2 production after addition of mesalazine 
(red curve). We observed that the inhibitory effect of mesalazine 
was similar to the signal recorded after addition of quinol (Figure 
3A, blue curve), a well-known antioxidant with phenolic structure 
43.  
Paracetamol is another phenolic derivate with reported anti-inflam-
matory effect 44,45. Although its antioxidant effect has also been 
reported using cellular models 14,46,47, paracetamol is mostly known 
for its oxidative stress inducing properties outside its therapeutic 
window 48. It has been previously shown that the oxidative and an-
tioxidant effect of this compound is concentration dependent 49. 

Figure 3. (A) Effect of mesalazine and quinol on the O2 produced from 
H2O2 catalyzed by catalase in the intestinal tissue. (B) Evaluation of anti-
oxidant behavior of paracetamol.   
____________________________________________________ 
 
For instance, Dinis et al., demonstrated using a cell-free assay sys-
tem that paracetamol can directly scavenge ROS with a concentra-
tion range of 2-10 µM 38. As seen in Figure 3B, we recorded a sub-
stantial inhibition of O2 production (blue curve) after the addition 

of paracetamol, which indicates antioxidant like activity of this 
drug. 
We further evaluated this effect, considering that the inhibition of 
the O2 produced from H2O2 could be a result of either (i) direct 
inhibition of catalase activity or (ii) reaction of paracetamol with 
H2O2. When H2O2 was added after 30 minutes incubation with pa-
racetamol, the resultant O2 production was similar to a typical re-
sponse for 200 µM H2O2 (Figure 3B, black curve). However, when 
H2O2 was introduced to the electrochemical cell, together with pa-
racetamol, we noticed decrease in the reduction current, indicating 
lower O2 production (red curve) compared to the case when H2O2 
alone was added (Figure 3B, blue curve). These findings suggest 
that paracetamol does not directly inhibit catalase and that the an-
tioxidant like behavior is due to its ROS scavenging activity, which 
was also reported by Dinis et al. 38. Additionally, when we per-
formed measurement recording the signal from the sensor, while 
sequentially adding H2O2 -paracetamol - H2O2- PBS to the electro-
chemical cell, we found that the second addition of H2O2 resulted 
in a comparable O2 reduction current as the first one (Supplemen-
tary information, Figure S3). The comparable O2 reduction current 
reinforces that paracetamol does not affect catalase activity.  Fig-
ure 4 shows the relative inhibition of O2 production, recorded with 
the tissue-modified oxygen sensor with different drugs, and using 
PBS as control. Among the tested drugs, paracetamol has the high-
est antioxidant effect due to high inhibition current of 55 %, fol-
lowed by mesalazine. 

Figure 4. Normalized current values recorded from tissue-modified oxygen 
electrode for consecutive additions of H2O2, test drug and PBS as control, 
respectively (n=3). Tissues from different aliquots were used for each drug, 
and all aliquots were from the same animal. The antioxidant effect can be 
evaluated from the current inhibition %. The inset shows the chemical 
structures of test drugs.  
____________________________________________________ 
 
Our findings concur with the study performed by Dinis et al., 
where they revealed the antioxidant activity in cell-free assay. We 
also evaluated the effect of aspirin, yet another orally delivered 
drug with phenolic structure, with well-known anti-inflammatory 
and antipyretic property 50,51. Antioxidant activity of aspirin has 
been demonstrated previously in both in vitro and ex vivo 52,53. 
However, in our study, we have not recorded any such activity, 
which could be due to low concentration of aspirin used in our ex-
periments. For instance, Dinis et al. used aspirin 50x times higher 
in concentration than paracetamol to show antioxidant effect in the 
cell-free assay system. 
Additionally, we evaluated metformin, which is an anti-hypergly-
cemic agent primarily used in type-2 diabetes treatment. However, 
it is also known to scavenge intracellular ROS 54, increase catalase 
activity in diabetic rats 55, and recently it has been shown to also 
have anti-inflammatory effect 55. Bonnefont-Rousselot et al. 56 
studied the ROS scavenging ability of metformin using different 
ROS species and showed that metformin particularly does not react 
with H2O2. We observed a similar behavior of metformin in our 
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study, wherein metformin did not have any effect on the O2 pro-
duced by native catalase in the presence of H2O2. The variations 
among different aliquots of tissues isolated from the same animal 
were also calculated based on the sensor response towards 200 µM 
H2O2. Based on the RSD of all measurements presented in Figure 
4, we found a variation of 15 ± 6 %, which was higher than the 
RSD (9 ± 5%) in the case of the data presented in Figure 2C. This 
could be due to different source of the tissue samples, considering 
that the samples were isolated from two different animals. 
 

█ CONCLUSION 
  

In this study, we proposed an intestinal tissue-modified oxygen 
electrode as a tool to measure the antioxidant activity of com-
pounds in an isolated intestinal tissue.We were able to monitor the 
H2O2 scavenging properties of a known antioxidant: quinol; by 
measuring the inhibition of the O2 produced by catalase in the pres-
ence of H2O2. Using this method, we measured the antioxidant ac-
tivity of mesalazine and paracetamol. This effect could be ex-
plained by the presence of phenolic ring since phenolic compounds 
are known to have ROS scavenging properties. Although in ther-
apy, these drugs are not primarily used for their antioxidant prop-
erties, based on the chemical structures, they do have antioxidant 
properties. The lack of any antioxidant effect recorded in the case 
of metformin could be explained from reports indicating that met-
formin does not react with H2O2. The biosensor demonstrated lin-
earity (50 µM to 500 µM) for H2O2, and the native catalase in the 
isolated tissue proved to be stable for up to two weeks. 
Based on our finding, we can conclude that the presented sensor 
would be suitable for testing newly developed drugs that could 
have radical scavenging properties or can affect catalase activity. 
In addition, it could be used for mechanistic investigation as well 
as for studying the dose dependent antioxidant activity of oral 
drugs. 
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Figure S1. Photograph of the tissue-modified oxygen electrode with immobilized intestinal tissue. The inset shows the top view of 
the immobilized tissue with O-ring and Parafilm®. 



 
Figure S2. (A) Baseline current recorded in PBS for bare oxygen electrode and tissue-modified oxygen electrode. The recorded 
current was lower in the presence of the immobilized tissue due to the diffusion limitation of O2 towards the platinum WE. (B) 
Signal recorded for 500 µM H2O2 after addition of enzyme inhibitors, amitrole (red curve) and sodium azide (grey curve). The 
response towards H2O2 indicates the reversible inhibition of sodium azide, while amitrole inhibition seems to be irreversible. 
 
 
 
 
 
 

 
Figure S3. Signal recorded for 200 µM H2O2, before and after the addition of 600 µM paracetamol. The response of secondary 
addition of H2O2 suggests that the inhibition of O2 is most likely due to the reaction of paracetamol with H2O2. If the catalase 
activity was inhibited, the secondary addition of H2O2 might have yielded lower or no O2 production. 
 
 
 
 



Choice of H2O2 and drug concentration  
The amount of H2O2 and drug (1:3 ratio) was chosen based on experiments performed with paracetamol, where we tested 
different ratios 1:1, 1:3, and 1:6. We found that when both H2O2 and paracetamol was added in the ratio 1:1, there was an 
inhibition percentage of 35%, while the inhibition in the case of 1:3 was comparable with 1:6 ratio (45%).  

   
Figure S4: Concentration dependent O2 inhibition by paracetamol.  
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ABSTRACT: Reusability of sensors is relevant when aiming to
decrease variation between measurements, as well as cost and time
of analysis. We present an electrochemically assisted surface-
enhanced Raman spectroscopy (SERS) platform with the
capability to reverse the analyte−surface interaction, without
damaging the SERS substrate, allowing for efficient sensor reuse.
The platform was used in combination with a sample pretreatment
step, when detecting melamine from milk. We found that the
electrochemically enhanced analyte−surface interaction results in
significant improvement in detection sensitivity, with detection
limits (0.01 ppm in PBS and 0.3 ppm in milk) below the maximum
allowed levels in food samples. The reversibility of interaction
enabled continuous measurement in aqueous solution and a
complete quantitative assay on a single SERS substrate.

■ INTRODUCTION

In recent years, surface-enhanced Raman spectroscopy (SERS)
based sensing has become relevant in various scientific and
technological fields, including analytical chemistry and
biology,1 biomedical diagnostics,2,3 forensics science,4,5 drug
discovery,6 environmental monitoring,7 and food safety.8 The
main advantages of SERS are the specificity of the recorded
signal and fast analysis.9 Additionally, it can be combined with
miniaturized laboratory concepts for on-site, point-of-need, or
point-of-care detection, such as lab-on-a-disc10−13 and lab-on-
a-chip systems.14 The potential of the technology is further
supported by the availability of high quality commercial
substrates15−17 as well as by the access to miniaturized,
portable Raman systems.18−24

However, despite the extensive research and development
efforts, SERS has not yet made the leap to become a standard
analytical tool. The primary challenges of SERS-based sensing
technologies are related to reproducible, sensitive, afford-
able25,26 quantification.9,27−29 One limitation of the technology
is the lack of possibilities for real-time, such as in-line
monitoring, a crucial aspect when aiming for quality control.
To enable reliable quantification, several approaches have been
proposed, which provide uniform, homogeneous substrates
and consequently reproducible sensors.9,30−32 Sensitivity can
be improved by means of specific surface functionalization
facilitating the localization of analytes in close proximity of the
electromagnetic (EM) hotspots,30,33,34 where the EM-field

enhancement is highest.35 Additionally, when combining
electrochemistry with SERS and utilizing the SERS substrate
as working electrode, precise control of surface charges can be
achieved. This effect has been shown to improve the detection
limit of SERS sensors, when measuring, for example, thiols,36

uric acid as a preeclampsia marker,37,38 drug metabolites,39

antibiotics,40 screening and identification of bacterial strains,41

as well as detection of the milk adulterant melamine.42

In a quantitative SERS assay usually multiple SERS chips are
used for calibration and detection of the unknown sample,
which relies on acceptable chip-to-chip reproducibility in the
SERS signal intensity.43 A state-of-the-art interchip variation in
the SERS signal intensity (< 10% in a relative standard
deviation) is difficult to obtain,44 and the result could still vary
for different analytes, solvents, or assays. Another major
bottleneck for real-time monitoring with SERS is the
limitations related to reversibility and reusability of the
sensors. Most SERS sensors are single use, which in addition
increases the operational cost of a SERS-based assay. There are
examples for recycling of SERS substrates, based on the
replacement of metal structured components,45 washing
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procedures utilizing harsh reagents, thermal treatment where
molecules are desorbed at high temperature,46 UV irradi-
ation,47 or application of high voltage;48 these processes rely
on drastic surface treatments, specialized equipment, and time-
consuming reversion processes. To the best of our knowledge,
all SERS substrate reusability methods aimed at quantitative
SERS detection reported in the literature solely rely on surface
cleaning processes and/or metal redeposition. Therefore, these
methods are not applicable for real-time, in-flow SERS
measurements that require surface rejuvenation for multiuse,
quantitative detection of trace amounts of analytes. Recently,
an electrically assisted rejuvenation of SERS-active nano-
structured silver surface by applying high voltages (100 V)48

for inline SERS detection have been shown, which indicates
that regeneration of SERS substrates for quantitative molecular
detection could potentially be achieved.
In order to facilitate the reusability of the SERS substrate

within an assay in real time, we present the application of a
highly uniform gold (Au)-capped Si nanopillar SERS
substrate32,49 in combination with electrochemistry. We
demonstrate a single chip-based, electrochemical-SERS plat-
form with significantly improved sensitivity capable of
performing (i) SERS assay calibration, (ii) sensing, and (iii)
SERS chip reusability in real time. As a case study, we focused
on melamine, a toxic compound used for adulteration of dairy
products. Melamine is commonly measured using chromato-
graphic techniques or immunoassays,50 but proved be suitable
for SERS-based detection.42,51−57 When combined with
sample pretreatment, nanoparticle-based SERS substrates
were shown to reach a limit of detection of 0.03 ppm in
milk.58 However, nanoparticle-based SERS substrates often
suffer from low substrate homogenity and signal reproduci-
bility, which can be overcome through purposefully engineered
nanostructured SERS substrates.9,59 As an example, Rajapan-
diyan et al.60 reported a detection limit for melamine in diluted
milk of 2 ppm for SERS substrates based on silver-nanoparticle
decorated nanorod structures.

