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Abstract 
Formaldehyde (HCHO), a chemical compound used in the fabrication process of a broad 

range of household products, is present indoors as an airborne pollutant due to its high volatility 

caused by a low boiling point (𝑇 = −19 ℃). Miniaturization of analytical systems towards palm-

held devices has the potential to provide not only more efficient, but also more sensitive tools for 

real-time monitoring of this hazardous air pollutant.  

This thesis presents the development of a microfluidic device for HCHO sensing based 

on the Hantzsch reaction method with an emphasis on the fluorescence detection component.  

An extensive literature survey summarizing the state-of-the art in the field of fluorescence 

sensing miniaturization has been performed. Based on this study, a modular fluorescence 

detection concept designed around a CMOS image sensor (CIS) has been proposed. Two three-

layer fluidic cell configurations (configuration 1: quartz – SU-8 3050 – quartz, and configuration 

2: silicon – SU-8 3050 – quartz) have been envisaged and tested in parallel in the same 

experimental conditions. The microfabrication procedures of the fluidic cells have been described 

in detail, here including the off-the-shelf components integration process and the experimental 

procedures.  

The CIS-based fluorescence detector proved its capability to detect an initial 10 µg/L 

HCHO concentration fully-derivatized into 3,5–diacetyl-1,4-dihydrolutidine (DDL) for both the 

quartz and silicon fluidic cells, both possessing a 3.5 µL interrogation volume. An apparent higher 

signal-to-noise ratio (SNR) has been observed for the silicon fluidic cell (𝑆𝑁𝑅𝑠𝑖𝑙𝑖𝑐𝑜𝑛 = 6.1) when 

compared to the quartz fluidic cell (𝑆𝑁𝑅𝑞𝑢𝑎𝑟𝑡𝑧 = 4.9). The signal intensity enhancement in the 

silicon fluidic cell was attributed to silicon absorption coefficient at the excitation 

wavelength, 𝑎(𝜆𝑎𝑏𝑠 = 420 nm) = 5 ∙ 104 cm−1which is approximately five times higher than the 

absorption coefficient at the fluorescence emission wavelength,                                                            

 𝑎(𝜆𝑒𝑚 = 515 nm) = 9.25 ∙ 103 cm−1. 

HCHO is absorbed very fast into the liquid reagent due to its relatively high Henry’s law 

constant. Thus, the selection of the molecular trapping method (slug flow, annular flow, or 

membrane-based flow interaction) depends on the fluorescence detector reading performances. 

A preliminary concept using a gas-liquid membrane-based interaction for continuous trapping 

of gaseous HCHO has been introduced by identifying the compatible materials and the 

fabrication methodologies. Moreover, CFD simulations have been run to estimate the 

microchannel length in various hydrodynamic conditions required for a full HCHO 

derivatization.  

In the future, an improvement and simplification based on very sensitive fluorescence 

detectors with low limits-of-detection could thus be possible based on, e.g., slug flow or annular 

flow.  
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Kurzfassung 
Formaldehyd (HCHO) ist eine chemische Verbindung, die bei der Herstellung einer 

großen Zahl von Haushaltsprodukten verwendet wird. Charakteristisch ist  seine hohe 

Flüchtigkeit aufgrund einer niedrigen Siedetemperatur (𝑇 = −19 ℃). Daher ist HCOH fast 

überall als Luftschadstoff in Innenräumen vorhanden. Die Miniaturisierung analytischer Systeme 

zu Handheld-Gerät hat das Potenzial, nicht nur effizientere, sondern auch empfindlichere 

Instrumente für die Echtzeitüberwachung dieses gefährlichen Luftschadstoffs zu ermöglichen. 

Die vorliegende Doktorarbeit präsentiert die Entwicklung eines Mikrofluidik-Geräts für 

die Erfassung von HCHO basierend auf der Hantzsch-Reaktion. Hierbei wurde der Schwerpunkt 

auf die Komponente für Fluoreszenzdetektion gelegt. 

Es wurde eine umfangreiche Literaturrecherche durchgeführt, die es erlaubt, den Stand 

der Technik auf dem Gebiet der Miniaturisierung des Fluoreszenzsensors zusammenzufassen. 

Auf Grund dieser Studie wurde ein modulares Fluoreszenzdetektionskonzept vorgeschlagen, 

das um einen CMOS-Bildsensor (CIS) herum entwickelt wurde. Zwei dreischichtige 

Fluidikzellenkonfigurationen (Konfiguration 1: Quarz – SU-8 3050 – Quarz und Konfiguration 2: 

Silizium – SU-8 3050 – Quarz) wurden in Betracht gezogen und parallel unter den gleichen 

experimentellen Bedingungen getestet. Die Verfahren der Mikrofabrikation der fluidischen 

Zellen wurden detailliert beschrieben, einschließlich des Integrationsprozesses der 

Standardkomponenten und der experimentellen Verfahren.  

Der CIS-basierte Fluoreszenzdetektor bewies seine Leistungsfähigkeit, eine anfängliche 

HCHO-Konzentration von 10 µg/L vollständig in 3,5-Diacetyl-1,4-dihydrolutidin                        

(DDL- derivatisiert) sowohl für die Quarz- als auch für die Silizium-Fluidikzellen zu detektieren. 

Beide Systeme wiesenein Abfragevolumen von 3,5 µL auf. Ein offensichtlich höheres                

Signal-Rausch-Verhältnis (SNR) wurde für die Silizium-Fluidzelle (𝑆𝑁𝑅𝑠𝑖𝑙𝑖𝑐𝑜𝑛 = 6.1) im Vergleich 

zur Quarz-Fluidzelle (𝑆𝑁𝑅𝑞𝑢𝑎𝑟𝑡𝑧 = 4.9) beobachtet. Die Verstärkung der Signalintensität in der 

Silizium-Fluidzelle ist wahrscheinlich auf den Silizium-Absorptionskoeffizienten bei der 

Anregungswellenlänge zurückzuführen, 𝑎(𝜆𝑎𝑏𝑠 = 420 nm) = 5 ∙ 104 cm−1. Dieser Koeffizient ist 

ungefähr fünfmal höher als der Absorptionskoeffizient bei der Fluoreszenzemissionswellenlänge 

𝑎(𝜆𝑒𝑚 = 515 nm) = 9.25 ∙ 103 cm−1. 

HCHO wird aufgrund seiner relativ hohen Konstanten für das Henry-Gesetz sehr schnell 

in ein flüssiges Reagenz aufgenommen. Somit hängt die Auswahl des molekularen 

Einfangverfahrens (Schwallströmung, Ringströmung oder membranbasierte 

Strömungswechselwirkung) von der Leistungsfähigkeit des Fluoreszenzdetektors ab. Ein 

vorläufiges Konzept, das auf der Verwendung einer Gas-Flüssigkeitsmembran-basierten 

Wechselwirkung zum ständigen Abfangen des gasförmigen HCHO basiert, wurde eingeführt. 

Hierzu wurden kompatible Materialien und Herstellungsmethoden identifiziert. Darüber hinaus 

wurden CFD-Simulationen durchgeführt, um die Mikrokanallänge unter verschiedenen 
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hydrodynamischen Bedingungen abzuschätzen, die für eine vollständige                                       

HCHO-Derivatisierung erforderlich sind. 

Eine Verbesserung und Vereinfachung auf der Grundlage von sehr empfindlichen 

Fluoreszenzdetektoren mit niedrigen Detektionsgrenzen könnte zukünftig basierend z. B. auf 

Schwallströmung oder Ringströmung möglich sein.   
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Résumé du projet 
Le formaldéhyde (HCHO), un composé chimique utilisé dans le processus de fabrication d'une 

large gamme de produits ménagers, est présent en environnement intérieur en tant que polluant 

atmosphérique en raison de sa volatilité élevée causée par un point d'ébullition bas (𝑇 = −19 ℃). 

La miniaturisation des systèmes analytiques jusqu'à des appareils portables a le potentiel de 

fournir des outils non seulement plus efficaces, mais aussi plus sensibles pour la surveillance en 

temps réel de ce polluant atmosphérique dangereux. 

Cette thèse présente le processus de développement d'un dispositif microfluidique de 

mesure du HCHO dans l'air, basé sur la méthode de détection du produit de la réaction de 

Hantzsch, en mettant l'accent sur la composante de détection de la fluorescence. 

Une large étude bibliographique résumant l'état de l'art dans le domaine de la 

miniaturisation de la détection par fluorescence a été menée. Sur la base de cette étude, un concept 

de détection de fluorescence modulaire, conçu autour d'un capteur d'image CMOS (CIS), a été 

proposé. Deux configurations de cellules fluidiques à trois couches (configuration 1:                  

quartz – SU-8 3050 – quartz, et configuration 2 : silicium – SU-8 3050 – quartz) ont été développées 

et testées en parallèle dans les mêmes conditions expérimentales. Les procédures de 

microfabrication des cellules fluidiques ont été décrites en détail, y compris l'intégration de 

composants standard et les procédures expérimentales. 

Le détecteur de fluorescence basé sur le CIS a prouvé sa capacité à détecter une 

concentration initiale de 10 µg/l de HCHO entièrement dérivé en 3,5-diacétyl-1,4-dihydrolutidine 

(DDL) pour les cellules fluidiques de quartz et de silicium, toutes deux possédant un volume 

d'interrogation de 3,5 µl. Un rapport signal sur bruit (SNR) apparent plus élevé a été observé pour 

la cellule fluidique en silicium (𝑆𝑁𝑅𝑠𝑖𝑙𝑖𝑐𝑜𝑛 = 6.1) par rapport à la cellule fluidique en quartz 

(𝑆𝑁𝑅𝑞𝑢𝑎𝑟𝑡𝑧 = 4.9). L'augmentation de l'intensité du signal dans la cellule fluidique en silicium 

était principalement attribuée au coefficient d'absorption du silicium à la longueur d'onde 

d'excitation, 𝑎(𝜆𝑎𝑏𝑠 = 420 nm) = 5 ∙ 104 cm−1 qui est environ cinq fois plus élevé que le 

coefficient d'absorption à la longueur d'onde d'émission fluorescente,                                               

𝑎(𝜆𝑒𝑚 = 515 nm) = 9.25 ∙ 103 cm−1. 

Le HCHO est absorbé très rapidement dans le réactif liquide en raison de sa constante de 

Henry relativement élevée. Ainsi, le choix de la méthode de piégeage moléculaire (écoulement 

diphasique en régime de Taylor, écoulement diphasique en régime annulaire ou dispositif basé 

sur une membrane poreuse séparant les deux phases) dépend de la résolution du détecteur de 

fluorescence. Un concept préliminaire basé sur l'utilisation d'une membrane poreuse séparant les 

phases gazeuse et liquide a été introduit pour le piégeage continu du HCHO gazeux, en 

identifiant les matériaux compatibles, les méthodologies de fabrication et en analysant le 

mécanisme de diffusion à travers la membrane. De plus, des simulations CFD ont été exécutées 

pour estimer la longueur du microcanal dans diverses conditions hydrodynamiques requises 

pour une dérivation complète de HCHO. 
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Cependant, des détecteurs de fluorescence très sensibles avec de faibles limites de 

détection pourraient permettre la mise en œuvre de méthodes de piégeage plus simples, par 

exemple des écoulements diphasiques en régime de Taylor, qui pourraient simplifier et 

miniaturiser encore plus l'appareil.  
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Chapter 1. Introduction 

1.1. Formaldehyde as an indoor air pollutant  

People spend generally around 90% of their time indoor in industrial countries. Approximately 

3.8 million people die yearly in the world from diseases related to the exposure to indoor 

pollution [1]. Among all the indoor pollutants, volatile organic compounds (VOCs) are 

particularly looked at, due to their high level of toxicity [2]. One of the VOCs that raises increased 

concern is formaldehyde (HCHO), which is an allergenic, mutagenic, and level 1 carcinogenic 

compound [3,4]. HCHO is largely used in the fabrication process of building materials, household 

products, and resins for wood products.  

Consequently, indoor HCHO concentrations are up to fifteen times higher than those 

measured outdoors [5] and may usually have values from 10 to 100 µg/m3 (8 to 82 parts-per-

billion (ppb)) at room temperature and atmospheric pressure [6]. World Health Organization 

(WHO) standard for a safe daily exposure is settled to 100 µg/m3 (82 ppb) concentration for a 

maximum period of 30 min. In France, recommendations are limiting the exposure at 30 µg/m3 

(25 ppb), and from 2023 this will be reduced to 10 µg/m3 (8 ppb) [7,8]. In gaseous form, it is 

colorless and possesses a pickle-like strong odor at high concentrations.  

Although there are research projects looking for a less-harmful HCHO alternative in the 

form of bio-based platform chemical 5-HMF (5-Hydroxymethylfurfural) [9], HCHO industrial 

consumption increases constantly. To measure indoor concentrations of VOCs, several 

measurement system concepts are available, amongst them also miniaturized ones. 

1.2. Micro-Total-Analysis-Systems for environmental sensing 

Downscaling chemical and biological sensors towards ultra-portable or in-vivo embeddable 

devices is a topic of high scientific and engineering interest nowadays. The progress registered in 

the last decades in fields such as nano/microfabrication technologies, integrated circuitry, 

optofluidics, computational methods (e.g., computational fluid dynamics (CFD), etc.), and 

information technology has enabled a huge development potential regarding the future of 

miniaturized sensing technologies.  

Among the fields foreseen to benefit from this process, healthcare monitoring can be 

named [10–14], as well as organs-on-a-chip [15–17], drug screening [16], food monitoring [18], 

and environment monitoring [19–22]. Thus, potential applications are countless with a huge 

impact on the quality of life [23]. They are also directly linked to the next generation of smart 

homes and smart cities [24], artificial intelligence (AI), and Internet-of-Things (IoT). 

Depending on the application, sensors may use a “dry” or “wet” sensing methodology. 

Dry sensors are capable to collect the data in its original environment using electronics or solid-

state effects. On the other side, wet sensors use chemical reagents to further manipulate a specific 
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compound in order to obtain the aimed data. Thus, wet sensors involve by far more complexity 

in terms of development and optimization than dry sensors do, due to the issues raised by the 

microfluidic effects that are many times more difficult to be controlled precisely. Therefore, a 

sensing device being capable to perform all the steps of a complete analysis in integrated and 

automated way is named a Micro-Total-Analysis System (µTAS) or Lab-On-A-Chip (LOC) 

device. This may include sampling, sample pre-treatment, chemical reaction(s), analytical 

separation(s), analyte detection, product isolation, and data analysis [25]. 

Even though the achievements reported in the literature are numerous, apparently the 

transition of these devices from lab prototyping to market is still limited, if not negligible [26–28]. 

The remaining challenges are still considerable. The main challenge is to identify and optimize 

strategies for the integration of all analysis functions into a cost-efficient, robust microstructure 

to be handled by non-trained people, in order to develop autonomous microanalysis systems.  

µTASs can be employed to automatize the precision detection process of specific 

environmental pollutants, such as VOCs. Analytical procedures used in environmental sensing 

often use a gaseous phase (sampled air from environment) and a liquid phase (sampled chemical 

reagent). Thus, this involves two-phase flows streamed in microchannels that are part of a closed 

system. Typically, the pollutants are trapped from the gaseous phase in the liquid phase where 

they are derived in special thermal conditions and quantified through a detection component.  

Two-phase flows provide enhanced heat and mass transfer rates due to the large surface-

to-volume ratios, specific to micro-scale flows [8, 15]. Other advantages include a low working 

fluid volume that speeds up the chemical reactions, improve the product yield, and reduce the 

reagent consumption [15]. However, the two-phase flow hydrodynamics in micro-channels are 

far from being completely understood [14]. Currently, it is difficult to replicate the flow, mass-

transfer mechanisms, and reaction kinetics conditions from a single microchannel to more 

microchannels [29]. Flow parameters vary along the flow path making the fluid flow at one 

location dependent on the properties of the entire system.  

To completely benefit from the analytical procedure downscaling, the detection 

component has to be miniaturized as well. Miniaturization of the detection component in a µTAS 

means building a system capable to quantify the analyte presence in low detection volumes      

(e.g., µL or nL volumes). This contributes to the minimization of the reagent consumption, 

increasing the autonomy of the system. Gas-liquid interaction processes are also influenced since 

they are characterized by specific mass-transfer rates occurring in a limited time over a specific 

common interface. Sometimes, large interface areas are requested in between the two fluids in 

order to achieve detectable analyte concentrations in the liquid phase. This is why a successful 

miniaturization of the detection component is highly beneficial with an impact over the entire 

downscaling process. 
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1.3. Motivation  

The current trend is to develop dry methodologies for micro-sensing applications to reduce 

especially the operational complexity. However, in some cases, wet sensing methods cannot be 

replaced, at least up to now. There are contexts when both dry and wet sensing methodologies 

both exist to detect the presence of a compound, but the last perform much better in terms of 

sensitivity and accuracy.  

This is the case for HCHO detection. For its real-time detection both dry and wet sensing 

methodologies exist, but wet methodologies perform much better. Even if the Hantzsch reaction-

based method relies on “wet chemistry”, involving a continuous reagent consumption, this 

method is currently one of the most reliable candidates for developing an interference-free and 

sensitive palm-held continuous detector. 

 A research team from ICPEES Strasbourg and InAirSolutions start-up developed a real-

time HCHO analyzer using Hantzsch derivatization reaction. The working principle of this 

analyzer is based upon the HCHO trapping from air into an Fluoral-P solution (0.01 M). The two 

phases are contacted through an annular flow inside a hydrophilic fused-silica capillary with a 

530 µm internal hydraulic diameter and a 150 cm length [30]. The temperature at which the 

process occurs is 𝑇 = 338 𝐾. With a gas flow rate of 5 𝑚𝐿/𝑚𝑖𝑛 and a liquid flow rate of 5 µ𝐿/𝑚𝑖𝑛, 

the device achieved a 100% trapping efficiency for concentrations in the range of 0 to 154 μg/m3 

(0–5.1 ∙ 10−6 M) [31–33]. Although the detection range of the device satisfies the detection 

requirements recommended by the WHO, the current detector is semi-portable with 

approximately dimensions of a suitcase. Moreover, this detector relies on a 25 µL commercial 

detection cuvette and a photomultiplier tube for fluorescence intensity-based HCHO 

concentration quantification. 

 Therefore, the main motivation of this work is triggered by the need to miniaturize the 

fluorescence optical detection component in order to further downscale the entire analytical 

device towards a hand-held device. The main challenge relies on proposing a design and building 

and testing a fluorescence-intensity based detection prototype for low HCHO concentrations in 

low volumes of fluid. Afterwards, a gas-liquid micro-reactor concept to trap and derivate the 

HCHO molecules before reaching the detector is desired.  

1.4. Outline 

This thesis consists of seven chapters. 

 Chapter 1 provides a brief introduction. 

Chapter 2 presents the theoretical concepts implemented in the development and 

modelling processes involved in this work. The fundamental aspects related to intensity-based 

fluorescence sensing in optofluidic devices is discussed. Some considerations related to the        

gas-liquid micro-reactor modelling are also presented.  

 Chapter 3 discusses the main methods used nowadays for HCHO sensing. It presents the 

physicochemical properties of the HCHO molecule and the photochemical properties of DDL.  
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 Chapter 4 proposes a microfluidic device concept for continuous HCHO sensing starting 

from a literature survey on miniaturization of optofluidic devices for fluorescence sensing. 

 Chapter 5 introduces the fluorescence sensing device built around a CMOS-image sensor. 

A detection device has been introduced, fabricated, and integrated using mainly off-the-shelf 

components (excepting microfluidic cells which were fabricated using standard microfabrication 

technologies). The sensing device was experimentally tested and the results have been analyzed. 

The results are presented and discussed. 

 Chapter 6 provides preliminary work related to a gas-liquid membrane-based 

microfluidic reactor. Some computational fluid dynamic simulations have been performed to 

determine the molecular spatial distribution depending on the Hantzsch reaction kinetics. 

Compatible materials and fabrication of the components for a first experimental prototype are 

presented.  

 Chapter 7 summarizes the achievements and identifies perspectives of the current work.  

1.5. Output of the thesis 

The main achievements of this work are related to the fluorescence sensing device which used a 

CMOS-image sensor as photodetector, and a SU8-3050 photoresist as waveguide for the light 

coming from a light-emitting diode and guided towards an interrogation chamber.  

The fluorescence sensing concept proved its capability to detect HCHO molecules 

derivatized into DDL fluorophores in a 3.5 µL interrogation volume. HCHO concentration range 

tested was 0.001 – 10 mg/L. The device could distinguish fluorescence coming from DDL 

fluorophores, possessing a very low quantum yield at room temperature, 𝜙𝐷𝐷𝐿 = 0.005. 

However, the response was not linear due to a possible combination of measurement, optical, 

and components alignment errors. Moreover, the fluidic cells tested were built in two 

configurations: One in quartz – SU-8 3050 photoresist – quartz and the other in silicon – SU8-3050 

photoresist – quartz. The experimental tests ran in parallel under similar conditions. In the 

experiments, the configuration built upon the silicon as upper-layer proved an apparently higher 

SNR compared to the configuration where the upper-layer was made in quartz.  

This part of the work was published in the Micromachines Journal (MDPI, Switzerland, IF: 

2.943). Up to the current date (24.01.2022), it has been accessed 2545 times and 2 times cited.  

A comprehensive literature survey that stands as the basis for the proposed sensing concept 

has been published in the Microfluidics and Nanofluidics Journal (Springer Publisher, IF: 2.612). Up 

to the current date (24.01.2022), it has been accessed 7621 times and cited 17 times.  

A gas-liquid membrane-based micro-reactor design for HCHO trapping and derivatization 

has been introduced. Compatible materials and microfabrication technologies have been 

identified. A couple of CFD simulations have been run in order to determine the preliminary 

features of flow path.  
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Chapter 2. Fundamentals 

2.1. Molecular fluorescence sensing in optofluidics  

Optofluidics refers to a light-fluid interaction process occurring on a chip integrating 

(micro)fluidics and optics. The fluorescence phenomenon is one of the tools used to optically 

quantify the molecular concentrations in solutions. Thus, on-chip integrated optical and 

microfluidic functions using fluorescence for molecular detection are known as molecular 

fluorescence sensing in optofluidics.  

2.1.1. Fluorescence basics 

Fluorescence refers to the property of particular molecules to absorb photons at a particular 

wavelength (𝜆𝑎𝑏𝑠) and re-emit them at a longer wavelength (𝜆𝑒𝑚) after a specific period of time 

ranging between 10−9 − 10−7𝑠. The emission wavelength shift between 𝜆𝑎𝑏𝑠 and 𝜆𝑒𝑚 is known as 

the Stokes shift. Molecules with this property are named fluorophores.  

Under normal conditions, molecules occupy the lowest vibrational level or the ground-

state, 𝑆0. When excited by photons, molecules absorb them and their electrons move towards 

higher vibrational states reaching excited states [34]. Usually, fluorescence is observed at the 

vibrational relaxation from the first excitation level, 𝑆1, to the ground state, 𝑆0. For higher 

vibrational states, the energy is dissipated through internal conversion and vibrational relaxation. 

 

Figure 2.1.1. (a) Simplified representation of the Jablonski diagram. When excited (blue arrow), 

molecules absorb the energy, E, and its electrons move from the ground state, S0, to superior electric 

levels (0, 1, 3, etc.). De-excitation towards S0 comprise: (1) a vibrational relaxation and an internal 

conversion until the first excitation level S1, and (2) a light emission characterized by a particular Stokes 

shift (green arrow) named fluorescence from S1 towards S0. (b) Absorption and emission spectrums 

centered at λabs, respectively, λem. 
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The electronic state of the molecule is generally expressed using the Jablonski diagram                    

(see Fig. 2.1.1.). 

Quantification of the energy dissipation in the superior electronic levels is done through 

a parameter called quantum yield (𝛷). 𝛷 is defined as the ratio of the number of photons emitted 

to the number of the photons absorbed. The number of photons emitted as fluorescence are 

usually up to three orders of magnitude less than the photons being absorbed to excite the 

molecule [35].  

 𝛷(𝑇) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
=

𝑘𝑓

𝑘𝑓+𝑘𝑛𝑟
  (2.1.1.) 

In Eq. 2.1.1., 𝑘𝑓 and 𝑘𝑛𝑟 represents the first-order rate constant for fluorescence relaxation 

and the rate constant for non-radiative relaxation, respectively. 𝛷 depends on the environment 

surrounding the fluorophore at the measurement time and its temperature. For example, a 

fluorophore excited in a specific solvent exerts a 𝛷 that is different by that one obtained from 

other solvent. If temperature increases, 𝛷 decreases and vice-versa. Both environment and 

temperature dependencies are explained by the Stern-Volmer relationship which is discussed in 

Demchenko [36]. 

 When fluorophores are excited with a pulse excitation, the fluorescence emission intensity 

decays following first-order kinetics (see Eq. 2.1.2.).  

 𝐹𝑡 = 𝐹0𝑒
−𝑘𝑓𝑡  (2.1.2.) 

In this equation, 𝐹0 is the fluorescence intensity at the initial emission time, 𝑡 = 0, and 𝐹𝑡 

is the fluorescence intensity as a function of time. The fluorescence lifetime, 𝜏𝑓, is defined as the 

time needed for fluorescence emission to decay to 1/𝑒 of its 𝐹0 [35]. By introducing this condition 

in Eq. 2.1.2., 𝜏𝑓 is defined as the reciprocal rate constant, 𝑘𝑓 (see Eq. 2.1.3.). 

 𝜏𝑓 =
1

𝑘𝑓
  (2.1.3.) 

2.1.2. Quantitative fluorometry and instrumentation  

Fluorescence detection systems, also known as fluorimeters, are instruments used to quantify the 

fluorescence emission intensity, 𝐹. Traditional fluorimeters use a system of lenses and filters, 

high-performance light source, and very sensitive photon detectors (PDs) to capture the 

fluorescence emissions [37]. There are two types of filters usually integrated to filtrate the light. 

Emission filters (2) reject parasitic components of the excitation light beam (1), by narrowing the 

light broadband spectrum towards the excitation wavelength specific to the analyte of interest 

(3). Detection filters (4) stop the scattered light from reaching the PD surface and inducing optical 

noise (5) (see Fig. 2.1.2.). 

Fluorescence intensity, 𝐹, is given by the number the photons emitted which is 

proportional to the light intensity absorbed (see Eq. 2.1.4.) 

 𝐹 = 𝑘𝑖𝑛𝑠𝑡𝛷(𝐼0 − 𝐼)  (2.1.4.) 



 

7 
 

In this equation, 𝐼0 is the intensity of the incident light and 𝐼 is the light transmitted. 𝐼0 and 𝐼 are 

linked by the Beer-Lambert Law (see Eq. 2.1.5.) 𝑘𝑖𝑛𝑠𝑡 is a proportionality constant specific to the 

instrument.  

  
𝐼

𝐼0
= 10−𝜀𝑙𝑐  (2.1.5.) 

Here, 𝜀 is the molar extinction coefficient, 𝑐 is the molecular concentration, and 𝑙 is the optical 

path length. By combing Eqs. 2.1.4 and 2.1.5., the following formulation of the fluorescence 

intensity, 𝐹, results in: 

 𝐹 = 𝑘𝑖𝑛𝑠𝑡𝛷𝐼0(1 − 10−𝜀𝑙𝑐)  (2.1.6.) 

For very low fluorescence intensities, 𝐹 is given by the Eq. 2.1.7 [35]. 

 𝐹 = 2.303 𝑘𝑖𝑛𝑠𝑡𝛷𝐼0𝜀𝑙𝑐  (2.1.7.) 

Thus, quantitative fluorimetry represents the measurement process of the fluorescence 

emission, 𝐹, from a sample, in order to find the molecular concentration, 𝑐. 𝐹 is commonly 

measured in relative units (e.g., photon counts or analog signals averaged by the detection 

system) which are proportional to the number of the emitted photons. 𝐹 depends on the intensity 

of the incident light, 𝐼, the geometry of the instrument, the detector sensitivity, and on the filter 

slit widths, etc. [36]. 

Quantitative analysis using intensity-based sensing requires a calibration process. 

Actually, this is the weak point of this sensing methodology since it makes the process more 

complicated and time-consuming. Measurements of undetermined concentrations have no 

meaning if they are not compared with standard measurements. Thus, it is mandatory to obtain 

a calibration curve by varying and measuring known molecular concentrations. The relative units 

 

Figure 2.1.2. General detection scheme of a fluorimeter (orthogonal configuration). Reprinted from 

Mariuta et al. [38] under CC BY 4.0 License.  
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obtained from samples with undetermined concentrations are then related to this calibration 

curve.  

2.1.3. Optofluidic integrated devices 

2.1.3.1. Materials and microfabrication technologies 

The ultimate aim in the development process of µTAS is the integration of all the electrical, 

optical, chemical, and sensing functions on-chip [39]. As part of µTAS, optofluidic integrated 

devices deal with fluid control, light manipulation, and signal transduction components.  

Micro-valves, micro-pumps, and hydraulic components represent the fluid control 

component. Light emitters, waveguides, filtration and reflecting components, as well as 

functional photonic nanostructures are part of the light manipulation component, while  photon-

detectors deal with signal transduction [40].  

The materials used in the fabrication process of the optofluidic components commonly 

include polymers, glass, and silicon. Polymers can be classified depending on the mechanical 

properties in rigid polymers (thermoplastics) and elastomer polymer (i.e., Polydimethylsiloxane 

– PDMS) (see Table 2.1.1.).  

PDMS is largely used in microfluidic applications due to its ease-of-fabrication and also 

in optofluidics due to its high light transmittance. However, it is many times incompatible with 

aggressive chemical reagents. Thermoplastics have been considered an alternative due to their 

improved mechanical properties, cost-efficiency, and improved chemical compatibility. The 

fabrication technologies that are compatible with common polymer functionalization are hot-

embossing, mold injection, micro-milling, and femto-second laser welding (see Table 2.1.2. for 

microfabrication techniques).  

Glass is characterized by high optical transmittance and it is chemically resistant to 

aggressive reagents. Glass exerts near-zero autofluorescence and it is often used as material for 

fluidic cell manufacturing (generally known as cuvettes in traditional fluorimeters).  

Silicon is used due to the well-established micro- and nanofabrication technologies 

developed over the years for integrated circuits fabrication [44]. Generally, these are based on 

Table 2.1.1. Properties of the main polymers used in microfluidic applications. Data from Tsao [41], 

Guckenberger et al. [42], and Yen et al. [43].  

Polymer 
Mechanical 

property 

Thermal 

property 

Solvent 

resistance 

Acid / 

base 

resistance 

Optical 

transmissivity 

Contact 

angle 

with 

water  Visible UV 

       PDMS Elastomer  ~353 K Poor Poor Excellent  Good 100° 

T
h

er
m

o
p

la
st

ic
s PMMA Rigid 373~398 K Good Good Excellent Good 64° 

PC Rigid 413~418 K Good Good Excellent Poor 77° 

PS Rigid 363~373 K Poor Good Excellent Poor 87° 

COC/COP/CBC Rigid 343~428 K Excellent Good Excellent Excellent 95°~100° 
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film deposition, UV lithography, etching, and doping. Silicon is many times combined with the 

materials presented above to form integrated heterogeneous structures.  

 

2.1.3.2. Light-emitters 

The light-emitter is the component of the optofluidic device that provides the excitation beam.  

The selection process of the light-emitter starts with the identification of the fluorophore 

absorbance wavelength, 𝜆𝑎𝑏𝑠. Ideally, the light-emitter should possess an infinitely narrow 

emission bandwidth with the maximal peak at the absorption (or excitation) wavelength,       

𝜆𝑎𝑏𝑠 = 𝜆𝑒𝑥 . In practice, this is impossible. The emission bandwidth introduces parasitic photons 

into the optical circuit that create an optical noise (see Fig. 2.1.3.). Thus, the emission bandwidth 

Table 2.1.2. Microfabrication techniques used in optofluidic system fabrication. Data from Tang et al.[40].  

Technique Application Advantage  Disadvantage  

UV lithography  Mold fabrication  High efficiency 

Large working area   

2D planar 

structure limited 

Two-photon 

stereolitography  

Mold fabrication 

Integrated optical components 

High resolution 

Complex structures 

 

3D printing  Mold fabrication 

Chip fabrication 

Complex structures Limited material 

choices 

Milling  Mold fabrication 

Chip fabrication 

Complex structures Poor resolution  

Direct laser 

writing  

Integrated optical components 

Chip fabrication 

High resolution 

Complex structures 

Low efficiency  

Hot embossing  Chip fabrication High efficiency  Poor resolution  

Injection molding Chip fabrication High efficiency Poor resolution  
 

 

Figure 2.1.3.  (a) Relative radiant flux intensity, Φ𝑒, of a LED with the emission wavelength centered 

at 𝜆𝑒𝑚 = 420 𝑛𝑚. (b) Radiant flux intensity depending on the emission angle, 𝜑. Reproduced from 

SMB1N-420H-02 LED Data Sheet, Roithner Laser Technik, Austria.   

 

a) b) 
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is related to the background noise the light-emitter might bring into the system. The narrower the 

emission bandwidth, the lower the noise is, and vice-versa. 

Generally, light-emitters are characterized by the radiant flux, Φ𝑒, the beam coherence, 𝛾, 

the emission angle, 𝜑, and stability of the light emission bandwidth. 

Laboratory fluorimeters use bulky argon, xenon, halogen, mercury, or incandescent lamps 

as light-emitters [45]. Optofluidic sensing devices focus on the integration of high-power micro-

laser diodes, solid-state light emitters (such as light-emitting diodes (LED), organic light emitting 

diodes (OLED), and polymer light-emitting diodes (PLED)). 

Solid-state light emitters (SSLE) with tunable properties have been frequently used in 

embedded configurations aiming to monolithically integrate fluorescence detection on-chip. 

However, the light emission process in SSLEs produces heat. Temperatures above specific values 

make the solid-state to shift the emission bandwidth. This is detrimental since the SSLE emission 

bandwidth will not be centered at 𝜆𝑎𝑏𝑠 of the fluorophore anymore. 

A LED is a p-n junction that emit photons under the influence of an electric field. The 

emissions of photons directly from the LED surface is done at large angles without reflective cups.  

A reflective cup is a lens system mounted on top of the LED surface to model the radiation flux 

emission pattern, Φ𝑒, using the total internal refection (TIR) principle (see Fig. 2.1.4.).  

High-power micro-lasers and LEDs have been mainly used when modular and robust 

miniaturized fluorimeters were targeted. In terms of performance, micro-lasers perform the best. 

Commercially-available LEDs and micro diode lasers have been widely implemented in 

microfluidic detection devices since their early development stage. Nowadays, OLEDs and dye 

lasers are very promising alternatives due to their capability to be monolithically integrated onto 

optofluidic structures [46].  

 
Figure 2.1.4. (a) Relative radiant flux of a bare LED (Lambertian emission pattern). (b) Relative radiant 

flux of LEDs with various reflective cup structures. The angles represent the emission angles, 𝜑, while 

the horizontal scale denotes the relative radiant flux intensity. Reproduced from Chen et al. [47], 

Copyright 2015, with permission from Royal Society of Chemistry.  
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Commonly, the waveguide is located perpendicularly on the light-emitter surface. The 

zero degrees emission radiation angle, 𝜑, of the light-emitter is concurrent to the optical axis of 

the waveguide. Thus, the light-emitter should have the maximum relative radiant flux intensity, 

Φ𝑒, located at zero degrees emission radiation angle, 𝜑. Respecting this condition, the excitation 

light, 𝐼,  reaching the sample in the interrogation chamber is maximized.  

2.1.3.3. Waveguiding 

The propagation of the excitation beam from the light source towards the interrogation chamber, 

is normally made through a waveguide (see Fig. 2.1.5.).  

Waveguides have a core and a cladding, each characterized by a refractive index. The 

refractive indexes of the core, 𝑛1, is larger than the refractive index of the cladding, 𝑛0. The light 

beam has to respect the total internal reflection (TIR) condition in order to be efficiently confined 

in the core and transported towards the interrogation chamber (see Eq. 2.1.8.). Incident angle, 𝜃, 

and the refractive abgle, 𝜙, (see Fig. 2.1.5.), are related to each other by Eq. 2.1.9. Then, the critical 

TIR condition is obtained in Eq. 2.1.10.  

 𝑛1 sin (
𝜋

2
− 𝜙) ≥ 𝑛0 (2.1.8.) 

 sin𝜃 = 𝑛1𝑠𝑖𝑛𝜙 ≤ √𝑛1
2 − 𝑛0

2 (2.1.9.) 