■ MATERIALS AND METHODS
Chemicals. The supporting electrolyte for all samples was

0.1 M phosphate buffer saline (PBS) containing 0.01 M
disodium phosphate (Na2HPO4), 0.001 M monopotassium
phosphate (KH2PO4), 0.002 M potassium chloride (KCl), and
0.1 M sodium chloride (NaCl). The pH of the PBS (pH 7.4)
was adjusted, when required, to pH 3.6 with 10% hydrochloric
acid (HCl) using a standard pH-glass electrode (WTW series,
Xylem Analytics, Xylem Inc., Rye Brook, NY, USA). Melamine
stock solutions of 10 and 100 ppm were prepared using
melamine powder in PBS for both pH 3.6 and pH 7.4. All
working solutions were prepared with ultrapure water obtained
from a Milli-Q purification system (Millipore Corporation,
Billerica, MA, USA), and all the chemicals were purchased
from Merck KGaA (Darmstadt, Germany).
Milk Samples and Pretreatment. The milk samples with

0.5% fat content (Dansk Maelk, Jacobs Douwe Egberts
Professional, København, Denmark) were purchased from a
local commercial supplier. The samples, spiked with melamine,
were pretreated prior to SERS measurement using a gel
filtration column (NAP-25, GE Healthcare, Pittsburgh, PA,
USA) as also described by A. Kim et al.61 In short, 2.5 mL milk
samples, spiked with various melamine concentrations (0.3−
2.5 ppm) using the pH 7.4 stock solutions, were loaded into
the saturated filtration column. The milk was allowed to sink

into the column and subsequently eluted in 2.5 mL fractions
with PBS pH 7.4. For SERS measurements, the pH values of
the fractions were adjusted with 10% HCl to a pH value
between 3 and 4, which was verified with pH paper (Merck
KGaA, Darmstadt, Germany).

Fabrication of Au-Capped Si Nanopillar SERS Sub-
strates. Au-capped Si nanopillar SERS substrates were
fabricated as previously described.49,62 In short, nanopillars
were produced on a 4 in. Si wafer using reactive ion etching
(Advanced Si Etcher, STS MESC Multiplex ICP). In a
subsequent step Au caps, with a nominal thickness of 160 nm,
were formed on the pillars by e-beam evaporation (Wordentec
QCL 800, Wordentec, Devon, UK) of Au at a rate of 10 Å/s.
The wafer was diced into chips of 6 × 8 mm2 using a laser
micromachining tool (3D-Micromac AG, D-09126 Chemnitz,
Germany).

Electrochemical-SERS Detection Unit. The manufac-
tured electrochemical-SERS platform (Supporting Information,
Figure S1) consists of four main components, namely, (i) a
microscope slide holder base, (ii) a SERS chip used as working
electrode (WE) connected via a copper tape, (iii) the sample
chamber (V = 325 μL), and (iv) an electrode adapter, with a
platinum (GoodFellow, Huntingdon, UK) counter electrode
(CE) (Ø 1 mm), and silver/silverchloride (Ag/AgCl)
reference electrode (RE) (Ø 0.5 mm).
Parts i−iii were designed to be disposable, while the

electrode adapter (iv) can be removed and reused. The holder
base consists of a flat glass microscope slide (width = 25 mm,
length = 75 mm, height = 1 mm) covered by a 0.5 mm
poly(methyl methacrylate) (PMMA, Axxicon Molds, Eind-
hoven, Netherlands) sheet, which can be tightly secured at the
Raman systems microscope stage. A cavity in the PMMA sheet
defines the placement area of the 6 × 8 mm2 SERS substrate.
The SERS substrate is fixed in the PMMA sheet as depicted in
Figure S1 C and partially covered with a strip of 1-cm-wide
adhesive copper tape (Farnell Danmark AS, Herlev, Denmark),
enabling the connection of the SERS substrate to the
potentiostat.
The sample chamber consists of two components: a 0.5

PMMA base (25 × 25 mm2), with a central opening (4 × 4
mm2) for covering the SERS chip and defining the measure-
ment area, and a 3-mm-high PMMA chamber (25 × 25 mm2)
with a central cavity (10 × 10 mm2) and side opening
accommodating the removable electrode adapter. All PMMA
components were manufactured by laser ablation (Epilog Mini
18 30 W, Epilog, USA) and connected to the underlying
structures using a 0.15-mm-thick pressure sensitive double-
sided adhesive (PSA, ARcare 90106, Adhesive Research,
Limerick, Ireland) cut with a Silhouette Cameo Plotter
(Silhouette America, Inc., Utah, US).
The electrode adapter (iv), is an irregular cross-shaped 5-

mm-thick unit manufactured from polydimethylsiloxane
(PDMS). PDMS (DOWSIL, Dow Silicons, Wiesbaden,
Germany) was prepared from base polymer and curing agent
at a standard 1:10 mixing ratio directly into a custom-made
mold manufactured from a 5-mm-thick PMMA sheet by laser
ablation. After removal of trapped air bubbles, PDMS was
cured for 12 h at 70 °C in an oven. The soft elastomeric
material allows easy manipulation of the piece in lateral
directions and assists in sealing the sample chamber, as the
electrode adapter is placed into a fitting opening. Two
electrodes (CE and RE) were placed through the PDMS
piece in the lateral direction and fixed in the center of the
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sample chamber. In all cases, the potential was applied vs the
Ag/AgCl RE.
SERS Measurements. SERS measurements were carried

out using a Raman microscope (Thermo Scientific DXRxi,
Waltham, MA, USA) equipped with an electron multiplying
charge-coupled device and a 780 nm laser. Measurements were
performed in liquid on nonleaned Au-capped nanopillars. It
has been previously shown that SERS molecular detection can
be performed using nonleaned NP substrates,1 which was also
theoretically investigated by K. Wu et al.49 Measurements were
recorded with 5 mW laser power, exposure time of 0.05 s, a
10× objective, a 50 μm slit, and a step size of 50 μm. SERS
maps measuring 2 mm × 3.8 mm (height × width) were
measured on the sensor surface through the liquid sample
repetitively. The nanostructures were characterized before and
after measurements using a scanning electron microscope
(Zeiss Supra VP 40 SEM, Jena, Germany).
In the electrochemical-SERS platform, the potential was

applied using a commercial potentiostat (CHI 1030a, CH
Instruments Electrochemical Analyzer, CH Instruments Inc.,
Austin, TX, USA).
Measurement Procedure. Prior to each measurement,

the SERS chip was preconditioned to ensure wetting of the
chip, since the SERS substrates are hydrophobic after
fabrication. The preconditioning step (1 min, −0.8 V; and 1
min, 0.8 V applied potential) in PBS at the relevant pH was
repeated three times to ensure a homogeneous surface wetting
as well and signal stability. At the optimal applied potential
(−0.8 V), the measurements of standards and samples were
carried out after the chosen potential was applied for 30 s prior
to SERS mapping. Each SERS map took 3 min and 30 s to
record. The surface charge was reversed by applying a positive
potential (0.8 V) for 1 min immediately after the SERS
measurements.
This process was repeated on average four times for each

concentration measurement. For the evaluation of the
reversibility efficiency, an additional SERS map was recorded
at no applied potential.
Data Analysis. Data processing and quantitative analysis

were performed with a custom-made toolbox extension in
Matlab (2019a, MathWorks, Natick, USA). Baseline correction

between 630 − 760 cm−1 was performed by a linear model that
was estimated using the observations from 630 − 650 cm−1

and 740 − 760 cm−1. The median value for peak intensity and
mean-area under the curve, taking into account the removal of
outliers, for the top 20% of data was obtained for each SERS
map. The calibration curve was constructed based on the
measured mean area under the curve at a defined peak. For
data collection, four SERS maps were recorded for each sample
and measurements were carried out in two separate chips (n =
8). For the points in the calibration curve in the case of curve
at no applied potential, SERS maps were recorded for each
individual chip once and four chips were used for each
concentration (n = 4).

■ RESULTS AND DISCUSSION

Melamine has been used as adulterant in food for increasing
the apparent protein content in milk.50 This toxic compound
can cause severe kidney damage;63 therefore, the United
Nations food standard has set a threshold of 1 ppm of
melamine in powdered infant formula and 2.5 ppm for other
foodstuffs and animal feed.64 Due to the importance of
melamine in food safety and the fact that this compound has
been thoroughly studied with Raman spectroscopic techni-
ques,65 including a variety of SERS platforms,13,61 it was
chosen as model analyte for our electrochemical-SERS
detection platform. Melamine is neutral at physiological pH
and does not have any interaction with an uncharged SERS
chip (Figure 1A). However, with a pKa value of 5 and pKb
value of 9, this molecule can be protonated (positive net
charge) in solutions of pH < 5 and deprotonated (negative net
charge) in solutions of pH > 9. In the electrochemical-assisted
SERS approach, the Au-capped nanopillar substrates were used
as WE to enable precise control of the applied potential on the
SERS substrate. By modulating the charges of the target
molecule, we can control the interaction of melamine with the
charged SERS substrate (Figure 1A).
The electrochemical-SERS platform is presented in Figure

1B, where the potential is applied on the WE (SERS chip) vs
the Ag/AgCl RE. The CE and RE are stabilized in the center of
the sample chamber through a reusable electrode adapter. The

Figure 1. Working principle of the electrochemially assisted SERS-based detection showing the variations of surface charges on the Au-capped
nanopillar SERS substrates and the suggested interaction of the surface with melamine (A). Illustration of the custom-made electrochemical-SERS
platform and its respective system interfacing (B). Photo of the assembled detection chamber and SEM image of Au-capped nanopillar structures
for SERS detection (C).
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assembled detection chamber (Figure 1C) can be easily
handled and placed inside the Raman microscope (Figure 1B).
Electrochemically Enhanced SERS Detection. The

melamine Raman spectrum was interpreted using density
functional theory (DFT) simulations and more detailed
vibrational mode assignments are depicted in Supporting
Information Figure S2A. The Raman scattering signal from
melamine powder (Supporting Information, Figure S2B)
shows distinct, sharp peaks corresponding to the simulated
results at 581, 683, and 985 cm−1. Nevertheless, when
measuring melamine (2.5 ppm) spiked in milk (red line) at
neutral (pH 7.4, Figure 2A) and acidified (pH 3.6, Figure 2B)
pH on an Au-capped nanopillar SERS substrate, no distinct
melamine peak could be detected, due to surface fouling by the
sample matrix. On the other hand, a measurable signal could
be obtained for melamine at the same concentration in 0.1 M
PBS (black line).
The detected melamine peak at pH 7.4 and pH 3.6 in PBS

was at a peak position around 710 cm−1, which was different
from the signal recorded from the melamine powder (Figure
S2A). This is probably due to a different state of melamine in
the liquid environment. In Figure 2A, Raman spectra of 2.5
ppm melamine dissolved in PBS (pH 7.4) at no applied
potential (black line) and at high negative potential (−0.8 V,
green line) are shown. At no applied potential, we recorded a
peak attributed to melamine around 710 cm−1, while at −0.8 V
applied potential, a peak at 683 cm−1 was measured. When
measurements were performed in milk, no distinct peaks could
be observed independent from pH and applied surface charge
(Supporting Information, Figure S3) due to the turbidity of the
sample matrix.

Potential-dependent Raman peak shifts have been previously
reported by Koglin et al.66 and can be attributed to the
interaction mechanism of melamine at the metal−electrolyte
interface. In our case, the applied negative potential resulted in
more pronounced peak shape, a peak shift and increased peak
intensity for the same melamine concentration at pH 7.4. At
pH 3.6, the melamine molecule will have a controlled positive
net charge. At this pH, similar peak position shifts can be
observed, as depicted in Figure 2B (green line vs black line).
The observed peak intensity at 683 cm−1 is ten times higher at
−0.8 V applied potential (green line, Figure 2A vs Figure 2B),
in the case of the acidified solution in comparison to the
solution at pH 7.4. The increase in intensity is caused by
electrostatic attraction between the negatively charged SERS
substrate at −0.8 V and the protonated melamine molecules at
pH 3.6.42 Despite of the signal increase at pH 3.6 with −0.8 V
applied potential, when melamine was measured directly in
milk samples there was no peak observed due to the turbidity
of the solution caused by the lipid micellar components in the
milk (Figure 2B, black line vs red line). This observation
indicates a strong need for a simple sample pretreatment when
dealing with real samples.
As we demonstrated, the SERS-based detection of melamine

is significantly enhanced due to electrostatic interaction
between the negatively charged sensor surface at −0.8 V
applied potential and the positively charged analyte (pH 3.6).
We observed that changes in surface charge cause a significant
peak-pattern change when measuring 1 ppm melamine in
acidified PBS (pH 3.6, Figure 2C). Examples of recorded maps
for these measurements have been included in the Supporting
Information (Figure S4). Generally, the peak intensities
increase with increased negative applied potential from −0.2

Figure 2. SERS spectra of 2.5 ppm melamine in PBS and milk at a pH 7.4 (A) and pH 3.6 (B). Comparison of neutral and positively charged
melamine in PBS at no (black line) and −0.8 V vs Ag/AgCl (green line) applied potential. SERS spectra of 1 ppm melamine in PBS at pH 3.6
dependent on the applied potential (C). The SERS spectra have been shifted for clear representation.
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V up to −0.8 V, followed by a slight decrease in intensity at −1
V. Similar effects have been shown by Robinson et al.42 We
also observed that up to 0.4 V applied potential the peak at 710
cm−1 is dominant, which has also been previously reported
when measuring melamine in aqueous solutions.42,61 However,
at 0.2 V an additional second peak appears around 702 cm−1,
while at 0 V the peak at 683 cm−1 becomes apparent and
intensifies with increased negative applied potential, while the
702 and 710 cm−1 peaks start to disappear. At an applied
potential of −0.6 V, the 683 cm−1 peak is the major spectral
peak, and it reaches its highest intensity at −0.8 V. Therefore,
for further experiment aimed for melamine quantification, −0.8
V applied potential was used.
Reversibility of the SERS Substrate. Meier et al.48

previously reported a fast electrically assisted regeneration of a
stationary SERS substrate integrated into a microfluidic
channel via short-term application of 100 V to the surface.
The regenerated crystal violet (10−5 M) SERS spectra
displayed an ∼33% deviation in spectral intensity possibly
caused by morphology changes of the Ag substrate induced
through the high applied voltage during the desorption
process, which is a major limitation for utilizing the method
in quantitative SERS applications reliably. In this work, we
evaluated the possibility of reversing the electrical attraction on
the surface, by applying a positive potential of 0.8 V for 1 min
after measurements, aiming to break the interaction between
the analyte and the SERS substrate (Figure 3A).
In Figure 3B, SERS spectra of 1 ppm melamine at multiple

repetition cycles in acidified PBS (pH 3.6) are shown. The
spectra were recorded on a single chip, while the applied
potential was switched between −0.8 and 0.8 V (Figure 3C).
After each measurement at −0.8 V applied potential, the
analyte was electrostatically removed from the surface of the
SERS substrate when 0.8 V was applied for 1 min. Raman
signal intensities of the 683 cm−1 peak are stable throughout
the measurements at −0.8 V applied potential (Figure 3B, red
curves). The black curves (Figure 3B) are the intermediate
measurements performed at no applied potential, after the

reversal (0.8 V, 1 min) step, and show that melamine was
efficiently removed from the SERS substrate. There is a clear
and stable 710 cm−1 peak at no applied potential, while at a
highly negative applied potential a dominant peak at 683 cm−1

could be observed. Both peaks are characteristic for the applied
potential state (Figure 2C), which shows that the substrate
returned to its initial state after charge reversal. Throughout
the repetition cycles, no additional spectral peaks could be
observed (Supporting Information, Figure S5A). The effect of
applied potentials on the morphology of SERS substrates was
negligible; see SEM images of the SERS substrates before and
after an experimental run depicted in Figure S5B (Supporting
Information).
In Figure 3C, the variation between measurements is shown,

considering the area under the curve, for the 683 cm−1 peak, at
no applied potential (black) and at −0.8 V applied potential
(red). To ensure accurate detection achievable on a uniformly
charged and wetted surface, a preconditioning step (two
repetition cycles of −0.8 and 0.8 V applied potential) was
introduced prior to an assay, as indicated in the Measurement
Procedure section, and therefore, the data from the
preconditioning step was not included in the signal reversibility
study. When considering the peak intensities at −0.8 V applied
potential for the 683 cm−1 peak, we obtained a 23.7% relative
standard variation between the samples. However, when
calculating the area under the curve for the 683 cm−1, as
shown in Figure 3C, the variation, calculated as relative
standard deviation (RSD), was lower (11.4%) probably
because in this case the software also included the contribution
of the 710 cm−1 peak area.

Calibration on a Single Chip. Due to the electrochemi-
cally controlled reversibility of the substrate, it was possible to
perform a full calibration curve on a single SERS substrate
(Figure 4, blue dots). Each concentration was measured
repeatedly on the SERS substrate, followed by a complete
exchange of the sample between concentrations after final
analyte repulsion.

Figure 3. Working principle of the surface reversibility (A). Reversibility study of 1 ppm melamine in acidified PBS; data recorded at −0.8 V
applied potential vs Ag/AgCl and at no applied potential (B); inset shows the area under curve at the 683 cm−1 peak (C) (n = 4).
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For comparison, we constructed a calibration curve at no
applied potential with an uncharged analyte (Figure 4, black
dots), which required 60 separate Au-capped nanopillar chips
to obtain comparable numbers of data points as with the
electrochemically assisted approach.
There is a clear difference between the calibration curves

presented in Figure 4, with an improved sensitivity in the case
of the electrochemically enhanced SERS. The linear range in
this case was between 0.05 and 0.5 ppm with the detection
limit of 0.01 ppm. Based on the calibration curve, it can be
seen that with noncharged melamine and at no applied
potential, the detection limit is 0.5 ppm, which is already 20
times lower than previously reported detection limits for
melamine of 10 ppm on our Au-capped nanopillar substrates13

and 10 times lower than on other spectroelectrochemical SERS
systems utilizing screen-printed electrodes modified with silver
nanoparticles.42 As shown in Figure 4, we obtained calibration
curves on a single SERS chip by utilizing 60−80 repetition
cycles on various melamine concentrations. Additionally, the
RSD when using the electrochemically assisted approach was
14.1% lower than when working with individual chips for the
calibration curve (30% RSD). We evaluated the efficiency of
signal reversibility, since it is a crucial factor during sensor
calibration and when performing an assay. If melamine is not
removed efficiently, the molecules can gradually accumulate on
the sensor substrate leading to an artificial signal increase and a
false positive result.
To verify that melamine was removed, through electrostatic

(0.8 mV) repulsion, after detection, we measured acidified PBS
control (0 ppm melamine) several times at −0.8 mV, namely,
after preconditioning, intermediately between concentrations
and at the end of a measurement set and after each single-chip
calibration. The SERS spectra of acidified PBS controls for
three separate calibration experiments are shown in Figure 5.
We observed no significant melamine-related Raman peaks
(683 or 710 cm−1) in acidified PBS controls for any of the
experiments. This strongly suggested that the electrostatic
repulsion of protonated melamine from the SERS substrate
when applying a highly positive surface potential (0.8 V)

functions reliably and additionally allows efficient sample
removal from the sensor surface. During sample exchange,
melamine could be removed from the sample chamber without
any residues avoiding cross contamination between samples
and artificially increased signal intensities.

Melamine Detection in Milk. Direct application of
sensors in real samples, such as milk, can be challenging,
considering the effect of interfering compounds, which either
can foul the sensor surface or lead to false positive
outputs.13,38,41,42,61,67 For the detection of melamine, liquid
chromatography or gas chromatography coupled with mass
spectrometry as well as immunosorbent assays is commonly
used.50 However, these techniques often require complex
sample pretreatment procedures, such as chromatographic
separation and phase extraction,68 as well as well-trained
personal and costly analysis systems. SERS, on the other hand,
proved to be a feasible alternative for fast and cost-efficient
melamine detection42,51−57 and has been successfully used in
combination with various sample pretreatment ap-
proaches,11,57,69 which proved to be important when
quantifying analytes from a complex sample matrix.
Milk is a commonly used staple food with a rather complex

matrix; it is composed of next to 90% water, different
proportions of lipids, proteins, carbohydrates, as well as small
amounts of minerals and other micronutrients.70 Common
simple pretreatment approaches for melamine separation from
milk utilized in combination with SERS detection include
centrifugation71,72 and dilution. Melamine was measured from
milk using a variety of nanoparticle-based SERS substrates,50

reaching detection limits down to 0.03 ppm58 when used in
combination with pretreatment technologies.
In this work, we utilized a simple sample pretreatment based

on solid phase separation of milk on a gel filtration column,
previously introduced by A. Kim et al.61 We optimized the
fraction collection step, using milk spiked with 10 ppm
melamine. The first two fractions were discarded and not used
for SERS based detection, since they contained the majority of
milk micelles, resulting in a high sample turbidity and lack of
melamine signal (Figure 6A). In Figure 6B, it is shown that we
obtain a clear melamine signal from fraction 3, while there is
no detectable melamine form milk spiked with melamine. As

Figure 4. Calibration curve of melamine in PBS performed using the
electrochemically assisted SERS-platform (blue, pH 3.6, n = 8)
compared to calibration curve obtained with individual chips for each
concentration (black, pH 7.4, n = 4).