 θ ≤  𝑠𝑖𝑛−1√𝑛1
2 − 𝑛0

2 ≡ 𝜃𝑚𝑎𝑥 (2.1.10.)  

When travelling through the core, the light is attenuated mainly due to absorption and scattering 

(see Eqs. 2.1.11. - 2.1.12.). The attenuation is dependent on the material physical properties. Each 

material shows a specific attenuation coefficient, 𝜇, given by the sum of the absorption coefficient, 

𝜇𝑎, and the scattering coefficient, 𝜇𝑠. 

 𝜇 = 𝜇𝑎 + 𝜇𝑠 (2.1.11.)  

 𝜇 = −
1

Φ𝑒

𝑑Φ𝑒

𝑑𝑧
 (2.1.12.)  

Moreover, the optical characteristics of the optical materials are function of the light wavelength 

traveling through it. Thus, the attenuation coefficient of a specific optical material could be higher 

or lower depending on the wavelength of the light. Information on the optical characteristics of 

 

Figure 2.1.5.  (a) Total internal reflection (TIR) principle for electromagnetic wave transport through 

waveguides, where the 𝜃 angle represents the incidence angle of the radiant flux emitted by the light 

source. (b) Planar waveguide circuit. Reproduced from Okamoto et al. [48]. 

 

(a) (b) 



 

12 
 

each material at each of the wavelengths from the light spectrum, including the attenuation 

coefficients, can be obtained from literature for most of the optical materials. 

Radiant energy transmission through a volume is described by transmittance, 𝑇. Thus, 

transmittance describes the ratio between the transmitted radiant flux, 𝜙𝑒
𝑡, and the received or 

incident radiant flux, 𝜙𝑒
𝑖 . Energy loss due to internal absorption is called internal transmittance.  

 𝑇 =
Φ𝑒

𝑡

Φ𝑒
𝑖  (2.1.13.)  

 The absorbance coefficient, 𝑎, is material and wavelength dependent and determines how 

far the light can propagate into that material at a specific wavelength.  In Eq. 2.1.4., 𝑘𝑒 is the 

extinction coefficient.   

 𝑎 =
4𝜋𝑘𝑒

𝜆
 (2.1.14.)  

2.1.3.4. Optical noise suppression  

After the light beam reaches the interrogation chamber and excites the fluorophores in the 

sample, a sum of events occurs. First, a fluorescence signal proportional to the fluorophore 

concentration in the sample is emitted. Second, the fraction of the excitation beam that has not 

been absorbed, it is scattered. A part of this scattered light travels towards the photon detector – 

if not suppressed by filter – where it is read out as optical noise.  

Therefore, optical noise is an undesirable parameter quantifying the level of parasitic light 

reaching the detector. Noise sources in fluorimeters are both optical (unfiltered excitation light 

and shot noise) and non-optical (dark and technical noises, see Section 2.1.3.5.) [63]. Other optical 

noise sources may include compounds with different spectra present in the sample, i.e., other 

fluorophores. 

To eliminate the optical noise, filters are usually used (band-pass and/or long-pass). 

However, the efficiency of most commercially available filters is limited. A small percentage of 

the parasitic light passes through towards the photon detector even for the best existing filters 

(filtration efficiency of 99.999%).  

Undesirably, filters attenuate the radiant flux, Φ𝑒, as well. Thus, attenuation in Eq. 2.1.11. 

gains one more component given by the filter attenuation.  This component is named reflectance, 

𝑅. 𝑅 is characterized as the ratio between the reflected radiant flux, Φ𝑒
𝑟, and the incident radiant 

flux, Φ𝑒
𝑖  (see Eq. 2.1.15). 

 𝑅 =
Φ𝑒

𝑟

Φ𝑒
𝑖  (2.1.15.)  

Nevertheless, there are currently filters based on artificial optical substances possessing zero 

reflectance for radiant fluxes characterized by specific wavelengths of the spectrum [49].  

2.1.3.5. Photodetectors 

Photodetectors (PD) count the absorbed incident photons on their surface and transform them 

into a voltage or current signal proportional to the intensity of the photons absorbed. PDs are 
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commonly characterized by a detection bandwidth, responsivity, dynamic range, noise level, 

active area, response time, and quantum efficiency (𝑄𝐸).  

Detection bandwidth is the wavelength range for which PDs are sensitive to light and it 

can be expressed in 𝑛𝑚 or 𝐻𝑧. Moreover, wavelengths in the detection bandwidth are 

characterized by a specific responsivity. Responsivity is the ratio of the output current signal 

produced by the PD and the incident optical power on its surface. It is expressed in Ampere/Watt 

and it depends of the quantum efficiency (QE). 𝑄𝐸 indicates the percentage of the incident 

photons contributing to the output current signal and it is wavelength specific. The best 𝑄𝐸 of the 

available PDs are situated around 0.9 and it is specific to photodiodes. Dynamic range is the 

domain between the lower and the larger signal that can be measured linearly. Active area is 

characterized by the width and length of the detection region.  

The noise originates from shot, dark, read, and technical sources. Shot noise is induced 

due to the Poisson distribution of the photons at their arrival on PD surface. The shot noise in the 

photon counts induces a current shot noise in the PD. Dark noise is represented by the current 

intensity induced when PD surface is not illuminated. This current is named dark current. Dark 

current is induced due to the thermal excitation of the electrons. It accumulates over time and it 

is time-dependent. Dark current is also temperature-dependent. If PD temperature decreases, the 

dark noise decreases as well. Read noise is a thermally-induced variation in the load resistance 

of the transimpedance of the detection circuit. Exactly like the shot noise, it is unavoidable. It is 

temperature-dependent and has the property to decrease with lower temperatures. Technical 

noise comes from sources related to the flaws or imperfections in the PD design.  

PDs currently used in the miniaturization attempts of the fluorescence-based sensing 

devices are photomultiplier tubes (PMT), avalanche photodiodes (APD), PIN photodiodes, image 

sensors (Complementary-Metal-Oxide-Semiconductor image sensors, known as CIS, and 

Charge-Coupled Devices, known as CCD), and more recently organic photodiodes (OPD).  

PMTs are very sensitive photon detectors being capable to measure even single photons. 

They are equipped with photocathodes which convert the light into photoelectrons. 

Photoelectrons are emitted in vacuum. An electric field is created between the photocathode and 

anode in order to accelerate the photoelectrons to the first dynode. A dynode is an electrode that 

emits additional electrons. Thus, the emissive surface of the first dynode emits an amplified 

photoelectric signal. This process is repeated many times until the last dynode results in final gain 

larger than one million. The anode collects the multiplied electrons and an output signal is 

produced. Due to their sensitivity, most of the laboratory-scale commercial fluorimeters use 

PMTs as photon detectors. They exist in miniaturized (finger-tip) configurations.  

APDs are semiconductor photodiodes that use the photoelectric effect to convert light into 

electrical signal. Its functionality is very similar to that of the PMTs, except that APDs uses 

semiconductors to detect and multiply the emission signal. APDs are named depending on the 

semiconductor used in their fabrication: silicon APDs, germanium APDs, and InGaAs APDs.  
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PIN photodiode is a photodiode with an undoped (intrinsic) region between p- an n-

doped regions. The majority of the photons are absorbed in the intrinsic region where carriers are 

generated. They contribute to the photocurrent generation based on the incident light. Relative 

to the other PN detectors, they have an improved 𝑄𝐸 and a higher detection bandwidth.  

CISs are a sub-category of the active-pixel sensors. They are integrated circuits with an 

array of pixel sensors. Each pixel sensor contains its own light sensor, an amplifier, and a pixel 

select switch. Thus, the main components are color filters, a pixel array, a digital controller, and 

an analog-to-digital converter. Currently there are various models applied to gather information 

from pixels, such as: RGB (Red, Green, Blue), HSV (Hue, Saturation, Value), HIS (Hue, Intensity, 

Saturation), CIELab or CIExyY [50]. There is an increased interest in employing the RGB model 

combined with an image sensor or a camera to determine the concentration of analytes [51]. 

Generally, for CIS, the performance of the filters is not sufficient and different filtration 

algorithms are implemented, in order to diminish the dark noise.  

Although the OPDs have been around for some time, the progress registered recently 

brought their performances very close to their above presented inorganic counterparts. They are 

characterized by some unique features such as flexibility and customizable detection bandwidth. 

Thus, the organic material can be fabricated in such a way that it is sensible only for the light in a 

specific wavelength range, i.e., fluorescence emission of a specific fluorophore. This leads to 

filterless, simpler, and more compact configurations. 

The selection process of a PD suitable for a particular application has to include the 

following criteria:  

• maximized QE in the fluorescence emission wavelength 

• minimized QE in the fluorophore absorption wavelength – zero would be ideal 

• active area of the photon detector 

• electronic level noise at the fluorescence emission wavelength 

• dynamic range for the concentration range of interest to be quantified 

• robustness and costs 

2.1.4. Sensitivity and Limit-of-Detection  

Limit-of-detection (LOD) represents the lowest fluorophore concentration, 𝑐𝐿𝑂𝐷, that can be 

accurately measured in a sample. 𝑐𝐿𝑂𝐷 has to produce a signal that is distinguishable from the 

blank/background signal, 𝑋𝐿𝑂𝐷.  

Sensitivity is the slope of the calibration curve (see Section 2.1.2) defined as the linear 

dependence of the analytical signal, 𝑋, on the fluorophore concentration, 𝑐 [36]. The LOD value 

is calculated relative to the limit-of-blank (LOB) and to the standard deviation of the lower 

fluorophore concentration distinguishable, 𝑆𝐷𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒.  

 𝐿𝑂𝐷 = 𝐿𝑂𝐵 + 1.645(𝑆𝐷𝑙𝑜𝑤 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒) (2.1.14.) 
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LOB is calculated using Eq. 2.1.15 by taking multiple counts of the blank sample (a solution with 

zero fluorophore concentration) which results in blank signals. In this equation, 𝑚𝑒𝑎𝑛𝑏𝑙𝑎𝑛𝑘 is the 

mean value of the blank signals and 𝑆𝐷𝑏𝑙𝑎𝑛𝑘 is their standard deviation.  

 𝐿𝑂𝐵 = 𝑚𝑒𝑎𝑛𝑏𝑙𝑎𝑛𝑘 + 1.645(𝑆𝐷𝑏𝑙𝑎𝑛𝑘) (2.1.15.) 

Determination of these parameters has to be done for at least 20 independent samples to be 

statistically significant [52]. 

 Signal-to-noise ratio (SNR) is used to characterize the performance of the detection 

instrument. It is the ratio between fluorescence signal intensity, 𝑃𝑠𝑖𝑔𝑛𝑎𝑙, and background noise 

intensity, 𝑃𝑛𝑜𝑖𝑠𝑒, quantified by the photodetector. 

 𝑆𝑁𝑅 =
𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒
 (2.1.16.)  

There are mathematical and signal treatment methods that can be used to artificially 

decrease the level of the background noise, 𝑃𝑛𝑜𝑖𝑠𝑒. Signal treatments use electronic filters 

implemented at the photodetector level. Although the 𝑃𝑛𝑜𝑖𝑠𝑒 is reduced, the signals coming from 

the small concentrations are also removed due to over-smoothing. Alternatively, mathematical 

models such as Gaussian convolution, Fourier transform, or wavelet transform can be used to 

avoid this issue.  

Method sensitivity and its LOD are limited by the noise of the detection instrument which 

is given by the SNR. Thus, LOD is the fluorophore concentration for which the fluorescence 

intensity is three times higher than the background noise, 𝑃𝑛𝑜𝑖𝑠𝑒, measured by the instrument. 

LOQ is the fluorophore concentration corresponding to the fluorescence intensity which is ten 

times higher than the background noise. LOQ can be similar or higher to the LOD, but never 

lower. 

2.1.5. Particularities of fluorescence intensity sensing. Non-linearity effects.  

Fluorescence intensity sensing is characterized by a series of particularities that might affect the 

expected linear response of an assay. These particularities are further characterized.   

 Quenching is a reversible process resulting in fluorescence intensity decreasing due to 

short-range interactions between the fluorophore and the other molecules located in the sample. 

When the interaction takes place with the other fluorophores, it is called self-quenching.  

 Photobleaching is a permanent process resulting in the decrease of fluorescence intensity 

due to the high-intensity of the excitation power.   

 Non-linearities can appear in the following contexts [36]: 

• When the excitation light passes through a strongly absorbing sample and the light 

decreases in intensity. The primary inner filter effect is induced.  

• For samples with high fluorophore concentration, the emitted light can be reabsorbed 

by the interrogation sample and emission does not reach the PD.  The secondary inner 

filter effect is induced.  
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• Primary and secondary inner filter effects can be eliminated by reducing the optical 

path. When the absorbance is below 0.05 – 0.1, these effects should not be present.  

• When fluorescence occurs at high intensities of the excitation light. In this context, a 

part of the fluorophores is in the excited state and, consequently, the ground state 

becomes depopulated. Fluorescence intensity being proportional to the ground-state 

concentration, the light quenching effect occurs. 

2.2. Flow microreactors modelling 

2.2.1. Introduction 

Gas-liquid microreactors for continuous gaseous molecular trapping are a particular class of flow 

microreactors (FMR) involving a high degree of complexity and unsolved challenges. 

Conceptually, FMRs are not providing only devices having a lower size characterized by high 

volume-to-surface ratios, short diffusion and mixing paths, but also mass- and heat-transfer 

coefficients that are orders of magnitude higher comparative to the macroscale reactors [53].  

The gas-liquid microreactors are currently under intense research interest due to the 

development potential enabled by the microfluidics and nanotechnology synergy. This is mainly 

triggered by research fields such as personalized medicine, organs-on-chip, and real-time 

environmental sensors. Their successful scaling-down process would create new routes towards 

applications, such as point-of-care medical devices, portable environmental sensors, etc. [55].  

A Gas-Liquid FMR for continuous detection of gaseous molecules involves: (1) gas-liquid 

interactions, followed by (2) mass-transfer processes of the molecules from the gas phase towards 

the liquid phase, (3) chemical reactions of the trapped molecules into the liquid reagent.  

 

Figure 2.2.1. Development stages of a flow microreactor (FMR). Reprinted with permission from 

Nakahara et al. [54]. Copyright 2015, American Chemical Society.  
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One of the most important challenges in the gas-liquid FMR development is the precise 

and reproducible contacting of the two phases [56]. Gas-liquid FMRs may be designed with a 

direct gas-liquid contacting of the phases or with a hydrophobic porous membrane as a phase 

separator. Their performance is evaluated depending on the process operation variables 

(hydrodynamic properties, temperature, pressure, flow rates). Thus, in the development process 

of a gas-liquid micro-reactor (modelling, design, and optimization), the hydrodynamic conditions 

have to be precisely known and controlled.  

2.2.2. Hydrodynamics of microfluidic flows  

2.2.2.1. Single-phase flows 

Microfluidics is the study of fluid dynamics events at a micro-scale. Microfluidics begins when 

the surface forces start dominating the volumetric forces.  

Thus, at the transition from macro to micro-scales, dimensionality is chanced. At macro 

scale, three dimensions are important, the flow being volume-defined. At micro-scale, the flow is 

surface-dominated and this means that two dimensions are most important. Going to nano-scale, 

the flow becomes “one dimensional”, only lines or even dots become important [29]. 

Generally, liquid and gas pressure-driven microfluidic flows can be usually treated using 

the continuum approach (see Eqs. 2.2.1. and 2.2.2.).  

 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑢) = 0  (2.2.1.) 

 𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢 ∙ ∇𝑢) = −∇𝑝 + 𝜇∇2𝑢 + 𝑓  (2.2.2.) 

When 𝑅𝑒 ≪ 1, the 𝑢 ∙ ∇𝑢 term can be neglected and the Navier-Stokes equation becomes the 

Stokes equation. Due to low 𝑅𝑒 numbers, the flow regime in microfluidics is dominated by 

laminar flows, but turbulent flows may exist as well. It was demonstrated that the transition limit 

towards the turbulent flow decreases with higher roughness [57].   

In pressure-driven gas flows, continuum approach applying the conservation of 

momentum and mass as described by the Navier-Stokes equations can be applied until a certain 

extent which is given by the Knudsen number, 𝐾𝑛. Knudsen number is used to define the 

boundaries between the flowing regimes (see Table 2.2.1.).  

A couple of dimensionless numbers have been generally accepted for understanding the 

interplay between the volumetric and surface forces in microfluidics (see Table 2.2.2.). 

Table 2.2.1. Flow regimes given by the Knudsen numbers using mean free path, λ, and characteristic 

length, Lc [58]. 

Formulae Flow regimes 

𝐾𝑛 =
𝜆

𝐿𝑐

 
Continuum Slip flow Transition Molecular 

𝜆 =
𝑘𝐵𝑇

√2𝜋𝑑2𝑝
 

𝐾𝑛 < 0.001 0.001 < 𝐾𝑛 < 0.1 0.1 < 𝐾𝑛 < 10 𝐾𝑛 > 10 

* 𝑑 is the diameter of the molecule, 𝑘𝐵 is the Boltzmann’s constant and 𝑝 is the local pressure. 
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Dimensionless numbers are used as well to define the transition from the macro to the micro 

domain. For example, Bretherton proposed the use of the Eötvös number, 𝐸𝑜 = 0.84, as the 

criterion for the transition from macro to microfluidics [59]. When 𝐸𝑜 ≪ 1, the contribution of the 

gravitational forces can be ignored.  

Pressure-driven flows in microchannels generate pressure drops, ∆𝑝, along the channel 

length, 𝐿. Pressure-drop is defined as the difference in total pressure between two points of a fluid 

system. More precisely, the larger 𝐿 is, the higher the pressure needed to drive a flow through it 

at specific velocity. Therefore, pressure-driven flows generate a pressure increase from the outlet 

towards the inlet which is influenced by the flow rate, the shape, the cross-section area, the length 

of the channel, fluid properties, and roughness of the micro-channels. Its estimation is one of the 

crucial calculations to be performed in the initial development stages. Otherwise, the channel or 

the system may physically collapse due to the very high local forces generated by the pressure.  

In fluid dynamics, Hagen-Poiseuille equation is used to calculate empirically the pressure 

drop in channels. In microfluidics various correlations exist for estimation of pressure drop in 

single, respectively multiphase flows which are more or less accurate depending on the 

assumption made and the context in which they are applied. In liquid single-phase flows, 

pressure drop in constant cross section microchannels can be estimated using the equation [60]: 

 ∆𝑝 = 𝑓
𝐿

𝑑ℎ

𝜌𝑢2

2
  (2.2.3.) 

Here, 𝑑𝐻, is the hydraulic diameter of rectangular channels, the most spread type of microchannel 

in microfluidic devices due to its ease-of-fabrication, is calculated depending on the channel’s 

width, 𝑎, and channel height, 𝑏: 

 𝑑ℎ =
4𝑎𝑏

2𝑎+2𝑏
   (2.2.4.) 

The function 𝐶𝑓 ≡ 𝑓 × 𝑅𝑒 is often used to characterize the pressure drop variation as a function 

of 𝑅𝑒 number [60]: 

 𝐶𝑓 ≡ 𝑓 × 𝑅𝑒 =
8𝜌∆𝑝𝑎3𝑏3

𝐿𝜇(𝑎+𝑏)2𝑚
 (2.2.5.) 

Table 2.2.2. Dimensionless numbers used in continuous flow microfluidics. 

Dimensionless number Formulae Meaning 

Reynolds number (Re) 𝑅𝑒 =
𝜌𝑑𝑢

𝜇
 Ratio of the inertial forces to viscous forces. 

Eötvös number (Eo) /  

Bond number (Bo) 
𝐸𝑜 = 𝐵𝑜 =

∆𝜌𝑔𝑑2

𝜎
 Ratio of the gravitational to capillary forces. 

Capillary number (Ca) 𝐶𝑎 =
𝜇𝑢

𝜎
 

Rate of the viscous forces to surface tension forces 

across gas-liquid interface. 

Ohnesorge number (Oh) 𝑂ℎ = √
𝑊𝑒

𝑅𝑒
=

𝜇

√𝜌𝑑𝜎
 

Rate of the viscous forces to inertial and surface 

tension forces.  

Webber number (We) 𝑊𝑒 = 𝑅𝑒 ∙ 𝐶𝑎 =
𝜌𝑢2𝑑

𝜎
 

Ratio between deforming inertial forces and 

stabilizing cohesive forces.  
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In gas single phase flows, pressure drop in constant cross section microchannels can be estimated 

based on the momentum theory using the equation [60]: 

  
𝑑𝑝

𝑑𝑥
= −

𝑓

𝑑𝐻
𝜌

𝑢2

2
− 𝜌𝑢

𝑑𝑢

𝑑𝑥
  (2.2.6.) 

Many correlations exist for calculation of the friction factor, 𝑓. Their validity range and accuracy 

is discussed broadly in Asadi et al., [61] and Triplett et al., [62] from which it results that the wall 

roughness plays a very important role, especially in turbulent microfluidics. Eq. 2.2.7. states the 

general correlations for finding the friction factor in circular microchannels. 

 𝑓 = {

64

𝑅𝑒
 (𝑓𝑜𝑟 𝑙𝑎𝑚𝑖𝑛𝑎𝑟 𝑓𝑙𝑜𝑤)

0.316𝑅𝑒−0.25 (𝑓𝑜𝑟 𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝑓𝑙𝑜𝑤)
 (2.2.7.) 

2.2.2.2. Two-phase flows 

Gas-liquid interactions are a particular category of multiphase flows occurring in microfluidic 

channels when a gaseous and a liquid phase are pressure-driven in the same confined space. As 

a consequence, various flow patterns may form depending on the gas and liquid flow rates, the 

resultant of the surface and volume forces interplay, and depending on the wettability properties 

of the microchannel’s walls.  

The main two-phase flow patterns that may occur in microfluidic gas-liquid interactions 

are bubbly flow, slug / Taylor / segmented flow, annular flow, and churn flow. However, 

transition flow patterns may occur, e.g., slug-annular flow (see Fig. 2.2.2., a). Bubbly flow is 

 

Figure 2.2.2. (a)  Gas-liquid flow patterns in microfluidic channels. Reproduced from Serizawa et al. [63], 

Copyright 2002, with permission from Elsevier (License number 5235900263267). (b) The flow pattern 

transition map as a function of superficial gas and liquid velocities. Reproduced from Rebrov et al. [64], 

Copyright 2010, from Springer Nature (License number  5235891301174). 

(a) (b) 
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characterized by the presence of gas bubbles which are smaller than the channel diameter flowing 

with the liquid inside a microchannel.  

Slug flow/Taylor flow/Segmented flow is a flow regime characterized by gas bubbles 

with the length usually several times wider than its width which are surrounded by liquid films 

in the wall adjacent region and liquid plugs in between them.  

Annular flow is described as a liquid film flowing on the channel wall with gas flowing 

in the channel core at a velocity around three orders of magnitude higher than the liquid velocity. 

The inertia of the gas core has to overcome the interfacial tension forces to keep the interface 

stable. Annular flow possesses much higher surface-to-volume ratios, 𝑎, compared to the Taylor 

flow and all other flow patterns.  

Churn flow is a transition flow pattern between the slug flow and annular flow pattern. 

This regime is reached when the elongated slug bubbles become unstable leading to their 

disruption and some small bubbles occur into the liquid slug [65].   

Reproducibility is yet challenging in microfluidic gas-liquid two-phase flows. Pattern 

boundary positioning on the flow maps is influenced by gravity, inlet region geometry, diameter 

of the channel, cross-section, liquid viscosity, wettability, and surface tension. Also, the 

instruments used to drive the fluids into the channels can exert a considerable influence over the 

position of the boundaries [64].  

In gas-liquid two-phase microfluidics, pressure drop estimations are based upon a 

classical homogenous flow model (HFM) and a separated flow model (SFM) [61,62]. The same 

Eq. 2.2.7. is used to estimate the pressure drop, but this time 𝑓𝑇𝑃 is the two-phase Fanning friction 

factor and 𝜌𝑇𝑃 is the two-phase homogeneous density. 𝑓𝑇𝑃 is calculated differently depending on 

the value of the two-phase Reynolds number, 𝑅𝑒𝑇𝑃.   

 (
𝑑𝑝

𝑑𝑥
)
𝑇𝑃

=
𝑓𝑇𝑃𝐺2

2𝜌𝑇𝑃𝑑ℎ
  (2.2.8.) 

 𝑓𝑇𝑃 = {

16

𝑅𝑒𝑇𝑃
 𝑓𝑜𝑟 𝑅𝑒𝑇𝑃 ≤ 2000

0.079𝑅𝑒𝑇𝑃
−0.25 𝑓𝑜𝑟 𝑅𝑒𝑇𝑃 > 2000

  (2.2.9.) 

 𝑅𝑒𝑇𝑃 =
𝐺𝑑𝐻

𝜇𝑇𝑃
   (2.2.10.) 

  𝜇𝑇𝑃 = (
𝜒

𝜇𝐺
+

1−𝜒

𝜇𝐿
)
−1

 (2.2.11.) 

 𝜒 =
𝑚𝑣𝑎𝑝𝑜𝑟

𝑚𝑙𝑖𝑞𝑢𝑖𝑑+𝑚𝑡𝑜𝑡𝑎𝑙
 (2.2.12.) 

HFM assumes that flow velocities of the phases are equal. Therefore, this model is more 

suitable to estimate pressure drop in two-phase flows such as slug flow, but not in annular flows 

where the model tends to overpredict it [62]. On the other hand, SFM assumes that gas and liquid 

flow separately in the channel. Each phase occupies a specific sector of the cross section. Though, 

the model is more suitable for predicting the pressure drop in annular flow.  
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2.2.3. Gas trapping in microfluidic two-phase flows   

2.2.3.1. Fick’s laws. Convective-diffusive transport equation 

Thermal motion of gas and liquid chemical species at temperatures above the absolute zero is 

called molecular diffusion. Assuming a specific chemical species, 𝑖, into a control volume with its 

concentration generically noted as 𝑐𝑖, a local higher species concentration causes a concentration 

gradient, ∇𝑐𝑖, which leads to a diffusive flux, 𝑗𝑑𝑖𝑓𝑓, towards the regions of lower concentration. 

After a particular period of time, equilibrium is reached, the concentration gradient being zero in 

each point of the control volume. However, at zero concentration gradient, the molecules 

continue to move and this is called self-diffusion.  

Diffusion coefficient, 𝐷𝑖, denotes the proportionality constant between the diffusive flux 

and the concentration gradient of species 𝑖 into a mixing of other species. 𝐷𝑖 is constant only for 

dilute solutions, this case being known as Fickian diffusion. 𝐷𝑖 can be determined by 

implementing the Stokes-Einstein equation from the kinetic theory (see Eq. 2.2.13.) which 

includes temperature, 𝑇, kinematic viscosity, 𝜇, Boltzmann’s constant, 𝑘𝐵, dynamic viscosity, 𝜂, 

and radius of the molecule. 

 𝐷𝑖 =
𝑘𝐵𝑇

6𝜋𝜇𝑟
 (2.2.13.)  

Though, the first Fick’s law states that diffusive flux is proportional to the magnitude of the 

concentration gradient (see Eq. 2.2.14.). In this equation, 𝐷𝑖 denotes the diffusion coefficient 

expressed as area per unit time.  

 𝑗𝑑𝑖𝑓𝑓 = −𝐷𝑖∇𝑐𝑖 (2.2.14.)  

Moreover, for describing the variation of the concentration gradient depending on the unit time, 

𝑡, there is a second Fick’s law (see Eq. 2.2.15.) which is derived from the equation of mass 

conservation (see Eq. 2.2.16.). 

 
𝜕𝑐𝑖

𝜕𝑡
= ∇ ∙ (𝐷𝑖∇𝑐𝑖) (2.2.15.)  

 
𝜕𝑐𝑖

𝜕𝑡
+ ∇ ∙ 𝑗𝑖 = 0 (2.2.16.)  

When the fluid inside the control volume is not at rest i.e., its momentum is not zero, it is said 

that there is a bulk motion of the fluid. In this situation, an additional transport mechanism 

named convection (or advection) accounts for the movement of the mass due to its momentum 

(see Eq. 2.2.17.). 

 𝑗𝑐𝑜𝑛𝑣 = −∇ ∙ (𝑢𝑐𝑖)  (2.2.17.)  

Again, the convection-diffusion equation can be derived from the continuity equation (see           

Eq. 2.2.18.) where the total flux, 𝑗, is: 

 𝑗𝑖 = 𝑗𝑐𝑜𝑛𝑣 + 𝑗𝑑𝑖𝑓𝑓  (2.2.18.)  

Coupling the convection transport and the diffusion transport results in the convective-diffusion 

equations which accounts for the transport of species in a moving fluid (see Eq. 2.2.19.).   

 
𝜕𝑐𝑖

𝜕𝑡
= ∇ ∙ (𝐷𝑖∇𝑐𝑖) − ∇ ∙ (𝑢𝑐𝑖) + 𝑅  (2.2.19.)  
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In this equation, 𝑅 is the source, the sink term or the reaction rate, describing the creation or 

destruction of the species in situations involving chemical reactions. If the reaction produces more 

species, increasing their concentration, then 𝑅 > 0 and it is called a source term. Otherwise, if    

𝑅 < 0, the reaction consumes the species, decreasing their concentration and it is called a sink 

term (see Section 2.2.4.).  

2.2.3.2. Henry’s law. Vapor-liquid phase equilibria 

The complexity increases in the case of two-phase interactions. Species follow the same laws 

above stated, but in the process of moving towards the region having a lower concentration, the 

species have to pass through the interface separating the two phases. This event created the 

phenomenon called gas-liquid interface transport. The diffusion process across the interface may 

be found as a static or dynamic equilibrium. 

In molecular kinetics, one parameter used to characterize the interface diffusion is the 

mass accommodation coefficient, 𝛼, (also known as sticking coefficient or condensation 

coefficient), 0 ≤ 𝛼 ≤ 1. The accommodation coefficient describes the interface penetration 

probability of the gas or vapor molecules when they collide with the interface (see Rel. 2.2.20.).  

 𝛼 =
𝑛𝑜.  𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝ℎ𝑎𝑠𝑒

𝑛𝑜.𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 𝑤𝑖𝑡ℎ 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒
  (2.2.20.) 

At the mass transport from a gaseous phase towards a liquid phase, it was demonstrated 

that there is a proportionality constant, 𝐻𝑐𝑝, between the species allowed to accommodate in the 

liquid phase, 𝑐𝐿, and the partial pressure of the species in the gaseous phase, 𝑝𝑖 (see Eq. 2.2.21.).   

 𝐻𝑐𝑝 =
𝑐𝐿

𝑝𝑖
  (2.2.21.) 

This constant is named Henry’s law constant or the air-water partition coefficient and 

characterizes the species distribution when the system reached the equilibrium. Henry’s law 

dictates the gas species amount that can be practically absorbed by the liquid phase from the gas 

phase. The law is valid until the liquid phase reaches the solubility limit.  

The Henry’s law constant can be expressed in dimension (see Eq. 2.2.22.) or dimensionless 

form (see Eq. 2.2.24.). The constants are specific to each gas species and it depends on 

temperature. They are determined experimentally. 

 𝐻𝑐𝑐 =
𝑐𝐿

𝑐𝐺
 (2.2.22.) 

 𝐻𝑐𝑐 = 𝐻𝑐𝑝𝑅𝑇 (2.2.23.) 

2.2.3.3. Two-film theory and Resistance-in-Series Model. Dimensionless numbers 

The two-film model assumes the existence of two hypothetical stagnant films, one above and one 

below the interface (see Fig. 2.2.3.). The model assumes that equilibrium is reached instantly at 

the interface, so that the Henry’s law can be applied at the interface: 
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 𝑐𝐺,𝑖 =
𝑐𝐿,𝑖

𝐻𝑐𝑐  (2.2.24.) 

Therefore, a steady-state flux governs the molecular diffusion across the stagnant films with 𝑗 =

𝑗𝑑𝑖𝑓𝑓,   𝐺 = 𝑗𝑑𝑖𝑓𝑓,   𝐿 (see Eqs. 2.2.25. and 2.2.26., assuming the flux from the gaseous phase towards 

the liquid phase). 

 𝑗𝑑𝑖𝑓𝑓,   𝐺 = −𝐷𝑖,𝐺
𝜕𝑐𝑖

𝜕𝑥
= −𝐷𝑖,𝐺

𝜕𝑐𝐺

𝛿𝐺
= −𝐷𝑖,𝐺

𝑐𝐺,𝑖−𝑐𝐺

𝛿𝐺
= 𝑘𝐺(𝑐𝐺 − 𝑐𝐺,𝑖)  (2.2.25.) 

 𝑗𝑑𝑖𝑓𝑓,   𝐿 = −𝐷𝑖,𝐿
𝜕𝑐𝑖

𝜕𝑥
= −𝐷𝑖,𝐿

𝜕𝑐𝐿

𝛿𝐿
= −𝐷𝑖,𝐿

𝑐𝐿,𝑖−𝑐𝐿

𝛿𝐿
= 𝑘𝐿(𝑐𝐿 − 𝑐𝐿,𝑖)  (2.2.26.) 

Returning to the Eqs. 2.2.25. and 2.2.26., concentrations at the interface cannot be measured, the 

two-film model defines the so-called overall mass-transfer coefficients for liquid phase, 𝐾𝐿, 

respectively gas phase, 𝐾𝐺. These coefficients are defined considering fictive concentrations, 𝑐𝐺
∗ , 

respectively, 𝑐𝐿
∗, for which the concentration in the bulk of one phase would be in equilibrium 

with the bulk concentration of the other phase (see Eqs. 2.2.27. and 2.2.28.).  

 𝑗 = 𝐾𝐺(𝑐𝐺 − 𝑐𝐺
∗ )  (2.2.27.) 

 𝑗 = 𝐾𝐿(𝑐𝐿 − 𝑐𝐿
∗)  (2.2.28.) 

Introducing Eqs. 2.2.29. and 2.2.30. in Eqs. 2.2.27. and 2.2.28., and assuming constant flux across 

the interface, the overall mass-transfer coefficients can be written as described in Eqs. 2.2.31. and 

2.2.32. In these equations, 
1

𝐾𝐿
 and 

1

𝐾𝐺
 represent the transfer resistances generated by the liquid, 

 

Figure 2.2.3. Two-film transport model for a gas-liquid mass transfer from the gas phase towards the 

liquid phase, where x is the length, c is the concentration, vG⃗⃗⃗⃗  is the gas velocity vector, vL⃗⃗⃗⃗  is the liquid 

velocity vector, j is the total mass flux, δG is the gas stagnant film thickness, δL, is the liquid stagnant film 

thickness, cG is the gas bulk concentration, cL is the liquid bulk concentration. 
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respectively the gas film. It has to be mentioned that the interface resistance is neglected since 

instant equilibrium is considered. 

  𝑐𝐿
∗ = 𝑐𝐺𝐻𝑐𝑐  (2.2.29.) 

  𝑐𝐺
∗ =

𝑐𝐿

𝐻𝑐𝑐  (2.2.30.) 

  
1

𝐾𝐿
=

1

𝑘𝐿
+

𝐻𝑐𝑐

𝑘𝐺
  (2.2.31.) 

  
1

𝐾𝐺
=

1

𝐻𝑐𝑐𝑘𝐿
+

1

𝑘𝐺
  (2.2.32.) 

Depending on the 𝑘𝐺, 𝑘𝐺, and 𝐻𝑐𝑐, one of the two resistances may dominate over the other. In 

other words, the solubility of the species, the renewal rate, and the film thicknesses dictates which 

of the two resistances are dominant. For example, the gases with high 𝐻𝑐𝑐 i.e., highly soluble, 

encounter the dominant resistance in the gas-phase, and vice-versa, and the gases with low 𝐻𝑐𝑐 

encounter the dominant resistance in the liquid-phase.  

The various effects in convective-diffusive species transport in FMRs are characterized in 

terms of dimensionless numbers presented in Table 2.2.3. Generally, correlations that describe a 

specific phenomenon are many times presented in terms of these dimensionless numbers. 

 

2.2.4. Gas-liquid reactions. Pseudo-first order reaction.  

The gas-liquid interface transport might be accompanied by a chemical reaction in the receiving 

phase. If the reaction is fast enough, then the concentration of species in the film near the interface 

is rapidly diminished. Consequently, this means a higher concentration gradient when compared 

to the same case, but no-reaction.  

A higher concentration gradient results in a higher diffusive flux across the interface. This 

is named a chemically-enhanced mass transfer. The enhancement factor due to the chemical 

Table 2.2.3. Dimensionless numbers used in flow microreactors (FMRs). 