Figure 5. SERS spectra of acidified PBS for three separate calibration
curve experiments. The data was recorded at −0.8 V applied potential
vs Ag/AgCl after sample preconditioning, in the middle and at the
end of a calibration curve experimental run (n = 6). The SERS spectra
have been shifted for clear representation.
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can be seen in Figure 6C, the majority of melamine is eluted in
fraction 3 and 4, which were combined for further analysis.
Using the calibration curve shown in Figure 4 (pH 7.4, no
applied potential), we found that the concentration in the
combined fractions 3 and 4 was 9.3 ± 0.8 ppm. Melamine
detected from the milk fractions shows a slightly lower
response than the signal recorded from spiked PBS solutions,
indicating that a part of the analyte was either retained in the
gel filtration column or eluted in other fractions.
Once we established the extraction of melamine from milk,

we evaluated the efficiency of the sample pretreatment method
combined with the electrochemically assisted SERS-based
detection by measuring various concentrations (0.3 to 1 ppm)
of melamine spiked in milk and PBS (Figure 6D). After
elution, the combined fractions (3 and 4) were acidified with
10% HCl, and measurements were performed at −0.8 V
applied potential with intermediate reversal of charges.
Melamine detected from the milk fractions shows a slightly
lower response than the signal recorded from spiked PBS
solutions, indicating that a part of the analyte probably was
retained in the gel filtration column. We found that
approximately 90% of the melamine was eluted for all tested
concentrations, leading to a reliable detection of at least 0.3
ppm melamine from milk samples, which is below the lowest
set limit of 1 ppm. Kim et al.61 reported a detection limit of 1
ppm melamine in milk with the same gel filtration sample
pretreatment method using SERS substrates. In addition,
electrochemically assisted SERS-based detection of melamine
in milk has been demonstrated by Brosseau et al. with a

portable system with 5 ppm melamine detection limit in
milk.71 An added advantage of the method presented here,
besides the lower detection limits, is the reversibility of the
SERS-based detection, which substantially lowers the number
of sensors needed in a quantitative assay.

■ CONCLUSION

In this paper, we present a cost efficient and specific approach
for melamine detection, using a compact and easy to use
detection platform. The technique allows reliable, repetitive
measurements on a single SERS chip, which eliminated chip-
to-chip variations and greatly decreased the cost of analysis.
The obtained limit of detection (0.01 ppm) for melamine in
PBS and the lowest measured concentration in milk (0.3 ppm)
are below the maximum allowed levels in powdered infant
formula of 1 ppm.64 This indicates that, when combined with
the suitable sample pretreatment step, the electrochemically
assisted SERS assay presented here could be suitable for
screening of infant formula. Our application of a simple sample
pretreatment enables melamine detection from real samples
without the need of sample dilution. The presented method
and detection platform open up new possibilities for
applications requiring continuous monitoring and in-line
detection, considering the reversible nature of detection.
Additionally, the presented system would be suitable for on-
site detection when combined with miniaturized Raman
systems19,21 and potentiostats.73,74 The introduced pretreat-
ment and reversible detection unit can be easily integrated as

Figure 6. Photo of milk in comparison with the obtained eluted fractions (A). SERS spectra of milk and signal recorded from the combined elution
fractions 3 and 4 under no applied potential conditions (B). SERS spectra have been shifted for clear representation. Area under the curve for 710
cm−1 melamine peak at no applied potential conditions for fractions 1 to 6 (C, n = 3). Signal recorded for melamine detected from milk and PBS
after elution using electrochemically assisted SERS (D). Peak areas for 683 cm−1 melamine peak at −0.8 V applied potential are shown (n = 8).
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automated units for continuous detection in an industrial
setup.
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ABSTRACT  

The Supporting information includes detailed information on the components of the electrochemical-

SERS platform as illustrated in Fig. S1. The choice of characteristic spectral range and peaks utilized 

throughout this work is supported by theoretical simulations summarized in Fig. S2. The challenge of 

directly detecting melamine from milk is illustrated in Fig. S3. Signal reversibility supported by data 

analytical procedures (Fig. S4) and control experiments (Fig. S5) open the possibility for a 1-chip 

calibration.   
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Components of the electrochemical-SERS platform 

The electrochemical-SERS platform utilized in this study was custom made in-house. Key components 

of the platform are represented in Fig. S1. The assembled platform (Fig. S1A) is constructed from four 

main components: (i) the holder base, (ii) SERS chip used as working electrode, (iii) the sample chamber 

and (iv) an electrode adapter, as can be seen in Fig. S1B, C. Components (i) and (iii) are made of 

polymethyl methacrylate (PMMA) layers with varying thickness and are fixed on a microscope glass 

slide with pressure sensitive adhesive tape. The (ii) Au-capped nanopillar SERS substrate is sandwiched 

between the holder base and sample chamber and connected to a potentiostat via a copper tape. 

Components (i) – (iii) were designed to be disposable and are meant to be single-use. The (iv) electrode 

adapter, containing the counter and reference electrode, can be removed from the assay platform and re-

used after cleaning.  
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Figure S1: Photo of assembled (A) and disassembled into main components (B) electrochemical-SERS 

platform. Illustration of the main platform components (C).  
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Theoretical simulations  

The ground molecular structure and vibrational spectrum of melamine molecule was simulated using 

ab initio calculations in the Gaussian 09 program package.1 Geometric optimization was obtained by 

density functional theory (DFT) calculations using the hybrid functional B3LYP and the standard 6-

311+G(d,p) basis set. The GaussSum 3.0 software package was used to produce the theoretical melamine 

Raman spectrum depicted in Fig. S2A.2 Vibrational modes can be assigned as follows: 586 cm-1 – 

asymmetric ring stretch, 684 cm-1 – ring breathing, 748 cm-1 – out of plane C-N stretching, 990 cm-1 – 

NH2 in-plane rocking and 1622 cm-1 – NH2 scissoring (bending) mode.  

Experimental Raman measurements of dry melamine powder (Fig. S2B) were recorded through point 

measurements with a 780 nm laser at a laser power of 5 mW, exposure time of 1 s, a 10X objective, a 

50 µm slit and a step size of 500 µm. Five measurement points were evaluated. The Raman spectra of 

melamine powder shows distinct sharp peaks at 581 cm-1, 683 cm-1 and 985 cm-1, which correspond to 

the obtained theoretical Raman spectra. 
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Figure S2: Theoretical Raman spectrum of melamine (A) and experimentally obtained Raman spectra 

of melamine powder (B). 
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Control spectra in milk 

SERS measurements of 2.5 ppm melamine in 0.5 % milk do not show any relevant Raman peaks. 

Measurements were performed both at pH 7.4 and pH 3.6 under no applied potential and – 0.8 V applied 

potential, as depicted in Fig. S3. The complexity and turbidity of the sample matrix hinders detection, 

and therefore no Raman peaks of melamine are visible independent from melamine protonation and 

applied potential on the SERS chip.  

 

Figure S3: SERS spectra of 2.5 ppm melamine in milk at pH 7.4 and 3.6 as well as no applied (black) 

and – 0.8 V vs. Ag/AgCl applied (green) potential. The SERS spectra have been shifted for clear 

representation.  
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Signal reversibility on the SERS substrate  

We showed that it is feasible to control the electrostatic interactions between melamine and the SERS 

substrate. In addition, we conducted a variety of control measurements to test how efficiency and 

reliability of the signal reversibility process. However, we found that the potential is not always 

uniformly applied on the SERS-chip (working electrode) surface, probably due to the non-uniformity of 

the gold layer. This can cause variations in melamine concentrations over the sensor surface, due to 

variations in sensor surface morphology and strength of locally applied potential (see Fig. S4).  

To overcome this variation, we used a data analysis procedure for calibration and melamine detection 

in milk leading to the possibility of 1-chip calibration. Data analysis is based on the median value for 

mean-area under the curve over a spectral range (630 – 760 cm-1) covering peak intensities observed at 

applied potential (683 cm-1) and non-applied potential (710 cm-1), taking into account removal of outliers, 

for the top 20 % of data for each SERS map as described in the ‘Data Analysis’ section. 
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Figure S4: SERS maps depicting the intensity distribution of the characteristic 683 cm-1 peak. 

Comparison between melamine measurements under no applied potential (6 ppm, pH 7.4) and - 0.8 V 

applied potential (0.25 ppm, pH 3.6) in PBS (A). Intensity comparison for a 1 ppm melamine PBS 

solution (pH 3.6) at various applied surface potentials (B).  
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In Fig. S5A as well as in Fig. 3B SERS spectra of 1 ppm melamine in acidified PBS (pH 3.6) are 

shown. The positively charged analyte was electrostatically attracted (- 0.8 V) followed by a charge 

reversal (+ 0.8 V) in consecutive repetition cycles, from which cycle 3, 6 and 10 are shown in Fig. S4B 

for a clear visualization. The spectra were recorded on a single chip, while the applied potential was 

switched between - 0.8 V and 0.8 V. Raman signal intensities of the 683 cm-1 peak are stable throughout 

the measurements at - 0.8 V applied potential (red curves), while spectra measured at no applied potential 

(black curves) after applying 0.8 V for 1 min show no peak at the same position. In the case of no potential 

applied we can, on the other hand, detect a significant peak around 710 cm-1, which has been observed 

in all cases independent of molecule protonation form when there was no potential applied. No additional 

peaks were observed throughout the experiment.  

We assessed the surface of the SERS chip and the effect of the subsequent applied potential. SEM 

images of dried SERS chips before and after (Fig. S5B) the reversibility study indicate no significant 

change in surface topography of the Au-capped nanopillar structures. After consecutive ten 

measurements and reversion cycle measurements the surfaces appear slightly smoother and melamine 

residues are located between the pillars, indicating a well-wetted substrate. These findings strongly 

suggest that the applied potential does not damage the Au-capped nanopillar substrates over multiple 

repeating measurements and therefore ensures the reusability of the substrate.  
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Figure S5: SERS spectra of 1 ppm melamine in acidified PBS, data recorded at - 0.8 V applied potential 

vs. Ag/AgCl and at no applied potential for repetition cycle 3, 6 and 10 (A). The SERS spectra have been 

shifted for clear representation. SEM images obtained of the substrate before and after the reversibility 

study (B). (n = 3) 

 As shown in Fig. 4, we obtained calibration curves on a single SERS chip by utilizing 60 – 80 repetition 

cycles on various melamine concentrations. We evaluated the efficiency of signal reversibility, since it 

is a crucial factor during sensor calibration and when performing an assay. If melamine is not removed 

efficiently, it can occur that the molecules will gradually accumulate on the sensor substrate. 
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ABSTRACT: Interfacing electrochemical sensors in a lab-on-a-
disc (LoD) system with a potentiostat is often tedious and
challenging. We here present the first multichannel, modular,
lightweight, and wirelessly powered, custom-built potentiostat-
on-a-disc (PoD) for centrifugal microfluidic applications. The
developed potentiostat is in the form factor of a typical digital
video disc (DVD) and weighs only 127 g. The design of the
potentiostat facilitates easy and robust interfacing with the
electrodes in the LoD system, while enabling real-time electro-
chemical detection during rotation. The device can perform
different electroanalytical techniques such as cyclic voltammetry,
square wave voltammetry, and amperometry while being
controlled by custom-made software. Measurements were
conducted with and without rotation using both in-house
fabricated and commercial electrodes. The performance of the PoD was in good agreement with the results obtained using
a commercial potentiostat with a measured current resolution of 200 pA. As a proof of concept, we performed a real-time
release study of an electrochemically active compound from microdevices used for drug delivery.

Electrochemical (bio)sensors1,2 have been successfully used
in biomedical application,3 for food analysis,4,5 and

environmental monitoring6 as well as for drug development.7,8

These sensors have been proposed to be suitable for
integration in microfluidics9,10 and were used in point-of-care
devices,11 cell-based assays,8 and in combination with wireless
data transmission.12,13 The electrochemical transducer (elec-
trode) and instrumentation (potentiostat) can be miniaturized
without losing performance10,14−16 at a relatively low cost with
a minimal power demand.17−19 Therefore, electrochemical
detection proved to be suitable for integration with micro-
fluidics when developing portable, affordable devices for point-
of-care, point-of-need, or on-site analysis.
Centrifugal microfluidic platforms, or so-called lab-on-a-disc

(LoD) systems, gained interest in both academic research and
industry.20−25 These microfluidic devices require relatively
simple instrumentation for liquid handling, i.e., a spinning
motor. The miniaturization and automation of the motor
facilitates a simple, compact, and inexpensive system enabling

the execution of complicated liquid handling steps24,26 on a
small footprint such as a compact disc. LoD devices are mainly
used in combination with contact-free optical detection.27−32

Typically, in the case of optical sensing, the transducer is not in
direct contact with the detector. Therefore, the measurement
could be easily performed by the addition of a peripheral
optical device. However, the spinning of the disc should be
stopped for optical measurements.
Measurements during rotation are particularly challenging

when there is a need for direct contact between transducer and
detector. There are several examples describing the integration
of electrochemical31,33−37 detection in LoD devices. In certain
cases, the measurements are performed in static condition, at
the end point after fluidic operations were carried out34,37,38 or
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during rotation with the help of a slip ring,31,33,35,37,39 which
was in turn connected to a commercial potentiostat.
Nevertheless, both methods create complications in

handling and necessitate more time for a measurement.
Although a slip ring enables real-time measurements, it adds
additional complexity to the experimental setup and severely
limits the number of possible electrical contacts. Moreover, the
brush connector in the slip ring wears out with time, and
hence, limits rotational frequency of LoD devices.40

We have previously used mercury-based slip rings, which
have lower resistance in comparison to the typical slip rings
with brush connectors;35 however, even for single-channel
measurements, the interfacing with a commercial potentiostat
was rather bulky and complex.35,37 In certain applications, e.g.,
immunoassays, end point measurements are suitable, and there
is no need for real-time detection. However, when the
detection needs to be carried out on site or a reaction must
be followed in real time, there is a need for a platform which
can be portable and enables straightforward interfacing and
reliable detection during rotation. There are several application
of the LoD devices for point-of-care applications20,41−43 and
on-site,44,45 at-line,28,37,46 and in-line47 monitoring. However,
portable electrochemical analyzers used in combination with
LoD systems, which enable real-time detection during rotation,
are scarce.
In the past few years there have been major developments in

creating a compact, modular, and portable centrifugal platform
with integrated power generation and wireless communication
system.40,48−51 The electrified lab-on-a-disc (eLoaD)49 offers
various detection possibilities51 as well as temperature and
valve control.50 More recently, a portable battery-powered
commercial potentiostat was integrated on the disc for real-
time measurements.52 This approach is a step closer in solving
the interfacing challenge. Although, it eliminates the need for
slip rings, it still suffers from the trivial problem of having a
reliable electrical interface between the electrode and the
potentiostat. As highlighted by Bauer et al.,52 due to poor
contacts, significant noise can be generated during spinning,
thus requiring fast Fourier transform data treatment. Moreover,
the weight of the placed device affects inertia during spin,
particularly when there is a need for quick acceleration and
deceleration. In addition, the complex casing around the disc
prohibits the view of the channels during spin.
This further emphasizes the need for a solution for improved

interfacing of potentiostats with LoD devices.
Despite the development in this area, to our knowledge,

there are no reports of a custom-designed potentiostat for LoD
devices which enables accurate electrochemical detection
during rotation. Here, we present the development and
performance of a wirelessly powered potentiostat integrated
with an LoD system with embedded electrodes. The
performance of the potentiostat-on-a-disc (PoD) has been
compared with a commercial potentiostat, and we carried out a
proof-of-concept study, evaluating release from drug delivery
microdevices.

■ EXPERIMENTAL SECTION
Fabrication of the PoD. The disc-shaped platform and the

PoD shield circuits were designed with a computer-aided
design (CAD) software Altium (Altium LLC, La Jolla, CA,
U.S.A.). The platform is controlled by an ATmega2560
microcontroller, which integrates a 205 kHz inductive wireless
power receiver, a low-noise power regulator, single-channel 14-

bit digital-to-analog converter (DAC)/analog-to-digital con-
verter (ADC), two input/output pin headers, and a 2.4 GHz
Bluetooth wireless communication module. The microcon-
troller firmware was programmed with an Arduino (Arduino,
Turin, Italy) integrated development environment. All the
electronic components were purchased from RS components
(RS Components, Corby, U.K.) and Digi-key (DigiKey
Electronics, Minnesota, U.S.A.). In addition, the multichannel
shield was composed of four potentiostat circuits, each of them
in the three operational amplifier buffered reference config-
uration driven by the same input potential, and a digitally
controlled analog switch for output multiplexing. The printed
circuit boards (PCBs) were from ShingTech, Taiwan. The
components were assembled and tested in-house.

Fabrication of the LoD. The centrifugal microfluidics
device was made with eight detection units, consisting of gold
(Au) electrode arrays [working electrode (WE), counter
electrode (CE), and pseudo-reference electrode (pseudo-
RE)]. The electrodes patterned on the bottom of the
poly(methyl methacrylate) (PMMA) substrate were fabricated
as described earlier,37,53,54 using e-beam evaporation (20 nm
Cr adhesion layer/200 nm Au). The LoD device was designed
using software Solidworks 2017 (Dassault System̀es, Veĺizy-
Villacoublay, France). The optical grade PMMA (Evonik
Industries AG, Essen, Germany) was cut using a computer-
controlled Epilog Mini 18 laser cutter equipped with a 30 W
CO2 laser (Epilog Laser, Houten, The Nederland). One
PMMA layer has been designed to have pores of 160 μm Ø,
with 0.5 mm spacing, to act as filters to physically prevent the
microcontainers from blocking the channels connecting the
loading to the detection chamber. Two different double-sided
pressure-sensitive adhesive (PSA) tapes each of 140 μm
thickness (ARcare 90106, Adhesive Research, Limerick,
Ireland) and 84 μm thickness (ARcare 7840, Adhesive
Research, Limerick, Ireland) were cut using a precision blade
cutter (CE-40, Graphtech, U.S.A.). The PMMA layers of the
LoD system were bonded together via the PSA and placed in
the hydraulic bonding press (PW20, Paul-Otto Weber GmbH,
Remshalden, Germany) at 15 N/m2 for 1 min.

Fabrication of the Open Vial LoD. A PMMA layer (2
mm) was designed and cut in such a way that it acts as a
reservoir when placed above the electrodes patterned on
PMMA (1.5 mm). These two PMMA layers are held together
using a layer of PSA. There are three different open vial LoDs
used in the present study. The open vial LoD-1 was interfaced
with large (area 50 mm2), while LoD-2 with small (area 0.69
mm2), Au electrodes, patterned on PMMA. The open vial
LoD-3 has an additional middle layer of PMMA (0.6 mm) to
hold the commercially available screen-printed carbon
electrode (area 50 mm2) (DRP 110, Metrohm-Dropsens,
Llanera, Spain) in place.

Electrical Measurements. The characterization of the
voltage generation circuit was performed by measuring the
voltage of the “analog output” pin of the platform with a
benchtop digital multimeter (973A, Hewlett-Packard) and
mapping the measured value with the corresponding 14-bit
DAC code. For the characterization of the measured current in
the circuit (transimpedance amplifier +14-bit SAR ADC) the
shield was set in the two-electrode configuration (RE and CE
shorted) with the WE and CE connected through a reference
resistor (Rx). The applied potential pin of the potentiostat
shield was connected to waveform generator [embedded
waveform generator of the DSO 2WAVEGEN oscilloscope,
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Keysight (Santa Rosa, CA, U.S.A.)] to generate the reference
input voltage (Vx). The ADC output is mapped to the
reference input current (Ix), since Ix is given by dividing Vx
with Rx.
Electrochemical Measurements. The electrochemical

measurements were performed in a conventional three-
electrode setup with both the PoD system and with a
commercial potentiostat (CHI660C, CH Instruments Inc.,
Austin, TX, U.S.A.) for comparison, when applicable. Cyclic
voltammograms (CVs) were recorded from −0.4 to +0.4 V
versus Au pseudo-RE in 1 and 10 mM potassium ferricyanide
(FiC)/potassium ferrocyanide (FoC) with phosphate-buffered
saline (PBS) (10 mM phosphate, 137 mM NaCl, 2.7 mM
KCl), pH 7.4, as supporting electrolyte, at various scan rates
(10, 25, 50, 100 mV/s) with open vial LoD-1. Square wave
voltammetry (SWV) with a step potential of 1 mV, square-
wave frequency of 10 Hz, and amplitude of 50 mV was carried
out using different concentrations of ascorbic acid from 0.1 M
to 10 mM using open LoD-2. CVs were recorded both in static
and fluidics, while SWVs were only recorded in static
condition. Amperometric measurements were carried out
both in static and in fluidics (during spin) with custom-made
Au electrodes (area 0.69 mm2). Detection of paracetamol from
0.15 to 3.3 mM in static was carried out at +0.55 V versus Au
pseudo-RE. In addition, calibration in flow during rotation was
performed using amperometric detection with the multi-
channel shield, using FiC in the range from 0.1 to 10 mM at
−0.4 V versus Au pseudo-RE. The rotation of the LoD at
different frequencies (1 and 1.5 Hz) was achieved with a
spindle motor (RE 35, Maxon motor AG, Sachseln, Switzer-
land). All chemicals if not otherwise specified were purchased
from Sigma-Aldrich (St. Louis, MO, U.S.A.). Solutions were
prepared in ultrapure water (Millipore Corporation, Billerica,
MA, U.S.A.).
Flow Rate Measurements. To determine the flow rate,

200 μL of blue ink (Staedtler, Nürnberg, Germany) dissolved
in distilled water (1:1000) was added in the loading chamber.
The channel was primed by spinning the disc with a frequency
of 12 Hz for 2 s. Subsequently, the metering chamber was filled
up with fluid by spinning with a lower frequency (5 Hz). When
the metering chamber was completely filled the spinning motor
was turned on and images were recorded using a program
(PCO Camware 64, PCO AG) as described previously.54 The
obtained raw image data were analyzed using Matlab (R2017a,
MathWorks, Natick, MA, U.S.A.).
Fabrication and Loading of Microcontainers. The

epoxy-based photoresist SU-8 (SU-8 2075/SU-8, Microresist
Technology GmbH, Berlin, Germany) was used to fabricate

the microcontainers with two steps of photolithography. The
microcontainers with an inner diameter of 234.5 μm and a
depth of 211.0 μm were fabricated on top of a Teflon-coated
silicon wafer (4 in. b100N n-type, Okmetic, Finland).55,56 After
fabrication, the wafers were cut into chips (12.8 × 12.8 mm2),
with 625 microcontainers/chip, using a laser micromachining
tool (microSTRUCT vario, 3D Microac AG, Germany). The
FiC was loaded in the microcontainers by powder embossing.
The excess FiC in between the microcontainers was removed
with pressurized air.

Release Monitoring from Microcontainers. Initially, the
microchannel was primed (12 Hz for 2 s) with 100 μL of PBS,
followed by filling up (5−6 Hz) of the metering chamber with
50 μLof PBS for precise volume control. The microcontainers
filled with FiC were scraped off the Teflon/silicon wafers, and
one-quarter of the chip (approximately 156 microcontainers)
was inserted in the access hole with a spatula, followed by the
addition of 150 μL of PBS in the loading chamber. The
electrochemical detection was carried out during priming in
the absence of electrochemically active compound (FiC) (for
baseline) with PBS, and during rotation in the presence of
loaded microcontainers, at 1.5 Hz.