Dimensionless number Formulae Meaning 

Péclet number (Pe) 𝑃𝑒 =
𝑢𝑑

𝐷
 It relates the convective and transport phenomena. 

Sherwood number (Sh) / 

Nusselt number (Nu) 
𝑆ℎ =

𝑘𝑑

𝐷
 

Ratio of the convective mass transfer to the rate of 

diffusive mass transport. 

Bejan number (Be) 𝐵𝑒 =
∆𝑝𝐿2

𝜇𝐷
 

In the context of mass transfer, it is the dimensionless 

pressure drop along a channel of length 𝐿. 

Schmidt number (Sc) 𝑆𝑐 =
𝜇

𝜌𝐷
 

It represents the ratio between the viscous diffusion 

rate and the molecular diffusion rate. 

Hatta number (Ha)  

(pseudo-first order reaction) 
𝐻𝑎 = √

𝑘′𝐷

𝑘𝐿
 

It describes the ratio of reaction to diffusion rates in 

the thin film. 

Dean number (De) 𝐷𝑒 = 𝑅𝑒√
𝑑𝐻

2𝑅
 Study flows in curved sections of the microchannels. 
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reaction, 𝐸, is calculated as the ratio between the diffusive flux in the presence of the chemical 

reaction, 𝑗𝑑𝑖𝑓𝑓_𝑅, and the diffusive flux with no reaction, 𝑗𝑑𝑖𝑓𝑓 (see Eq. 2.2.33.). 

 𝐸 =
𝑗𝑑𝑖𝑓𝑓_𝑅

𝑗𝑑𝑖𝑓𝑓
  (2.2.33.) 

The relationship between the species concentration in a solution and the reaction rate, 𝑅, is known 

as the reaction order. 𝑅 is practically the speed at which the reaction occurs and it is defined by 

the rate equation (see Eq. 2.2.34.). In this equation, 𝑘 is the rate constant.  

  𝑅 = 𝑘[𝐴]𝑥[𝐵]𝑦  (2.2.34.) 

The overall reaction order is given by the sum of the partial reaction orders, 𝑥 and 𝑦. Thus, 

depending on that, there are zero-order, first order, second order, and nth order chemical 

reactions. A particular case is represented by the pseudo-first order reaction – examples are 

reactions in which one component is in large excess to the other. The excess reactant consumption 

during the reaction is insignificant and therefore its value is assumed to be constant.  

Assuming [B] (concentration of reactant B) being in excess relative to [A] in Eq. 2.2.35., 

then [B] can be included in the rate constant as stated in Eq. 2.2.36., where 𝑘′ is the pseudo-reaction 

constant. Eq. 2.2.37. expresses the pseudo first-order reaction mechanism.  

 −
𝑑[𝐴]

𝑑𝑡
= 𝑘[𝐴][𝐵] (2.2.35.) 

 𝑘′ = 𝑘[𝐵] (2.2.36.) 

 −
𝑑[𝐴]

𝑑𝑡
= 𝑘′[𝐴] (2.2.37.) 

2.2.5. Residence time distribution in reacting flows 

Generally, a residence time distribution (RTD) function can be estimated through experimental 

(e.g., stimulus-response tracer experiments) and computational (e.g., computational fluid 

dynamics (CFD)) methods by introducing a (virtual) tracer signal at the inlet and monitoring its 

concentration at the outlet. The tracer should have similar properties with the fluid used in the 

system and be completely soluble in mixture. 

In an ideal FMR, the flow behaves as a plug flow. The plug flow means that the velocity 

is uniformly distributed in the cross section along the flow direction and the tracer introduced at 

the inlet reaches the outlet under the same concentration, but with a time delay. This time delay 

is named residence time.  

In real flows, the tracer concentration reaching the outlet, 𝑐𝑂𝑈𝑇(𝑡),  is time-dependent. It 

is monitored using RTD curves that give relevant information about the species flow behavior 

inside the volume of control. In real flows occurring in closed systems, the species actually never 

leave the volume of control completely. A small fraction of them adheres on the solid parts and 

others remains blocked in zones with zero flow velocity. 

For a tracer introduced in form of a pulse function (Dirac delta function) the response is 

measured using the function 𝐸(𝑡) (see Fig. 2.2.4.). If the volumetric flow rate at the inlet is 

constant, the residence-time distribution function, 𝐸(𝑡) can be written as: 
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 𝐸(𝑡) =
𝑐(𝑡)

∫ 𝑐(𝑡)𝑑𝑡
∞

0

  (2.2.38.)  

The function 𝐸(𝑡)𝑑𝑡 represents the fraction of the tracer having a residence time between the time 

intervals (𝑡, 𝑡 + 𝑑𝑡). The fraction of the tracer that has resided in the system in between the 

interval 𝑡 = 0 and 𝑡 = ∞ is 1 if no-chemical reaction occurs: 

 ∫ 𝐸(𝑡)𝑑𝑡
∞

0
= 1  (2.2.39.) 

For a tracer introduced as a step function the response is measured using a cumulative 

distribution function, 𝐹𝑡 (see Eq. 2.2.40.).  

 𝐹𝑡(𝑡) =
𝑐𝑂𝑈𝑇(𝑡)

𝑐𝐼𝑁(𝑡)
  (2.2.40.)  

There are two very important moments used to describe the RTD curves. The first is the mean 

residence time, 𝑡̅, describing the mean time spend by the species in the volume of control from 

their entrance up to their exit at the outlet (see Eq. 2.2.41.). The second is the variance, 𝜎2, that is 

used to assess the degree of flow non-uniformity and how far the flow deviates from the ideal 

plug flow (see Eq. 2.2.42.). In other words, the variance is the indication of the distribution 

spreading. The higher the value of the variance, the larger the spread of the distribution is. 

 𝑡̅ = ∫ 𝑡𝐸(𝑡)𝑑𝑡
∞

0
 (2.2.41.) 

 𝜎2 = ∫ (𝑡 − 𝑡𝑚)2𝐸(𝑡)𝑑𝑡
∞

0
  (2.2.42.) 

In chemical MFRs with a first-order reaction characterized by a reaction rate, 𝑘, the reaction 

probability of the molecules depends on their residence time in the system: 

 𝑃𝑅 = 𝑒−𝑘𝑡 (2.2.43.) 

The mean reaction probability is the ratio of 𝑐𝑂𝑈𝑇(𝑡) and 𝑐𝐼𝑁(𝑡): 

 𝑃𝑅
̅̅ ̅ =

𝑐𝑂𝑈𝑇

𝑐𝐼𝑁 = ∫ 𝑒−𝑘𝑡∞

0
𝐸(𝑡)𝑑𝑡 (2.2.44.) 

 

 
Figure 2.2.4. The principle of residence time distribution estimation in a volume of control using the 

pulse method. (a) The tracer is injected at the inlet as a Dirac impulse for one time-step. (b) The tracer 

concentration monitored at the outlet as an area-weighted average variation function over time.  

Outlet 
Inlet 
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Chapter 3. Current methods and devices used for real-time 

detection of indoor formaldehyde   
 

3.1. Devices and sensing methodologies   

Currently, there are already a multitude of methods developed for real-time detection of low 

concentrations of indoor HCHO, some of them possessing a high embedding potential into an 

ultra-portable device. However, the determination of HCHO concentrations in different 

environments relies most of the time on the off-line NIOSH-2016 method                                                 

(2,4-dinitrophenylhydrazine (DNPH) cartridge + HPLC/UV detection) [66]. The real-time 

portable sensors developed until now are either not precise and not selective enough, or too 

expensive. 

The NIOSH-2016 method is based on on-site DNPH cartridge tube sampling followed by 

an off-line laboratory HPLC analysis (see Fig. 3.1.1.). It exhibits the lowest LOD, 0.048 µg/m3     

(0.04 ppb), among all the detection methods developed. However, it provides average 

concentrations over time intervals ranging from one hour to a week for both active and passive 

samplings, respectively [30,66]. Sampling of a known volume of air is done through a silica gel 

cartridge coated with DNPH using a gas pump at a specific sampling speed for a specific period 

of time. The HCHO molecules are trapped in the cartridge and react with the DNPH to form 

hydrazones. Once the sampling process is finished, the cartridges are stored in capped 

borosilicate tubes and kept at a low temperature until they are analyzed in the laboratory. In the 

laboratory, the hydrazone is eluted from the cartridge using acetonitrile and afterwards the 

resulted derivative is analyzed with an ultraviolet detector (360 nm) using HPLC, reference 

method ISO16000-3 [67]. 

The main alternative methods used for real-time HCHO quantification are high-

performance liquid chromatography (HP-LC) [68,69], gas chromatography – mass spectrometry 

(a) (b) 

Figure 3.1.1. (a) A 2,4-DNPH cartridge and an air sampling pump. (b) A High Performance Liquid 

Chromatography (HPLC) detection device [67].  
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(GC-MS) [70], ion chromatography [71], infrared diode laser spectroscopy [72,73], proton-

transfer-reaction – mass spectrometry (PTR-MS) [74,75], electro-chemistry, chemo-resistivity, 

colorimetry, and fluorometry.  

Chromatographic and the spectroscopic methods mentioned above can measure ppb and        

sub-ppb HCHO concentrations. However, their integration onto ultra-portable devices have not 

yet been achieved due to their increased complexity and current existing devices are not portable, 

are very expensive, and have too long measurement times [76,77].  

Electrochemical sensors (amperometric and conductometric/impedance-based) use 

nanomaterials (nanoparticles, nanowires, nanotubes, etc.) as electrodes for HCHO 

electrooxidation. These electrodes under a specific voltage produce an electrical signal 

proportional to the HCHO concentration in the air. The drawbacks of this type of sensor are 

related to their life-time which is dependent on the volume of gas getting in contact with the 

electrode and the LODs achieved which are not satisfactory. Up to the author’s knowledge, the 

lowest LOD for this type of sensing method was reported in the work of Li et al., [78].  

Chemoresistive sensors (or semi-conductor sensors), similarly to the electrochemical 

sensors, work by measuring the property of a material being in direct contact with the gas. The 

space between two electrodes is filled with a material (metal-oxide semiconductors – 𝑍𝑛𝑂, 𝐶𝑢𝑂, 

𝑆𝑛𝑂2 𝐼𝑛2𝑂2 𝑊𝑂3 𝐶𝑜3𝑂4, 𝑁𝑖𝑂 –, conductive polymers, graphene, nanotubes, nanoparticles) that 

changes its electrical resistance proportionally to the analyte concentration in contact with the 

material. Typically, the LOD achieved by these sensors are in ppm-range. However, there are 

recent promising works reporting LODs down to 5 ppb [79]. 

The majority of the commercially-available low-cost HCHO sensors are electrochemical 

and chemoresistive sensors. The research in these two developments directions is on-going and 

significant progress has been achieved within the last few years in terms of lowering the LODs. 

However, the interference problem, especially with other VOCs and humidity, continue to be 

unsolved, as recently highlighted by Baldelli et al., (2020) [80].  

  Spectrophotometric methods of colorimetry and fluorometry involve trapping of the HCHO 

molecules into a liquid reagent. Once HCHO molecules are separated from the air and trapped 

into the liquid reagent, a derivatization process occurs transforming the HCHO molecules into a 

compound that can be detected optically by colorimetry or fluorometry. The common reagents 

used with these methods are chromotropic acid, pararosaniline, -methyl-2-benzothiazolone 

hydrazine (MBTH), DNPH, β-diketone, 4-aminohydrazine-5-mercapto- 1,2,4-triazole (AHMT) 

dimedone, Fluoral-P, and Acetyl acetone. Among them, no interference has been identified for 

Acetyl acetone, β-diketone, and AHMT, while chromotropic acid, pararosaniline, dimedone, 

Fluoral-P might interfere with other aldehydes [33,81].  The sensors based on colorimetry and 

fluorometry are extremely sensitive reaching LODs down to parts-per-trillion (ppt). 

Depending on the nature of the fluid used for concentration quantification, the sensors 

using the above presented methods might be classified as (1) dry chemical sensors or gas chemical 
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sensors (the electrochemical sensors, chemoresistive sensors) and (2) wet chemical sensors or liquid 

chemical sensors (the diffusion-based sensors coupled to optical detection) (see Table 3.1.1.).  

Sensitivity and selectivity are the properties where the wet sensors are superior to the dry 

sensors. However, they are typically bulkier and more difficult to be miniaturized due to the 

intermediate approaches required to manipulate and, many times, derive the molecules from 

non-fluorescent into fluorescent compounds.  

Table 3.1.1. introduces a comparative list of the sensing platforms embedding the methods 

described above. Their LODs, analysis time, and selectivity achieved are presented. The last two 

platforms use  the Hantzsch reaction coupled to the fluorescence optical detection [30,66,82] for 

continuous HCHO sensing. These instruments contain pumps for sampling, filters, heaters for 

precise control of the chemical reactions, complicated molecular counting systems that finally 

show in (almost) real-time the concentrations on a display. In conclusion, they are very complex, 

leading to high acquisition and maintenance costs. Although they are portable, only trained 

personnel can manipulate them (see Fig. 3.1.2).  

Generally, it might be affirmed that where dry sensors perform well, the wet sensors have 

a poor performance, and vice-versa. Although dry sensors are more suitable for miniaturization, 

being characterized by lower response times, much easier operation, and much lower prices, their 

sensitivity and selectivity is not yet compatible with the current and future indoor HCHO 

monitoring standards [79,83].  

Summarizing, for the moment, none of the two categories managed to completely 

override the disadvantages of the other. Surveying the literature on miniaturized real-time 

HCHO sensors, it could be observed that actually there is an undecided tight-race for the pole-

position among the two sensor categories. While the dry chemical sensors may benefit from 

higher simplicity of the methodology used, it still lacks from selectivity and accuracy [80]. Wet 

chemical sensors are more accurate, more sensitive, but much more complicated, requiring 

trained personnel for manipulation. However, microfluidics and nanofabrication technologies 

confer a new development direction that might overcome the actual disadvantages of the wet 

sensors. 
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G. 

(a) 

Figure 3.1.2. (a) Top side view of the AeroLaser AL4021 HCHO Analyzer, with the main components 

displayed: A – the gas pump, B – the peristaltic pump controller, C – the air filter, D – the mass-flow 

controller, E – the photon multiplier tube (PMT), F – the flow-through fluidic cuvette for optical 

detection of DDL, G – UV-LED for optical excitation, N – peristaltic pump with H – the peristaltic 

pump motor, I – the 200 µL capillary, M – stripper debubbler, L – reactor where derivatization occurs, 

J – stripper, K, O, P, Q – liquid traps, R – zero valve. (b) AeroLaser AL4021 HCHO Analyzer displaying 

the HCHO concentration in real-time; Data from Aero Laser AL4021 – Instruction Manual [264]. 

(b) 
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3.2. Formaldehyde sensing based on Hantzsch reaction  

3.2.1. Formaldehyde physicochemical properties 

Formaldehyde molecule (HCHO), 𝑀𝐻𝐶𝐻𝑂 = 30.026 𝑔 ∙ 𝑚𝑜𝑙−1, is the simplest organic compound. 

It is characterized by a boiling point of 𝑇 = 254 𝐾  which makes it volatile in normal indoor 

conditions. HCHO concentrations are usually expressed in either parts-per-notation form (e.g., 

parts-per-million (ppm) or particles-per-billion (ppb)) or in weight-per-volume (e.g., 
𝑛𝑔

𝐿
 , 

𝜇𝑔

𝑚3, 
𝑚𝑜𝑙

𝑚3 ).  

With a kinetic diameter of 3.73 Å, almost similar to the one of the air molecules, the HCHO 

diffusion coefficient in air, 𝐷𝑎𝑖𝑟,   𝑇1=296 𝐾 = 1.76 ∙ 10−5 𝑚2𝑠−1,  is also very close to the air self-

diffusion coefficient. In water, diffusion is approximately four orders of magnitude slower, 

𝐷𝐻2𝑂,   𝑇1=296 𝐾 = 2 ∙ 10−9 𝑚2𝑠−1 [84,85] (see Table 3.2.1).  

Interfacial phenomena in air-water phase interaction are characterized by a relatively fast 

HCHO absorption due to its high solubility in water. In most dynamic pressure-driven gas-liquid 

interactions, a transfer equilibrium at the gas-liquid is quickly reached. This was demonstrated 

in the works of Seyfioglu and Odabasi, [86] and Becker et al., [87]. The output concentration 

measured in the liquid phase by Becker et al. varied linearly when the input concentration was 

increased linearly in the gas phase.   

Therefore, vapor-liquid equilibria can be assumed when simulating a dynamic micro-

reactor for continuous HCHO sensing. However, the vapor-liquid interaction involving HCHO 

molecules was demonstrated as a complex phenomenon due to HCHO reactivity with water and 

others compounds. It was demonstrated that HCHO reacts reversibly with water to form 

methane diol (hydrated-HCHO) into a time period similar to that of the diffusion time across the 

boundary layer. This effect results in a mass flux enhancement across the interface which is 

considered by the effective (or apparent) Henry’s law constants [86]. Due to this reason, effective 

Henry’s law constant has to be used in the modeling process instead of intrinsic (or physical) 

Henry’s law constants.  

Thus, the effective Henry’s law constants determined in a couple of studies demonstrate 

a very high solubility in water. Allou et al., [88], proposed an Arrhenius expression for HCHO 

Henry’s law constant determination as a function of temperature resulted from experiments.   

 ln𝐻 (𝐹𝐴) =
6423±542

𝑇
− (13.4 ± 2.0)   (3.2.1.) 

At 𝑇1 = 296 𝐾 , the effective Henry’s law constant, 𝐻1
𝑐𝑝

, was determined as                                          

𝐻1
𝑐𝑝

= 5020 ± 1170 𝑀 ∙ 𝑎𝑡𝑚−1, while at 𝑇2 = 338 𝐾, 𝐻2
𝑐𝑝

= 291.44 ± 112 𝑀 ∙ 𝑎𝑡𝑚−1 [89]. 

Therefore, its solubility in water decreases while temperature increases. Solubility remains 

relatively high even at higher temperatures. 

Gas-liquid molecular transfer is usually characterized in terms of mass transfer 

coefficients. The gas and liquid mass transfer coefficients, 𝑘𝐺, respectively 𝑘𝐿,  are determined in 

some studies both experimentally and/or theoretically [86,90]. Obviously, hydrodynamic 

conditions influence the values of the mass transfer coefficients. Some authors determined 
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correlations that link the convective mass-transport coefficients with the Reynolds number, 𝑅𝑒, 

in macro-scale contexts [91]. Moreover, an empirical correlation characterizing the convective 

mass-transfer coefficients in microfluidic environments does not exist up to the author’s 

knowledge.  

 Liu et al., [90] estimated the overall-gas and liquid phase mass-transfer coefficients for 

HCHO, 𝐾𝑂𝐺, respectively 𝐾𝑂𝐿, at its emission from a small water pool and obtained results 

comparable to those obtained by Seyfioglu and Odabasi, [86] who estimated the coefficients using 

a water surface sampler.  The average 𝐾𝑂𝐺 obtained by Seyfioglu and Odabasi, [86] who  took in 

consideration in their evaluations an effective Henry’s law constant is                                                     

𝐾𝑂𝐺 = 0.0058 ± 0.17 𝑚 ∙ 𝑠−1. Liu showed that the mass transfer is dominated by the resistance in 

the gas-phase layer, the liquid-phase resistance being very low.  

In evaluations based on molecular kinetics, the mass accommodation coefficient found at 

HCHO molecule collisions with the gas-liquid interface is 𝛼 = 0.02 − 0.05. This coefficient 

characterizes the adsorption probability of molecules at the gas-liquid interface interaction         

[92–94].  

Table 3.2.1. HCHO physicochemical properties.  

Property Value Reference 

Molecular weight 30.026 𝑔 ∙ 𝑚𝑜𝑙−1 [95] 

Boiling point 254.05 𝐾 Merk index, 2013 

Melting point  181.15 𝐾  Merk index, 2013 

Water solubility, 𝑇 = 293 𝐾 400 𝑔/𝐿 Merk index, 2013 

Viscosity, 𝑇 = 298 𝐾 0.1421 cP Merk index, 2013 

Surface tension, 𝑇 = 298 𝐾 27.3797 dyn/cm Merk index, 2013 

Diffusion in air, 𝑇1 = 296 𝐾 1.76 ∙ 10−5 𝑚2𝑠−1 [84,85] 

Diffusion in water, 𝑇1 = 296 𝐾 2 ∙ 10−9 𝑚2𝑠−1 [84,85] 

Effective Henry’s constant, 𝑇1 = 296 𝐾 5020 ± 1170 𝑀 ∙ 𝑎𝑡𝑚−1 [88] 

Effective Henry’s constant, 𝑇2 = 338 𝐾 291.44 ± 112 𝑀 ∙ 𝑎𝑡𝑚−1 [88] 

Accommodation coefficient, 𝛼 0.02-0.05 [92–94] 

Average overall-air mass transfer 

coefficient, 𝐾𝑂𝐺  
0.0058 ± 0.17 𝑚 ∙ 𝑠−1 [86,90] 

 

3.2.2. Description of the detection method and reaction kinetics  

The methodology implemented to quantify the HCHO concentration is based on the Hantzsch 

reaction using the pentane-2,4-dione (acetylacetone) solution (0.01 M) as derivatization reagent 

(see Section 5.2.3.5) and it was developed and studied by Guglielmino et al., [8,30,32,96]. This 

reagent is also known as 4-amino-3-penten-2-one (Fluoral-P) solution. 

The main advantage of Fluoral-P solution is its relatively fast reaction kinetics and its 

selectivity. However, the reaction product which is 3,5-diacetyl-1,4 dihydrolutidine (DDL) 
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fluorophore has a relatively low fluorescence quantum yield (𝜙𝐷𝐷𝐿) when measured in this 

specific reagent (see Section 3.2.3.). New reagents have been developed aiming to preserve at least 

the reaction kinetics properties of the Fluoral-P solution and to enhance its quantum yield, 𝜙𝐷𝐷𝐿 

[96]. Indeed, the reagents proposed provided much better 𝜙𝐷𝐷𝐿, but the reaction times were much 

longer than in the case of Fluoral-P. 

The detection methodology implemented [8,30,32,96] can be generally described as a four-

stage process (see Fig. 3.2.1.). First, the air containing gaseous HCHO molecules (gaseous phase) 

and the Fluoral-P reagent (liquid phase) are continuously streamed and contacted into the system. 

Second, the trapping process of the HCHO molecules is governed by the Henry’s law, the main 

diffusion driving force being the partial pressure of HCHO in the gaseous phase. Third, the 

trapped HCHO molecules are derivatized into DDL fluorophore ( C11H15NO2)  under reaction 

kinetics influenced by the temperature of the thermodynamic system (see Eq. 3.2.1.).  

 C5H9NO +  HCHO ՜  C11H15NO2 −  NH3 +  H2O (3.2.1.)    

Fourth, DDL fluorophore concentration can be optically quantified using intensity-based 

fluorescence measurements.  

In continuous separators, phases are usually pressure-driven into channels and the 

contact occurs either by placing a porous membrane in between, allowing the interphase transfer 

through the pores, or by direct gas-liquid interaction, e.g., annular flow or slug flow.  

Two-phase flow with continuous separation of the HCHO molecules from the air phase 

to the reagent phase is characterized by an convection-diffusion process [21]. The efficiency of 

this process is strictly related to a couple of parameters, such as contacting area between the two 

phases, contacting time, flow hydrodynamics, the diffusive flux across the gas-liquid interface 

inducing a mass-transfer rate, and HCHO physicochemical characteristics in the two phases 

involved in the process [97].  

Within the third step, derivatization process is governed by a pseudo-first order chemical 

reaction with an effective reaction constant rate, 𝑘′, increasing with temperature. Chemical 

reaction kinetics is influenced by the residence time, 𝑡𝑑, of the HCHO molecules into reagent, at 

a specific derivatization temperature, 𝑇𝑑.  

Figure 3.2.1. HCHO sensing scheme based on Hantzsch reaction methodology [96] . 
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The apparent and physical reaction rates constants, 𝑘′ and 𝑘 respectively, were obtained 

experimentally by Guglielmino et al., [96] (see Table 3.2.2.), where the correlation between the two 

is given by the Eq. 3.2.3..  

 𝑘 =
𝑘′

[𝑝𝑒𝑛𝑡𝑎𝑛𝑒−2,4−𝑑𝑖𝑜𝑛𝑒]2
 (3.2.3.)   

In this study it was found out that reaction kinetics are so slow at room temperature,     

𝑇1 = 296 𝐾, that it takes the reaction a couple of hours to occur. As this is not compatible with a 

real-time detection methodology, the temperature has to be increased. Usually, the reaction 

temperatures at which the Hantzsch reaction occurs can go up to even 𝑇 = 363 𝐾.  

Being known that 𝜙𝐷𝐷𝐿 further decreases with increasing temperature (see Section 3.2.3.), 

a middle ground between the reaction kinetics and 𝜙𝐷𝐷𝐿 has to be found in order to make the 

detection methodology feasible for continuous detection. 

Guglielmino et al., [96] chose 𝑇2 = 338 𝐾 empirically as a temperature that satisfies the 

following conditions: (1) induce a relatively short reaction time, (2) avoid destruction of the DDL 

compound, and (3) assures a reasonable fluorescence quantum yield, 𝜙𝐷𝐷𝐿. It is known that for 

higher temperatures of the Hantzsch reaction, destruction of the DDL fluorophore occurs 

[30,33,89,96].   

At 𝑇2 = 338 𝐾, the apparent reaction rate constant obtained was 𝑘′ = 0.0376 𝑠−1 for a 

pentane-2,4-dione concentration of [𝑝𝑒𝑛𝑡𝑎𝑛𝑒 − 2,4 − 𝑑𝑖𝑜𝑛𝑒] = 20 𝑚𝑜𝑙 ∙ 𝑚−3 [96], acetylacetone 

being the compound in great excess. From Eq. 3.2.3., the physical reaction rate constant, 𝑘, was 

determined as 𝑘 = (94 ± 5) × 10−6 𝑚6𝑚𝑜𝑙−2𝑠−1.  

 

3.2.3. 3,5-diacetyl-1,4 dihydrolutidine (DDL) photochemical properties 

 

The  photochemical properties of 3,5-diacetyl-1,4 dihydrolutidine (DDL) in aqueous solutions, 

specific to the Hanztsch reaction, have been studied by Salthammer [98].  

There are two light absorption regions for DDL molecules in aqueous solutions. The first 

one is in the ultra-violet region that has the peak located at 𝜆𝑎𝑏𝑠_𝑈𝑉 = 250 𝑛𝑚. The second one has 

the peak at 𝜆𝑎𝑏𝑠 = 412 𝑛𝑚. Fluorescence emission wavelength is 𝜆𝑒𝑚 = 510 − 520 𝑛𝑚. Thus, 

Table 3.2.2. Experimental values of the physical reaction rates, k, depending on the temperature [96]. 

[Formaldehyde] 

(
𝒎𝒐𝒍

𝒎𝟑 ) 

[pentane-2,4-dione] 

(
𝒎𝒐𝒍

𝒎𝟑 ) 

k  

(
𝒎𝟔

𝒎𝒐𝒍𝟐∙𝒔
) 

T  

(𝑲) 

3.4 × 10−2 20 (12 ± 1) × 10−6 313.15 

3.4 × 10−2 20 (18 ± 1) × 10−6 318.15 

3.4 × 10−2 20 (27 ± 1) × 10−6 323.15 

3.4 × 10−2 20 (54 ± 3) × 10−6 328.15 

3.4 × 10−2 20 (72 ± 4) × 10−6 333.15 

3.4 × 10−2 20 (94 ± 5) × 10−6 338.15 
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Stokes shift of the DDL fluorophore is around 100 nm which is relatively wide. This property 

makes it compatible with intensity-based fluorescence measurement process (see Fig. 3.2.2., a). 

As it can be seen in Fig. 3.2.2., the absorption spectrum of Fluoral-P is centered at 

𝜆𝑎𝑏𝑠𝐹𝐿𝑈𝑂𝑅𝐴𝐿−𝑃
= 300 𝑛𝑚. Beyond 𝜆𝑎𝑏𝑠 = 350 𝑛𝑚, Fluoral-P compound does not absorb light. 

Therefore, the absorption peak located at 𝜆𝑎𝑏𝑠 = 412 𝑛𝑚 is more suitable since Fluoral-P does not 

absorb parts of the excitation light sent to excite the DDL fluorophores. 

𝜙𝐷𝐷𝐿(𝑇 = 293 𝐾) = 0.005 and the molar absorption coefficient, 𝜀, of the molecule is          

𝜀 = 7500 𝑀−1𝑐𝑚−1 [96,98] . It was demonstrated that the 𝜙𝐷𝐷𝐿 decreases by 11% when 

temperature is increased to 𝑇 = 303 𝐾 and fluorescence intensity loss is about 40% at 𝑇 = 333 𝐾 

[98].  

Therefore, thermal fluorescence quenching is an extremely important parameter to be 

considered when intensity-based measurements are made for HCHO measurements. 

Fluctuations of temperature induce measurement errors that might affect linearity. Temperature 

of the solution has to be maintained constant for meaningful measurements [98]. DDL 

fluorophores degrades in the presence of light and due to this reason DDL solutions used for 

HCHO concentration measurements should not be exposed to light [98]. 

 

 

Figure 3.2.2. (a) 3,5-diacetyl-1,4 dihydrouridine (DDL) excitation and emission spectrum. (b) Absorbance 

spectrum of Fluoral-P compound. © IEEE. Reproduced, with permission, from Mariano et al. [99] 

  

 

 

 

 

 

(a) (b) 

𝝀𝒆𝒎 

𝝀𝒂𝒃𝒔 

𝝀𝒂𝒃𝒔_𝑼𝑽 𝝀𝒂𝒃𝒔𝑭𝑳𝑼𝑶𝑹𝑨𝑳−𝑷
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Chapter 4. Concept of the microfluidic formaldehyde detector 

4.1. State-of-the-art of the fluorescence sensing in optofluidic devices 

This sub-chapter was written based on the following review paper published by the author in the 

Microfluidics and Nanofluidics Journal:  

Daniel Măriuţa, Stéphane Colin, Christine Barrot-Lattes, Stéphane Le Calvé, Jan G. Korvink, 

Lucien Baldas & Jürgen J. Brandner, Miniaturization of fluorescence sensing in optofluidic 

devices. Microfluid Nanofluid 24, 65 (2020). https://doi.org/10.1007/s10404-020-02371-1.  

 

4.1.1. Miniaturized off-chip fluorescence sensing architectures    

Off-chip approaches (or free-space designs) are usually miniaturized versions of conventional 

fluorescence detection systems [46,100]. They are generally linked with the use of pinholes at the 

focal points along the optical path, in order to couple macro-scale optical detection to micro-scale 

detection volumes. In this case, light propagates in free-space before and after interaction with 

the target molecule, and optical elements (filters, lenses, mirrors, light sources, detectors) are 

separated from the chip. Modular configuration confers them the advantage of convenient 

integration within a wide variety of already existing platforms, enabling them as plug-and-play 

microscopes [16]. Table 4.1.1. summarizes the achievements of some identified architectures. 

The fluorescence microscope developed by Ghosh et al. (2011) [101] (see Fig 4.1.1. a) 

presented a high degree of miniaturization using state-of-the-art in the field of optoelectronics. It 

proposed an innovative design solution, embedding all optical elements within a 2.4 cm3 

polyetheretherketone (PEEK) housing. A blue LED, integrated on a 6 × 6 mm2 printed circuit 

board (PCB), was used as excitation source. A drum lens was used to collect the emitted light, 

which was then passed through a 4 × 4 mm2 excitation filter. A dichroic mirror directed the light 

to the sample, via a focusing gradient refractive index (GRIN) objective lens. The fluorescent 

emission passed through the objective lens, dichroic mirror, an emission filter, and an achromatic 

doublet lens, which in turn focused the image onto a CMOS sensor. The 640 × 480 pixel CMOS 

sensor, mounted on a 8.4 × 8.4 mm2 PCB, had a 60% quantum efficiency at 530 nm. The LED, 

image sensor, micro-lenses, and filters, were made using batch fabrication, decreasing the cost 

per unit. The device was built in an alignment-free configuration, but not stand-alone, requiring 

a computer for image processing. Data acquisition between microscope and computer was 

intermediated using an external PCB, allowing imaging at 35 Hz or 100 Hz over 300 × 300 pixels 

subregions.  

https://doi.org/10.1007/s10404-020-02371-1
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Figure 4.1.1 (a) Integrated fluorescence microscope, 2.4 cm3 volume, 1.9 g weight. (b) Compact 

handheld quasi-confocal laser induced fluorescence. (c) Integration of LEGO-like blocks hosting 

elements of the optical, electrical, and fluidic circuits in order to modulate the optofluidic systems. (a) 

Reprinted from  Ghosh et al. [101], Copyright 2011, with permission from Springer Nature (License 

number 5235910831361). (b) Reprinted from Fang et al. [102], Copyright 2016, with permission from 

Elsevier (License number 5235920365578). (c) Reprinted from Lee et al. [106], Copyright 2018, with 

permission from Willey (License number 5235920630785).  

(a) 

(b) (c) 
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More recently, other versions of miniaturized off-chip detectors were developed with 

fabrication costs per unit varying from $2000 [102] to $10 [16].  For example, a handheld 

fluorescence detector with a broad range of possible applications, compact size, and capability to 

work independently was proposed by Fang et al. (2016) [102] (see Fig. 4.1.1. b). This device 

embedded a light source (450 nm laser diode), an optical circuit module (a 450 nm band-pass 

filter, a dichroic mirror, a collimating lens, a 525 nm band-pass filter, a 1.0 mm aperture), an 

optical detector (miniaturized photomultiplier tube), and an electronic module (signal recording, 

processing and displaying units). The stability was tested for more than five hours for continuous 

detection of 100 nM sodium fluorescein, and the relative standard deviation was below 1%. Two 

configurations were tested, the quasi-confocal configuration was proven to be more 

advantageous compared to an orthogonal configuration, mainly from the perspective of 

possessing more top open space to be used for installing disposable interrogation cuvettes. The 

configuration used for positioning the optical elements is usually a compromise between the 

performance and the ease-of-use of the final device.  

A hand-held orthogonal detector that was proposed by Pan et al. (2018) [103], where the 

fluorescence collection was performed at 45°, decreased the background scattering light intensity 

compared with a 90° configuration. Compared to a confocal configuration, in the orthogonal 

configuration the excitation and collection paths were separated, leading to a reduced 

background signal without using complicated optical components. This system was built for 

high-speed capillary electrophoresis (CE). It integrated in a modular way a picoliter scale sample 

injector, short capillary-based fast CE, high-voltage power supply, orthogonal laser induced 

fluorescence (LIF) detection, battery, system control, on-line data acquisition, processing, storage, 

and a display. The proposed architecture was embedded into a monolithic black ABS block of 

44_mm × 42 mm × 40 mm dimension, the overall fabrication cost reaching $150. The optical 

circuitry included a high intensity laser diode (18 mm length, 12 mm diameter, 80 mW) as light 

source, two small collimating lenses for laser beam focusing and fluorescence collection, and a 

photodiode (9 mm length × 6.2 mm diameter) as optical detector. The collimating lens consisted 

of three lenses and had a small size of 8.7 mm length × 9.6 mm diameter and 7 mm focal distance. 

A focusing spot of 10 μm for the laser beam could be obtained at the center of a capillary channel. 

The photodiodes achieved a larger degree of miniaturization compared to the photomultipliers, 

but the sensitivity was lower.  

A design based on a reflective sphere, aiming at enhancing the excitation and collection 

efficiency, was proposed by Harmon et al. (2018) [104]. The interrogation volume was located in 

the center of a sphere, in order to produce effects that increased the collection efficiency. A hole 

was drilled in the sphere, perpendicular to the direction of a microchannel, serving as a light 

guide from the source located outside of the sphere. The incident light intersected the sample in 

the region of the interrogation volume, and the reflected light from the walls of the sphere  
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refocused on the sample, rendering the excitation more efficient. A similar arrangement was 

available for the fluorescence that was collected through another drilled channel in the sphere.   

A cost-efficient device built from off-the-shelf components, including a commercially-

available CMOS-based USB camera was reported by Zhang et al. (2015) [16]. Four poly (methyl 

methacrylate) (PMMA) sheet frames with holes near the edges, for bolts/screws, were fabricated 

to serve as a layered modular support for the optical components. Screws were used to adjust the 

distance between the base and sample holders. The bottom PMMA layer contained the CMOS 

sensor. The lens was inverted to obtain magnification rather than the de-magnification 

mechanism of the camera. Resulted modularity allowed the integration with a large variety of 

preexisting platforms (e.g., cell culture plates, microfluidic devices, and organs-on-a-chip 

systems). 