Data Acquisition Software and Data Analysis. During
the experiment with the PoD, the generated data was
transmitted via Bluetooth to a Windows PC. The data was
plotted live and displayed in the custom-made LabVIEW
(National Instruments, Austin, TX, U.S.A.) program. After
experiments, the data file was saved in text format automati-
cally with a time stamp and technique name. The obtained raw
data from the developed potentiostat was treated using the
Savitzky−Golay method with 30 points averaging. Origin
2018b (OriginLab Corp., Northampton, MA, U.S.A.) was used
to analyze and display the data. For the calibration curves the
peak heights (SWV) and current changes (amperometry) were
obtained either using the CHI data analysis software or Origin
2018b (PoD).

■ RESULTS AND DISCUSSION

Design of the PoD Unit. The PoD was designed to be
versatile for centrifugal microfluidics-based application. The
modular structure of the device enables direct, effortless, and
robust interfacing with the electrodes optical observation of the
reaction chamber and provides the possibility for further
instrumental development, with compatible functional units.
As depicted in Figure 1A, the PoD detection unit is

composed of three main functional parts: (i) a 5 V, 250 kHz
Qi-based wireless power supply, (ii) a core circuit (platform),
and (iii) a module (shield). The device works in stream

Figure 1. (A) Simplified block diagram of the PoD unit. (B) Photographs of the main circuits of the PoD, the core circuit (platform), and shield
(C) with indication of the electronic components.
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processing and can be controlled by any external device such as
a smartphone (Android studio) and a PC (LabVIEW) through
Bluetooth communication. At every iteration, a DAC output
signal is generated and an ADC sample is collected.
The core circuit, called the platform (Figure 1B), houses the

main potentiostat features. It is composed of a single-channel
14-bit DAC, which controls the potential of the WE versus RE
as well as a 14-bit SAR ADC for high-speed/high-resolution
data sample. The function of the ATmega 2560 micro-
controller is to operate the device, while the serial interface
enables programming of the microcontroller. In addition, a
HC-05 Bluetooth module is used for wireless data
communication and a 16-pin header interface facilitates the
connection of the platform to the specific module (shield).
The shield was mounted above the microfluidic disc and has

been designed such that it permits the imaging of the LoD
device during rotation, with minimal obstruction of the fluidics
view. This part of the PoD can be configured when adding
complementary features (e.g., multiplexing) to the detection
unit and contains a three-electrode potentiostat circuit in the
three operational amplifier/buffered reference configuration
with 24 spring-loaded connectors for direct short-path
connection between the potentiostat and the electrodes
(Figure S1A). The 24 spring-loaded pins enable connection
to a maximum of eight electrode arrays, each array composed
of three electrodes (WE, RE, and CE). As indicated in Figure
1C, the shield is equipped with a switch to select the current
range of the measurement. Additionally, a multichannel
application specific shield (Figure S1B) was also developed
to enable four electrochemical measurements at the same time.
Evaluation of the Performance of the PoD. The

potentiostat has been designed to perform commonly used
electrochemical detection techniques, such as CV, SWV, and
chronoamperometry. However, other electrochemical techni-
ques can be easily programmed via a custom-made LabVIEW
program when required. The experimental setup is presented
in Figure 2A. During experiment the PoD was placed on a
stage and connected to a spindle motor controlled by custom-
made software in a LabVIEW environment. The assembly of
the system and the concept of the modular design are depicted
in Figure 2B, showing the four main functional parts: a power
source, a platform, a fluidic disc with integrated electrodes, and
a shield.
The performance of the PoD was evaluated as described in

details in the Experimental Section. The PoD, with power
rating of 850 mW, enables the generation of dc voltage range
between +1 and −1 V at a resolution of 200 ± 40 μV having
the possibility to manually choose the transimpedance gain (10
kΩ, 100 kΩ, 1 MΩ, 10 MΩ).
The measurable current range can vary from ±400 nA to

±400 μA depending on the used gain, with a measured current
resolution of 200 pA at 10 MΩ gain setting (Table S1).
We found that the standard deviation of the measured

current was 0.075% (of the range) for 10 MΩ and 0.03% (of
the range) for 10 kΩ, 100 kΩ, and 1 MΩ gain. Due to the
sampling rate of 25 ms, the maximum scan rate for CV was
ΔV1000/25 V/s and the maximum frequency for SWV was 20
Hz. ΔV is the parameter (voltage resolution) defined by the
user in the program which in turn controls the voltage step of
the DAC; ΔV does not necessarily coincide with the minimum,
whereas the time (in seconds) is defined by the sum of the
time taken for the transfer of a single sample data between the
computer to PoD via Bluetooth, signal propagation time

through the PoD, and the time for conversion and plotting in
real time.
The electrochemical performance of the potentiostat was

evaluated both in static and flow condition. All static
measurements were performed in open vial LoD systems
(Figure S2). An open vial LoD system can be used for
electrochemical characterization as well as for calibration.54

SWV is a well-accepted voltammetric technique for
quantitative measurements.57 Ascorbic acid (vitamin C) is an
antioxidant, commonly used in the food industry, since
addition of ascorbic acid averts undesired changes in flavor
and color. Therefore, monitoring ascorbic acid for quality
control is very important.58,59 SWVs were recorded with
commercially available carbon electrodes in the open vial LoD-
3 (Figure S2C), using different concentrations of ascorbic acid
from 500 μM to 10 mM. The SWVs presented in Figure 3C
are the signals from 10 mM ascorbic acid recorded with a
commercial potentiostat and the PoD. Figure 3D presents the
comparison of the data collected with both potentiostats and
shows that the signal recorded with PoD was comparable with
the data obtained with the commercial system.
In addition, we performed amperometric measurements with

paracetamol, an electrochemically active drug, commonly used
for pain and fever relief60 and commonly detected using
electrochemical techniques.61,62 Due to its continuous use in a
large scale, paracetamol has become one of the most
prominent contaminants in water bodies, and it has been

Figure 2. (A) Experimental setup with spindle motor, microfluidic
disc assembled with the Potentiostat-on-a-Disc (PoD), and control
software interface. (B) Exploded view of the assembled PoD with the
LoD device.
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shown that excessive intake of this compound can cause
hepatotoxicity.63,64 The experiment was performed in a static
condition by successive addition of paracetamol in the
reservoir of the open vial LoD-2 (Figure S2B). We found a
good comparison between the values obtained from the PoD
and the commercial potentiostat as seen in Figure 3E.
The lightweight design of the PoD is especially important

when performing measurement during rotation, since the
weight of the device can greatly affect the inertia during
spinning.52 The modular nature of the PoD helps in
distributing the weight by combining the platform (108 g)
and the disk holder (26 g), thus displacing the center of gravity
more toward the spindle motor. The shield, weighing 19 g, is
the only weight placed on top of the LoD device.

We evaluated the performance of the PoD during rotation
and compared the baseline noise with the data recorded using
the commercial potentiostat, in PBS at applied potential of
+0.4 V versus pseudo-Au-RE. The connection of the electrodes
to the commercial potentiostat was achieved with a slip ring
(SRS110073, Penlink, Sweden) as shown in Figure S3, a
method commonly used when connecting electrochemical
sensors in centrifugal microfluidics.31,35,39 Both the PoD
interfaced with the electrodes in the LoD and the commercial
potentiostat connected through a slip ring were rotated at 1, 2,
3, 5, 8, and 10 Hz. The raw signal, as recorded with the PoD,
without any internal filtering is shown in Figure 4, in

comparison with the data obtained from the software of the
commercial potentiostat. We observed that at lower rotation
speeds (1 and 2 Hz) the baseline current is comparable in both
instruments. Despite using raw data, the acceleration and
deceleration of the PoD causes low noise (≈3−6 nA). At
higher rotation speeds we recorded higher peaks in the signal
with the PoD than with the commercial potentiostat. The
electrochemical baseline noise, recorded as peaks, is due to the
movement of PBS over the electrode surface as a result of
inertia when changing the speed of rotation. The lack of peaks
at 3 and 5 Hz and the lower peaks in the baseline recorded
with the commercial potentiostat are probably due to the
internal noise filtering while converting analog signals to digital
(ADC) during data acquisition. On the basis of our
experiments, the observed noise during acceleration and
deceleration recorded with both instruments is mostly
electrochemical and not instrumental.
The presented data in the manuscript was treated using the

Savitzky−Golay method as described in the Data Acquisition
Software and Data Analysis section, and there was no need for
any fast Fourier transform data treatment as reported by Bauer
et al.52

Considering that the maximum baseline noise recorded in
PBS was 6 nA, the theoretical lowest measurable signal at the
limit of detection, would be 18 nA (S/N = 3). In our
experiments the lowest measured signal for an analyte was 45
nA in static (Figure 3E) and 100 nA in flow (Figure 5A).

Figure 3. (A) Representative CVs of 1 mM FiC with the PoD and a
commercial potentiostat, Au WE, area 50 mm2, applied potential vs
pseudo-Au-RE, Au-CE. The CVs were performed at a scan rate of 50
mV/s. (B) Oxidation and reduction peak currents as a function of the
square root of the scan rate. (C) SWVs of 10 mM ascorbic acid
(carbon WE, area 50 mm2, applied potential vs Ag-RE, carbon CE).
The SWVs were recorded with a potential step 0.004 V, frequency 10
Hz, and amplitude 0.025 V. (D) Calibration plot recorded for
different concentrations of ascorbic acid. (E) Calibration curve of
paracetamol obtained with the PoD and commercial potentiostat,
using a Au WE (area, 50 mm2), Au-CE, and Au-RE. Applied potential
+0.4 V vs pseudo-Au-RE. (F) CVs were recorded at various rotation
speeds at 100 mV/s scan rate in 1 mM FiC, Au WE, area 0.69 mm2,
applied potential vs pseudo-Au-RE, Au-CE. All measurements were
performed in PBS as supporting electrolyte, pH 7.4, and standard
deviations were calculated based on triplicates (n = 3).

Figure 4. Baseline noise measured during rotation in fluidics using
PBS at applied potential of +0.4 V vs pseudo-Au-RE recorded with
the PoD and a commercial potentiostat using the Au electrodes (WE
area, 0.69 mm2, pseudo-Au-RE, Au CE) patterned on PMMA.
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However, as seen in Figure 5A, measuring a lower electro-
chemical signal than 45 nA is feasible.