Time-resolved fluorescence is a methodology implemented for improving the sensitivity 

of the detection by sequentially powering the emitting source on and off in order to avoid 

autofluorescence or excitation light reaching the detector while fluorescence is quantified.  

Biotechnology, electronics and chemical technology were combined in Zi et al. (2016) [14] 

to develop an integration scheme for a time-resolved fluorescence sensing system. Off-the-shelf 

miniaturized modules (UV-LED, silicon photodiode, signal processing units, displays, and 

optical paths) were integrated in a detection platform of 26 cm × 20 cm × 13 cm. This instrument 

was used for quantification of analytes in human blood and other body fluids.  

Modular optofluidics is the solution proposed by Brammer and Mappes (2014) [105] and 

by Lee et al. (2018) [106], among others, aiming to make widespread implementation of the 

microfluidic systems more reliable (see Fig. 4.1.1, c). Lee et al. (2018) proposed a strategy based 

on modular blocks embedding the elements of the optical, electrical, and fluidic circuits into 

LEGO-like structures fabricated using rapid prototyping fabrication techniques.  

4.1.2. Towards on-chip fluorescence sensing architectures 

On-chip systems are defined as structures that have all the electrical, optical, chemical, and 

detection functions integrated within the microfluidic chip platform [39]. This integration 

strategy that combine optics and microfluidics, resulting in highly efficient liquid-solid 

interactions created the field of optofluidics [46]. The development process of integrated circuits 

established technological methodologies that have been successfully used to solve issues in fields 

outside of electronics, generally known as the Micro-Electro-Mechanical Systems or MEMS 

industry [44]. In this way, routes towards new technological fields appeared, such as 

micromechanics, microfluidics, and micro-optics (integrated optics) [107]. Soon after this, the 

limitations of integrated circuits on silicon chips (material mainly used for the development of 

integrated circuits) became apparent. The requirements of electronics frequently collided with 

those of optics and mechanics, so that integration on one and the same chip (monolithic 

integration) proved to be hard [108]. Thus, engineers had to consider new integration 
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methodologies and hybrid technologies have been envisaged, i.e., the final device was composed 

of complex subunits which were manufactured by different technological processes. Polymers 

are here considered due to their ease-of-fabrication and cost-efficiency. Within this section, a brief 

description of the latest achievements towards on-chip integration of fluorescence detection using 

hybrid technologies is provided.  

4.1.2.1. Optical-fiber-based designs 

Implementation of optical fibers-based designs in fluorescence sensing (see Table 4.1.2.) can be 

observed from two perspectives: (a) full-core optical fibers, and (b) microstructured hollow-core 

optical fibers. Integration of full-core optical fibers as waveguides intermediating the light 

transfer from external excitation sources towards the sample volume and/or the fluorescence 

transfer towards external photon detector has been one of the initial techniques used in 

fluorescence sensing miniaturization. Actualized theoretical aspects related to the 

implementation of optical fibers in fluorescence biosensing applications could be found in a 

comprehensive review of Benito-Peña et al. (2016) [109].  

Optical fibers were adopted as waveguides in this field due to the fact that they are 

characterized as highly light transmission efficient, low-cost, free from electronic noise, providing 

protection for the electronic components when dangerous chemical environments are present 

[45,110]. However, their main drawback results from the fact that they are not user-friendly, 

requiring precise alignment, while coupling is sensitive to vibrations. Some recent works treated 

this topic [111,112], proposing some fabrication methodologies allowing free and relatively 

precise alignment of the fibers.  

For example, Matteucci et al. (2015) [112] introduced a fabrication methodology that 

embedded standard commercially-available optical fibers with cyclic olefin copolymer (CoC) 

TOPAS 5013 hard-polymer chips, based on an injection molding technique (i.e. production-

friendly). TOPAS 5013 polymer possesses characteristics that are compatible with the demands 

of the optofluidic chips. This polymer is highly transparent in the visible and UV spectrum, 

possessing a high glass transition temperature (413 K), very low water absorption, resistance to 

acids, alkaline agents and polar solvents, and avoids biofouling (minimal surface treatments are 

needed). The autofluorescence of TOPAS 5013 could be decreased to values that are 20% lower 

than the ones resulting in silica material by the addition of a master-batch of a blank dye to the 

polymer granulate used for injection molding of the devices [113].  

Hatch et al. (2014) [114] used optical fibers with ball lenses at their tip, enhancing the light 

optical density, enabling the implementation of cost-effective and low-power LEDs as light 

sources. The device was portable, but still bulky relative to the current integration trends.  
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Even if the current trend in the miniaturization of optical sensing is to bring the light 

source and the photon detector in the close vicinity of the interrogation sample, standard optical 

fibers are still used for those cases where robust modular systems are desired. Three-dimensional 

modular microfluidics have been recently introduced as an alternative method to overcome the 

issues appearing when monolithic design strategies fail [115].  

Modularity is one of the solutions envisaged for bringing microfluidic devices closer to 

their large-scale commercial implementation. Thus, standard optical fibers are still used for the 

development of modular and reliable miniaturized fluorescence-based optical sensors.  

Ackermann et al. (2016b) [116] introduced the Chip-to-World Interface (CWI) as a plug-

and-measure sensing strategy based on a CO2-laser machining fabrication technique, in order to 

create a low-cost and robust modular interface facilitating the connection to a large variety of 

external photon detectors and light sources. This concept refers to the implementation of an 

optical fiber with coaxial radio frequency SMA (SubMiniature version A) connectors, allowing 

manipulation of the detection system without special training of a potential user. Yue et al. (2015) 

[110] used also optical fibers with SMA connectors to develop a modular fluorometer for 

detection of fluorescein isothiocyanate. A concentration of 10 ng/mL could be measured, and the 

system presented a good linearity from 10 ng/mL to 10 μg/mL. The opto-electrical converter 

module and the signal acquisition device were modular and could be replaced for detection of 

other molecules. Moreover, an optical probe is a tool used to collect light from otherwise 

inaccessible volumes. Ngernsutivorakul et al. (2017) [117] proposed a 0.5 mm thick and 1 mm 

wide PDMS probe with two optical fibers integrated as inlet and outlet light waveguides. Also, 

the probe embedded pre-aligned mirrors, lenses, allowing separate input and output optical 

paths. The probe was disposable, reusable from one chip to another, but not alignment-free, 

requiring a specific instrument to couple it to a microfluidic chip.  

Next implementation level of optical fibers in the miniaturization process of fluorescence 

sensing is represented by the Microstructured Optical Fiber (MOF) or Photonic Crystal Fibers 

(PCFs). The field of optofluidics in microstructured optical fibers was recently reviewed by Shao 

(2018) [118] and by Ertman et al. (2017) [119]. It gained high interest due to its capability of 

simplifying optical fiber sensors and improving the level of integration. Hollow Core Bragg Fibers 

(HCBF) working on the principle of evanescent waves are a promising solution that might 

converge towards a fully integrated detector [120]. Hollow core Bragg fibers are a particular class 

of photonic band gap (PBG) fibers [121] with a guiding mechanism that is capable of confining 

the light in the fiber core from all incidence angles and polarizations. Due to the PBG effect, the 

HCBFs have features of a wideband band-pass filter. The Bragg layers can be designed in such a 

way that they behave as a reflective surface for specific wavelengths and absorbing surface for 

others. By introducing a defect layer into the common cladding band, the excitation light is 

rejected, while fluorescence light is transmitted towards the photon sensing element. Also, he 

rejection filtering is narrowed due to the transverse resonant behavior [122].  



 

45 
 

Shang and Zheng (2017) [123] applied this principle, resulting in a very compact detection 

device where the detection cuvette, the collector, the delivery channel for the desired 

fluorescence, and the filter for residual excitation light mixed with fluorescence were all part of 

the fiber (see Fig. 4.1.2.). In Yang et al. (2015) [124], a hollow optical fiber with suspended core 

was proposed, fabricated, and characterized for detection of Rhodamine 6G. The outer diameter 

of the fiber was 350 µm, the inner diameter was 210 µm and the diameter of the core was 40 µm. 

The inlets and outlets were made on the surface of the hollow fiber by CO2 laser etching, all the 

others optical elements being off-chip. 

 

4.1.2.2. Optics layer-integrated designs 

The basic principle of optics layer integrated designs is to integrate the active and passive optical 

components on a planar layer, mainly by using micro- and nano-fabrication technologies [125]. 

Transparent materials with high refractive indexes, such as polymers, are usually used as 

waveguides. The light remains confined by multiple total internal reflections [108]. Some of the 

main active current research directions are in-plane microfluidic lenses, printed-board 

microfluidics, anti-resonant reflecting optical waveguides (ARROWs), and on-chip integration of 

solid-state light emitters (SSLE). In-plane microfluidic lenses or on-chip lens systems mainly aim 

to robustly integrate light beam focusing customized solutions in the same functional layer as the 

fluidic layer [126]. Liquid-core cladding lenses, pressure-controlled liquid-air interface, and 

gradient refractive index lenses are some configurations recently reported in the literature 

tackling this subject (see Table 4.1.3.).  

Femtosecond lasers revolutionized the three-dimensional micro-fabrication of the 

materials due to its very short pulse width and high peak intensity. Known as a complicated 

technique, recent advancements proved the femtosecond laser micromachining (FLM) as a cost-

Figure 4.1.2. (a) Compact fluorescence sensing scheme based on Hollow Core Bragg Fibers, serving 

as interrogation cuvette, collector, delivery channel for the fluorescence, and the filter for the 

residual noise. (b) Cross-section scheme of the device with the photonic band gaps of different 

refraction indexes. © 2017. IEEE. Reproduced, with permission, from Shang et al. [123]. 

(a) (b) 
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effective and reliable fabrication technique for optofluidic systems [127–132]. An in-plane 

integrated microfluidic lens whose modulation could be on/off switched on demand was 

fabricated by Paiè et al. (2017) [133] using femtosecond laser micromachining fabrication 

technique.  

Modulating light is a common technique used to enhance the measurement sensitivity by 

subtracting the noise. The focused light could be modulated by dynamically changing the liquid 

in the lens through a droplet generation module. Femtosecond laser micromachining and radio 

frequency (RF) sputtering were implemented for incorporation of a microfluidic network, 

excitation, filtering, and collection elements in one glass substrate, in a 90° configuration [134]. 

Here, the FLM was used to fabricate the microfluidic channel, the perpendicular fiber channels, 

perfectly aligned and embedded in a fused silica layer. A wavelength filter, behaving as a Bragg 

mirror, was fabricated by implementing an RF sputtering method. One-dimensional photonic 

crystals were used, since they are dielectric structures of different refractive indexes, permitting 

propagation of only specific wavelengths. They can be designed to have a photonic band gap in 

the wavelength region of excitation, similar with the concept explained in the previous 

subchapter. On the top of the filter, a binary Fresnel lens (BFL) was fabricated, leading the 

collected light out of the chip. Fresnel lenses are flat, low thickness structures with concentric 

rings designed to focus the light (40% efficiency) in optical microfluidic devices (see Fig. 4.1.9. b). 

Their fabrication within a microfluidic channel is based on the nanoimprint process [135]. 

Efficient beaming of the emitted radiation is very important since it can drastically affect the 

performance of the assay.  

Ricciardi et al. (2015b) [136] proposed an optofluidic chip based on a multilayered 

photonic crystal structure embedded on a PDMS structure. The efficiency of fluorescence 

collection was experimentally demonstrated in an antibody–antigene immunoassay, resulting in 

a decrease of the LOD for labelled antigenes by a factor of about 40. The measurements were 

demonstrated to occur in a robust and reproducible way, with reduced optical alignment issues. 

Here, the method proposed by Watts et al. (2012) [137] for an efficient beaming of the excitation 

light should be mentioned. This method eliminated the need for free-space optics and high-

quality light sources, through on-chip 3D hydrodynamic focusing. The on-chip hydrodynamic 

focusing is achieved through introduction of micro-patterned optical components in SU-8 

photoresist layer that hosts also the fluidic components.  

The printed circuit board (PCB) is a mature technology used and improved for decades in 

electronics, to mechanically support and electrically connect components using conductive tracks 

etched in layers of copper onto and/or embedded between sheets of a non-conductive substrate. 

The materials usually used as substrates for the fabrication of PCBs are resistant at high 

temperatures (> 443 𝐾). This characteristic makes them compatible with microfabrication 

techniques that involves elevated temperatures. The reliability and potential of PCBs for 

miniaturization of fluorescence sensing systems was demonstrated recently [100,138–141]. A PCB 
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offers an integration alternative to glass/polymeric microfluidic chips, which are not integration-

friendly with standard, off-the-shelf optoelectronic elements [100].  

Portable systems integrating light emitting diodes (LEDs) for multiple target analysis 

were proposed in Shin et al. (2015, 2017) [139,140]. Optical functions were modularly parallelized 

within three layers (see Fig. 4.1.3. a, c). The first layer (filtering and detection layer) hosted a 

photon detector, a dichroic lens, and a color filter. The intermediate layer was represented by a 

PCB with three LEDs of different wavelengths mechanically mounted around a circular orifice 

which illuminated the interrogation volume from the opposite direction of the photon detector. 

 Avoiding direct illumination of the detector was relevant for increasing the SNR. The 

circular cut assured that the emitted fluorescence was transferred from the third layer 

Figure 4.1.3. (a) Parallel layering distribution of the detection functions with the PCB sandwiched in 

between the microfluidic layer and the detection layer [139,140]. (b) Cross-section of the microfluidic-

PCB fluorescence detector, built using two PCBs. The design strategy avoided the direct illumination of 

the interrogation volume, a Söller thin film collimator being coated on top of the CMOS to reduce the 

background noise. (c) Fluorescence detection system with back-side illumination scheme. (b) ©2017. 

IEEE. Reprinted, with permission, from Babikian et al. [100]. (c) Reproduced from Shin et al. [139,140], 

Copyright 2015, with permission from Elsevier (License number 5235930345211). 

(a) 

(b) 

(c) 
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(interrogation volume) to the first layer (filtering and detection layer), while the PDMS 

microfluidic layer was disposable. All above mentioned components were embedded into a 

portable box equipped with a display, permitting the selection of the operation. A comprehensive 

review about LEDs implementation with fluorescence sensors is reported in [45].  

As a predictable continuation of the above mentioned concepts, the microfluidic-PCB 

concept was introduced by Babikian et al., (2017) [100]. This concept involved a three-layer device, 

integrating with the aid of two PCB parts, all the fluidic, electrical, mechanical and optical 

components within a compact system (see Fig. 4.1.3. b). One PCB was fixed and non-disposable, 

comprising all active components, and was denoted the reader chip. The second PCB, named the 

microfluidic chip, was disposable and encompassed the passive structures of the device such as 

microchannels, high voltage electrodes, micromachined light reflector. A standard surface-

mounted blue LED (𝜆𝑒𝑚 = 470 𝑛𝑚) was used as light source. The detection was implemented 

using a standard surface-mount 2-megapixel CMOS imaging array with integrated RGB (Red-

Green-Blue) filters. The CMOS sensors were inexpensive, compact, and compatible with the 

microfluidic-PCB approach. A surface-mount light reflector was used to reflect the excitation light 

path towards the detection channel. A rectangular slit was created in the upper PCB, above and 

along the microfluidic channel, in order to avoid light scattering and autofluorescence of the PCB 

substrate.  

The background noise associated with the excitation light was further suppressed by a 

Söller collimator film, laminated on top of the CMOS pixel array. A Söller collimator collimates 

light by allowing the passage of rays that are almost parallel with its optical axis. It is used in 

lens-free fluorescence detection schemes, since uniform spatial distribution of light was crucial 

[142]. In this work, it also avoided the cross-talking between the light source and the CMOS image 

sensor. This heterogeneous method embeds individually manufactured components, such as 

electrodes, heaters, light sources, detectors, and microfluidic components between the electrical 

and microfluidic layers using standard fabrication processes. All the components (the light 

source, microchannel, optical guide, and detection sensor) were integrated within a structure 

having the approximate dimensions of a credit card, 7 cm × 5 cm × 4 mm. 

Total internal reflection (TIR) takes place when a light beam meets a medium with a lower 

refraction index at an angle greater than the critical angle. This critical angle can be calculated 

knowing the refraction indexes of both media. The phenomenon can be used to mitigate direct 

illumination of the detector and, by consequence, to lower the noise level. For example, a design 

solution using a lateral excitation configuration, in order to (1) maximize the photon flux exciting 

the microfluidic channel while (2) preventing excitation light reaching the sensor, was proposed 

by Novo et al. (2014) [141]. This configuration (see Fig. 4.1.4. a) involved a prism-like PDMS 

microchannel sealed with a glass substrate. A PCB hosted a micro-fabricated a-Si-H photodiode 

and contained a two-level pocket which kept a 50 µm space between the microfluidic chip and 

photodiode needed for the total internal reflection condition. A 405 nm laser beam was directed 
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perpendicular to the lateral prism-like PDMS structure in which the sides made a 70° angle with 

the flat surface and was focused to illuminate the microchannel while experiencing TIR at the 

glass-air interface. This configuration improved the detectability range by two orders of 

magnitude as compared to a normally incident excitation configuration, SNR being ameliorated 

for detection of specific fluorophores.  

Berner et al. (2017) [143] developed a method based on sandwiching a laser-cut double-

sided adhesive tape coupled with the latest generation of thin film photodetectors, enabling 

miniaturization by custom fitting of amorphous silicon based photodiode arrays to the geometry 

of the flow channel. 

One promising methodology using TIR phenomena was presented in Jang and Yoo et al. 

(2013) [144], where a fluorimeter integrating a total internal reflector was introduced, a 

condensing mirror and the detection chamber (width 1.5 mm × depth 0.8 mm × length 5 mm) 

Figure 4.1.4. (a) Lateral excitation onto a PDMS microfluidic device coupled to a photodiode PCB. The 50 

µm air-gap separates the microfluidic device from the photodiode, in order to assure the TIR effect at the 

glass/air interface for the excitation light. (b) Multi-functional sensing device based on 150 µm optofluidic 

jet, equipped with a recirculation system. The detection scheme is based on the principle of the TIR in the 

liquid jet. Two possible ways of liquid jet excitation: (1) orthogonal fluorescence excitation, and (2) optical 

fiber for Raman excitation.  (a) Reproduced from Novo et al. [141], Copyright 2014, with  permission from 

The Royal Society of Chemistry. (b) Reproduced from Persichetti et al. [145], Copyright 2017, with 

permission from The Royal Society of Chemistry. 

(a) (b) 
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within a single 1.2 mm thick polycarbonate substrate. The total internal reflector enabled 

orthogonal detection, and the condensing mirror increased the selectivity of the fluorescence 

emission. The LOD achieved was 5 nmol/L and the linearity was 0.994 for 6- fluorescein amidite 

(FAM) fluorescence dye. The condensing mirror was coated with a 200 nm thick aluminum layer, 

having the role of better fluorescence collection from the sample and more efficient distribution 

to the photon detector, located on the opposite side of the fluidic chamber, while the light source 

(𝜆𝑒𝑚 = 465 𝑛𝑚, LED) and the photon detector were externally located. A system based on an 

optofluidic jet waveguide (see Fig. 4.1.4. b ) - a liquid micro-jet with 150 μm diameter - leading to 

highly efficient signal excitation and collection was introduced by Persichetti et al. (2017) [145].  

Alignment of the light emitter and the optical circuit is a sensitive part of an optofluidic 

system. Small variations (less than 5%) may produce large performance variations that make the 

system unreliable [146]. Thus, monolithic integration of the solid-state light emitters (SSLE) is a 

field of high importance. Llobera et al. (2015) [146] proposed an innovative hybrid monolithic 

solution (see Fig. 4.1.5. a) for on-chip integration of a SSLE aligned with a multiple internal 

reflection (MIR) system. The SSLE was made of a fluorophore-doped hybrid xerogel material. 

The fabrication procedure involved a low-cost photolithographic fabrication step.  

Air mirrors were made in order to assure light coupling from the light source to the MIR 

system. Robbins et al. (2018) [147] introduced a compact device embedding a SiO2/Ta2O5 

multilayer optical interference filter, a hydrogenated amorphous silicon (a-Si:H) pin photodiode, 

an asymmetric microlens, and a GaN micro LED. The system was capable to collect fluorescence 

light in a 100 µm microfluidic channel, the device reaching a 36 nM LOD for fluorescein solution. 

Integration of the micro-LED was concluded as being difficult due to its lack of directionality. 

However, the fabrication procedure paved the way towards planar heterogeneous integration of 

GaN micro-LED on an a-Si:H fluorescence sensor. Kang et al. (2016) [148] developed a fabrication 

methodology (see Fig. 4.1.5. b) for building mechanically flexible microfluidic fluorescence 

sensors. They managed to integrate microscale vertical cavity surface emitting lasers (micro 

VCSELs) and silicon photodiodes on a flexible substrate of polyethylene terephthalate (PET). This 

substrate integrated with elastomeric fluidic chips on plastics demonstrated potential for 

multiplexed, real-time operation.  

Polymers or silicon-based materials with refractive indexes varying between 1.4 and 3.5 

are usually used for the fabrication of optofluidic integrated systems. Since the refractive index 

of water is 1.33, the TIR condition required to confine the light when hollow-core optical 

waveguides are used simply cannot be satisfied for this particular case. Antiresonant Reflecting 

Optical Waveguides (ARROW), based on the thin-film interference principle and the 

conventional silicon microfabrication techniques, propose a solution for this inconvenient. A 

particular solution is represented by the aerogel waveguides. A series of alternating dielectric 

layers creates the conditions for interference-based guidance of leaky modes [149]. This technique 

proved to be very suitable for very sensitive fluorescence detection.  
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Parks et al. (2014) [149] used this technology for developing a programmable microfluidic 

chip with on-chip detection of fluorescence. The active control of the biological solutions was 

realized using programmable microvalve arrays (see Fig. 4.1.6. a). Measor et al. (2011) [150] 

introduced a methodology for the fabrication of on-chip interference filters with multiple high 

and low loss regions. Interference filters, compatible with silicon microfabrication techniques, 

possess less autofluorescence when compared with absorbance filters. In this work, they 

managed to decrease the number of dielectric layers requested for efficient working of the 

interference filter from more than 30 down to 3. Aerogels are materials with low-refractive 

indexes, making them suitable for solid-cladding in liquid-core optofluidic waveguides based on 

Figure 4.1.5. (a) Photonic lab-on-a-chip with the solid-state light emitter, air mirrors, multiple internal 

refection system, biconvex lens, and the channel for fiber optics integration. (b) (a) Illustration of the 

flexible sensor design and fabrication methodology. (b) Scanning electron microscopy view of the VCSEL 

and the 3 µm thick Si-Photodiode. (c) Image of an array of sensors wrapped around a cylindrical bar. (a) 

Reproduced from Llobera et al. [146], Copyright 2015, with permission from Springer Nature. (b) 

Reprinted with permission from Kang et al. [148], Copyright 2016, American Chemical Society. 

(a) (b) 
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the TIR principle. A comprehensive review of aerogels used for optofluidic waveguides is 

presented in Özbakır et al. (2017) [151].  

Following the trend of scaling down by 3D integration of various heterogeneous 

components, a SU-8 polymer-based methodology was developed by Nittala and Sen (2018) [152]. 

The cost-effective reported methodology allowed integration of commercially-available 

components in a relatively simple way. The key element of this approach was planarization of 

the layers with correctly chosen SU-8 parameters in such a way that the next layer could be 

stacked using epoxy-based bonding. This method allowed packaging a photon detector, the 

filters, the microfluidic chip, and a LED.  

Figure 4.1.6. (a) Hybrid chip-scale system combining the automated microfluidic processing (automaton) 

and on-chip optical detection based on the ARROW principle. The scale in the figure - 1 cm. (b) Optical 

device schematic with a PEGDA waveguide used for excitation light coming from a 532 nm laser and 

another PEGDA waveguide used to collect the fluorescence emission from the interrogation volume. (a) 

Reproduced from Parks et al. [149], Copyright 2014, with permission from AIP Publishing. (b) CC-BY 4.0. 

 

(a) 

(b) 
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A low-cost master mold fabrication process based on a dry film photoresist for soft 

lithography, and operated in standard laboratory conditions was reported in Rodríguez-Ruiz et 

al. (2017) [153]. This protocol managed to reduce by ten times the material costs and reduced 

considerably the fabrication time compared with standardized SU-8 master mold techniques. The 

methodology initialized a simpler fabrication methodology of photonic devices. Integrated 

hydrogel waveguides potential for developing wearable and implantable lab-on-a-chip devices 

was evaluated by Torres-Mapa et al. (2019) [154]. They used self-aligned polyethylene glycol 

diacrylate (PEGDA) waveguides, which present tunable mechanical and optical properties, 

integrated via micro-molding technique into a PDMS structure in order to evaluate the 

fluorescence response from a rhodamine 6G solution. The PEGDA waveguides integrated in the 

PDMS showed high transmission, minimal absorption in the visible spectrum, and propagations 

losses lower than 1.1 dB/cm. Further investigations on mechanical and light guiding properties 

during stretching/bending are requested (see Fig. 4.1.6. b). 

4.1.2.3. Organic electronic-based designs  

Organic light emitting diodes (OLED) and organic photon detectors (OPD) are the subject of 

significant research efforts and continuous improvements (see Table 4.1.4.) due to their multiple 

applications and advantages compared to their inorganic counterparts [155]. Organic electronics 

introduced some unbeatable advantages, such as direct on-chip integration, easy emission and 

detection, and compatibility with flexible substrates. An OLED is a solid-state device composed 

of flexible thin films of organic molecules that emit light when subject to electricity, using less 

power than current available LEDs.  

Currently, OLEDs are largely used in commercially available electronics (TVs, 

smartphones, etc.), being available in a large bandwidth emission spectrum. However, OLEDs 

possess lower efficiencies (around 80 lm/W) than inorganic LEDs (higher than 200 lm/W) [155]. 

For enhancing widespread OLED implementation, the PI-SCALE project (pi-scale.eu) aims to 

integrate existing European infrastructures into an “European flexible OLED pilot line”, 

operating in an open access mode and serving customers with individual product designs, 

validation of upscaling concepts, and system-level flexible OLED integration. Comprehensive 

reviews of the latest achievements in OLEDs used for fluorescence sensing may be found in     

[155–158]. In Jansen-van Vuuren et al., [159], recent achievements in the field of OPDs were 

described, while the last comprehensive review about the integration of fluorescence sensors 

using organic optoelectronics with microfluidics (see Fig. 4.1.7. a) is presented by                       

Lefèvre et al. (2015) [160]. 

A fluorescence light detector combining both an organic electrochemical cell (OLEC) and 

a photodiode-based OPD (PD-OPD) within one microchip (see Fig. 4.1.7. b, c) was introduced 

and tested by Shu et al. (2017) [161]. Moreover, linear polarizers were used as emission and 

excitation filters, enabling the possibility to detect fluorescent targets with emission and 
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absorbing peaks very close to each other. The organic layers were manufactured using solution 

deposition processing, considerably decreasing the fabrications costs. The emission light peak of 

the OLEC was modified by choosing different light emitting polymers, enabling multiplexing. 

The OLEC was used in pulsed mode to detect fluorescein amidite, reaching a 1 µM LOD. The 

brightness of the OLEC was up to 2800 cd/m2 at a driving voltage of 50 V. The brightness was not 

altered up to 10,000 pulses for a 30 ms pulse width, resulting in an autonomy of ten minutes. The 

proposed solution proved stability and high commercialization potential. Organic 

Figure 4.1.7. (a) Generic illustration of the fluorescence optofluidic detection based on organic 

electronics. (b) Schematic representation of OLEC excitation and OPD detection system. (a) OPD. 

(b) Linear polarizer filter. (c) Glass microfluidic chip. (d) Blue OLEC. (e) fully-processed blue 

OLEC.  (c) Fabricated optofluidic system. (a) Reproduced from Lefèvre et al. [160], Copyright 2015, 

with permission from Elsevier. (b) and (c) Reproduced from Shu et al. [161], Copyright 2017, with 

permission from The Royal Society of Chemistry. 

(b) (c) 

(a) 
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optoelectronics for building compact lab-on-a-chip applications was used by Jahns et al. (2017) 

[162] who introduced two devices. For the first device, four 5 mm2 OLEDs and four 5 mm2 OPDs 

were manufactured separately on two 25 × 25 mm2 glass substrates. A dichroic filter was used, in 

order to decrease the noise. The second device had a cylindrical form and used a reflection 

system, in order to facilitate the decrease of the noise and avoid additional filters. 

A detailed description of the integration process of an organic optoelectronic system 

within a microfluidic platform has been presented in Poorahong et al. (2016) [163]. A system 

comprising a series of blue and green OLEDs, OPDs, and optical filters was designed, in order to 

develop a detection system for a PDMS multi-chambered structure with 9 µL detection volumes.  

The 480 nm and 515 nm OLEDs, OPD, and optical filters were manufactured individually 

and then integrated within the microfluidic structure. The spectral width of the OLEDs was 

around 87-90 nm. Their durability was tested by applying pulses of different voltages (12 V for a 

blue OLED and 18 V for a green OLED). After some ten pulses, the emission intensity stayed 

constant.  

An innovative OPD manufacturing solution, enabling a 14,000 hours lifetime under 

continuous operation was presented by Kielar et al. (2016) [164]. Thin film transistor array 

technology, inspired by the flat panel display and x-ray image industry, is a new approach used 

to enable low-cost multi-biomarker detection.  

Smith et al. (2014) [165] introduced a miniaturized fluorescence-based lab-on-a-chip 

sensing architecture (see Fig. 4.1.8.) based on an OLED display and photodiode active matrix 

technology for point-of-use diagnosis of multiple diseases or pathogen markers in a cost-efficient 

disposable configuration. A straightforward concept, enabling a new approach using matrix 

active OLED and photodiode array technology for the multi-target analysis was implemented  

Figure 4.1.8. Lab-on-a-chip sensing architecture based on OLED display and photodiode active-

matrix technology for point-of-use diagnosis of multiple diseases. ©2014. IEEE. Reproduced, with 

permission, from Smith et al. [165].  
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and tested. The 8 × 8 biorecognition array of 64 pixels based on this technology had an area less 

than 2 × 2 mm2, and was able to work with a 100 µL volume of fluid. The array-based OLED was 

formed from multiple light emitting elements (pixels) which were individually activated, in order 

to emit light at specific wavelengths and to enable multiple target detection.  

The same group proposed in Katchman et al. (2016) [166] a high density fluorescence, 

programmable, multiplexed recognition compact miniaturized device for point-of-care molecular 

diagnostics. The OLED technology was combined with protein microarray technology and             

10 pg/mL LOD was achieved for human IgG. 

4.1.2.4. CMOS-based fluorescence sensing 

CMOS technology revolutionized the field of micro-electronics [167] and it holds the promise to 

do so for micro-optical sensing as well. On-chip CMOS-integration, coupled to microfluidics for 

detection at the micro-scale, was increasingly observed in the recent literature [37,168–170], 

especially for development of filterless prototypes (see Table 4.1.5.).  

The focusing and the filtration optics represent a barrier in the miniaturization process 

[10], alternative techniques replacing them being envisaged. The filterless discrimination between 

the excitation light and the generated fluorescence light emerged as a cost-effective, compact, and 

lightweight miniaturization method (see Fig. 4.1.9. a).  

CMOS based contact sensing coupled with time-correlated photon counting (TCSPC) has 

proven to be a sound methodology [37]. Different strategies implementing CMOS image sensors 

have been recently proposed [171] with good results and enough space for further improvements. 

The challenges existing in combining the integrated circuits with biological or chemical 

components in lab-on-a-CMOS concept, such as thermal effects, floor-planning, signal coupling, 

electrochemical effects, surface treatments, sterilization, and microfluidic integration were 

detailed by Datta-Chaudhuri et al. (2016) [172]. 

One of the most critical challenges in lab-on-a-CMOS design and fabrication represents 

the interaction between the fluid samples and the chip surface, traditional wire-bonding 

packaging not being compatible with the planar microfluidic concept. Lindsay et al. (2018) [173] 

developed a heterogeneous integration solution of a CMOS sensor and a fluidic network using 

wafer-level molding process. A technology enabling monolithic integration of the read-out 

system within the sensor for general label-free miniaturized optical detection by integrating 

nanophotonic structures with CMOS photodiodes was reported in Shakoor et al. (2018) [167]. 

One-dimension grating structures with a CMOS integrated image sensor arrayed with 

photodiodes. The gratings were made of silicon nitride and refractive index changes were 

induced when different analytes were applied. Pang et al. (2011) [174] developed a CMOS based 

detection system by integrating Fresnel zone lenses (described above) (see Fig. 4.1.9. b).  
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Tanaka et al. (2017) [168] proposed a system based on charge accumulation techniques 

that simultaneously allowed filterless measurement of multiple low intensity fluorescence 

wavelengths (five in this work). The charge accumulation technique involves fluorescence 

detection by measuring the voltage change of a capacitor which is proportional to the 

accumulated signal charge quantity. This technique has the capability to increase the output 

signal level, reducing the noise induced by the incident light. From experiments, the dynamic 

range obtained was 100:1. The filter was fabricated by an older 2-poly, triple-well, 5 µm CMOS 

process.  A lens-free system for breast cancer cell detection was developed by                 

Papageorgiou et al. (2017) [10]. It integrated stacked CMOS metal layers above each photodiode 

to form angle-selective gratings, rejecting background light. Choi et al. (2016) [169] presented a 

filterless method for the suppression of forward scattering in silicon by surface planarization, 

resulting in a separation efficiency improvement from 550:1 to 1250:1. This was achieved mainly 

due to the low roughness of the polysilicon surface.  

Plasmon enhanced fluorescence, or metal enhanced fluorescence, is a powerful 

amplification method used to increase the sensitivity and shorten detection times, and is based 

on the interaction between fluorophore labels that are coupled with the confined field of surface 

plasmons. A comprehensive review of this topic can be obtained from Bauch et al. (2014) [175] 

and a detailed overview is presented in Geddes (2017) [176]. The integration of nano-plasmonics 

with CMOS technology, without any other post-processing, enabled the possibility to integrate 

large multiplexed assays on the same chip. A detailed theoretical description of plasmon-

enhanced fluorescence coupled with CMOS technology is found in Hong et al. (2017a) [177].  

Figure 4.1.9. (a) CMOS image sensors in-depth working principle. (b) (a) CMOS image sensor with 

thin layer filter coated on top, the microfluidic channel, and the Fresnel Zone Plate (FZP) array. (b) 

Top view schematic of the device with the FZP array configuration and its design parameters. (c) 

Scanning Electron Microscopy image of the fabricated Fresnel lens. (d) Images of the fabricated 

laboratory devices. Reproduced from Pang et al. [174], Copyright 2011, with permission from The 

Royal Society of Chemistry. 

(a) (b) 
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3D copper-based nanoplasmonics components were integrated within standard CMOS 

devices through sub-wavelength copper-based electrical interconnect lithography features by 

Hong et al. (2017a) [177], developing a bio-sensor with a nano-waveguide array-based filter. The 

sensor was developed by implementing a 65 nm process, managing to diminish the noise by          

50 dB for a large variety of incident angles. It comprised an assay platform, a sensor, and read-

out circuitry, making the integration of external optical components and any other post-

fabrication techniques unnecessary, except for the light source that was a micro-laser diode or a 

LED. The optical fields could be manipulated in a controllable manner. Within the same team, 

the work of Lu et al. (2018) [178] analyzed the possibility of photonic crystal integration on a 

CMOS sensor, exploiting optical physical unclonable functions (PUF) for a better management of 

the background noise. 

In Varsanik and Bernstein (2013) [179], a plasmonic resonator was designed, fabricated, 

and tested, proving both field enhancement and localization to nano dimensions. The proposed 

architecture enabled a solution for high-resolution and low-noise detection of fluorescence within 

an integrated microfluidic optical detection device. The microfluidic channel was built in a 

polymer on top of a glass substrate wafer. A diffused waveguide was embedded within the glass 

substrate, crossing the fluidic microchannel in the interrogation region. The width and the depth 

of the microchannel were 8 µm and 200 nm, respectively, enabling an extremely reduced 

interrogation volume and, by consequence, reduced noise. Finally, the system was capable to 

successfully detect 20 nm sized fluorescent particles.  

The field of CMOS-based fluorescence sensing did not benefit from high-performance 

integrated optical filters until recently. This situation led to implementation of either time-

resolved techniques with synchronized sources [180], or externally located optical filters and 

focusing optics [178]. The above mentioned methodologies, that were recently reported, enlarged 

the horizons toward more robust and compact fully-integrated solutions aiming to solve the chip-

in-the-lab dilemma [167] with further improvements. The Internet-of-Things (IoT) field of 

applications requires low-power and low-cost sensors, and here CMOS based fluorescence 

detection is expected to play a major role [178] 
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4.2. Gas-Liquid Microreactors for continuous trapping of gaseous molecules  

4.2.1. Gas-liquid direct contactors  

The main advantage of the direct contacting is the lack of an additional mass transfer resistance 

at the gas-liquid interface, unlike for the membrane-based contacting. Slug and annular flows are 

the most frequently used flow patterns in the case of direct gas-liquid contacting due to their high 

surface-to-volume ratios. Since slug flow is a more stable and easier to reproduce pattern [181], 

gas-liquid contactors/microreactors based on slug flow are usually preferred.  

Mass-transfer is better characterized in slug flow regime relative to the annular flow 

dominated by instabilities [182]. In the freshly published (2021) review of Yao et al., [182], the 

authors suggest the mass transfer in annular flow regime as a direction that needs much more 

attention in the near future since the topic has not yet fully took shape.  

Therefore, gas-liquid contactors/microreactors based on annular flow are scarcely studied 

despite their potential superiority for particular applications, apparently as a consequence of the 

short contact time between the phases [181]. In annular flow, the gas phase might be in contact 

with the liquid phase for a too short period of time since the gas velocity is up to three orders of 

magnitude larger than the liquid velocity. If the absorption of the molecules to be separated is not 

fast, the trapping efficiency might be actually low.  There are few works in the literature related 

to the on-chip annular flow integration and even reviews on gas-liquid microreactors, such as 

Zhang et al., [183] or Lam et al., [184], only briefly mention it. 

The difficulty in characterization and prediction of the annular flows originates from the 

Kelvin–Helmholtz instabilities at the gas-liquid interface. These interface instabilities are 

influenced by the wettability of the microchannel wall [185], roughness [186], curved sections of 

the microchannel [187,188], and pulsations of the micropumps used to  supply the fluids. 

Annular flow still lacks complete experimental observations [189]. However, some studies 

related to the hydrodynamics presented experimental observations. For a straight channel, 

Humphry et al., [190] showed that by making the channel width comparable with the channel 

height, the interface instabilities can be suppressed. Sur et al., [191] observed that usually the 

thickness of the liquid film decreases with the diameter of the microchannel. Takeda et al., [188] 

presented the hydrodynamic effects of two-phase flows in meandering millichannels. An 

interesting observation from this study states that in a hydrophobic channel the pressure drop 

tends to reach its local maximum at the transition from slug flow towards slug-annular flow. In 

a hydrophilic channel, this effect is not observed since walls are always wetted. Up to the author’s 

knowledge, there is no experimental method for visualization of the mass transfer from a phase 

to another, as it was recently developed and validated for the slug flows [192].  

There are a couple of works developing numerical algorithms for studying annular flow 

hydrodynamics by Jesseela et al., [193] and for the prediction of the Kelvin–Helmholtz instabilities 

from Guo et al., [194,195]. Jesseela et al. developed a numerical algorithm using the continuum 
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approach in which they could determine the velocity distribution, the two-phase pressure drop, 

and the averaged-heat transfer coefficient. Guo et al. proposed a model in which the instabilities 

occurring at the gas-liquid interface are captured without spurious currents (unphysical velocities 

usually introduced by numerical models).      

Advantages of pressure-driven two-phase flows in microfluidic meandering channels are 

obvious. Most probably, this is the choice that makes possible the compact on-chip integration of 

long microchannels. However, the slug and the annular pressure-driven flows in meandering 

channels are rarely studied. Roudet et al., [196] studied the 𝑘𝐿𝑎 in a 2 × 2 𝑚𝑚2 square meandering 

channel starting from a slug flow up to the slug-annular flow by maintaining the liquid superficial 

velocity  constant, while gradually increasing the gas superficial velocity. In multiphase flows, 

the superficial velocity is defined as the velocity a fluid would have if it would flow alone in the 

channel. Whereas the mass transfer enhancement in the slug flow was insignificantly higher, not 

the same conclusion resulted for the slug-annular flow. 𝑘𝐿𝑎 was considerably higher in the 

meandering slug-annular flow when compared to the straight channel. Yue et al., [197] have 

demonstrated the same behavior for a 1 × 0.5 𝑚𝑚2 channel, obtaining 0.3 < 𝑘𝐿𝑎 < 21 𝑠−1. The 

lower values were obtained for slug flows, while the higher for the slug-annular flow.  

The mass transfer in slug flows is enhanced by the intense recirculation taking place in 

the slug [198]. Fries et al., [187,199] and Sotowa et al., [198] showed that mass transfer is slightly 

enhanced [196] in slug flows by the curved sections of the meandering channels. For a similar 

channel width, the mass transfer is more effective over the channel center line if the bend radius 

is smaller. Larger Dean numbers are observed in meandering channels, leading to a more efficient 

mixing.  

The CO2 trapping from a CO2/N2 gas mixture to a NaOH water solution is one of the most 

widely used techniques for mass transfer coefficients quantifications. Sobieszuk et al., [181] 

characterized an annular flow into a 292 µm hydraulic diameter square meandering 

microchannel made in (hydrophilic) glass. The CO2 mass-transfer coefficients from a CO2/N gas 

mixture to a NaOH (0.1 M, 0.2 M, 0.7 M, 1.0 M, and 1.5 M) water solution have been measured for 

different superficial velocities of the gas and liquid streams. Depending on the flow rates, the 

annular flow was fully-developed in either first part of the meandering channel network, or in 

the last 66% of the meandering channel length. Similarly to Yue et al., [197], they found the same 

behavior of the 𝑘𝐿𝑎 from its transition from slug flow towards the slug-annular flow [200]. In this 

work, it was also concluded that Higbie’s model [201] overpredicts the mass transfer coefficients 

and cannot be used for annular flows, as it cannot be used for slug flows, as well.  

Microreactors using annular flow as contacting method between the phases are currently 

more likely to be made using capillary tubes rather than microchannels, as it is the case of the 

research and development work that led to the HCHO detector [31,32] of InAirSolutions start-up 

from Strasbourg, France. This is due to the fact that a larger radius of the capillary bending and 

the hydrophilic surface allow a much more stable and reproducible flow.  
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An important parameter in microreactor functionality is its time resolution. For real-time 

measurement applications, the response time of the system is a priority. Moreover, some 

applications using real-time quantification of the molecular concentrations e.g., fluorescence 

sensing, are very sensitive to the liquid-side molecular concentration reaching the flow-through 

detection cell. This is why the volume of liquid relative to the volume of gas contacted with it and 

the 𝑘𝐿𝑎 are equally important. In other words, it is more important to bring a concentrated 

solution in the flow-through cell which can be detected by the optical system, rather than having 

a very high 𝑘𝐿𝑎, but a very diluted solution. A close look has to be dedicated to the possible 

saturation of the liquid-side stream. A criterion for controlling the liquid film saturation has been 

proposed by Pohorecki et al., [202].    

In conclusion, while slug flow is more stable, predictable, and currently more used, 

annular flow is less studied and apparently more difficult to be on-chip integrated, although there 

are a couple of studies claiming its relative superior liquid-side volumetric mass transfer 

coefficients. Annular flow has to be taken more in consideration for its low liquid volume relative 

to the volume of the gas streamed. For optofluidic applications this is translated as a lower 

reagent consumption and consequently a higher autonomy of the sensor.  

4.2.2. Gas-liquid membrane-based contactors 

Despite the mass-transfer resistance induced by the membrane and fouling issues that usually 

occur with time, membrane-based interaction has the advantage of keeping the two phases in 

separate channels while giving the designer the flexibility of varying the flow rates and keeping 

a specific and defined interface area [203]. Moreover, although keeping the interface area constant 

and reproducible was a challenge in direct contacting, for membrane-based contactors this is 

straightforward and easy to achieve. Membrane hydrophobicity on the liquid-side is mandatory 

and here is where the field recently advanced. There are already a couple of vendors 

commercializing super-hydrophobic polymer membranes, such as Clarcor Industrial Air® and 

Pall Corporation®.  The higher the contact angle, the lower are chances for fouling the pores.  

Indeed, the largest inconvenient of the membranes is related to the fouling issues caused 

by impurities and/or wetting. However, cost-effective disposable thermoplastic chips with on-

chip integrated hydrophobic membranes might confer them an interesting potential. 

Unfortunately, membrane integration onto polymeric structures is still challenging and time-

consuming.  

Wang et al., [204] developed a monolithic integration methodology of commercially-

available porous membranes in PMMA-, PC-, and COC-made chips. The fabrication methods 

consist in, firstly, a pre-bonding process that integrates the membrane into the thermoplastic chip 

using hot-embossing and secondly, a bonding process of a cover plate to close the chip without 

altering the properties of the membrane (see Fig. 4.2.1).  
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Dyrda et al., [205] integrated double-sided hydrophobic membranes into PMMA devices 

and successfully separated CO2  from a water-methanol solution at the anode side of a µDirect-

Methanol-Fuel-Cell. The membrane was sealed using a rubber O-ring to avoid possible leakage. 

Femmer et al., [206] developed a gas-liquid contacting chip using a PDMS flat-sheet 

membrane with staggered herringbone engraved on it. These herringbone mixers proved to be 

very efficient in enhancing the mass transfer of oxygen from an air phase to a water phase. The 

pressure drop along the channels was reduced due to the herringbone’s structures. Concentration 

polarization at the gas-liquid interface has been avoided. The membrane-based contacting chip 

consists of ten 21 mm long parallel microchannels with one inlet and one outlet. Each channel is 

500 µm wide and 50 µm deep. The PDMS membrane separating the channels was 127 µm in 

thickness, plasma-bonded into the chip, and possessed a 105 mm2 transport area.   

Brinkmann et al., [207] developed a CFD model used for the flow optimization in a flat-

sheet membrane reactor. Malankowska et al., [208] proposed a double-side meandering channel 

network with an embedded membrane for blood oxygenation. A mathematical model for the 

validation of the oxygen transfer has been developed and with an oxygen transfer rate 

𝑜𝑓 92 𝑚𝐿/𝑚𝑖𝑛 ∙ 𝑚2 for a 1 mL/min blood flow rate and a 2.9 𝑐𝑚2 gas-liquid interface area. Karatay 

et al., [209] proposed a UV-based adhesive bonding methodology for a hydrophobic PVDF 

 

Figure 4.2.1. The two-step polymer membrane embedding process into a polymer chip. (a) Hot-

embossing step for membrane bonding. (b) Closing-up the chip by thermal bonding of a polymer cover 

layer. (c) PMMA layer with a 120 µm deep microchannel. (d) Membrane and the PMMA layer presented 

at c) after hot-embossing procedure. Reproduced from Wang et al. [204], Copyright 2013, with 

permission from Elsevier.  

(a) 

(b) 

(c) 

(d) 
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membrane integration onto a standard glass-made chip. The methodology avoids membrane 

bending, leakages and short circuits, and it is time-effective. Preservation of the membrane’s 

characteristics after on-chip embedding process is important. Any change in its morphology     

(e.g. pores distribution, tortuosity, etc) leads to different process performances.  

In conclusion, a number of achievements in critical points of the gas-liquid micro-

contactor development process can be pointed out. Among them, the integration of herringbone 

structures with the purpose of lowering the pressure loss, as well as the concentration 

polarization. The on-chip integration of polymer membrane described by Wang et al. deserves 

attention since it can offer a solution to one of the challenges of the membrane-based 

microreactors, i.e., on-chip polymer membrane integration. More about the fabrication of the 

microfluidic membrane-based device may be found in the reviews of de Jong et al., [56],         

Gerami et al., [210] and more applications/design configurations are summarized in the review of            

Lam et al., [184] and of Chen et al., [211]. 

4.2.3. Development stages of a microreactor  

Development stages of a microreactor are presented from two perspectives by Zhang et al., [183] 

and Tsao [41] (see Fig. 4.2.2). The former proposed a methodology based on the evaluation of 

mixing, flow dynamics, and mass and heat transfer along with three strategies for scaling-up the 

microreactors. These strategies are parallel numbering-up, consecutive numbering-up, and    

scale-out (see Fig. 4.2.2., a). The latter proposed a three stages methodology to be considered for 

a proper development of a microreactor, with the focus on the microfabrication, bonding, and 

interfacing (see Fig. 4.2.2, b.). Considered together, these two strategies offer a complete 

development guideline.  

1st development stage: Microchannel design and material selection process  

After acquiring in-depth knowledge of the analytical process to be integrated into the 

microreactor, the next steps are modeling and simulation of the convective-diffusion flow.  

The modeling and simulation process aims to identify the suitable microfluidic channel 

design that will be further integrated into a physical device. The implementation process of the 

microfluidic channel network into a physical device cannot be done without considering the 

following criterion. The material in contact with the microfluidic streams has to be compatible 

with the microfluidic analytical process. In other words, mechanical properties, thermal property, 

solvent resistance, acid/base resistance, optical transmissivity, biocompatibility of the material 

have to be precisely known.  

2nd development stage: Front-end microchannel fabrication 

After selecting the suitable material, the fabrication strategy has to be selected. The microchannels 

can be fabricated either by rapid prototyping methods, or by replication methods.  
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Figure 4.2.2. (a) Designing steps of a microreactor by Zhao et al. [183] (b) Development stages of a 

polymer-made microreactors by Tsao [41]. The red line corresponds to the thermoplastic fabrication 

procedure, while the blue line corresponds to the PDMS fabrication procedure. (a) Reproduced from 

Zhao et al. [149], Copyright 2017, with permission from Annual Reviews, Inc. (b) Data from Tsao, 

(2016) [41] under Creative Commons 4.0 International license. 

Stage 2 Stage 3 Stage 1 

(a) 

(b) 
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The rapid prototyping methods comprise computer numerical control (CNC) milling 

[42,212], laser ablation [213,214], and digital craft cutting [215,216]. These methods are mainly 

used by researchers for proving a concept. Mass production can be achieved through                

micro-mold- based fabrication methods such as hot embossing [217,218], and injection molding 

[219,220]. 

The following criteria when selecting the suitable microfabrication method for the 

material of choice should be kept in mind [42]: 

(1) Compatibility between the material and the fabrication method. 

(2) Capability to obtain the aimed features. 

(3) Quality of the obtained features. 

State-of-the-art of the polymer microfluidic device fabrication is presented in some recent 

reviews from Scott et al., [221], Reyes et al., [222], Tsao et al., [41]. 

CNC micro-milling is a relatively cost-effective technique used to rapidly prototype 

polymer-based microfluidic devices. The endmills available nowadays may go down to a 25 µm 

diameter or even smaller [42,221]. However, the lower the diameter, the slower the milling 

process and the lower milling depth are since, obviously, the endmills become very brittle at small 

diameters. 

The surface roughness (𝑅𝑎) resulting from milling process is in average 420 nm [42], with 

the lowest possible the author could find at 65 nm [221]. Roughness of the microchannels is a very 

important parameter since it can promote bubble formation or it can significantly influence the 

variation of the pressure drop. A procedure for 𝑅𝑎 determination is detailed in Tsao et al., [212] 

and Suriano et al., [213]. Since the resulting 𝑅𝑎 is not the optimum for microfluidic applications, 

a method based on solvent vapor has been developed to treat freshly milled surfaces in order to 

reduce the roughness resulting in surfaces with an improved optical quality. 

According to Wenzel’s condition for rough surfaces [42], roughness increases the 

hydrophobic behaviour (θ > 90°) if the polymer is naturally hydrophobic, or it increases the 

hydrophilicity if the surface is naturally hydrophilic (θ < 90°). Thus, for naturally hydrophilic 

polymers, the hydrophilicity is increased considering that the majority of the solvent solutions 

are aqueous.  

The milling process does not affect the molecular orientation of the polymer chains, 

whereas this effect occurs during the hot embossing process. Changing the molecular orientation 

results in increased autofluorescence which is not suitable for optofluidic applications. 

Laser ablation (LA) (or excimer laser micromachining) uses CO2 lasers, femtosecond lasers 

[213], and recently more cost-effective diode lasers (the entire equipment price lower than 200 $), 

which proved to be effective for PMMA microfluidic fabrication [223], in removing  material from 

the polymer substrates in order to create features with dimensions smaller than 1 µm. In the case 

of polymers, the removal process is realized through photoablative decomposition [221]. The 

depth of the features depends on the laser pulse rate, the pulse power, and the polymer 
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characteristics [224]. Despite the intense research made on this topic, it is still difficult to 

determine the precise width and depth of a feature, because the influence played by the laser 

parameters and material properties are not clearly determined. This is stated in the latest review 

of the field by Ravi-Kumar et al., [225]. However, this technique is advantageous when clean 

vertical cuts are primarily needed. LA is used in the fabrication process of high-performance 

photonic devices and in the fabrication process of micro-lenses. Among the common 

thermoplastics, PMMA is the most stable material for LA [213].  

The PMMA degradation was found to be due to a thermal depolymerization process, 

while COP and PS suffer from oxidation and dehydrogenation. The average Ra of the laser 

ablated regions is 400 nm, with the lowest Ra at around 100 nm [221]. However, the Ra is 

considered high and not satisfactory by many researchers. Therefore, complementary techniques 

for improving the roughness have been developed [226]. The resolution in fast processing is also 

low. Depending on the laser used, the resolution varies between 20 µm and 100 µm [227].  

Digital craft cutting for rapid prototyping has been demonstrated by Yuen and Goral, [215]. 

The minimum microchannel width achievable with this technique is 200 µm. Using this 

technique, functional microfluidic devices can possibly be fabricated using double-sided 

adhesive tape and laser printer transparency film. Although rapidity might be considered the 

main advantage of this technique, it still lacks accuracy and precision.  

Hot embossing is a technique used especially for high-volume production, but it may be 

used as well for high-precision rapid prototyping. The minimum features achievable with this 

technique are 25 nm for the width and 100 nm for the depth [217]. The microchannels network to 

be imprinted on the polymer substrate is built as a negative on the mold. Molds are usually made 

by lithography from metals or silicon.  

Generally, the entire process may be divided into three steps. (1) The polymer substrates 

are placed in between the molds, a vacuum environment is created, and afterwards the 

temperature is risen up or beyond the polymer glass temperature. (2) Once the desired 

temperature is obtained in the vacuum, a specific pressure is applied, whereas the negative 

features of the mold are transferred to the polymer substrates. (3) Before demolding the polymer 

substrates, the temperature of the environment is decreased below the glass transition 

temperature. For each microfluidics compatible polymer exists already well-established micro 

hot embossing technologies, as it can be checked in the works of Worgull [228], Heckele, and 

Schomburg [229].  

Injection molding is already a mature technique, the method of choice when it comes to 

translation of proof-of-concepts into commercialized products [227]. The melted polymer is 

embossed under pressure inside a mold. There it is kept under pressure for a specific period of 

time. The temperature is decreased gradually below the glass transition temperature, while the 

material solidifies. In the end the molds are unclamped and the resulted structure is removed. A 
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fabrication cycle may last from a few seconds up to a few minutes [220]. Injection molding of 

PMMA-based microfluidics has been demonstrated by Ma et al., [230]. 

In conclusion, micro-milling and hot-embossing are the micro-fabrication technologies 

reaching the lowest resolution. However, they are relative time-consuming, limiting                   

mass-production. Although they are more rapid, the other methods existing suffer from poor 

resolution. 

3rd development stage: Back-end microfluidics bonding and interfacing 

After successful fabrication and validation of the microfluidic channel network, the following 

step is “closing and plugging up” the chip [231]. This step is maybe the most challenging. The 

limitations existing nowadays at this development stage inhibit the transition towards the wide-

spread use of the microfluidic devices. Sealing methods used for polymer chip bonding include 

anodic bonding, fusion bonding, thermal bonding, solvent bonding, and surface chemical 

bonding.  

4.3. Towards on-chip integration of the Hantzsch-reaction-based formaldehyde 

sensing. State-of-the art.  

Up to the author´s knowledge, there is no attempt or work related to the on-chip integration of 

the continuous measurement of airborne HCHO based on the Hantzsch reaction and fluorescence 

sensing. However, some works related to on-chip optofluidic integration of HCHO detection in 

either food [232–234], Chinese herbs [235], or air [236] have been recently reported.  

A microfluidic paper-based analytical device (µPAD) was proposed by                          

Guzman et al. [232] for detection of low HCHO concentrations in food. The detection was made 

using a CMOS camera. The concentration was found by interpreting the images based on RGB 

color analysis software on a smartphone. The detection mechanism worked offline and the 

HCHO detection range of the device was 0.2–2.5 mg/L. Improvements in terms of portability, 

response time, and detection range of 0–0.8 mg/L for this system was presented by Liu et al. [233].  

Weng et al. [234] integrated four reaction reservoirs and one substrate reservoir on a PDMS 

microfluidic chip, enabling HCHO detection based on the absorption spectroscopy in 2 µL food 

samples. A three-layer PMMA device with a detection range of 1–50 mg/L was presented by Liu 

et al. [235] for the detection of HCHO concentrations in Chinese herbs; it was based on laser-

induced fluorescence. 

A microfluidic lab-on-a-chip derivatization technique based on the GC-MS measurement 

technique for HCHO indoor air sensing was described by Pang et al. [236]. The method relied on 

a glass Pyrex microreactor with a 2.0 m long and 620 µm internal diameter round microchannel 

as a reactor. The reaction of HCHO with two reagents (pentafluoro phenyl hydrazine and                

O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine) was studied in a microfluidic context, with the 

system achieving continuous sampling and analysis with a time resolution of 30 min and a LOD 
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down to 1.2 µg/m3 (1 ppb). The reagent flow rates were varied between 20 and 120 µL/min, while 

the maximum operating temperature and pressure were 𝑇 = 573 𝐾 and 𝑝 = 3 MPa, respectively. 

Despite the evident advantages of low reactant flow rates, the operating parameters and the time 

resolution were too high to be compatible with the previously mentioned performances of a 

HCHO palm-held detector. 

Becker et al. [6] developed a microfluidic analytical device (20 cm × 25 cm × 15 cm) 

dedicated to air analysis based on the Hantzsch reaction, which reached a LOD of 0.13 µg/m3      

(0.1 ppb) for a 17 µL/min reagent flow rate in a microporous tube (10.0 cm length, 0.9 mm internal 

diameter). The porous tube was placed in a gas microchamber where gaseous HCHO was 

streamed at a flow rate of 250 standard mL/min. The temporal resolution was two seconds and 

the response time was fifteen minutes, enabling near-real-time detection on a portable device. 

The system performance can possibly be enhanced by simplifying the fluorescence detection 

system based on a PMT detector and by reducing the interrogation volume. 

4.4. Optofluidic detection concept  

As it was described in Section 3.3., the HCHO detection method based on the Hantzsch reaction 

involves a continuous Fluoral-P reagent streaming that is put in contact with a continuous stream 

of air. Thus, it traps HCHO molecules and derivates them into DDL after a residence time of three 

minutes at 𝑇 = 338 𝐾. Then, the presence of DDL molecules is quantified by fluorescence. 

Considering the method presented above, a micro-total HCHO analysis system can be 

comparted into the following interconnected units: 

(1) Auxiliary elements (i.e., fluidic reservoirs, micro-pumps, filters, humidity filters, 

heating elements, thermo-couplers, electrical and processing instruments). 

(2) HCHO separation unit. 

(3) HCHO derivatization unit. 

(4) Fluorescence detection unit.  

Although the current project addressed the components in (2), (3), and (4) aiming to bring 

a contribution to the HCHO on-chip integration process, the target and the main focus were set 

on the fourth component, the fluorescence detection unit. The separation and derivatization 

components have been partially addressed solely due to the lack of time.  

The work does not treat the other components usually involved in what is supposed to be 

a fully-operational µTAS, i.e., micro-pumps, filters, electrical, and processing elements, etc. The 

integration of these components within the optofluidic device towards a fully-operational            

µT-HCHO-AS might be the topic of a separate research project due to the complexity of the issues 

involved and current technological limitations. 

The initial aim of the project was to integrate an annular flow into a micro-chip, since the 

advantages of this type of gas-liquid interaction are obvious. However, it was decided to shift the 

research direction towards a gas-liquid interaction based on a hydrophobic porous membrane. 
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The literature review shed a light on the insufficient data and the complexity of the on-chip 

integration process of annular flow. 

After browsing the last achievements in the fields of on-chip fluorescence sensing and 

membrane-based polymer microreactors, a concept design for a microstructure device has been 

proposed (see Fig. 4.4.1.). Again, the trapping and derivatization units might be based on slug 

flows or annular flows in parallel studies. In this work, the trapping and derivatization units have 

been thought as a network of overlapping meandering channels with a hydrophobic membrane 

Gas inlet 

Solution outlet 

Gas outlet 

Reagent inlet 

Membrane 

(a) 

(b) 

Figure 4.4.1. (a) Exploded view of the concept, where (A) – is the meandering microchannel carrying 

the reagent solution; (B) – is the meandering microchannel carrying the gas stream; (C) – is the 

hydrophobic membrane used to separate the gas and liquid phases, while allowing the HCHO 

diffusion from the gas-side towards the liquid-side; (D) – is a continuation of the reagent carrying 

microchannel placed in between the trapping region and (E) – the flow-through microfluidic cell to 

assure an optimal residence time of the last trapped HCHO molecules for a full derivatization process.   

(b) Top view, from the solution meandering channel network side.  

 

E. Flow-through 

microfluidic cell 

D. Additional residence for 

full HCHO derivatization 
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placed in between and two heating foils supposed to heat up the fluids at the constant 

temperature, 𝑇 = 338 𝐾 (see Fig. 4.4.2). The suitable network configuration                                     

(length × width × height) has to be found after modelling the fluid hydrodynamics in both the gas 

(air) channel and the liquid (reagent) channel.  

The fluorescence sensing device has been designed around a CMOS-image sensor. An 

orthogonal detection scheme with SU-8 photoresist as excitation light waveguide has been 

implemented. The flow-through microfluidic cell has been designed as a three-layer structure, 

but in two configurations (see Fig. 4.4.3). 

For these laboratory investigations, trapping and derivatization has been assigned to a 

device, while the fluorescence sensing to another. Thus, the HCHO trapping and derivatization 

were assigned to a sub-system, named generically Gas-Liquid Micro-Reactor. The fluorescence 

detection system was assigned to a second sub-system, named CMOS-based fluorescence detector. 

 

 
 

Heating foil 

Upper layer 

Membrane 

Lower layer 

Heating foil 

Figure 4.4.2. Concept of the trapping and derivatization assigned component (Gas-Liquid 

Microreactor).  

Silicon layer 

SU-8 photoresist 

Quartz 

Quartz 

SU-8 photoresist 

Quartz 

Figure 4.4.3. Concept of the fluorescence sensing system with (A) the three-layer flow-through 

microfluidic cell-made in two configurations (1) and (2), (B) the filter, (C) the CMOS-image sensor. 

(1) 
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Chapter 5. CMOS-based fluorescence sensing device 
 

This sub-chapter was written based on the following journal article published by the author in the 

Micromachines Journal: 

Mariuta, D.; Govindaraji, A.; Colin, S.; Barrot, C.; Le Calvé, S.; Korvink, J.G.; Baldas, L.; 

Brandner, J.J. Optofluidic Formaldehyde Sensing: Towards On-Chip Integration. Micromachines 

2020, 11, 673. https://doi.org/10.3390/mi11070673  

 

5.1. Fabrication concept of the experimental device 

The results of the literature survey presented in the previous section showed that fluorescence 

sensing miniaturization in optofluidic devices is a field currently experiencing intense research 

activity, aiming to identify fabrication and design methodologies for an ultraportable, monolithic, 

and multiplexing sensing architecture. Advances in micro- and nanofabrication technologies 

have been implemented to develop new design strategies in order to maximize the detection 

capability while shrinking dimensions.  

Targeting similar objectives, this work introduces a new concept for sensing the presence 

of HCHO molecules in a microfluidic device, combining existing principles and components      

(see Fig. 5.1.1.). Although the functionality has been validated for a laboratory prototype made 

using mainly off-the-shelf components, it possesses the potential to be fully- integrated onto a 

 

Figure 5.1.1. The concept of the CMOS-based fluorescence detector (46 mm × 30 mm × 10 mm). (a) 

Exploded view of the detector. (b) Transversal cross-section of the assembled sensing device. 

(a) (b

) 

https://doi.org/10.3390/mi11070673
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monolithic structure, as it will be further explained. A couple of design particularities and 

material choices make this concept interesting and unique. 

Firstly, the orthogonal illumination scheme has been implemented in combination with 

the contact sensing principle and a CMOS image sensor. The orthogonal scheme generally leads 

to a lower background noise without using complicated optical components. This is due to the 

fact that the excitation beam is not directly focused towards the photodetector, but oriented 

parallel to the photodetector. The excitation light reaching the detector is the consequence of the 

multiple reflections and scattering occurring in the interrogation chamber and surrounding 

claddings. 

The orthogonal scheme has been implemented while respecting the contact sensing 

principle. Contact sensing means that the photodetector, the filtration component, and the flow-

through microfluidic cell are all in contact [37]. This is advantageous since the optical path from 

the fluorescence source up to the photodetector is diminished, i.e., the optical loss is minimized.  

Lab-on-a-CMOS is a research direction of the lab-on-a-chip field taking advantage of the 

superior capabilities achieved by the CMOS technology in terms of optical sensitivity and its 

capability to be integrated onto monolithically fabricated devices. In this work, the author does 

not claim to have developed such a system.  However, he introduced a concept that has the 

potential to be further explored. 

Secondly, the SU8-3050 epoxy negative photoresist, commonly used in the                      

micro-fabrication and microelectronics fabrication processes, has been implemented as an inner 

core waveguide since it possesses very good optical transmittance at the excitation wavelength 

and a lower refraction index compared to the other materials selected (see Section 5.2.3.3.). The 

three-layer disposable microfluidic cell with a SU-8 3050 intermediate layer as waveguide, 

facilitates the implementation of the excitation source (LEDs) and the light detector (CMOS image 

sensor) into an orthogonal configuration. 

Thirdly, the measurement of the fluorescence transmission efficiency has been realized in 

parallel for two flow-through microfluidic cells, one having the upper-layer made in a              

quartz / SU-8 3050 substrate and the other one in a Si / SiO2 / SU-8 3050 substrate.  

In order to achieve a miniaturized and efficient detection device, the author selected not 

only the ideal optical components, but also took in consideration the scientific perspective to 

study what is the difference in terms of optical signal gain produced by the two substrates. 

To conclude, the implementation of the orthogonal scheme coupled to contact sensing has 

been made possible by developing a disposable three-layer microfluidic cell with an intermediate 

SU-8 3050 negative photoresist serving as waveguide for the excitation light transmission. Thus, 

while the lower layer (used for fluorescence transmission towards the photodetector) was made 

in quartz for both configurations, the upper-layer was made for the first configuration (1) in 

quartz / SU-8 3050 and for the second configuration (2) in Si / SiO2 / SU-8 3050.  
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Configuration 1: quartz / SU-8 3050 layer – SU-8 3050 negative photoresist layer – 

quartz layer; referred also as the quartz cell.  

• Configuration 2:  Si / SiO2 / SU-8 3050 – SU-8 3050 negative photoresist layer – 

quartz layer; referred also as the silicon cell. 

5.2. Materials and methods 

5.2.1. Microfluidic circuit 

The microfluidic circuit assures the continuous flux of liquid reagent from the upstream reaction 

unit delivering time-dependent DDL molecular concentrations. At the inlet of the interrogation 

chamber, it is assumed that the chemical HCHO derivatization into DDL molecule has fully 

occured. 

The continuous analytical optical systems capture the signal from a volumetric space 

named interrogation chamber. The interrogation chamber may have different volumes and the 

intensity of the emission signal reaching the optical detector is proportional to this volume. Thus, 

the larger the interrogation volume is, the higher the emission signal. For portable continuous 

measuring systems, the interrogation volume should be the lowest possible since this feature 

enables high-portability and low-reagent consumption.  

 

Figure 5.2.1. Longitudinal cross-section of the microfluidic circuit, in scale three-dimensional 

representation. 
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The lowest volume might be defined as the minimum interrogation volume from where 

the optical system could collect meaningful data. Thus, a compromise has to be found between 

the interrogation chamber volume and the LOD aimed. 

A flow-through fluidic cell is designed properly when the fluid is evenly distributed and 

there are not stagnant or recirculation volumes at the flow rates of interest. Therefore, the 

replacement rate of the fluid located in the interrogation chamber is dependent on the volumetric 

flow rate at the inlet, 𝑄𝐿, and the dimensional characteristics of the interrogation chamber. 

The microfluidic circuit of the analytical system proposed in this work is simple                  

(see Fig. 5.2.1.). The liquid reagent is supplied at a constant volumetric flow rate, 𝑄𝐿, 

perpendicularly to the upper-layer surface of the flow-through cell. The upper-layer of the flow-

through microfluidic cell has pyramidal shaped inlet and outlet, as described in Fig. 5.3.2. and 

5.3.3. The inlet and outlet, placed at a 𝐿 = 20 𝑚𝑚 distance one by each other, are connected 

through a square longitudinal channel, 200 µm × 200 µm cross section, located in the intermediate 

layer of the cell. The width component, 𝐷, of the interrogation chamber varies. Some different 

widths were considered resulting in different interrogation volumes (see Fig. 5.2.2.). To explain 

why, this has to be linked to the active area of the photodetector selected for this concept              

(𝐴 = 4.8 × 4.8 𝑚𝑚2, see Section 5.2.2.3.) and the fact that the signal reading efficiency of the 

optical circuit is not known.  

Experimental testing will start from larger interrogation volumes and go towards lower 

interrogation volumes since detection probability is higher at larger volumes. Therefore, for a 

more comprehensive study of the proposed sensing scheme capabilities, configurations with   

𝐷1 = 4.7 𝑚𝑚, 𝐷2 = 3.0 𝑚𝑚, 𝐷3 = 1.5 𝑚𝑚 corresponding to 𝑉1 = 3.5 µ𝐿, 𝑉2 = 1.4 µ𝐿, and               

𝑉3 = 0.35 µ𝐿 have been proposed. 𝐴 was arbitrarily chosen as the maximum possible area, that 

the interrogation chamber cross-section parallel to the surface of the photodetector might take. 

The depth/width ratios being quite large, it is quite probable to have recirculation zones and due 

to this reason a second configuration having three inlets has been created for each volume of 

reference 𝑉1, 𝑉2, 𝑉3. The cross-section of the inlets in the three-inlet configurations is 

66 µ𝑚 × 200 µ𝑚 (see Fig. 5.2.2. d, e, f, g, h, i). 

Nevertheless, since this is a preliminary study trying to assess the capacity of the optical 

scheme to collect meaningful data from a volume of a fluid, the shape of the interrogation 

chamber might be further processed in the optimization step of the prototyping process. At this 

stage, it is important to have a uniformly-distributed flow in the interrogation chamber. Only 

respecting this condition, a valid evaluation of the device performance can be made. If the optical 

circuit proves to be efficient during the experimental campaign or after optimization, the 

interrogation chamber could be reduced to the 200 µm × 200 µm straight channel itself or even 

lower. 
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5.2.1.1. Flow characterization in the interrogation chamber using a CFD tool 

To verify whether recirculating volumes are formed inside the interrogation chamber, it is 

important to determine the residence time distribution (RTD) function, 𝐸(𝑡). Generally, the RTD 

function could be estimated through experimental methods (e.g., stimulus-response tracer 

experiments) and computational (e.g., computational fluid dynamics (CFD)) by introducing a 

tracer signal at the inlet and monitoring its concentration at the outlet. The tracer should have 

similar diffusive and transport properties as the fluid found in the system and be completely 

soluble in the mixture. 

 

Figure 5.2.2. (a) Flow-through microfluidic cell concept. (b) Exploded view of the microfluidic cell with 

the microfluidic circuit grooved into the intermediate layer, while the inlet/outlet are etched 

perpendicular to the upper layer. (c) Generic representation of the intermediate layer concept with the 

length, L = 20 mm, and the interrogation chamber centered in between the inlet and the outlet. (d)        

V3 = 0.35 µL – one inlet configuration, with D3 = 1.5 mm. (e) V3 = 0.35 µL  – three inlets configuration, 

with D3 = 1.5 mm. (f) V2 = 1.4 µL – one inlet configuration D2 = 3.0 mm. (g) V2 = 1.4 µL – three inlets 

configuration D2 = 3.0 mm. (h) V1 = 3.5 µL – one inlet configuration, D1 = 4.7 mm. (i) V1 = 3.5 µL – three 

inlets configuration, D1 = 4.7 mm. 
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An ideal interrogation chamber is characterized by a plug flow, but the tracer 

concentration reaching the outlet is time-dependent in real flows and depends on the chamber 

shape. Inside an interrogation chamber affected by stagnant volumes, the photodetector captures 

the intensity of a signal that is a combination of a signal coming from the stagnant/recirculation 

volume and the fluid actually flowing through.   