CVs were also recorded at different rotational frequencies
(Figure 3F) using electrodes integrated in the fluidic system
(Figure 6). We observed that at 0 and 1 Hz the reaction is
diffusion-limited, while at rotation speeds at and above 2 Hz
the curve is reaction-limited due to mass transfer as has also
been reported previously.52

So far, in the case of LoD systems multiple electrochemical
measurements during rotation were only feasible when
connecting the electrodes in the fluidic system to a
multichannel potentiostat through a slip ring.37 In the
presented PoD, multichannel detection capability was also
implemented using the multichannel shield (Figure S1B). The
amperometric detection presented in Figure 5A was performed
with four electrodes at the same time during rotation.
Previously in an electrochemical LoD device, it has been

shown that an increase in flow rate results in increased current
response.39 We evaluated the effect of rotational frequency on
amperometric measurements. As seen in Figure 5, parts A and
B, the current arising from the electrochemical reduction of
FiC increased when increasing the flow rate. We recorded the
same behavior when working with paracetamol (Figure S5).
This effect was proposed and used for increasing the sensitivity
of electrochemical detection.39,52

Real-Time Release from Drug Delivery Microdevices.
Dissolution and release of drugs are of high importance in the
development phase of new oral drug formulations and delivery

systems.65,66 For a drug to be absorbed after oral
administration, it needs to be dissolved before it can pass
the intestinal membrane and be absorbed into the blood-
stream. For being able to deliver more drugs by the oral route,
novel oral drug delivery systems are needed. One such system
is the polymeric microcontainer, which serves to protect the
drug through the stomach followed by a drug release in the
intestine.67−69 Such devices are increasingly utilized for drug
delivery,67,70,71 and it is essential to characterize them (e.g.,
release studies).
Most of the current setups for studying drug release from

microdevices such as microcontainers are not appropriate, as
the volumes are very large compared to the quantity of drug in
the device. Therefore, it is essential to exploit new ways to
investigate drug release in much smaller volumes and, thereby,
also more relevant compared to the in vivo situation.67,72

The microfluidic disc developed for monitoring drug release
from microdevices is composed of four PMMA layers (Figure
6A, layers 1, 3, 5, and 7) of which the bottom PMMA layer
(layer 7) contains the patterned Au electrode arrays. The three
layers of PSA (Figure 6A, layers 2, 4, and 6) are used for
assembling the PMMA layers. The fully assembled LoD device
with eight measurement units is shown in Figure 6B. Each unit
has three main functional parts: (i) the loading chamber with
embedded filters and access holes used for the addition of
liquids and microdevices, (ii) the microchannel connecting the
loading and the metering chamber, with an integrated Au
electrode array (WE, CE, RE), and (iii) the metering and
waste chamber (Figure 6C). The dimension of the micro-
channel along with the spinning speed defines the flow rate,
while the embedded filter with pores of 160 μm Ø, with 0.5
mm spacing, physically prevents the microdevices from
entering the microchannel during release studies. The metering
chamber is designed to hold a volume of 50 μL. The metering
chamber is useful to collect the fluids during priming, which
usually requires a high burst frequency (12 Hz). After the
overflow of 50 μL in the metering chamber, a uniform flow rate
can be established at lower flow rates (1−2 Hz).

Figure 5. (A) Multichannel amperometric measurement in the LoD
platform of 500 μM FiC in PBS, pH 7.4 as supporting electrolyte at an
applied potential of −0.4 V vs pseudo-Au- RE, using PMMA
patterned Au electrodes (WE area, 0.69 mm2, pseudo-Au-RE, Au CE)
under 1, 1.5, and 2 Hz. (B) Calibration plot, showing the normalized
current changes, recorded for different concentrations of FiC during
rotation at 1, 1.5, and 2 Hz (n = 3).

Figure 6. (A) Exploded view of the microfluidic disc. (B) View of the
assembled microfluidic disc, with a highlighted measurement unit.
(C) A cartoon showing one measurement unit with its functional
parts.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.9b02026
Anal. Chem. 2019, 91, 11620−11628

11625

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b02026/suppl_file/ac9b02026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b02026/suppl_file/ac9b02026_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.9b02026


In order to use the LoD system for drug release studies, the
flow rate in the microfluidic channel needs to be evaluated.
Given that the working volumes in the fluidic system are in the
range of a few hundred microliters, the assay needs to be
performed at relatively low rotation frequencies to enable real-
time detection of drug release for longer durations. The flow
rates were evaluated optically using a MATLAB program, and
the results were compared with theoretically calculated values
(Supporting Information).
One of the main challenges when developing the LoD device

was to obtain a reliable and controllable flow at low (below 10
μL/min) flow rate in order to be able to perform real-time
release studies, using small amounts of microdevices in a
relatively low volume (approximately 100 μL). Figure 7A

shows the correlation between flow rate and rotational
frequency, comparing experimental and theoretical values.
We found that in the developed LoD we can achieve flow rates
in the range of 1−10 μL/min enabling a total assay time from
10 up to 100 min, considering 100 μL volume in the loading
chamber.
We observed that the thickness of the used PSA layer is

crucial when aiming for precise control of the flow rate. There
were substantial differences between measured and theoret-
ically calculated higher hydraulic resistance due to the PSA
being pressed in the microchannels during the assembly
process (calculations provided in the Supporting Information).
The real-time release was evaluated from the micro-

containers (50 microcontainers) loaded with FiC. The porous
feature, i.e., filters on PMMA, in the bottom of the chamber

(layer 5, Figure 6A), physically prevented the microcontainers
from blocking the channels leading to the detection chamber
during spin. At −0.4 V (vs Au pseudo-Au-RE) FiC is reduced,
and the resultant electrochemical signal was recorded. After the
fluidic system was primed, a baseline was recorded in a static
condition for 30 s in PBS, before the rotational frequency was
set to 2 Hz. In a similar manner, we followed the dissolution of
50 μL of FiC solution (10 mM). Figure 7B shows the stable
baseline recorded with PBS as well as the dissolution and
release curves as current versus time. The release of FiC from
microcontainers (blue curve) results in an initial high current
indicating burst release as previously reported.69 When
measuring release from microcontainers, in one of the curves,
a small current fluctuation is seen for about 8 s. This may be
due to a momentary reorientation of microcontainers during
release.
From the stabilized current at 400 s, we can estimate the

amount of released FiC to be 1.25 mM, based on the
calibration curve presented in Figure 5B. In addition, the
current profile measured from the FiC solution (green curve)
is different, as burst release is not seen, which is expected
considering the mixing of the FiC with PBS in the loading
chamber. The concentration in this case, calculated based on
the calibration curve in flow (Figure 5B), is 2.5 mM as
anticipated considering the dilution in the loading chamber.
The release of FiC from the microcontainers mimics the
situation of drug delivery from these devices, while the
dissolution of solution is a simplified case of free drug. This
application as an example demonstrates the ability to measure
on line and in flow during spinning.

■ CONCLUSION

We present for the first time a modular, lightweight, wirelessly
powered potentiostat-on-a-disc for centrifugal microfluidic
applications. The developed device provides a practical
solution to one of the trivial interfacing challenges during
spinning. The presented results demonstrate that the perform-
ance of the developed device is on par with a commercial
potentiostat. Considering the shield design which enables
visibility of the fluidics during spinning opens up the possibility
for real-time optical detection in the future. The flexibility and
modularity of the system provide room for implementation of
additional electrochemical techniques (e.g., linear sweep
voltammetry, differential pulse voltammetry, impedance spec-
troscopy).
The developed potentiostat in combination with the

microfluidic systems, designed for drug dissolution and release
studies, opens new avenues for drug delivery studies from drug
delivery microdevices. The PoD in combination with the
presented microfluidic disc could be used for the investigation
of drug release profiles from microdevices with various
polymer coatings (e.g., pH-sensitive polymers). In addition,
the portability of the PoD coupled with the custom-designed
LoD unit can be applied for on-site detection (e.g.,
environmental analysis) or point-of-care application in
diagnostics.
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Figure 7. (A) Optical measurements of flow rate vs rotation
frequency (n = 3), for LoD platforms with microchannels in 86 μm
thick PSA. (B) Amperometric release and dissolution of FiC in PBS,
pH 7.4 as supporting electrolyte, at a potential of +0.4 V vs Au
pseudo-RE. PMMA patterned fabricated gold Au electrodes (WE
area, 0.69 mm2, pseudo-Au-RE, Au CE).
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Water, J. J.; et al. Science 2019, 363 (6427), 611−615.
(72) Siewert, M.; Dressman, J.; Brown, C. K.; Shah, V. P.; Aiache, J.-
M.; Aoyagi, N.; Bashaw, D.; Brown, C.; Brown, W.; Burgess, D.; et al.
AAPS PharmSciTech 2003, 4 (1), 43−52.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.9b02026
Anal. Chem. 2019, 91, 11620−11628

11628

http://dx.doi.org/10.1021/acs.analchem.9b02026


1

Supporting information

Modular, lightweight, wireless potentiostat-on-a-disc (PoD) 
for electrochemical detection in centrifugal microfluidics
Sriram Thoppe Rajendran ǂ*, Ermes Scarano ǂǁ, Max H. Bergkamp ǂ±, Alessandro M. Capria ǂǁ, Chung-Hsiang 
Cheng §, Kuldeep Sanger ǂ, Giorgio Ferrari ˥, Line H. Nielsen ǂ, En-Te Hwu ǂ, Kinga Zór ǂ*, and Anja Boisen ǂ

ǂCenter for Intelligent Drug Delivery and Sensing Using Microcontainers and Nanomechanics (IDUN), 
Department of Health Technology, Technical University of Denmark, Kgs. Lyngby, Denmark
ǁDepartment of Electrical Engineering and Information Technology, University of Naples Federico II, Naples, 
Italy
±Department of Applied Physics and Biomedical Engineering, Molecular Biosensors for Medical Diagnostics, 
Eindhoven   University of Technology, Eindhoven, The Netherlands
§Department of Mechanical Engineering, National Taiwan University, Taipei, Taiwan
˥Department of Electronics Engineering, Polytechnic University of Milan, Milan, Italy  

Abstract

In the supporting information we provide complementary information about the shield 
modularity and details about the multi-channel shield (Figure S1). The used open vial LoD 
systems are presented in Figure S2 and in Figure S3 we present the setup for noise 
measurement using slip ring system. Additionally, we present the calculation of the 
theoretical flow rate and show the comparison of calculated and measured flow rate values 
using 140µm pressure sensitive adhesive film (Figure S4). In Figure S5 we present 
electrochemical detection of paracetamol in the LoD platform during rotation.
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Modular shields for direct interfacing and multi-channel measurements
The shield, which enables robust connection (Figure S1A), contains four individual 
potentiostat circuits in the three electrode- buffered reference configuration. A digitally 
controlled, 4:1 analog switch multiplexer performs the channel output selection, and four 
manual switches for the current range selection, one for each individual channel. A 16-pin 
header provides the mechanical and electrical connection between the platform and the shield 
while 12 spring-loaded connectors provide a short path connection between four electrodes 
arrays (each array composed by 3 electrodes WE, RE and CE) and the multichannel shield as 
indicated on Figure S1B.

Figure S1. A) Close up image of a single channel shield interfaced with the LoD with spring-loaded contacts 
(A). B) Photograph of the multi-channel shield (developer version). 

Summary of the electronic performance of the PoD

Table S1. System performance of the developed potentiostat-on-a-disc

Generation DC voltage range ±1V
Generation DC voltage resolution 200 µV
Generation DC voltage standard deviation 40 µV
Transimpedance gain (selectable) 10k-100k-1M-10M Ω
Input current range (at 10k Ω gain) ±400 µA
Input current range (at 100k Ω gain) ±40 µA
Input current range (at 1M Ω gain) ±4 µA
Input current range (at 10M Ω gain) ±400 nA
Resolution (at 10M Ω gain) 200 pA
Standard deviation (at 10M Ω gain) 0.075% (of the range)
Standard deviation (at 10k-100k- 1M Ω gain) 0.030% (of the range)
Min. sample rate 25 ms
Max. scan rate (CV)* ΔV*1000/25 V/s
Max. frequency (SWV) 20 Hz
Power dissipation (supply voltage) 1.7W (±5V)
*where ΔV is the voltage sample interval selectable by the user 
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Open vial LoD system for static measurements
In the case of LoD-1 and 3, on each disc there were eight detection chambers, while LoD-2 
comprised four detection units, with embedded electrodes.