A CFD tool - Ansys Fluent® - has been used to estimate the flow distribution in the 

proposed interrogation chamber configurations. Two methods exist for solving the tracer species 

treated as a continuum by solving the transport equations: (1) species transport model and            

(2) user defined scalar (UDS) transport model.  

Species transport model implies the tracer considered as species during the simulation 

process. The fluid flow (i.e., continuity and momentum equations) and the species transport 

equations are solved sequentially. The fluid flow equations are solved using a steady-state 

approach, while the species transport equation is solved based on a transient approach using the 

computed flow solution. There are two approaches used to estimate the RTD using the tracer 

analysis: (a) the pulse method and (b) the step method.  

Therefore, to estimate the RTD characteristics for the configurations proposed in 

Fig. 5.2.2., the pulse method with the species transport model has been implemented. This 

method involves the injection of a rectangular impulse of a tracer at the inlet of the device at 

time 𝑡 = 0. By injecting the tracer at time 𝑡 = 0, its concentration, 𝑐(𝑡), is then monitored at the 

outlet as a function of time (see Section 2.2.5.). 

CFD simulation and Boundary conditions  

The simulations were performed in Fluent® 19.2 installed on x64 bit, Intel (R) Xeon (R) W-2123 

CPU, 3.6 GHz, 32 GB RAM memory processor workstation. Quadrilateral elements were used in  

order to have as many as possible uniform elements on the mish and finally leading to a more 

accurate solution. A mesh independence study has been carried out to determine the number of 

mesh elements necessary to obtain a mesh-independent solution until the difference between the 

mean residence times was lower than 1%. 

Since it has been tested and observed that the difference between the three-dimensional 

(3-D) and the two-dimensional (2-D) simulation results are very low, the less time-demanding    

2-D simulations have been performed to calculate mean residence time and residence time 

variance and to visualize the velocity streamlines in each configuration.  

The Fluent® pressure-based solver was used for the simulations. The problem has been 

divided into six multiplied by three (eighteen) cases addressed in parallel. Thus, each out of the 

six configurations was tested at three flow rates in the range of interest: 𝑄1 = 5 µ𝐿 ∙ 𝑚𝑖𝑛−1,                

𝑄2 = 10 µ𝐿 ∙ 𝑚𝑖𝑛−1, 𝑄3 = 15 µ𝐿 ∙ 𝑚𝑖𝑛−1corresponding to  𝑅𝑒1 = 0.46, 𝑅𝑒2 = 1.00, and 𝑅𝑒3 = 1.4 

respectively.  

The uniform velocity profiles specified at the inlet as a velocity-inlet boundary conditions 

were calculated assuming the channel cross-section corresponding to a 200 µm × 200 µm area for 
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the all the configurations simulated. The gauge static pressure at the outlet was set to zero, the 

operating pressure being set to 𝑝𝑎𝑡𝑚 = 101 325 𝑃𝑎, while the no-slip boundary condition was 

imposed at the walls. 

In each of the eighteen cases, the convergence of the steady state fluid flows was firstly 

obtained. The model fluid is water since water is almost 99% of the reagent volumetric 

concentration. The density of water used was 𝜌𝐻2𝑂 = 998.2 𝑘𝑔 ∙ 𝑚−3 and the viscosity was            

𝜇 = 1.003 × 10−3𝑃𝑎 ∙ 𝑠−1.  

Solution of species transport equations 

After solving the flow equations and obtaining the converged solution, the flow equations were 

deactivated, while activating the tracer equation. The tracer mass fraction was settled to 1, the 

unsteady solution was calculated for one time step, then the mass fraction was settled back to 0 

for the following time steps. The evolution of the area-weighted average concentration, 𝑐(𝑡), was 

monitored at the outlet as a function of time, 𝑡. The simulation ran for a not-defined number of 

time steps until the 𝑐(𝑡) was reaching the zero value.  

 The water-tracer diffusivity was settled at 𝐷𝐴𝐵 = 1.5 × 10−9𝑚2 ∙ 𝑠−1. To solve the 

equations describing the laminar mixing flow problem with minimized numerical diffusion, the 

least-square gradient scheme was implemented for spatial discretization with second order 

upwind schemes. The solution was considered convergent when: (1) the values of residuals were 

decreasing down to a constant level, in all the cases much below 10−10; (2) the function 𝐸(𝑡) 

obtained was respecting the Eq. 2.2.39. condition. 

For the  𝑉1 = 3.5 µ𝐿 interrogation chamber - one inlet, it is obvious that the recirculation 

areas become larger and larger with the increase of the volumetric flow rate (see Fig. 5.2.4.). At 

each flow rate used, two symmetric vortices are formed. The center of the vortices is moving from 

the inlet towards the outlet when the volumetric flow rate is increased. Moreover, the 

recirculation areas almost occupied the entire surface at 𝑄3 = 15 µ𝐿 ∙ 𝑚𝑖𝑛−1 (𝑅𝑒3 = 1.4), excepting 

a center band with a width slightly larger than the inlet channel width (200 µ𝑚) where the flow 

velocity is relatively very high. In the three-inlet configurations, the re-circulation areas decreased 

in size compared to their one-inlet counter-pair, but increased in number.  

For the  𝑉2 = 1.4 µ𝐿 interrogation volume - one inlet, a similar behavior can be observed 

in terms of vortex formation as in  𝑉1 = 3.5 µ𝐿 - one inlet case. However, in this case, the vortices 

 

Figure 5.2.3. One of the geometrical configurations of interest and the computational domain. 

Pressure Outlet Velocity Inlet 

𝐻2𝑂, 𝑣𝑖  
 𝑝𝑎𝑡𝑚 = 101 325  Pa 
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areas are smaller relative to the surface of the chamber. Moreover, the center of the vortices 

moved towards the outlet with an increase in the volumetric flow rate, but with a shorter distance. 

This last behavior is further observed for the  𝑉1 = 0.35 µ𝐿 interrogation chamber - one inlet. For 

this configuration it can be observed that the vortices formed for 𝑄1 = 5 µ𝐿 ∙ 𝑚𝑖𝑛−1(𝑅𝑒1 = 0.46) 

are small.  

In Table 5.2.1. it can be noticed that the mean residence times, 𝑡̅, are larger for the three-

inlet configurations compared to one-inlet configurations at similar flow rates in all the cases 

tested. Only two cases out of eighteen present streamlines with no re-circulation regions. It is the 

case of the  𝑉2 = 1.4 µ𝐿 interrogation chamber, three-inlet configuration, at                                             

𝑄1 = 5 µ𝐿 ∙ 𝑚𝑖𝑛−1 (𝑅𝑒1 = 0.46) and the case of  𝑉3 = 0.35 µ𝐿 interrogation chamber, three-inlet 

configuration, at 𝑄1 = 5 µ𝐿/𝑚𝑖𝑛 (𝑅𝑒1 = 0.46) (see Fig. 5.2.6.). 

Table 5.2.1. The mean residence times, t,̅ expressed in seconds, obtained by varying the number of inlets 

and the volumetric flow rates, Q, for each configuration. 

Flow-through microfluidic cell 

configuration 

Volumetric flow rate, 𝑸 (µ𝑳/𝒎𝒊𝒏) 

𝑸𝟏 = 𝟓  

(𝑅𝑒1 = 0.46) 

𝑸𝟐 = 𝟏𝟎   

(𝑅𝑒2 = 1.0) 

𝑸𝟑 = 𝟏𝟓  

(𝑅𝑒3 = 1.4) 

𝑽𝟏 = 𝟑. 𝟓 µ𝑳 
One-inlet  36.3  18.9  12.7 

Three-inlets 41.5  21.38  14.2 

𝑽𝟐 = 𝟏. 𝟒 µ𝑳 
One-inlet 15.2 7.45  4.95 

Three-inlets 20.5 10.3  6.95 

𝑽𝟑 = 𝟎. 𝟑𝟓 µ𝑳 
One-inlet  5.08  2.66  1.82 

Three-inlets  5.65  2.77  1.88 

 

Table 5.2.2. The variance, σ2, obtained by varying the number of inlets and the volumetric flow rates, Q, 

for each configuration. 

Flow-through microfluidic cell 

configuration 

Volumetric flow rate, 𝑸 (µ𝑳/𝒎𝒊𝒏) 

𝑸𝟏 = 𝟓   

(𝑅𝑒1 = 0.46) 

𝑸𝟐 = 𝟏𝟎  

(𝑅𝑒2 = 1.0) 

𝑸𝟑 = 𝟏𝟓  

(𝑅𝑒3 = 1.4) 

𝑽𝟏 = 𝟑. 𝟓 µ𝑳 
One-inlet 1166.02 365.88 142.39 

Three-inlets 1579.29 464.62 156.62 

𝑽𝟐 = 𝟏. 𝟒 µ𝑳 
One-inlet 203.40 56.78 21.90 

Three-inlets 429.49 110.60 40.73 

𝑽𝟑 = 𝟎. 𝟑𝟓 µ𝑳 
One-inlet 22.19 6.48 2.71 

Three-inlets 30.17 7.10 2.88 
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Figure 5.2.4. 2-D representation of the streamlines in the 𝑉1 = 3.5 µ𝐿 volume interrogation chamber 

obtained for three volumetric flow rates at the inlet, 𝑉𝑖, for the one-inlet configuration (left side - a), c), 

and e)) and the three-inlets configuration (right-side - b), d). 𝑡̅ - represents the mean residence time 

obtained for each case.  

 
 
 
 
 
 

𝑡̅ 𝑊11 = 36.3 𝑠 
𝑄1 = 5 µ𝐿/𝑚𝑖𝑛 
(𝑅𝑒1 = 0.46) 

 

𝑡 ഥ𝑊12 =  41.5 𝑠 
𝑄1 = 5 µ𝐿/𝑚𝑖𝑛 

        (𝑅𝑒1 = 0.46) 

 

𝑡𝑊̅21 = 18.9 𝑠 
 𝑄2 = 10 µ𝐿/𝑚𝑖𝑛 
       (𝑅𝑒2 = 1.0) 

 

𝑡̅ 𝑊22 = 21.38 𝑠 
𝑄2 = 10 µ𝐿/𝑚𝑖𝑛 
         (𝑅𝑒2 = 1.0) 

𝑡𝑊̅31 = 12.7 𝑠 
𝑄3 = 15 µ𝐿/𝑚𝑖𝑛 

(𝑅𝑒3 = 1.4) 

𝑡̅ 𝑊32 = 14.2 𝑠 
𝑄3 = 15 µ𝐿/𝑚𝑖𝑛 
         (𝑅𝑒3 = 1.4) 

 

a) b) 

c) d) 

e) f) 
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Figure 5.2.5. 2-D representation of the streamlines in the 𝑉2 = 1.4 µ𝐿 volume interrogation chamber 

obtained for three volumetric flow rates at the inlet, 𝑉𝑖, for the one-inlet configuration (left side - a), c), 

and e) and the three-inlets configuration (right-side - b), d). 𝑡̅ - represents the mean residence time 

obtained for each case. 

𝑡̅ 𝑀11 =  15.2 𝑠 
𝑄1 = 5 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒1 = 0.46 

 

𝑡 ഥ𝑀12 = 20.5 𝑠 
𝑄1 = 5 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒1 = 0.46 

 

𝑡𝑀̅21 = 7.45 𝑠 
𝑄2 = 10 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒2 = 1.0 

 

𝑡̅ 𝑀22 = 10.3 𝑠 
𝑄2 = 10 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒2 = 1.0 

 

𝑡𝑀̅31 = 4.95 𝑠 
𝑄3 = 15 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒3 = 1.4 

𝑡̅ 𝑀32 =  6.95 𝑠 
𝑄3 = 15 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒3 = 1.4 

 

a) b) 

c) d) 

e) f) 
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Figure 5.2.6. 2-D representation of the streamlines in the 𝑉3 = 0.35 µ𝐿 volume interrogation chamber 

obtained for three volumetric flow rates at the inlet, 𝑉𝑖, for the one-inlet configuration (left side - a), c), 

and e)) and the three-inlets configuration (right-side - b), d). 𝑡̅ - represents the mean residence time 

obtained for each case. 

𝑡̅ 𝐿11 =  5.08 𝑠 
𝑄1 = 5 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒1 = 0.46 

 

𝑡 ഥ𝐿12 =  5.65 𝑠 
𝑄1 = 5 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒1 = 0.46 

 

𝑡𝐿̅21 = 2.66 𝑠 
𝑄2 = 10 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒2 = 1.0 

 

𝑡̅ 𝐿22 = 2.77 𝑠 
𝑄2 = 10 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒2 = 1.0 

 

𝑡𝐿̅31 = 1.82 𝑠 
𝑄3 = 15 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒3 = 1.4 

𝑡̅ 𝐿32 =  1.88 𝑠 
𝑄3 = 15 µ𝐿/𝑚𝑖𝑛 

𝑅𝑒3 = 1.4 

 

a) b) 

c) d) 

e

) 

f) 
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Figs. 5.2.7. – 5.2.9. illustrate the RTD curves obtained from simulations. For all the cases 

studied, it can be observed in these figures that the amplitude of the concentration peaks at the 

outlet are higher for the one-inlet configurations when compared to the three-inlet configurations.  

Therefore, by increasing the number of inlets, the 𝐸(𝑡) function amplitude was lower, 

while 𝑡̅ was higher (see Table 5.2.1.). This result was foreseeable since, by adding two inlets on 

either side of the central one, the volumetric flow rate in the central region from the inlet towards 

the outlet is reduced. At 𝑄1 = 5 µ𝐿/𝑚𝑖𝑛, the right-side of the RTD curves needs more time to reach 

the zero value when compared to the 𝑄2 = 10 µ𝐿/𝑚𝑖𝑛 and even more time when compared to the 

𝑄3 = 15 µ𝐿/𝑚𝑖𝑛. Instead, the peak amplitudes at this flow rate are always lower.  

 As it can be seen in the Fig. 5.2.7., which depicts the RTD curves for the  𝑉1 = 3.5 µ𝐿 

configuration, the tracer concentration reaches a maximum amplitude very quickly after the 

tracer injection, but it completely leaves the volume of fluid after different periods of time. For 

example, if for the one-inlet configuration, at 𝑄3 = 15 µ𝐿/𝑚𝑖𝑛, it takes aproximatelly 𝑡 = 85 𝑠 for 

the last particle to leave the volume, for 𝑄1 = 5 µ𝐿/𝑚𝑖𝑛 the time is approximatelly three times 

higher. Thus, it can be observed a proportionality relationship between the flow rate and the 

residence time. 

 

Figure 5.2.7.  Residence time distribution curves for  𝑉1 = 3.5 µ𝐿. 
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Figure 5.2. 8. Residence time distribution curves for  𝑉2 = 1.4 µ𝐿 

 

Figure 5.2.9.  Residence time distribution curves for  𝑉3 = 0.35 µ𝐿 
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The largest relative amplitude differences between the one-inlet - three-inlet 

configurations at similar volumetric flow rate can be observed for the  𝑉2 = 1.4 µ𝐿 configuration 

(see Fig. 5.2.8.), while for the 𝑉3 = 0.35 µ𝐿  case, the difference is the lowest (see Fig. 5.2.9.).  

Moreover, in Table 5.2.2. can be noticed that for the  𝑉2 = 1.4 µ𝐿 interrogation chamber, 

the variances doubles for the three-inlet configuration relative to the one-inlet configuration. In 

fact, it can be observed a correlation in terms of the amplitude magnitudes when single-inlet and 

multiple-inlet configurations are compared. At the same flow rate in a similar volume, the lower 

the amplitude magnitude difference is, the lower the variance difference (e.g., 𝑉3 = 0.35 µ𝐿  case). 

 Overall, for each of the three configurations it can be observed that the mean residence 

time, 𝑡̅, is larger when flow path is distributed along multiple inlets. Of course, this observation 

is made considering similar volumetric flow rate, 𝑄.   

The results of the CFD simulations show the importance of uniformly-mixed flow 

distribution in the interrogation chamber. Seen at a larger spectrum, these results have an impact 

on the sensitivity of the assay. If the time-dependent DDL concentration coming from upstream 

have relatively small variations lasting less than 𝑡̅, it is very likely that these variations might not 

be precisely captured by the optical system. 

In conclusion, the results obtained for the six configurations tested are far away from the 

ideal plug flow behavior. In order to assure the preliminary aim of the project - concept validation 

through experiments - the 𝑉1 = 3.5 µ𝐿 interrogation chamber could be used only for static assays, 

e.g., the volume to be filled in only with one specific concentration. Only the three-inlets 

configuration of 𝑉2 = 1.4 µ𝐿 interrogation chamber and both three-inlets - one-inlet 

configurations of the 𝑉3 = 0.35 µ𝐿 interrogation chamber could be used for real-time continuous 

assays. This was concluded considering the mean residence times and variances obtained in 

simulations which influences the resolution of the continuous optical detector. 

5.2.2. Optical circuit 

The optical circuit of an optofluidic device is designed to control efficiently the light transfer. In 

fluorimeters, the light propagates through different media from the excitation source towards the 

fluorophores located in the interrogation chamber. After the fluorophore excitation, fluorescence 

emission propagates towards the photodetector, not before being (partially) filtered of the 

parasitic scattered light.  

Among others, the performance of a fluorimeter is related to the light transmission 

efficiency of the optical circuit and to the photodetector characteristics. Light transmittance is a 

parameter that can be used to characterize optical losses of the two light beams of different 

wavelengths, i.e., the excitation beam and the emission beam. 

Therefore, optical transmittance, 𝑇, of the excitation beam has to be maximized in its 

propagation towards the interrogation volume. On the other side, the optical loss due to 

absorbance and reflections of the excitation beam has to be minimized, if possible, to zero, in 
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order to reduce the optical noise reaching the photodetector surface. Moreover, if the fluorescence 

emission intensity can be amplified, ideally, this would result in an increased LOD of the sensor. 

Consequently, the key in developing highly efficient devices is represented by the 

identification, selection, and interconnection of the suitable excitation light source, photodetector, 

filtration components, and materials used for fabrication.  

The scheme selected to couple them is also particularly important to optimize the device 

performance. In this study, the optical circuit relies on two excitation light sources, a disposable 

flow-through microfluidic cell (in two configurations, as described in Section 4.4.), a bandpass 

filter, and a monochromatic CMOS image sensor as photodetector. Further, the selection and/or 

fabrication process of each component is individually addressed and the assembly design is 

detailed and justified.   

5.2.2.1. Flow-through microfluidic cell integrating the SU-8 3050 optical waveguide 

Two configurations of this element have been proposed, each of them presenting different 

advantages and drawbacks whose effects on the device have to be quantified. 

In configuration 1 (see Fig. 5.2.10.), quartz (or fused silica, 𝑆𝑖𝑂2) was selected due to its 

low autofluorescence emissions [31], this material being largely used for the fabrication of 

commercial flow-through fluidic cells. A 10 µm thick SU-8 3050 layer was used, as described in 

Section 5.3., due to microfabrication constraints. Since the refraction index of SU-8 3050 negative 

photoresist is higher than the surrounding cladding made in 𝑆𝑖𝑂2, the SU-8 3050 layer plays the 

role of a waveguide. SU-8 3050 negative photoresist has a transmittance of approximatively 

𝑇𝑆𝑈−8 3050(𝜆𝑒𝑥) = 90% at the excitation wavelength. Transmittance through 𝑆𝑖𝑂2 is 100% at both 

excitation, 𝜆𝑒𝑥, and emission, 𝜆𝑒𝑚, wavelengths. 

In configuration 2 (see Fig. 5.2.11.), silicon has been used in the flow-through microfluidic 

cell fabrication process due to its optical characteristics. This material is widely used in the 

fabrication process of the chip technology; it possesses optical characteristics that makes it 

potentially appealing for the aim of the project.  

The absorbance coefficients of silicon presented in the Handbook of Optical Materials 

[237] are 𝑎(𝜆𝑒𝑥 = 420 nm) = 5 × 104 cm−1 and 𝑎(𝜆𝑒𝑚 = 515 nm) = 9.25 × 103 cm−1. In Aspnes 

and Studna [238], the absorption coefficients are  𝑎(𝜆𝑒𝑥 = 420 nm) = 7.1 × 104 cm−1, respectively 

𝑎(𝜆𝑒𝑚 = 515 nm) = 1.48 × 104 cm−1 for silicon with a 〈111〉 crystal orientation at room 

temperature Thus, the absorption coefficient of silicon at the DDL molecule excitation 

wavelength, 𝜆𝑒𝑥 = 420 nm, is approximately five times higher than the absorption coefficient at 

the fluorescence emission wavelength, 𝜆𝑒𝑚 = 515 nm. By consequence, the reflectivity of the 

excitation light, 𝜆𝑒𝑥 = 420 nm, seems to be higher than the reflectivity of the emission light,      

𝜆𝑒𝑚 = 515 nm.  



 

90 
 

 
Figure 5.2.10. Two-dimensional representation of the configuration 1, where Φ𝜆𝑒𝑚

(𝑞) and Φ𝜆𝑒𝑥
(𝑞) are 

the resultant intensity of the fluorescence emission, respectively of the excitation light perpendicular to 

the photodetector surface at the fluid-lower layer interface. Dimensions are not in scale.  

 

 
Figure 5.2. 11. Two-dimensional representation of the configuration 2, where Φ𝜆𝑒𝑚

(𝑆𝑖) and Φ𝜆𝑒𝑥
(𝑆𝑖) are 

the resultant intensity of the fluorescence emission, respectively of the excitation light perpendicular to 

the photodetector surface at the fluid-lower layer interface. Dimensions are not in scale. 
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10 µm SU-8 3050 

𝑛𝑆𝑈−8_𝜆𝑎𝑏𝑠
 = 1.60  

𝑛𝑆𝑖𝑂2_𝜆𝑎𝑏𝑠
 = 1.40  

𝑛𝑆𝑖𝑂2_𝜆𝑎𝑏𝑠
 = 1.40  

- DDL molecule; - excitation light, 𝜆𝑎𝑏𝑠 = 420 nm - emission light, 𝜆𝑒𝑚 = 515 nm 
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5.2.2.2. Excitation source 

Solid-state light emitters with tunable properties and organic light emitting sources are 

embedded in devices aiming to monolithically integrate fluorescence detection on-chip [46], 

while high-power micro-lasers and LEDs are mainly used when modular and robust 

miniaturized fluorescence detectors are targeted.  

The current LEDs available on the market are high-power and relatively cost-efficient. The 

main disadvantage of the LEDs when they are considered in optical sensing applications is 

related to the incoherence of the light beam, and here lasers perform better. LEDs are currently 

commercially-available in the 210–3800 nm spectral range, with their emission spectrum being 

compatible with the majority of the fluorophore’s excitation bands. 

For fluorescence-based detection, the excitation light source provides the energy at the 

specific frequency requested to excite the fluorophore of interest. Some parameters of the light 

source are of particular importance when fluorimeters are designed. Primarily, the excitation 

wavelength of the fluorophore should be taken into account. The light source has to possess a 

narrow bandwidth with the maximum peak very close (± few nanometers) to the excitation 

wavelength. The importance of the emission bandwidth is related to the background noise that 

the light source might introduce in the system. The narrowest bandwidth will result in the least 

noise.  

Secondly, it should be assured that the selected light source can perform at the desired 

conditions for the constraints imposed by the application of the sensor. A couple of technical 

parameters such as the optical intensity, the beam coherence, emission angle, and the stability of 

the emission bandwidth are of great importance. As an example, a LED could produce large heat 

intensity values if used at high emission power which might cause a shift in the emission 

bandwidth and optical intensity. If not properly controlled during the prototyping stage, it might 

lead to flawed conclusions. The optical power range of the light source is selected by considering 

the fluorophore quantum yield and the detection sensitivity of the optical sensor. 

DDL molecule has two absorption peaks: one in the ultra-violet (UV) range at                  

𝜆𝑈𝑉 = 255 nm wavelength and the other in the visible spectrum range at 𝜆𝑎𝑏𝑠 = 412 nm, while 

the fluorescence emission occurs at 𝜆𝑒𝑚 = 515 nm with a quantum yield 𝜙 = 0.005 [22]. The 

𝜆𝑎𝑏𝑠 = 412  nm absorption peak was chosen for this prototype since the UV light sources are more 

health damaging and less efficient from the cost-perspective when compared to the violet light 

sources. Moreover, Fluoral-P reagent absorbs light in the UV spectrum and this would decrease 

the excitation light intensity reaching the fluorophores.  

Therefore, a high-power light emitting diode (SMB1N-420H-02, Roithner Lasertechnik 

GmbH) with a maximum optical radiation power of 𝑃𝐿𝐸𝐷 = 420 𝑚𝑊 at 𝜆𝑒𝑥 = 420 𝑛𝑚 emission 

wavelength, 22° viewing angle, and a maximum intensity concentrated at the center of its 

dispersion range was selected for this prototype. Two LEDs illuminate the detection chamber (see 
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Section 5.4.) to make sure that the excitation light penetrates entirely the bulk of the interrogation 

volume liquid.  

5.2.2.3. Photodetector 

Due to its large implementation in mobile industry, CMOS technology reached low fabrication 

prices, while its performance drastically increased within the last decade in terms of photon 

sensitivity, surpassing the benefits of the well-known photon detection technologies such as 

CCDs, PMTs, or more recently organic photodiodes. Moreover, the recent evolution of the CMOS 

technology introduced advantages, such as reduced dimensions, high sensitivity, coupled to 

filtration algorithms, low-power consumption, and integrated signal processing at low prices per 

unit, making it compatible with the goals aimed in the miniaturization of fluorescence detection.  

On-chip integration of CMOS-based detectors for optofluidic applications is part of a 

relatively new field named lab-on-a-CMOS. Among the advantages introduced by this field, the 

following can be pointed out: the capability to develop monolithic optofluidic filterless devices 

using the well-established nanotechnology fabrication techniques or the capability to place the 

photodetector in contact with the detection volume by coating the surface of the CMOS photon 

sensors with thin filter layers. Therefore, it was decided to build the detection prototype based 

on a CMOS image sensor.  

The CMOS image sensor (ULS24, Anitoa System LLC, USA) was selected as the 

photodetector for the current prototype, due to its ultra-low light sensitivity (3 ∙ 10−6 lux),          

low-power consumption (3.3 𝑉 / 1.8 𝑉, 30 𝑚𝑊), maximum sensitivity (60%) at 𝜆𝑒𝑚 = 515 𝑛𝑚 and 

minimum sensitivity (45%) at 𝜆𝑒𝑥 = 420 𝑛𝑚 (see Fig. 5.2.12.). The CMOS image sensor (CIS) was 

fabricated on a 0.18 µm CIS technology with a die size of 4.8 ×  4.8 𝑚𝑚2. The CIS capabilities are 

enhanced by an algorithm implemented to diminish the dark current. This algorithm makes the 

 
Figure 5.2.12. Sensitivity of ULS24 CMOS image sensor as the function of wavelength vs QExFF [239], 

where QE is quantum efficiency and FF is the fill factor. 

a) 

𝜆𝑒𝑥  𝜆𝑒𝑚 

b) 
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image sensor capable to match the sensitivity of the cooled-CCD and PMT currently available on 

the market [240] (See Appendix A1. ULS24 ANITOA CMOS-image sensor Data Sheet).  

5.2.2.4. Band-pass filter 

The transmission efficiency of the 540 ±60 nm bandpass filter (BP525-R10, 1 mm thickness, 

Midwest Optical Systems) was tested using a Perkin Lambda 950 UV/VIS spectrometer. It was 

found that the transmission efficiency was 0.0105% at the excitation wavelength and 90.5% at the 

emission wavelength (see Fig. 5.2.13.).  

 

 

Figure 5.2.13. The optical transmittance of the bandpass filter measured with UV/VIS spectrometer 

at the emission wavelength, 𝜆𝑒𝑚 = 515 𝑛𝑚 and at the excitation wavelength, 𝜆𝑎𝑏𝑠 = 420 𝑛𝑚 are 

𝑇𝜆𝑒𝑚
= 90.5%, respectively, 𝑇𝜆𝑎𝑏𝑠

= 0.0105%. 

5.2.2.5. Optical circuit configuration 

The two configurations of the optical circuit are presented in cross-section in Fig. 5.2.15. The 

figure presents a simplified description of the light optical transmission path through the              

SU-8 3050 optical waveguide towards the detection chamber and the optical detector. In its way 

towards the photodetector, both excitation and emission light suffer multiple optical phenomena 

that attenuate the light ray intensities. 
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𝜇𝜆𝑒𝑚
(𝑞), 𝜇𝜆𝑒𝑥

(𝑞), 𝜇𝜆𝑒𝑚
(𝑠), and 𝜇𝜆𝑒𝑥

(𝑠) represent the attenuation coefficient of the 

fluorescence emission intensity for configuration 1, scattered excitation light for configuration 1,  

fluorescence emission intensity for configuration 2, respectively scattered excitation light for 

configuration 2 until each of them is digitally registered by the CMOS image sensor.  

Each of the above-mentioned attenuation coefficient comprises the attenuation coefficient 

induced by the thin air layer between the flow-through microfluidic cell and the band-pass filter 

(caused by the mask - unknown), the attenuation coefficient induced by the band-pass filter, and 

the attenuation coefficients induced by the CMOS image sensor itself.  

In conclusion, 𝜙(𝑞) and 𝜙(𝑠) represent the final optical gain obtained for the configuration 

1 flow-through microfluidic cell, respectively configuration 2 flow-through microfluidic cell to be 

further characterized experimentally. As it can be observed in Fig. 5.2.14., 𝜙(𝑞) is the difference 

between the attenuated fluorescence intensity and the attenuated excitation light intensity 

reaching the surface of the CMOS image sensor for configuration 1 cell. 𝜙(𝑠) has a similar 

meaning, but for respectively configuration 2 cell.   

 

 

 

 

Figure 5.2.14. Representation of the two optical circuit configurations. L is the abbreviation for light-

emitting diode. 𝜙𝜆𝑒𝑚
(𝑞) and 𝜙𝜆𝑒𝑥

(𝑞) are the resultant intensities of the fluorescence emission, 

respectively of the excitation light scattered perpendicular to the photodetector surface at the fluid-lower 

layer (quartz) interface in configuration 1. Similarly, 𝜙𝜆𝑒𝑚
(𝑠) and 𝜙𝜆𝑒𝑥

(𝑠) are the resultant intensities of 

the fluorescence emission, respectively of the excitation light scattered perpendicular to the 

photodetector surface at the fluid-lower layer (quartz) interface in configuration 2. 
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5.2.3. Materials, chemicals, and reagents 

5.2.3.1. Silicon wafer 

In the fabrication process of the configuration 2, named generically the silicon cell, it was used a 

4-inch prime silicon CZ (Czochralski) wafer (Microchemicals GmbH, Ulm, Germany,                      

P/N WSA40400250B8314SNN1) (see Fig. 5.2.15.). The silicon crystal orientation is 〈100〉 . This 

wafer is boron doped (P-type), possessing a 𝜌𝑆𝑖 = 8 − 12 Ω∙ 𝑐𝑚 resistivity. The total thickness 

variation (TTV) of the wafer is less than 10 µm, while the maximum height difference between 

the center of the wafer and its edge (BOW) is less than 40 µm. The side of the wafer in contact 

with the SU8-3050 waveguide is polished. The thickness of the silicon layer is 400 µm.  

The TTV and the tolerance of the wafer thickness are not negligible for an optical system. 

Nevertheless, the wafers characteristics are considered optimal to test the laboratory concept in 

this work. However, these relative tolerances may have an impact on the final read-out of the 

optical system and they might be more precisely controlled during the optimization stage, as 

discussed in Chapter 7.  

5.2.3.2. Quartz wafer 

The lower-layers of both cell configurations have been fabricated using AF 32® eco alkali-free flat 

glass manufactured by SCHOTT (see Fig. 5.2.15.). Eco-friendly means it was manufactured using 

refining agents instead of arsenic and antimony. The thickness of the quartz layer is around          

500 µm. The surface of the wafer is fire-polished generating low roughness. Furthermore, the 

thermal expansion coefficient of this quartz wafer is the same as that of silicon, making it 

compatible for optical packaging material in the semiconductor industry.  

 

 

Figure 5.2.15. a) Prime CZ silicon wafer (Microchemicals GmbH, Ulm, Germany, P/N 

WSA40400250B8314SNN1). b) AF 32® eco alkali-free flat glass (Schott AG, Mainz, Germany). 

5.2.3.3. SU-8 3050 epoxy negative photoresist 

SU-8 3050 is an epoxy-based photoresist designed for micromachining and microelectronics 

applications. It is an improved version of the SU-8 and SU-8 2000 photoresists that have been 

widely used in the fabrication of MEMS devices, providing better adhesion and reduced coating 

stress. In addition, the viscosity allows for layer thicknesses between 4 µm and 120 µm in a single 

a) b) 
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coating process (Kayaku Advanced Materials, Westborough, MA, USA) (see Annexes for Data 

Sheet and Optical Properties). 

5.2.3.4. Black PolyLactic Acid (PLA)  

Black PolyLactic Acid (PLA) has been selected as the material used for 3D printing of the upper 

and lower holders. Black has been chosen due to the fact that it absorbs the excitation light, 

reducing the possible noise caused by not desired scattering / reflexions effects.  

5.2.3.5. Preparation of DDL solutions 

The Fluoral-P (0.01 𝑀) was prepared by mixing 0.3 𝑚𝐿 of acetic acid (100%, Merck, Molsheim, 

France), 0.2 𝑚𝐿 of acetylacetone (99%, Merck), and 15.4 𝑔 of ammonium acetate (98%, Sigma-

Aldrich, Lyon, France) in 200 𝑚𝐿 Milli-Q water (18.2 𝑀𝛺 · 𝑐𝑚 at 25°𝐶, Millipore, Molsheim, 

France). The HCHO solutions (𝐶1 = 20 𝑚𝑔/𝐿, 𝐶2 = 2 𝑚𝑔/𝐿, 𝐶3 = 0.2 𝑚𝑔/𝐿, 𝐶4 = 0.02 𝑚𝑔/𝐿) were 

prepared at ICPEES Strasbourg by mixing a commercial HCHO solution (37% in water, Sigma-

Aldrich) with Mili-Q water (18.2 𝑀𝛺 · 𝑐𝑚 at 25°𝐶, Millipore). DDL solutions                             

(0.01 𝑚𝑔/𝐿, 0.1 𝑚𝑔/𝐿, 1 𝑚𝑔/𝐿, and 10 𝑚𝑔/𝐿) were prepared by mixing Fluoral-P (0.02 𝑀) and 

HCHO solutions (1:1 v/v), then placing it in the oven at 𝑇 = 338 𝐾 for 𝑡 = 3 𝑚𝑖𝑛. 

5.3. Fabrication and packaging 

5.3.1. Upper and lower holders 

After the computational aided design (CAD) models have been made in AutoCAD Inventor, the 

upper and the lower holders were 3D printed using a Ultimaker 3+ printing machine with            

100 µm precision (see Fig. 5.3.1.). For the lower holder, a polyvinyl alcohol (PVA) has been used 

to sustain the multi-layer printing process. PVA was removed at the end of the printing process, 

being soluble in water (see Appendix A3. Technical drawing of the fluorescence detector lower 

holder and A4. Technical drawing of the fluorescence detector upper holder).  

5.3.2. Disposable flow-through microfluidic cell 

The two configurations have been manufactured using similar procedures at the Laboratoire 

d’Analyse et d’Architecture des Systèmes (LAAS), Toulouse, France. The configuration 1, quartz 

fluidic cell, has been manufactured using 500 µm thick AF32 quartz wafers (Schott AG, Mainz, 

 

Figure 5.3.1. 3D printed lower holder with the PVA support structure. 

a) b) 
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Germany). The wafers were initially cleaned with oxygen plasma (𝑃 = 800 W, 𝑡 = 5 min). A         

200 µm SU-8 3050 negative epoxy photoresist layer (Kayaku Advanced Materials, Westborough, 

MA, USA) was coated on one of the wafer side and baked using an EVG 120 machine (EVG, St. 

Florian am Inn, Austria). Afterwards, a mask was placed on top of the SU-8 3050 layer, allowing 

UV light exposure using a Suss MA6 gen4 instrument (SÜSS MICROTEC SE, Garching, Germany) 

(𝜆 = 365 nm, 𝑡 = 42 s, power density 𝑃𝑑 = 14 mW/cm2) in order to create the desired channeling 

geometry of the intermediate layer, with a 200 µm width and 200 µm depth. The structure freshly 

manufactured was washed using an SU-8 developer to remove the exposed parts, then hard-

baked (𝑇 = 398 𝐾, 𝑡 = 1 min). The fabrication masks necessary for SU-8 etching have been 

designed using QCAD software. 

The fluidic inlet and outlet were created through a piercing process on the second 500 µm 

quartz wafer, after coating it with Photec 2040 dry film (Hitachi Chemical, Tokyo, Japan) to 

protect the structure during the piercing process. The piercing was done by sandblasting, 

followed by rinsing and cleaning with acetone and deionized water. An additional 10 µm             

SU-8 3050 negative photoresist layer was required on the lower side of the second wafer to 

facilitate the bonding with the SU-8 3050 layer from the first wafer. Once this layer was coated, 

the two freshly created structures were bonded using Nanonex NX Nanoimprint equipment 

(Nanonex, Monmouth Junction, NJ, USA) by applying uniform pressure on both sides. An           

AZ 4562 photoresist dicing protection layer (Microchemicals GmbH, Ulm, Germany) was coated 

in order to facilitate a smooth dicing process (see Fig. 5.3.2.). 

In the making process of the lower-layer (quartz wafer / 200 µm SU-8 3050) of the silicon 

cell (configuration 2) the same fabrication procedure as in the quartz cell (configuration 1) is 

applied. The silicon wafer was coated instead with a 100 nm 𝑆𝑖3𝑁4 layer to facilitate the KOH 

etching process of the inlet and outlet. Due to the KOH etching features, the inlet and outlet had 

a pyramidal shape with the base upwards. The same thin SU-8 3050 layer was coated on the lower 

side of the Si-wafer to support the bonding process with the quartz wafer / 200 µm SU-8 3050 

previously manufactured structure. For bonding the two separate manufactured structures, 

similar procedure as in the configuration 1 was implemented (see Fig. 5.3.3.).  

Flow-through microfluidic cells have been obtained at the end of the process, but a part 

of them presented some cracks into the structure.  Fig. 5.3.4. show images of a configuration 1 

and 2 manufactured cells together with the microscope view of their cross-sections. The thickness 

of the layers has been measured and it was found that the SU-8 3050 layer was 20 µm thicker than 

expected due to some fabrication errors. 
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Figure 5.3.2. Manufacturing process of the configuration 1 flow-through microfluidic cell. a) SU-8 3050 

layer deposition on the quartz layer. b) UV photo-illumination using a photolithography mask for 

making the fluidic channeling of the intermediate layer. c) SU-8 developer and rinsing to remove the 

exposed part. d) After coating the Photec 2040 dicing protective film, the inlet and outlets have been 

created through sand blasting. e) A few micrometers SU-8 3050 layer has been coated on the lower layer 

of the freshly pierced quartz wafer. f) Longitudinal section of the final structure obtained after bonding 

the structure obtained at step c) and the structure obtained at step e).  
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Figure 5.3. 3. Manufacturing process of the configuration 2 flow-through microfluidic. a) SU-8 3050 layer 

deposition on the quartz layer. b) UV photo-illumination using a photolithography mask for making the 

fluidic channeling of the intermediate layer. c) SU-8 developer and rinsing to remove the exposed part. 

d) After coating the 100 nm 𝑆𝑖3𝑁𝑖4 protective film, the inlet and outlets have been created through KOH 

etching. e) A few micrometers SU-8 3050 layer has been coated on the lower layer of the freshly etched 

Si-wafer. f)  Longitudinal section of the final structure obtained after bonding the structure obtained at 

step c) and the structure obtained at step e). 
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5.3.3. Packaging 

Packaging refers to the procedures applied to integrate all the fabricated or selected components 

during the prototyping process (see all the steps described in Fig. 5.3.5.). The components that are 

packed into the device ready to be experimentally tested are: the upper and the lower holders, 

four screws, two LEDs, one CMOS image sensor, a band-pass filter, a photonic mask, the flow-

through microfluidic cell, the fluidic connectors, and the fluidic capillaries. 

 The LEDs were soldered on a thin copper plate playing the role of a heat sink for the short 

period of time when the LED will be activated. Therefore, they have been introduced in the 

pockets specially created into the upper holders’ structure. The pocket of the LED has slightly 

larger dimensions at the entrance. At the opposite side, the pocket ends with a circular slit that  

 

Figure 5.3. 4. (a) Flow-through microfluidic cell of 1.41 µL silicon – three inlets. (b) Microfluidic cell of 

1.41 µL quartz – three inlets. (c) Microscope view of silicon (405 µm)–SU-8 3050 (232 µm)–quartz             

(508 µm) fluidic cell cross-section. (d) Microscope view of quartz (507 µm)–SU-8 3050 (224 µm)–quartz 

(508 µm) fluidic cell cross-section. 
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Figure 5.3.5. a) 1 - quartz flow-through microfluidic cell, 2 - silicon flow-through microfluidic cell, 3 - 

light-emitting diodes, 4 - band-pass filter, 5 - CMOS-image sensor, 6 - upper holder with integrated 

fluidic connectors, 7 - lower holder. b) The CMOS-image sensor is screwed and fixed into the structure 

of the lower holder - bottom side view. c) The CMOS-image sensor fixed into the lower holder structure, 

the band-pass filter ready to be integrated, and the 1.4 mm width slit - top side view; d) The LEDs are 

tightly fixed into their lower holder pockets using two screws and a piece of copper. The band-pass filter 

is placed on top of the CMOS image sensor. e) The photonic mask is glued on the flow-through 

microfluidic cell with opening in the interrogation region area. f) The flow-through microfluidic cell is 

placed into the pocket specially created for it into the structure of the holder. g) the N-333 connectors are 

fixed into the upper holder and the black circular O-rings from the bottom serve as liquid sealing when 

the two holders are screwed together. h) the upper and lower holders screwed together through the four 

screws - bottom side view. i) Final assembly before testing - top view.  
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has 1.4 mm width, slightly larger than the flow-through microfluidic cell width (see Fig. 5.3.5. c)). 

It was opted for this choice to avoid not useful penetration of the excitation light towards the cell 

location and consequently to reduce the probability of increased noise detected by the 

photodetector. A few microns thick stainless-steel layer was used to create a photonic mask that 

covers the quartz lower-layer surface excepting the interrogation chamber area. It has to be 

mentioned that this is a temporary solution to further avoid the excitation by scattered light that 

might reach the photodetector (see Fig. 5.3.5. e)). 

Of significant importance in optofluidic sensors is the closing of the fluidic circuit. The    

N-333 type connectors (IDEX Health and Science LLC, Rohnert Park, CA, USA) were integrated 

into the upper holder structure (see Fig. 5.3.5. g)). The O-ring found at the bottom of the connector 

plays the role of a sealing when the two holders are held tightly together through four screws.  

5.4. Experimental set-up 

 The experimental set-up used to test the optofluidic sensing prototype was composed of a 

syringe pump used to stream the reagent into the device, a 24 V DC source used to power the 

LEDs, a microcontroller board, and the ULS 24 CMOS-image sensor (see Fig. 5.4.1.). 

The two LEDs connected in series are powered by an DC electrical power source.  Heat 

might cause indeed a shift in the LEDs emission band, reducing the CMOS detection accuracy. 

Thus, in order to avoid the overheating, the illumination of the detection chamber was made by 

triggering on the LEDs for short periods of time (𝑡 ≅  1 𝑠). Moreover, flat copper heat sinks were 

soldered on the surface of the LEDs to dissipate the heat produced during working periods. 

Fig. 5.4.2. offers a perspective of the experimental device in various testing conditions. As 

it was presented in Fig. 5.1.1., between the LED and the flow-through cell, a 1 mm rectangular slit 

made in the PLA support material allows the excitation light to pass towards the SU-8 3050 

waveguide. Nevertheless, the width of the slit could be even lower indeed to fit the width of the 

SU-8 3050 waveguide. The 1 mm width was taken here to avoid possible LED - waveguide 

misalignments due to the 3D printing tolerances. Fig. 5.4.2. a) and b) show how the fluidic 

chamber is illuminated through this rectangular slit when one LED, respectively two LEDs are 

triggered on. Fig. 5.4.2. c) and f) shows how the presence of the mask and the filter influence the 

light intensities and the spectrum reaching the photodetector. Without doubts, when the device 

was equipped with the filter and the mask during experiments, the background noises induced 

were the lowest. These observations were important in iteratively improving the prototype 

concept during the development stage.  

The ULS 24 CMOS image sensor was connected to the microcontroller board                

(Anitoa Systems LLC, Menlo Park, CA, USA), which was linked to a PC via a USB cable. The 

excellent sensitivity and linearity of the CMOS image sensor response has been validated through 

a couple of laboratory experiments. The already-built CMOS image sensor interface allowed 

settling the  
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gain mode (low or high), the pixel configuration (12 × 12-pixel configuration or 24 × 24-pixel 

configuration), and the integration time (starting from 1 ms onwards).  

It was concluded that the low-gain mode is the most suitable for the current prototyping 

stage. When the high-gain mode was used, the values of the read-out noise pushed the signal into 

saturation. However, it must be noted that superior sensitivity might be possible with an 

improved filtration component and implementation of the high-gain option. 

Moreover, it was considered that 12 × 12-pixel configuration is satisfactory for the aim of 

the project. For the majority of the assay performed, a  𝑡 = 1 ms integration time was used since 

a higher integration time would have produced saturation in some or all pixels.  

As a result of the settings before mentioned, the interface provided a 12 × 12 matrix 

representing the photon counts measured by each pixel, the temperature of the CMOS sensor at 

the assay time, and a mean value 𝑋̅ representing the average of all the 12 × 12 photon counts,  𝑋𝑖  

(see Fig. 5.4.3.).  

 

  

Figure 5.4.1. The experimental set-up used to test the optofluidic sensing prototype. (1) - the optofluidic 

prototype, (2) the syringe pump used to stream the reagent solutions into the device, (3) 24 V DC source 

used to power the LEDs connected in series, (4) microcontroller board that accompanied the ULS 24 

CMOS-image sensor running the dark noise management system. The USB is plugged to a PC where an 

interface is used to collect the data. (5) Syringes filled with DDL solutions with different concentrations 

ready to be streamed into the device.  
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Figure 5.4.2. a) Optical illumination pattern of a 3.5 µL cell with only one LED activated - view from top 

of the lower holder. b) Optical illumination pattern of a 3.5 µL cell with both LEDs activated. c) View of 

the illuminated interrogation chamber with no mask and no filter - view from the CMOS image sensor 

direction. d)  View of the illuminated interrogation chamber with mask on and no filter - view from the 

CMOS image sensor direction. e)  View of the illuminated interrogation chamber with mask off on and 

filter on - view from the CMOS image sensor direction. f)  View of the illuminated interrogation chamber 

with mask on and filter on - view from the CMOS image sensor direction. 
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The response of the system was iteratively tested for different DDL solutions at various 

HCHO concentrations already named before (see Section 5.2.3.5.) and a blank concentration of no 

HCHO in the solution at all. All the solutions were tested at three different optical powers  𝑃1, 𝑃2, 

and 𝑃3, representing 25%, 50%, and 75% out of the LED maximum power, 𝑃𝐿𝐸𝐷 = 420 𝑚𝑊 (see 

Appendix A2. Excitation Light Emitting Diode Data Sheet). 

At the beginning of the experiments, the DDL solutions were continuously sampled into 

the flow-through microfluidic cell. However, observing memory effects during experiments, it 

was concluded that the continuous streaming had no relevance anymore since the change in 

concentration could not be done without washing the microfluidic cell before.  

In conclusion, the pixels matrix was registered manually using the image sensor interface 

within the time frame of the short excitation light pulses triggered also manually using the DC 

power source. The mean values of the pixels were used in building up the response of the 

optofluidic sensor at four different DDL concentrations. 

 

 

 

 

Figure 5.4.3. The pixel output matrix obtained for a particular assay with the 812 counts average of all 

pixels of the matrix. 
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5.5. Results 

The response of the device has been tested for all the configurations of the interrogation chambers 

described in Section 5.2.1.  

Unfortunately, memory effects (see Fig. 5.5.1.) were observed during the initial stages of 

the experimental campaign. Thus, the experiments with varying concentration have not been 

conducted in this study. The influence of the memory effects has not yet been studied. The fluidic 

cells used during the experimental campaigns were rinsed with acetone and dried in the oven 

after each sampling to minimize the memory effects.  

 Thus, the experiments have been performed continuously streaming the solutions, but 

with constant concentrations. Since the concentration remained constant, the influence of the 

residence time distribution of the DDL molecules inside the interrogation chambers could not be 

experimentally studied, but the influence of the volume of the interrogation chamber and its 

design on the experimental response has been investigated. 

 The fluorescence intensity could be measured with acceptable meaningfulness in the     

𝑉1 = 3.5 µL  flow-through microfluidic cell, some picks have been quantified in the 𝑉2 = 1.4 µ𝐿 

cell at high concentrations and higher integration time of the CMOS image sensor, and no 

meaningful result could be identified from the 𝑉3 = 0.35 µ𝐿 cell.  

The experimental response of the system has been evaluated for the 𝑉1 = 3.5 µL              

flow-through microfluidic cell by applying a regression analysis technique to the experimental 

data obtained from two independently prepared DDL samples (𝑁 = 2, sample #1 and sample #2) 

for each of the tested concentrations,  𝑐𝑖,𝑖=0,…,4.  

Each of the samples processed into the system have been analyzed by continuously taking 

seven measurements (𝑛 = 7) of the photon intensities, represented by 𝑋𝑖,   𝑖=1,…,7 in Eq. 5.5.1.. 𝑋𝑖 

was in fact the mean value of all photon intensities given by the 12 ×  12 pixels matrix obtained 

at the particular measurement time.  𝑋̅#1 represented the mean value of the  𝑋𝑖,   𝑖=1,…,7 

measurement taken for the first sample, while  𝑋̅#2 represented the mean value for the second 

sample investigated at a specific HCHO concentration of the solution (see Tables 5.5.1 and 5.5.2.).  

The precision of the evaluation was quantified by calculating the absolute (σ) (Eq. 5.5.1) 

and relative standard deviations (RSD) (Eq. 5.5.2.) and the performance of the device was 

estimated using the SNR (Eq. 5.5.3.). SNR has been used here to describe the signal increase 

relative to the blank sample response (𝑐0 = 0.0 mg/L), but its relevance is limited due to the low 

number of independent samples tested.  

While 𝜎#1 and 𝜎#2 represented the SD obtained for measurements taken for identical 

samples (𝑋̅#1 and 𝑋̅#2), 𝜎 represented the standard deviation of 𝑋̅𝑁=2 = (𝑋̅#1 + 𝑋̅#2)/2 values. 

 𝜎 = √
∑ (𝑋𝑖−𝑋̅)𝑛

𝑖=1

𝑁
, with 𝑋̅ =

1

𝑛
∑ 𝑋𝑖

𝑛
𝑖=1  (5.5.1) 

 𝑅𝑆𝐷 =
𝜎

𝑋̅𝑁=2
 (5.5.2) 
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 𝑆𝑁𝑅(𝑐𝑖) =
𝑋̅𝑁=2(𝑐𝑖)−𝑋̅(𝑐0)

𝜎(𝑐𝑖)
        (5.5.3) 

For  𝑉1 = 3.5 µ𝐿, the response of the CMOS-based fluorescence detector for a blank sample 

(𝑐0 = 0.00 mg/L) was plotted in Fig. 5.5.1. at different values of the optical power. A linear 

response (𝑅² = 0.999) has been obtained for both quartz (𝑦 = 351.5 𝑥 + 141) and silicon               

(𝑦 = 226.5 𝑥 + 120.3) cells. Moreover, lower values of the photon counts have been measured for 

the silicon cell. The lower intensity measured for the silicon cell can be explained by two main 

factors.  

First, lower excitation radiant flux reaches the detection chamber, and by consequence the 

photodetector, due to the 400 µm thickness of the opaque silicon upper layer compared to the 

transparent 500 µm thickness of the quartz cell upper-layer (see Section 5.2.2.).  

Second, silicon absorbs a part of the excitation radiant flux at 𝜆𝑎𝑏𝑠 = 420 nm. It is not clear 

how significant this behavior of silicon is for the proposed optical circuit, but it certainly exists.  

 It can be seen in Fig. 5.5.1. that the difference, ∆𝑋(𝑃1), between the optical output of the 

two configurations, 𝑋𝑞𝑢𝑎𝑟𝑡𝑧(𝑃2), 𝑋𝑠𝑖𝑙𝑖𝑐𝑜𝑛(𝑃2) registered at 𝑃2 = 2 𝑃1 is not 2× higher than the 

difference, ∆𝑋(𝑃1), measured at the optical power, 𝑃1. Exemplifying, these differences, it has been 

found that: ∆𝑋(𝑃1) = 𝑋𝑞𝑢𝑎𝑟𝑡𝑧(𝑃1) − 𝑋𝑠𝑖𝑙𝑖𝑐𝑜𝑛(𝑃1) = 486 − 344 = 142, ∆𝑋(𝑃2) = 𝑋𝑞𝑢𝑎𝑟𝑡𝑧(𝑃2) −

𝑋𝑠𝑖𝑙𝑖𝑐𝑜𝑛(𝑃2) = 857 − 579 = 278, and ∆𝑋(𝑃3) = 𝑋𝑞𝑢𝑎𝑟𝑡𝑧(𝑃3) − 𝑋𝑠𝑖𝑙𝑖𝑐𝑜𝑛(𝑃3) = 1189 − 797 = 392.  

 
Figure 5.5.1. The linear response obtained for the three-excitation optical powers at 𝑐0 = 0.00 mg/L 

(blank sample) in  𝑉1 = 3.5 µ𝐿. The error bars indicate the standard deviations for two 

independently prepared samples (𝑁 = 2). 
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Thus, it results that (∆𝑋(𝑃2) = 278) < (2 ∆𝑋(𝑃1)) = 284, while                                          

(∆𝑋(𝑃3) = 392) < (3∆𝑋(𝑃1) = 436). In other words, when the optical power doubled at 𝑃2, the 

difference between the mean pixel values between the quartz cell and the silicon cell was less 

than double. It is difficult to predict at this research stage from where exactly this behavior has 

originated. It might come from a particular effect in the quartz cell, or, most probably, it is due to 

the reflectivity of the silicon substrate that slightly enhanced the intensity of excitation light on 

the CMOS image detector. 

Related to the same Fig. 5.5.1., relatively high values of the photon counts were observed 

for the blank sample. This was mainly due to the fact that the transmission efficiency of the      

band-pass filter at the excitation wavelength was not exactly zero. This fact caused that 0.0105% 

of the optical excitation signal to reach the very sensitive ULS 24 CMOS image sensor. 

The CMOS image sensor response as a light intensity 12 x 12 matrix is illustrated in           

Fig. 5.5.2. The image corresponding to the CMOS dark noise depicts its response in a complete 

dark environment (no excitation light). The second picture from the left to the right illustrates the 

CMOS image sensor response for a 0.0 mg/L concentration solution (blank sample), a value of 

1225 counts being registered. As expected, higher values have been obtained once the DDL 

concentration streamed into the system has been increased. Due to the fact that the difference 

between the pixel outputs were relatively low compared to the dynamic range of the image 

sensor, the gray color gradient found was also low. However, there was a visible slight 

enhancement in the gray color intensity from the left to the right coming from the circular 

detection volume. 

Experimental response of the CMOS-based fluorescence detector for  𝑉1 = 3.5 µ𝐿 was 

presented in Fig. 5.5.4. for both flow-through cells and showed a logarithmic correlation between 

the fluorescence intensity and HCHO concentration which is unusual since a linear correlation 

was expected (see Section 5.6. Non-linearity analysis for possible reasons causing this effect). 

However, interestingly, an apparent higher SNR has been obtained for the silicon fluidic cell                                    

(𝑆𝑁𝑅 = 6.1, 𝑅𝑆𝐷 = 5.3%, 𝑁 = 2) relative to the quartz fluidic cell                                                              

(𝑆𝑁𝑅 = 4.9, 𝑅𝑆𝐷 = 9.1%,𝑁 = 2) at 𝑃3 = 310 𝑚𝑊 optical power. Similar behavior could be 

 

Figure 5.5.2. ULS 24 CMOS image sensor 12 × 12-pixel output for: dark current, blank signal, and the 

four HCHO concentrations tested for a quartz cell at 𝑃3 = 315 𝑚𝑊. 

CMOS dark noise 10 mg/L 1 mg/L 0.1 mg/L 0.01 mg/L 

Blank signal 

100 counts 

 

1225 counts 1380 counts 1413 counts 1508 counts 1578 counts 

0.00 mg/L 
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observed at the other two optical powers used (see Fig. 5.5.3.).  However, this result has to be 

checked for a higher number of reciprocates to confirm its statistical meaningfulness. 

It can be observed that the correlation coefficients (𝑅2) increased proportionally with the 

excitation optical power for both cells. RSD showed values ranging from 0.06% up to 0.71% for 

the quartz cell (see Table 5.5.1.) and values ranging 0.09% to 1.59% for the silicon cell                        

(see Table 5.5.2.). When RSDs was calculated for the duplicate samples, values ranging from 

1.29% to 9.11% for the quartz cell and from 3.82% to 7.54% for the silicon cell were found.  

Moreover, bubbles were observed sometimes inside the fluidic cell detection chamber at 

the end of the assay. The observed fluorescence intensity mean values were higher when bubbles 

were present inside the chamber compared to the situation when bubbles were absent.               

Thus, assays made in the presence of air bubbles in the detection chamber were not taken into 

consideration when the response of the sensor was determined. 

A couple of assays were realized for the  𝑉2 = 1.4 µ𝐿 and  𝑉3 = 0.35 µ𝐿. The  𝑉3 = 0.35 µ𝐿 

flow-through microfluidic cells were insensitive to all the four concentrations streamed. For the 

silicon cell, the values obtained were slightly varying around the values obtained for the blank 

sample which is 460 counts at  𝑃3, 347 counts at  𝑃2, and 235 counts at  𝑃1. The  𝑉2 = 1.4 µ𝐿 both 

cells were sensitive at 𝑐4 = 10 𝑚𝑔/𝐿 concentration. For sure, the fluidic cells were not sensitive to 

the 𝑐1 = 0.01 𝑚𝑔/𝐿 and 𝑐2 = 0.1 𝑚𝑔/𝐿. Not meaningful results were obtained for the 𝑐3 = 1 𝑚𝑔/𝐿 

for both cells. The photon counts outputs were in the error range of the blank sample output. 

 
Figure 5.5.3. SNRs obtained for quartz and silicon fluidic cells at  𝑐1 = 0.01 mg/L HCHO 

concentration in DDL solution and different optical powers. 
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Table 5.5.1. Error distribution as standard deviation (σ) and relative standard deviation (RSD) for the 

V1 = 3.5 µL quartz fluidic cell at P = 315 mW, where #1 and #2 represented the two independently 

prepared samples for each of the tested HCHO concentrations ci  for i = 0,… , 4 of DDL solutions. 

HCHO concentration (mg/L) 0.00 0.01 0.10 1.0 10.0 

 𝑿ഥ#𝟏 (counts) 1,122 1,477 1,505 1,528 1,611 

𝝈#𝟏 (counts) 3 2 3 4 5 

 𝑹𝑺𝑫#𝟏 (%)  0.21 0.16 0.21 0.29 0.29 

 𝑿ഥ#𝟐 (counts) 1,155 1,230 1,323 1,489 1,546 

𝝈#𝟐 (counts) 3 9 2 1 3 

 𝑹𝑺𝑫#𝟐 (%) 0.24 0.71 0.16 0.06 0.20 

 𝑿ഥ𝑵=𝟐 (counts) 1,189 1,354 1,414 1,509 1,578 

 𝑿ഥ𝑵=𝟐 34 123 91 20 33 

RSD (%) 2.82 9.11 6.43 1.29 2.06 

SNR - 4.9 6.7 9.6 11.6 

 

Table 5.5.2. Error distribution as standard deviation (σ) and relative standard deviation (RSD) for the 

V1 = 3.5 µL silicon fluidic cell at P = 315 mW, where #1 and #2 represented the two independently 

prepared samples for each of the tested concentrations ci for i = 0,… , 4. 

HCHO concentration (mg/L) 0.00 0.01 0.1 1.0 10 

 𝑋̅1 (counts) 771 902 988 966 1,018 

𝜎#1 3 1 2 15 2 

 𝑅𝑆𝐷#1 (%) 0.36 0.15 0.24 1.59 0.22 

 𝑋̅2 (counts) 822 1,005 1,066 1,053 1,184 

𝜎#2 4 8 2 2 1 

𝑅𝑆𝐷#2 (%)  0.44 0.75 0.21 0.16 0.09 

𝑋̅𝑁=2 (counts) 797 954 1,027 1,010 1,101 

 𝑋̅𝑁=2 26 51 39 43 83 

RSD (%) 3.21 5.39 3.82 4.27 7.54 

SNR - 6.1 9.0 8.3 11.9 
 



 

111 
 

 

Figure 5.5.4. Experimental evaluation of the CMOS-based fluorescence detector realized using the 

mean values (𝑋̅) of seven assays (𝑛 = 7) made on two independently prepared samples (𝑁 = 2) at 

each of the 𝑐𝑖 , 𝑖 = 0, … , 4 concentrations tested for the 𝑉1 = 3.5 µL flow-through microfluidic cell.          

(a) Logarithmic fitting of the experimental points for quartz fluidic cell; (b) Logarithmic fitting of the 

experimental points for silicon fluidic cell. The error bars indicate one standard deviation (𝑁 = 2). 

(b) 

a) 

b) 
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5.6. Non-linearity analysis  

The experimental results showed a pronounced non-linear behavior of the fluorescence intensity. 

DDL fluorophore – photon counts correlation followed a logarithmic behavior in the                        

0.00 – 10 µg/mL HCHO concentration range.  

 This is unusual, although there is a report of DDL fluorescence non-linearity measured in 

a similar reagent [241]. In that report it was found that DDL fluorescence intensity was linear 

from 0.005 µg/mL to about 0.4 µg/mL HCHO, but the line starts to slightly deviate from linearity 

from 0.4 µg/mL to 1.0 µg/mL (see Fig. 5.6.1.). Tests above this limit have not been made.  

 However, the non-linearity reported there is not as pronounced as the one found in the 

current work. Therefore, the non-linearity behavior registered here could be from a couple of 

sources, including:  

• not-precise control of the sample’s temperature during assays 

• low number of independent replicates 

• chemical mixing ratios related errors during sample preparation 

• misalignment of the off-the-shell optical circuit components 

• photobleaching 

• optical reflections/refractions due to the curved shape of the interrogation chamber.  

Temperature was not precisely controlled during assays. Fluoral-P solutions were prepared as 

 

Figure 5.6.1. Relationship between the relative fluorescence intensity and HCHO concentration in the 

work of Belman [241].  
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stated in Section 5.2.3.5., by being introduced in the oven for 5 minutes at 𝑇 = 338 𝐾. Afterwards, 

the samples were cooled until they reached room temperature (varying between                                  

𝑇 = 293𝐾 − 298 𝐾) and pressure-driven in the flow-through-fluidic cell using a syringe pump. 

The syringe and the channels carrying the DDL solution were covered with reflective materials 

to avoid illumination and eventual photobleaching effects due to the environmental light.  

A degree of error was introduced in the measurement process due to not-maintaining a 

constant temperature over the entire range of the samples tested. As stated in Section 3.2.3., 

𝜙𝐷𝐷𝐿(𝑇 = 293 𝐾) = 0.005 [96,98] . It was demonstrated that the 𝜙𝐷𝐷𝐿 decreases by 11% when 

temperature is increased to 𝑇 = 303 𝐾 and fluorescence intensity loss is about 40% at 𝑇 = 333 𝐾 

[98]. Thus, a part of the large SD values discussed in Section 5.5. could come from the variation 

of the DDL fluorophore quantum yield due to the uncontrolled temperature of the assays. 

Low-number of independent replicates (𝑵 = 𝟐) contributes to the large SD values and 

most probably to the non-linear behavior as well. The number of the independent replicates 

means the number of replicated samples for each of the four concentrations in the concentration 

range. For each of these two independent replicates, 7 consecutive counts of the signal were 

registered. Thus, the plots are built upon 14 counts, 7 from one independent replicate and 7 from 

the other one. It has to be mentioned that the low-number of independent replicates tested was 

caused by the lack of time. Moreover, a couple of operational steps make the process time-

consuming. Among them, the preparation process of the solutions for each of the concentrations 

tested, assembling /disassembling the device (precise integration of the flow-through detection 

cell in between the upper- and lower-holder) at each concentration tested, washing the                

flow-through fluidic cells after each of the concentration tested. 

Misalignment of the off-the-shell optical circuit components is probably one of the error 

sources with the most consistent contribution due to the broad range of parameters being 

influenced by it. Position of the flow-through microfluidic cell and automatically of the SU-8 3050 

waveguide, relative to the emission centerline of the LED was most probably not the same for 

each of the assay. This is, again, due to assembling /disassembling the device for each of the assay. 

This issue has been considered in the design phase of the device. However, there is a significant 

probability that small misalignments in µm-range existed. This affected the transmittance of the 

radiant flux across the optical circuits from the flow-through detection cell towards the CMOS-

based image sensor.  

Photobleaching could be the main cause for the prominent non-linearity measured. It is 

possible that the radiant flux of the fluorescence emission light destroyed parts of the DDL 

fluorophore in the sequential illumination of the sample. As it was already explained in Section 

5.4., the sample found in the interrogation chamber of the flow-through cell was illuminated by 

the LEDs in short 1 s length pulses. This was done 7 times for each sample, with short 1-2 seconds 

breaks between the illumination pulses. Thus, this consecutive illumination of the sample 

probably induced a photobleaching effect. Figs. 5.6.2. – 5.6.5. offer a more detailed view of the 
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non-linearities.  

Certainly, the fluorescence emission registered as counts decreases as the excitation 

optical power increases. This can be observed in all the four figures presented below. Moreover, 

SD increases by increasing the optical power at each of the four concentrations studied. Fig. 5.6.5. 

illustrates clearly the flawed results obtained at 1 µg/mL concentration most probably due to 

chemical mixing ratios related errors during sample preparation. 

Overall, non-linearity effects are clearly influenced by the parameters presented above. 

For the moment, the contribution for each of the error sources cannot be determined. 

 

Figure 5.6.3. Fluorescence intensity – HCHO concentration dependency found in the 0.01 – 10.00 µg 

HCHO/mL concentration range for quartz cell.  

 

Figure 5.6.2. Fluorescence intensity – HCHO concentration dependency found in the 0.00 – 0.10 µg 

HCHO/mL concentration range for quartz cell.  
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Figure 5.6.4. Fluorescence intensity – HCHO concentration dependency found in the 0.00 – 0.10 µg 

HCHO/mL concentration range for silicon cell. 

 

Figure 5.6.5. Fluorescence intensity – HCHO concentration dependency found in the 0.01 – 10.00 µg 

HCHO/mL concentration range for silicon cell. 
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Chapter 6. Designing a gas-liquid microfluidic reactor for 

formaldehyde separation 
 

This part of the work presents the incipient steps made in the development process of a gas-liquid 

micro-reactor for HCHO separation and derivatization. Compatible materials for an experimental 

prototype based on the concept presented in Chapter 4, Section 4.4, are identified. A series of 

simulations are run to understand the kinetics of the HCHO molecules in some arbitrary chosen 

microchannel configurations.  A prototype concept that has to be further tested experimentally is 

introduced.  

6.1. Design of the reagent carrying microchannel  

Designing the microchannel means to establish its characteristic dimensions (length, width, and 

depth) that would allow a process to occur smoothly in specific hydrodynamic conditions. In the 

current context, this step involves the characterization of the flow in a rectangular microchannel 

coupled to the chemical kinetics of the Hantzsch reaction using Fluoral-P (0.01 M) reagent. 

The cross-sections of the rectangular microchannels under study are presented in          

Table 6.1.1. together with the theoretical estimations of the pressure drops, ∆𝑝,                                      

(see Eqs. 2.2.3. – 2.2.7.) and Reynolds numbers, 𝑅𝑒, (see Table 2.2.2.) corresponding to each case. 

Flow rates settled as reference in the design process of the flow-through microfluidic cells in 

Chapter 5 are further used here. Moreover, the width of the microchannel is maintained constant, 

𝑑 = 200 𝜇𝑚, while depth is varied. 

It was demonstrated in several works [242] that theoretical assumptions for calculating 

the pressure drop at macro-scale are still valid in microchannels. However, the roughness of the 

material increases the pressure drop consistently in microfluidic turbulent flow [61]. In laminar 

flows, ∆𝑝 was shown to be insensible to the roughness. However, it was demonstrated that by 

introducing herringbone structures on the channel’s walls, ∆𝑝 can be reduced [206].  

Table 6.1.1. Pressure-drop, ∆𝑝,  calculated using the Hagen-Poiseuille equation and 𝑅𝑒 numbers 

calculated for the hydrodynamic conditions of reference for water.  

Cross-

section 

[µm×µm] 

Temperature 

[K] 

Flow rate  

[µL/min] 

𝑸𝟏 = 𝟓 𝑸𝟐 = 𝟏𝟎 𝑸𝟑 = 𝟏𝟓 

∆𝒑  

[Pa] 
Re 

∆𝒑  

[Pa] 
Re 

∆𝒑 

[Pa] 
Re 

𝟏𝟎𝟎 × 𝟐𝟎𝟎 
296 6983 0.6 13965 1.19 20948 1.79 

338 3240 1.26 6480 2.52 9720 3.78 

𝟐𝟎𝟎 × 𝟐𝟎𝟎 
296 1552 0.45 3103 0.89 4655 1.34 

338 720 0.95 1440 1.89 2160 2.84 

𝟑𝟎𝟎 × 𝟐𝟎𝟎 
296 718 0.36 1437 0.72 2155 1.07 

338 333 0.76 667 1.51 1000 2.27 
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6.1.1. HCHO reaction with Fluoral-P reagent in a microfluidic channel 

This step determines the reaction probability, 𝑃𝑅
̅̅ ̅, of the HCHO molecules with Fluoral-P 

solutions (see Sections 2.2.5. and 3.2.) in microchannels characterized by the hydrodynamic 

conditions specified in Table 6.1.1. Numerical simulations are used to monitor 𝑃𝑅
̅̅ ̅ as a function of 

the channel length and the reaction-rate constant, 𝑘′. In the end, this step is important because it 

helps finding the position where the HCHO derivatization rate is maximized and, by 

consequence, where the flow-through microfluidic cell has to be placed in order to maximize the 

autonomy of the future device.  

COMSOL Multiphysics® 5.6. (Stockholm, Sweden) is used for solving numerically, based 

on the finite element method (FEM), a model coupling the Navier-Stokes equations                           

(see Eqs. 2.2.1.-2.2.2.) with the convection-diffusion equation (see Eqs. 2.2.14. and 2.2.19.). 

Therefore, Laminar Flow module, Transport of Diluted Species module, and Chemical Reaction 

of Species are coupled in the model. Laminar Flow module describes the fluid movement and it 

is coupled to the Transport of Diluted Species model which describes the species migration.  

Algebraic Multigrid (AMG) solver based on GMRES (generalized minimum residual) 

method is used to couple the two modules. The convergence criterion on residuals is settled to 

10−5. Diffusion coefficients of species (HCHO molecules) are estimated using Eq. 2.2.13. The 

computational domain (see Fig. 6.1.1.) is discretized in 300 000 tetrahedral elements (30 × 10 000).  

Simulations are based on a couple of assumptions: 

• System operates under normal pressure conditions. 

• System is considered isothermal.  

• Fluidic domain has a constant length of 𝐿 = 500 𝑚𝑚. 

 Concentration considered for study is 𝑐 = 4.07 ∙ 10−6 𝑚𝑜𝑙 ∙ 𝑚−3 (100 ppb). HCHO species are 

introduced at the inlet using a rectangular function expressed in Fig. 6.1.2. HCHO concentration 

distribution as a function of space and time is monitored by implementing virtual probes along 

the channel (see Fig. 6.1.1.). No slip (𝑢 = 0 𝑚/𝑠) condition is settled for the lateral walls and the 

pressure at the outlet is the atmospheric pressure.  