Figure S2. Close up image of one unit of the open vial LoD-1 (A), LoD-2 (B) and LoD-3 used for static 
measurement. 

Setup for noise evaluation using slip-ring

Figure S3. Photograph of the experimental set-up with slip ring, which enabled electrochemical detection during 
rotation with commercial potentiostat 

Calculation of theoretical flow rates
The theoretical flow rate was calculated by assuming Poiseuille flow in a long rectangular 
microchannel [1]. Equation S1 gives an approximation for the flow rate of a wide rectangular 
channel. Where w is the channel width, h is the channel height, Δp is the pressure drop across 
the channel, η the fluid viscosity and L is the length of the channel. If h < w/2 the error of this 
approximation is below 0.2%.

𝑄 ≈
𝑤ℎ3𝛥𝑝
12𝜂𝐿 (1 ― 0.630

ℎ
𝑤)             (Equation S1)

We assume that the pressure drop is caused only by the centrifugal force. The centrifugal 
pressure over a liquid column is given by Equation S3. Where ω is the angular velocity, r1 
and r2 are the inner and outer radius of the fluid in the liquid column, respectively [2]. 
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𝛥𝑝𝑐 =
1
2𝜌𝜔2(𝑟2

2 ― 𝑟2
1)            (Equation S2)

Combining Equations S1 and S2 gives Equation S3, which was used for the theoretical 
calculations of the flow rate.

𝑄 =
𝑤ℎ3𝜌𝜔2(𝑟2

2 ― 𝑟2
1)

24𝜂𝐿 (1 ― 0.630
ℎ
𝑤)         (Equation S3)

The parameters used for the calculations were determined based on the dimensions of the 
design made in Solidworks.

Figure S4. Optical measurements of flow rate vs. rotation frequency (n=3), for LoD platforms with 
microchannels in 140 μm thick PSA. The measured flowrates deviates from the measured value significantly.

Amperometric detection of paracetamol in flow
We measure the effect of flow rate on current values using different concentrations of 
paracetamol (PAR). This phenomenon can be used to improve detection limits.  

Figure S5. Effect of rotation speed on amperometric detection. PAR in PBS, pH 7.4 as supporting electrolyte at 
an applied potential of +0.4 V vs. pseudo-Au RE, using on PMMA patterned Au electrodes (WE area: 0.69 mm2, 
pseudo Au-RE, Au CE) under 1, 1.5 and 2 Hz.



5

References
[1] H. Bruus, Theoretical Microfluidics, OUP Oxford, 2007, 2013.
[2] H. Cho, H. Y. Kim, J. Y. Kang, T. S. Kim, J. Colloid Interface Sci. 2007, 306, 379.



 

 

 

 

 

 

 

Paper IV 

 

Artificial gut-on-a-disc platform to evaluate pH sensitive coatings of oral drug delivery devices 

 

Abstract from The 23rd International Conference on Miniaturized Systems for Chemistry and 
Life Sciences (µTAS 2019/microtas 2019), Basel, Switzerland. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 



ARTIFICIAL GUT-ON-A-DISC PLATFORM TO EVALUATE PH SENSITIVE 
COATINGS OF ORAL DRUG DELIVERY DEVICES 

Sriram Thoppe Rajendran1,2, Khorshid Kamguyan1, David Kinahan2, En-Te Hwu1, Line Hagner 
Nielsen1, Kinga Zór1, and Anja Boisen1 

1Center for Intelligent Drug Delivery and Sensing Using Microcontainers and Nanomechanics 
(IDUN), Department of Health Technology, Technical University of Denmark, Kgs. Lyngby, DENMARK 

2School of Mechanical and Manufacturing Engineering, Dublin City University, Dublin, IRELAND 
 

ABSTRACT 
Rapid testing of pH coatings of oral drug delivery (ODD) devices is often complex and time consuming. A 

lab-on-a-disc (LoD) platform was developed which enables detection of integrity of pH coatings for up to four 
different pHs. The platform was designed to perfuse ODD devices through different pH in a sequential manner, 
mimicking the pH variations in the gastrointestinal (GI) tract. The disintegration of pH coatings causes release of 
drugs, which in turn is used to monitor integrity of pH coatings. Combining ‘event-triggered’ flow control, based 
on dissolvable film with electrochemical detection, enables accelerated, real-time characterization of ODD 
devices.  
 
KEYWORDS: Lab-on-a-Disc, Oral drug delivery devices, Microcontainers, Event-triggered valves 

 
INTRODUCTION 

Oral delivery is the most preferred route of administration of drugs and pH-sensitive coatings are widely used 
to enable pH dependent delivery in different section of the GI. To manage the trivial challenges such as 
bioavailability, drug stability associated with ODD, micro fabricated devices have become the forefront of 
advanced ODD systems [1]. Microcontainers (Figure 1B) have been proposed as one of the strategies for ODD 
[1]. There is a growing need for monitoring the drug release from microcontainers, considering the wide 
variations of pH in the gut. The manufacturing process of ODD devices is expensive and time consuming while 
for the conventional drug release studies a large quantity of these devices are required [2]. There is a need for fast 
and cost efficient methods for evaluation of pH coatings, preferably in microliter volumes to be able to use few 
tens of ODD devices.  
 
EXPERIMENTAL 

We have developed a LoD platform which combines event-triggered DF valves with a centrifugo-pneumatic 
siphon valve (CPSV) as shown in Fig. 1. The event-triggered valves are sealed by two DFs and function akin to 
an electrical relay; when the ‘control film’ is wetted/dissolved, an air pocket is vented, and liquid is released 
through the ‘Load Film ’. Combining event-triggered valves with a CPSV provides flexible and well-defined 
flow-control; the CPSV permits active mixing of a reagent (of a given pH) with the microcontainers. By reducing 
the disc spin-rate at defined times we can transfer liquid into waste and replace it with a reagent of different pH; 
thus simulating the pH profile encountered by microcontainers travelling through gut.  

The microcontainers in the present study were loaded with paracetamol by powder embossing and later coated 
with pH-sensitive coating of Eudragit® L100 (sensitive to pH 7.4) by spray coating (Fig. 2A). The rupture of pH 
coatings was electrochemically monitored directly by measuring the release of paracetamol from the 
microcontainers in real-time. The electrodes were fabricated in the bottom layer of LoD using stencil-lithography 
and electron beam evaporation. A custom made potentiostat also called as potentiostat-on-a-disc (PoD) was used 
for electrochemical detection on the LoD device [4], enabling real-time detection during spin. The drug release 
was monitored using amperometry at an applied potential of + 0.7 V vs. pseudo-Au-RE. 

 
RESULTS AND DISCUSSION 

Interfacing PoD with the designed LoD platform enabled real-time electrochemical detection of drugs from 
microcontainers. Figure 2B shows the signal from a model drug, paracetamol: after dissolution of the pH-sensitive 
coating of Eudragit® L100 in comparison with PBS as control. The released drug could be quantified using a 
calibration curve as shown in the inset of Figure 2. The integrity of pH coatings were tested by consuming few 



ODD devices at a faster rate in comparison to conventional methods such as a µDiss profiler. Therefore the 
developed LoD could be used for optimizing the pH coatings of ODD devices rapidly. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  A) Fluidic operation of the Lab-on-a-Disc 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: A) A SEM micrograph displaying arrays of SU-8 microcontainers of approximately 300 µm outer diameter and 

300 µm height. The microcontainers are filled with paracetamol and coated with Eudragit®-L100; B)Amperometric current 
showing the release of the model electrochemical analyte paracetamol from 50 microcontainers in comparison to PBS as 
control at pH 7.4 at an applied potential of -0.4 V vs. Au pseudo-RE during spin at 2 Hz. The release of the model analyte is 
triggered at pH 7.4. The inset shows an example calibration curve for quantifying the paracetamol release, also at low con-
centrations.   
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ABSTRACT 

We developed an open source and miniaturized all-in-one powered lab-on-a-disc platform (APELLA) which 

integrates wireless inductive power, wireless input/output communications and a closed-loop spinning mechanism 

into a palm-sized portable device. The APELLA can equip potentiostat, optical microscope and microfluidics 

imaging modules for different kinds of experiments, which aims to simplify the lab-on-a-disc (LoD) system and 

broaden the LoD based applications.  

 

KEYWORDS: Lab-on-a-disc, Wireless power, Arduino, Potentiostat, Optical microscope  
 

INTRODUCTION 

The lab-on-a-disc (LoD) concept utilizes centrifugal force for lab processes such as sedimentation, valving, 

metering, mixing, etc. [1]. However, the LoD needs complex driving, imaging and sensing setup which builds up a 

high engineering threshold for newcomers in the field. We developed an open source all-in-one powered lab-on-a-

disc platform (APELLA) for broadening the LoD based research. Figure 1(A) shows a schematic diagram of the 

APELLA which contains more than 90% off-the-shelf hardware such as Arduino related circuit boards, smartphone 

wireless charger [2] and quadcopter parts. The quadcopter motors drive propellers that generate a thrust to spin the 

APELLA from 0.5 Hz up to 40 Hz, as shown in Figure 1(B). A smartphone communicates with the Arduino 

microcontroller wirelessly via a Bluetooth module for speed setting, digital/analog signal input/output (I/O) and 

data display. Furthermore, the APELLA provides power and I/O for potentiostat and optical microscope [3] modules 

(Figures 2), integrating real-time sensing and imaging into centrifugal microfluidics.  

 
 Figure 1: (A) Schematic diagram of the APELLA. A QiTM wireless charger transmits 5 V and 0.96 A power via a wireless 

receiver, which powers electronic components on the platform. An Arduino Nano microcontroller reads spinning speed signal 

from an infrared feedback sensor (RPR220) and controls four motors through a motor board. (B) Photograph of the APELLA. 

  
Figures 2: Functional modules. (A) Single channel potentiostat (PalmSens EmStat3) module with 8 channels switchable 

connections. (B)Wireless spy camera based optical microscope module.  



EXPERIMENTAL 

Traditional LoD imaging implements strobe photography that needs precise synchronization between spindle 

motor, flash light source and imaging sensor shutter. This method takes one image per revolution, which limits the 

imaging temporal resolution at low spinning speeds. The APELLA integrates a microfluidics-imaging module 

which spins together with the platform and transmits real-time microfluidics images to a smartphone via Wi-Fi 

communication (Figure 3 (A) and (B)). The imaging module utilized a miniature wireless spy camera which 

acquires Full HD (1920x1080 pixels) images and high temporal resolution video (30 frames per second), as shown 

in Figure 3(C). 

 

 
Figures 3: (A) The wireless spy camera based microfluidics-imaging module on top of the APELLA. (B) Imaging the 

microfluidic disc while spinning. (C) Images of a yeast cell sedimentation in a microfluidics disc (1)-(6). A QR code in the 

last image links to the original video file. 

 

RESULTS AND DISCUSSION 

The microfluidics-imaging module provides high temporal resolution imaging on a disc unrelated to the spinning 

speed, which is beneficial for imaging dynamic effects such as resolving mixing process on the microfluidic disc. 

The compact sized APELLA can easily fit inside a benchtop incubator for biomedical studies. Moreover, open 

source design and mass-produced low-cost parts will further help to lower the threshold for entering LoD related 

research and leading more functional modules developments. Powered by a commercial mobile phone power bank, 

the APELLA can meet world health organization ASSURED criteria [4] for future on-site LoD applications. 
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