 

Figure 6.1.1. Representation of the 2D fluidic domain of the channel, where 𝑤 is the width and 𝐿 is the 

length (not in scale).   

Liquid domain 
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A stationary solver was used to compute the flow fields based on Navier-Stokes 

equations, while a time-dependent solver was used to solve the diffusion-convection equations. 

The coupling between the two was made through the AMG coupled to GMRES models. The time 

step for the time-dependent solver was taken as ∆𝑡 = 0.1 𝑠 and the transient flow was simulated 

for 180 s. However, the solver could adjust the computational time-step if the convergence 

criterion was not fulfilled. Simulation times varied from 3 to 5 hours depending on the simulated 

cases (see Table 6.1.2). 

The mesh and the time step were selected in such a way that the Courant number, 𝐶         

(see Eq. 6.1.1.), was kept below 1. In Eq. 6.1.1., ∆𝑥 is the distance between two adjacent tetrahedral 

elements, ∆𝑡 is the time step, and 𝑢 is the velocity.  

 𝐶 = 𝑢
∆𝑡

∆𝑥
 (6.1.1.)  

The probes are located at 𝑥0 = 0 𝑚𝑚, 𝑥1 = 100 𝑚𝑚, 𝑥2 = 200 𝑚𝑚, 𝑥3 = 300 𝑚𝑚, 𝑥4 = 400 𝑚𝑚, 

𝑥5 = 475 𝑚𝑚. Distance is measured from the inlet towards the outlet. HCHO concentration is 

monitored as a function of time and space. Concentration given by a probe at a specific time, 𝑡, is 

a line-averaged concentration of the HCHO concentrations measured over the line at that time, 𝑡. 

Simulations are run in parallel for two pseudo-first order reaction rates,                        

𝑘′
1(𝑇1) = 0.0216 𝑠−1respectively 𝑘′

2(𝑇2) = 0.0372 𝑠−1, where 𝑇1 = 333 𝐾 and 𝑇2 = 338 𝐾            

(see Section 3.2.2.). 𝑘′
1 and 𝑘′

2 have been calculated from the Eq. 3.2.3. stating the derivatization 

rule of HCHO into DDL in the experimental conditions of Guglielmino et al., [96]. 

Reaction probability, 𝑃𝑅
̅̅ ̅, as stated in Eq. 2.2.44., is calculated at the position of each probe. 

Data obtained in simulations are summarized in Tables 6.1.2. – 6.1.3. In all these tables, cells 

colored in dark grey represent the reaction probabilities for which more than 99% of the HCHO  

 

Figure 6.1.2. Rectangular pulse function, 𝑟𝑒𝑐𝑡(𝑡[1/𝑠], as a function of time and used to sample a 

𝑐𝐿
𝐼𝑁 = 𝑐 ∙ 𝑟𝑒𝑐𝑡(𝑡[1/𝑠]) HCHO concentration in the transient domain. 
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have been derivatized into DDL. In the 100 µ𝑚 × 200 µ𝑚 cross section microchannel, this 

happens only at 𝑘′2 for a position located in the [𝑥4, 𝑥5] space range.  

In the 200 µ𝑚 × 200 µ𝑚 cross-section microchannel, the 99% conversion is expected to 

occur in [𝑥1, 𝑥2] range for 𝑄1 = 5 µ𝐿 ∙ 𝑚𝑖𝑛−1 at each of the constant rates. At 𝑄2 = 10 µ𝐿 ∙ 𝑚𝑖𝑛−1, it 

occurs in [𝑥4, 𝑥5] range for 𝑘′1, while for 𝑘′2, it occurs much faster in the [𝑥2, 𝑥3] range. At              

𝑄3 = 15 µ𝐿 ∙ 𝑚𝑖𝑛−1, it does not occur at 𝑘′1 over the studied domain. Instead, the conversion 

occurs in the [𝑥4, 𝑥5] range at 𝑘′2.  

Table 6.1.2. Reaction probability, 𝑃𝑅
̅̅ ̅ (%), for 100 µ𝑚 × 200 µ𝑚 cross section, where 𝑘′1 and  

𝑘′2 are the pseudo-reaction constants at 𝑇1 = 333 𝐾, respectively 𝑇2 = 338 𝐾. 

Probe 

name 

Flow rate [µL/min] 

𝟓 𝟏𝟎  𝟏𝟓 

𝒌′𝟏 𝒌′𝟐 𝒌′𝟏 𝒌′𝟐 𝒌′𝟏 𝒌′𝟐 

𝒙𝟏 22.87 14 40.32 35.26 51.29 47.53 

𝒙𝟐 9.90 4.08 23.21 16.87 33.01 27.19 

𝒙𝟑 4.85 1.35 14.88 8.94 23.31 19.95 

𝒙𝟒 2.50 0.47 10.02 4.97 17.20 11.02 

𝒙𝟓 1.31 0.22 7.60 3.26 16.03 8.12 
 

Table 6.1.3. Reaction probability, 𝑃𝑅
̅̅ ̅ (%), for 200 µ𝑚 × 200 µ𝑚 cross section, where 𝑘′1 and  

𝑘′2 are the pseudo-reaction constants at 𝑇1 = 333 𝐾, respectively 𝑇2 = 338 𝐾. 

Probe 

name 

Flow rate [µL/min] 

𝟓 𝟏𝟎  𝟏𝟓 

𝒌′𝟏 𝒌′𝟐 𝒌′𝟏 𝒌′𝟐 𝒌′𝟏 𝒌′𝟐 

𝒙𝟏 5.31 4.92 12.60 9.21 18.25 15.02 

𝒙𝟐 1.22 1.40 5.31 2.64 9.00 5.85 

𝒙𝟑 0.38 0.46 2.57 0.87 5.31 2.58 

𝒙𝟒 - 0.16 1.32 0.30 3.25 1.24 

𝒙𝟓 - 0.076 0.82 - 2.30 0.72 
 

Table 6.1.4. Reaction probability, 𝑃𝑅
̅̅ ̅, for 300 µ𝑚 × 200 µ𝑚 cross section, where 𝑘′1 and  

𝑘′2  are the pseudo-reaction constants at 𝑇1 = 333 𝐾, respectively 𝑇2 = 338 𝐾. 

Probe 

name 

Flow rate [µL/min] 

𝟓 𝟏𝟎  𝟏𝟓 

𝒌′𝟏 𝒌′𝟐 𝒌′𝟏 𝒌′𝟐 𝒌′𝟏 𝒌′𝟐 

𝒙𝟏 1.77 0.41 4.69 2.8 8.09 5.94 

𝒙𝟐 0.26 0.02 1.48 0.48 3.40 1.70 

𝒙𝟑 - - 0.54 0.09 1.65 0.56 

𝒙𝟒 - - 0.20 0.02 0.84 0.19 

𝒙𝟓 - - 0.16 0.006 0.12 0.09 
 



 

120 
 

 

 

(a) 

 
(b) 

Figure 6.1.3.  Averaged-HCHO concentration monitored over time for the virtual line probes settled 

along the 100 µm×200 µm cross-section microchannel for (a) 𝑄1 = 5 µ𝐿 ∙ 𝑚𝑖𝑛−1 and (b) 𝑄3 = 15 µ𝐿 ∙

𝑚𝑖𝑛−1. 
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In the 300 µ𝑚 × 200 µ𝑚 cross-section microchannel, the 99% conversion is expected to occur in 

[𝑥1, 𝑥2] range for 𝑄1 = 5 µ𝐿 ∙ 𝑚𝑖𝑛−1 at 𝑘′1. At 𝑄2 = 10 µ𝐿 ∙ 𝑚𝑖𝑛−1, it occurs in the [𝑥2, 𝑥3] range for 

𝑘′1, while for 𝑘′2, it occurs faster in the [𝑥1, 𝑥2] range. At 𝑄3 = 15 µ𝐿 ∙ 𝑚𝑖𝑛−1, the conversion occurs 

in the [𝑥3, 𝑥4] for 𝑘′1, while at 𝑘′2 in [𝑥4, 𝑥5].  

Fig. 6.1.3. exemplifies the simulation results for a 100 µm × 200 µm cross-section 

microchannel at the 𝑄1 = 5 µ𝐿 ∙ 𝑚𝑖𝑛−1, respectively 𝑄3 = 15 µ𝐿 ∙ 𝑚𝑖𝑛−1 flow rate. It can be 

observed that the concentration peaks follow the exponential decay curve specific to HCHO 

derivatization of each reaction-rate constant. The exponential decay curves were calculated by 

averaging the concentration over the entire surface of the simulated domain. Fig. 6.1.4. shows the 

concentration distribution in a short channel section near the inlet of the channel at various times 

after the introduction of a concentration pulse of a specific concentration as illustrated in Fig. 

6.1.2. 

 

Figure 6.1.4. Concentration distribution in a near-inlet channel section at (a) 𝑡 = 0 𝑠, (b) 𝑡 = 1 𝑠,                   

(c) 𝑡 = 3 𝑠 for a 300 µ𝑚 × 200 µ𝑚 cross-section microchannel.  

(a) 

(b) 

(c) 
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In conclusion, mean residence time of HCHO molecules in the domain coupled to the 

mass flow rate dictates the position where 99% conversion is made and, by consequence, where 

the flow-through-microfluidic cell for DDL detection could be placed. However, the selection of 

the microchannel hydrodynamics and its dimensional characteristics does not depend only on 

the conversion rate and pressure drop. These are important parameters, but more information is 

required before deciding on their suitability. The mass-transfer flux magnitude and contact area 

of the gas and liquid phases are also very important. Thus, the next step should be devoted to the 

determination of the flux magnitude in the hydrodynamic conditions of the study. 

6.1.2. Diffusive transfer in stationary direct gas-liquid contact 

After the determination of pressure drops and channel length required for a HCHO conversion 

into DDL, the next step is represented by studying the air-Fluoral-P solution interaction for the 

simplest case, diffusive transfer in stationary direct gas-liquid contact (see Fig. 6.1.5.). This is here 

numerically calculated for an overall air-mass transfer coefficient, 𝐾𝑂𝐺 = 0.0058 ± 0.17 𝑚 ∙ 𝑠−1 

(see Section 3.2.), assumed to be constant. It was demonstrated that mass-transfer of gaseous 

HCHO molecules from air to water is dominated by the gas-phase since absorption in water is 

very fast. 

COMSOL was used to simulate the absorption time until equilibrium is reached for     

𝐾𝑂𝐺 = 0.0058 ± 0.17 𝑚 ∙ 𝑠−1 experimentally found elsewhere [86]. Thus, a uniformly distributed 

concentration is considered in the gas domain at 𝑡 = 0 𝑠, when the system is in thermodynamic 

equilibrium with zero HCHO concentration in the liquid domain. The two-phase domains          

(see Fig. 6.1.5.) were discretized into 10,000 quad elements. The density of the mesh was increased 

in the region of the interface, the time step used for simulation was 0.001 s. The system operates 

under normal pressure conditions and it is considered isothermal. 

 

Figure 6.1.5. Representation of the 2D 200 µ𝑚 × 200 µ𝑚 fluidic domains of the gas-liquid static 

interaction simulation.  

Gas domain 

Liquid domain 

𝑐𝐺
𝐼𝑁 

𝑐𝐿
𝐼𝑁 
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A concentration saturation limit, 𝑐𝐿
𝑆𝐴𝑇, has been imposed in the liquid domain although it 

is almost impossible to be reached in the concentration range of study. Solubility is very high 

(400 𝑔 ∙ 𝐿−1) which is equivalent to 𝑐𝐿
𝑆𝐴𝑇 = 13319.5 mol ∙ 𝑚−3. Thus, one of the conditions 

imposed in all states that the diffusive flux from the two-film theory is active as far as the HCHO 

concentration in the liquid phase, 𝑐𝐿, respects the condition:  

 𝑐𝐿 < 𝑐𝐿
𝑆𝐴𝑇  (6.2.1.) 

As presented in Chapter 2, the HCHO transfer from the gas-phase in the liquid-phase is governed 

by the Henry’s law. According to this law, the higher the partial pressure, the higher the 

concentration that can be accommodated by the liquid phase is. Moreover, the Henry’s law 

constant dictates the concentration distribution in the phases when the equilibrium is reached. 

Gas-water dimensionless Henry’s law constant, 𝐻𝑐𝑐(𝑇), was obtained from 𝐻(𝑇) (see Table 3.2.1.) 

using the ideal gas law: 

 𝐻𝑐𝑐(𝑇) =
1

𝐻(𝑇) [
𝑀

𝑎𝑡𝑚
] ∙ 0.08206 [

1 𝑎𝑡𝑚

𝑚𝑜𝑙∙𝐾
]∙𝑇[𝐾]

   (6.2.2.) 

The temperatures of interest are 𝑇1 = 296.15 𝐾 and 𝑇2 = 338.15 𝐾. Henry’s law constants in 

dimensionless form calculated with the Eq. 6.2.2. are 𝐻𝑐𝑐(𝑇1 = 296.15 𝐾) = 7.9132 ∙ 10−6 and 

𝐻𝑐𝑐(𝑇2 = 338.15 𝐾) = 1.24 ∙ 10−4, respectively. Considering the BCs from the Table 6.1.5. and the 

diffusion equation (see Eq. 2.2.19.), the concentration distribution is estimated until equilibrium 

is achieved in both domains. The same 𝐾𝑂𝐺 is taken for both temperatures, although in real 

scenarios the mass-transfer coefficient might have slightly different values at different 

temperatures.  

Running the simulations, it was observed that the diffusion time until the two-phase 

domains reached the equilibrium was approximately 𝑡𝑒𝑞 = 0.2 𝑠 regardless of the concentration 

tested. The domain-averaged concentrations as a function of time are presented in Fig. 6.1.6 a). In 

this simulation, the HCHO initial concentration in the gas phase is  𝑐1 = 4.09 ∙ 10−8 𝑚𝑜𝑙 ∙ 𝑚−3        

(1 ppb), while in the liquid phase the initial concentration is 𝑐0 = 0 𝑚𝑜𝑙 ∙ 𝑚−3. Fig. 6.1.6. b) shows 

the HCHO derivatization graphic as a function of time at 𝑇2 = 338.15 𝐾. In the same figure it can 

be observed the fast absorption occurring very close to time 𝑡 = 0 𝑠. Afterwards, the 

derivatization process starts slowly, the full-reaction occurring after 180 seconds. Though, a large 

part of the species is derivatized into DDL even at 120 seconds.  

Table 6.1.5. The boundary conditions for the diffusive transfer in stationary direct-gas-liquid contacting. 

Boundary name Boundary Condition 

Lateral walls −𝑛 · 𝐽𝑖 = 0 

Gas-liquid interface 𝐽 = 𝐾𝑂𝐺(𝑐𝐺 − 𝐻𝑐𝑐(𝑇)𝑐𝐿) 

Gas-phase 𝑐𝐺
𝐼𝑁 = 𝑐𝑖 

Liquid-phase 𝑐𝐿
𝐼𝑁 = 0 

 



 

124 
 

 

Figure 6.1.6. (a) HCHO surface-averaged concentration distribution in both phases at 𝑇1 = 296.15 𝐾, 

respectively 𝑇2 = 338.15 𝐾. (b) HCHO exponential derivatization at 𝑇2 = 338.15 𝐾.  

 

Figure 6.1.7. Time-dependent HCHO concentration distribution in liquid and gas phases at                        

𝑇1 = 296.15 𝐾. The first scale in the legend characterizes the liquid phase and the second one the gas 

phase. HCHO initial concentration in the gas phase is  𝑐1 = 4.09 ∙ 10−8 𝑚𝑜𝑙 ∙ 𝑚−3, while in the liquid 

phase is zero. 

(a) (b) 

(a) (b) 

(c) (d) 
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Figs. 6.1.7. - 6.1.8. illustrate the concentration distribution in the two domains at particular 

times from the simulation time range. From these simulations it results that a significant flux 

enhancement due to the chemical reaction would occur only if the absorption process would be 

significantly slower than the current one,  𝑡𝑒𝑞 = 0.2 𝑠. Moreover, if the equilibrium between the 

two phases is reached below one second, the chemically-induced mass-transfer enhancement 

might be negligible (see Fig. 6.1.6. a).    

However, mass-transfer coefficient from the gas-phase might be lower in different 

scenarios. One example is when the two-phases are separated by a porous membrane. Thus, a 

longer time would be necessary to reach the equilibrium and reaction might have indeed an 

 

Figure 6.1.8. Time-dependent HCHO concentration distribution in liquid and gas phases at                        

𝑇2 = 338.15 𝐾. First scale in the legend characterizes the liquid phase and the second one the gas phase.  

HCHO initial concentration in the gas phase is  𝑐1 = 4.09 ∙ 10−8 𝑚𝑜𝑙 ∙ 𝑚−3, while in the liquid phase is 

zero. 

(a) (b) 

(c) (d) 
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impact over the transfer rate. This could be found out after the prototype proposed in the 

following sections are fully-fabricated and evaluated experimentally. Finding the precise 

permeability of the membrane in various hydrodynamic conditions can be done only be running 

experiments. Additionally, the model presented in the Appendix A6. can be used to extend the 

current CFD study to the membrane-based interaction scenario. 

6.2. Materials selection process 

This step focuses on the identification of polymer materials that would be suitable for hosting the 

microfluidic channels and on the identification of a rigid hydrophobic membrane allowing 

diffusion of HCHO molecules through its pores (see Fig. 4.4.2. to visualize the proposed 

structure). 

Support structures of the gas and liquid channels 

Polymers are targeted as first choice material in LOC applications since they are usually cost-

effective and lightweight. Polymeric materials can be found nowadays in customizable forms 

satisfying many times the demands of the LOC applications where any slight variation of a 

specific characteristic may have huge overall influence.   

One of the main constraints is related to the compatibility with Fluoral-P reagent at temperatures 

around 𝑇2 = 338.15 𝐾. Whether the material releases or not HCHO from its bulk is also 

important. Some polymers contain in their structure HCHO molecules which are released in the 

fluid. Obviously, this has to be avoided in order to avoid the sample contamination. If the optical 

detection component is considered here, transparency is another key factor. Among typical 

polymers used for the fabrication of microfluidic chips, Poly (methyl methacrylate) (PMMA) has 

been selected for the current application as mechanical support structure for the meandering 

channels since, at least theoretically, it seems to obey the main constraints (see Table 6.2.1.).  

PMMA does not naturally release HCHO from its bulk structure up to 𝑇 = 353 𝐾 and it 

is not known as a HCHO absorbent. Moreover, PMMA does not react with Fluoral-P reagent. Its 

glass transition temperature may be compatible with the thermal mechanism of on-chip 

Table 6.2.1. Polymers and their potential as material for on-chip integration of HCHO sensing. 

Material Transparency  
Not releasing 

HCHO 

Chemically 

inert 

UV resistant 

PEEK No  Yes  Yes  Yes 

PTFE No Yes Yes Yes 

Polycarbonate Yes Yes No No 

PVC No Yes (up to 200°C) No Yes 

PMMA Yes Yes (up to 80°C) Yes Yes 

POM No No Yes No 
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membrane integration as presented in Wang et al., [204]. PMMA is partially hydrophilic with a 

contact angle of approximately 𝜃 = 70° [196]. 

Membrane 

A double-layer hydrophobic membrane already used successfully into a related-approach has 

been selected. The membrane was used for carbon dioxide separation from a water-methanol 

solution resulting in a separation efficiency of 100 standard mL/min for a 𝐴 = 114.5 𝑚𝑚2 

contacting area [205] (see Table 6.2.2. and Appendix A5. Hydrophobic membrane Data Sheet). 

The two layers which possess different thicknesses have different and complementary 

roles (see Fig. 6.2.1.). The upper-layer (or the active layer) is made of hydrophobic material with 

a contact angle around 𝜃 = 120°. The active layer of the selected membrane is 𝐻𝑎 = 10 µ𝑚 thick 

and it is made of expanded polytetrafluoroethylene (ePTFE). Practically, its main role is to avoid 

Table 6.2.2. Characteristics of the double-sided hydrophobic membrane. 

Membrane 
Pore 

diameter  

Contact 

angle 
Support layer Backer layer 

Aspire, QL 217 200 nm 120° ePTFE (30 µm) Polyester (170 µm) 
 

 

Figure 6.2.1. Scanning Electron Microscopy (SEM) analysis of (a) the double-layer Aspire, QL 217 

hydrophobic membrane with the cross-section of the active and backer layers, (b) pore distribution on 

the upper-side of the active layer, (c) pore distribution on the lower-side of the backer layer. 

(a) 

Double-layer 

Aspire, QL 217 

membrane. 
Active layer 

(ePTFE) 

Backer layer 

(Polyester) 

(b) (c) 
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reagent-fouling of the pores which would drastically decrease the diffusive flux across the 

membrane. Majority of the ePTFE materials are characterized by high porosities, 𝜀𝑚 = 70 − 75% 

for 𝑑𝑝 = 200 𝑛𝑚 (see Fig. 6.2.2.), which is advantageous in terms of flux diffusion rates. 

 

The backer layer which is thicker (𝐻𝑏 = 190 µ𝑚 thickness) is made of polyester. It 

mechanically supports the active layer. Its pore reference diameters are usually much larger 

compared to those of the active layer and diffusion is usually much faster here. In the active layer, 

the pore diameters are usually comparable with the molecular mean free path, 𝜆. This aspect 

activates the Knudsen diffusion. This adds an additional mass-transfer resistance component to 

the diffusive flux and it is the compromise made to avoid the fouling of the membrane. 

The mean free path of the HCHO molecules in a porous media with a reference pore 

diameter of 𝑑𝑝 = 200 𝑛𝑚 and the Knudsen number are calculated using the equations stated in 

Table 2.2.1. It is found that mean free path is 𝜆1 = 6.63 ∙ 10−8 for 𝑇1 = 296.15 𝐾 and                           

𝜆2 = 7.58 ∙ 10−8 for 𝑇2 = 338.15 𝐾. 𝐾𝑛 is found as 𝐾𝑛1 = 0.33 at 𝑇1 = 296.15 𝐾 and as 𝐾𝑛2 = 0.37 

at 𝑇2 = 338.15 𝐾. Mean free path is influenced by pressure. The above values are calculated at the 

atmospheric pressure.  

Thus, HCHO diffusion in the pores is characterized by a transition regime with a 

combined viscous and Knudsen diffusion (see Eq. A.6.3. in Appendix A6.), the overall-effective 

diffusion coefficient, 𝐷𝑒𝑓𝑓, being calculated using Eq. A.6.4. from the same Appendix. Bruggeman 

correlation [244] was used to link the membrane porosity to the tortuosity:  

𝜏𝑚 = 𝜀𝑚
−1/2 

 𝐷𝑒𝑓𝑓1 =
𝜀𝑚

𝜏𝑚
(

1

𝐷𝐾𝑛1

+
1

𝐷𝐺
)−1 = 7.98 ∙ 10−6 𝑚2

𝑠
  (6.2.1.) 

 

Figure 6.2.2. The expanded-polytetrafluoroethylene (ePTFE) porosity, 𝜀𝑚, depending on the reference 

pore size. The vertical and horizontal lines show the estimated porosity (≅ 70 − 75 %) for a reference 

pore diameter of 200 nm. Reproduced from [243].  
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 𝐷𝑒𝑓𝑓2 =
𝜀𝑚

𝜏𝑚
(

1

𝐷𝐾𝑛2

+
1

𝐷𝐺
)−1 = 8.17 ∙ 10−6 𝑚2

𝑠
  (6.2.2.) 

 

6.3. Front-end microchannel fabrication 

Next step involves the fabrication of the microchannels supposed to carry the air and liquid 

streams. A two-layer structure with the hydrophobic membrane in-between was proposed using  

PMMA, the polymer identified as potentially-compatible with the Fluoral-P reagent interaction 

(see Fig. 6.3.1.).  

Each PMMA layer hosted a meandering micro-channel of rectangular cross-section          

(see Fig. 6.3.1. b). The meandering channels started and ended with vertical holes serving as 

fluidic inlets and outlets. One layer was assigned to the reagent streaming (liquid carrying layer) 

and one to the gas streaming (gas carrying layer). 

The meandering channels were micro-milled (LT Ultra Milling, MMC600 Z2) with                  

± 20 µm precision (see Fig. 6.3.2.). During the micro-milling process, a vacuum chunk was used 

to maintain the horizontality of the PMMA sheets in order to assure a constant depth of the 

channel.  

The micro-channels were finally rinsed and washed with deionized water to remove the 

impurities resulting from the milling process. This process was not fully efficient, some            

micro-particles being observed in the channel at the end of the rinsing process, potentially 

clogging the channel.  

The liquid carrying layer has been equipped with a rectangular pocket (150 µm depth) for 

hosting the polymeric membrane (see Fig. 6.3.1. b and Appendix A7. Technical drawing of the 

gas carrying layer).  

 

Figure 6.3.1. (a) Gas-liquid PMMA chip contactor with the on-chip integrated membrane; (b) 

Meandering channels micro-milled on PMMA flat structure. 

(a) (b) 
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6.4. Back-end microfluidics bonding 

After the fabrication of the PMMA carrying layers and their rinsing, the next step involves 

membrane cutting and chip sealing. The hydrophobic membrane was cut using a CO2 laser to fit 

the 150 µm deep pocket created on the gas PMMA layer (see Appendix A7. Technical drawing of 

the gas carrying layer). When the two structures were assembled, the two meandering channels 

were overlapped. The overlapping was assured through a system of four pins and holes                

(see Fig. 6.3.1. and Appendixes A7 and A8. Technical drawing of the liquid carrying layer).  

The 50 µm length difference between the membrane thickness and the pocket depth was 

considered a possible solution to avoid fluidic short circuits between the meandering channels. 

More exactly, when the two PMMA layer structures were clamped and bonded together, the 

polymeric membrane was supposed to be 𝑑 = 50 µ𝑚 compressed. The feasibility of this solution 

to avoid the fluidic short-circuits is supposed to be further tested experimentally.  

First, a hot embossing procedure was tested, but it failed. The very thin ePTFE active layer 

melted in the process or the milled channels collapsed under the pressure cycles involved in this 

method. Second, a solvent-enhanced femtosecond laser welding was implemented showing 

promising perspectives. Sealing procedures based on this last method were not completed in the 

time frame of the current project.  

The gas-liquid chip contactor was integrated in between two holders (see Fig. 6.4.1.). Each 

holder was equipped with an integrated heating and fluidic streaming system. On the gas 

carrying layer side of the PMMA chip contactor, the holder was equipped with leakage-free gas  

connectors (Swagelok, SS-100-1-1, 1/16” diameter tubing) and, on the liquid carrying layer side, 

with liquid connectors (IDEX HS, N-333, 10-32 coned, 1/16” diameter tubing). 

At the current stage, the heat power is provided through cartridge heaters                  

(Watlow, C1A-9602, 30 W power, 24V voltage) connected to copper foils (see Fig. 6.4.1.). The 

 

 
                                     (a)                                          (b) 

Figure 6.3.2. Liquid carrying micro-channel. (a) 223 µm width - top side; (b) 210 µm width – bottom side. 
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holders were micro-machined in polyether ether ketone (PEEK) which was selected due to its low 

thermal conductivity, 𝑞 = 0.25 𝑊/(𝑚2𝐾) that would allow a better thermal control of the interior 

temperature.  

 Leakage is supposed to be avoided by implementing micro-O-rings                                   

(Parker, 6-1735 E540-80, 0.7 𝑚𝑚 ×  0.5 𝑚𝑚) for each fluidic inlet and outlet hosted by holders. 

When the PMMA chip contactor is clamped in-between the holder using screws, half of the            

O-ring is placed inside, the other half outside (see Fig. 6.4.1. b) - G) for each of the four 

inlets/outlets.  

At this point, mechanical force supposed to act uniformly from the outside towards the 

interior PMMA chip contactor when the two holders are screwed together has to be considered.  

The pressure applied towards the inward part of the PMMA chip contactor should prevent 

inflation of the PMMA layers due to the flow-induced force (pressure drop), which has the 

resultant oriented outwards.  

Overall, the influence of the force resultants impact can only be partially estimated 

analytically or computationally. A most reliable evaluation could be made through experimental 

validations. This can also determine whether the microfluidic path is short-circuited or not. Short-

circuiting might indeed occur since the configuration of the micro-contactor does not consider 

bonding/welding of the regions between the channels (see Fig. 6.3.1. b)).  

 

 

 

 

 

Figure 6.4.1. (a) Gas-liquid micro-reactor concept, exploded view:  Gas-liquid PMMA chip contactor 

with the on-chip integrated membrane (A), copper layers thermally fueled by cartridge heaters (B), 

upper holder (C), lower holder (D), liquid connectors (E), gas connectors (F), micro-O-ring (G). (b) 

Fabricated components. 

(a) (b) 
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Chapter 7. Summary and outlook 

 

7.1. Summary  

7.1.1. CMOS-based fluorimeter 

In conclusion, it has to be pointed out that the main achievements registered in this work are 

related to the intensity-based fluorescence detector built using mainly off-the-shelf components. 

Some guidelines to a possible gas-liquid flow micro-reactor for gaseous formaldehyde trapping 

and derivatization have been also discussed. 

The response of the fluorescence detector integrating a CMOS-image sensor was tested 

for reagents containing HCHO concentrations ranging from 0.01 µg/mL to 10 µg/mL. The signal 

obtained was not linear as expected in fluorescence-intensity based-assays. Although there is a 

report in the literature showing a non-linearity effect in the same concentration range, the non-

linear effect observed in this work is very prominent. This result is not only unusual, but also 

unexpected.  

However, the fluorescence detector proved its capability to clearly differentiate between 

the fluorescence signal and the background noise signal obtained for a 10 µg/L HCHO 

derivatized into DDL (𝜙(20 °C) = 0.005) in 3.5 µL interrogation volume. This was the lowest 

concentration that could be distinctly distinguished out of the background noise.  

The assays were conducted in parallel for two flow-through-microfluidic cell 

configurations. Both configurations were made of three overlapped thin layers. The lower- and 

middle-layers were similar, while the upper-layer was configuration specific. The quartz lower-

layer is transparent in the fluorescence emission wavelength spectrum. The middle-layer was 

made of SU-8 3050 negative photoresist. This layer plays a double role. First, it hosts the fluidic 

circuit and the interrogation chamber. Second, it is the waveguide for the excitation light beam 

emitted by the LEDs. The upper-layer is made of quartz for the first configuration and of silicon 

for the second. The selection of silicon for the second configuration is justified by its absorption 

coefficient at the LED emission wavelength, 𝑎(𝜆𝑎𝑏𝑠 = 420 𝑛𝑚) = 5 ∙ 104 cm−1, which is 

approximately five times higher than the absorption coefficient at the emission 

wavelength, 𝑎(𝜆𝑒𝑚 = 515 nm) = 9.25 ∙ 103 cm−1. 

The two configurations have been tested in similar conditions and the signals registered 

for the two flow-through microfluidic cells were compared. An apparent higher SNR has been 

obtained for the silicon fluidic cell (𝑆𝑁𝑅 = 6.1, 𝑅𝑆𝐷 = 5.3%, 𝑁 = 2) relative to the quartz fluidic 

cell (𝑆𝑁𝑅 = 4.9, 𝑅𝑆𝐷 = 9.1%,𝑁 = 2). However, this result has to be checked for a higher number 

of reciprocates to confirm its meaningfulness. 

The non-linearity of the fluorescence signal intensity is attributed to the errors introduced by 

the experimental procedure, modular distribution of the off-the-shelf components, possible 
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photobleaching effects due to repeated excitation of the same sample, or to optical events due to 

the shape of the SU-8 3050 optical waveguide caused by the shape of the interrogation chamber. 

7.1.2. Gas-liquid micro-reactor  

A gas-liquid micro-reactor concept for formaldehyde trapping and derivatization was 

introduced. Preliminary steps regarding the hydrodynamic conditions, compatible materials, and 

sub-components fabrication have been done.   

After fabrication of the sub-systems of the gas-liquid micro-reactor, further results are 

expected in order to experimentally prove the concept. The interest here is to enable enhanced 

and efficient HCHO trapping using cost-efficient on-chip membrane-based polymer chips. 

A mathematical model for the estimation of HCHO trapping into the reagent stream using a 

hydrophobic membrane was developed and presented in Mariuta et al. [21] (see Appendix A6).   

7.2. Outlook  

The above section summarized the achievements with respect to the two components developed. 

Now, a couple of possible directions to improve them are presented.  

7.2.1. CMOS-based fluorimeter  

Although the repeatability of the results has to be tested for more independently prepared 

samples in order to fully-validate the system, this work presented a solution with a quantifiable 

potential for the on-chip integration of the detection component.  

 Reasons that generate the non-linearity have to be identified and quantified. The author 

proposes the following list of possible tests and improvements based on the flaws and mistakes 

identified in the design and experimental procedure implemented:  

1. Quantification of the memory effects 

Sticking molecules were observed inside the flow-through cells after measurements. It was not 

clear if their presence was due to accumulation in the continuous streaming process or if they 

were present after the rapid evaporation of the solution. If the memory effects are confirmed, then 

continuous sampling is not feasible in flow-through cell. However, there are coating materials 

that could be used in order to avoid them, although this will introduce more optical complexity. 

2. Precise control of the LED excitation light intensity 

The high-power LED used for current experiments was shot-on at relatively low-powers for short 

periods of time (approximately 1s) and shot-off for approximately similar periods of time. This 

was done mainly to avoid excitation wavelength shift due to thermal effects. However, the 

radiant flux intensity was not measured at the current research level.  

3. Quantification of possible photobleaching effects 

Moreover, the impact of the radiant intensity over the fluorophores in terms of irreversible 

destruction may be studied. From the author’s point of view, this could be the main cause of the 

non-linear behavior observed. In the design process, it was estimated that two LEDs are needed 
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to properly illuminate the interrogation chamber which has a relatively high width-to-depth 

ratio. However, doubling the excitation light might have contributed to the photobleaching 

effects as well.  

4. Control the temperature in the interrogation chamber  

In order to avoid large variations of the fluorophore quantum yield, ideally, the sample 

temperature should be maintained constant and monitored.  

5. Coat a thin-filtration layer on top of the CMOS-image sensor surface 

The 1 mm thickness band-pass filter could be replaced by a filtration layer, coated directly on top 

of the CMOS image sensor, as described by Guduru et al. [134] or Sunaga et al. [245]. This would 

further diminish the optical path length and lead towards a fully-integrated monolithic device. 

Moreover, a filterless configuration based on time-resolved detection methodology could be 

employed as described by Măriuța et al. [21]. This methodology avoids practically the optical 

background noise, but its implementation is strictly related to the working frequency of the 

processor involved, since the DDL molecule fluorescence decay time is only limited to 2 ns.  

6. Replace quartz with a compatible polymer 

PMMA polymer, providing very good optical properties, might be considered as a potential 

material for the fabrication and testing of a new configuration of the fluidic cell in order to reduce 

the fabrication cost and its complexity. Its implementation as waveguide for biomedical 

applications and its potential for wearable and in vivo applications, is currently studied [154], 

making it a promising material for such an application. Here attention has to be paid on the 

surface roughness that results from the fabrication process, possible swelling by liquids and its 

autofluorescence. 

7. Study the effect of the concave ending of the waveguide 

The light beam travels from the LED towards the detection chamber through the SU-8 3050 

waveguide, crossing the flat beginning and getting inside the interrogation chamber through the 

concave ending as it can be observed in Fig. 5.4.2. a. In the same figure, the diverging behavior of 

the light passing through the end of the wavelength can be seen. In perspective, it might be 

quantified whether the beam diverging effect at the end of the waveguide affect the illumination 

homogeneity in the liquid bulk.   

8. Lab-on-a-CMOS concept  

A possible direction could concern the development of a fully-made silicon structure considering 

the CMOS image sensor validation for this application and the SNR enhancement observed for 

silicon. The potential of this device could go beyond this specific application, contributing to the 

rapid developing field of on-chip fluorescence sensing for various applications of rapid and low-

cost monitoring in chemistry, biology or in the environment monitoring.  

7.2.2. Gas-liquid micro-reactor  

The author proposes here a list of steps for further development of the prototype: 
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1. On-chip membrane integration using solvent-enhanced femtosecond laser welding. 

2. Heat transfer study in order to assure a uniform and constant temperature in the micro-

reactor. 

3. Experimental evaluation of the gas-liquid micro-reactor concept in terms of leakage-free 

operation, memory effects freedom, mass-transfer coefficients, trapping efficiency. 

4. System integration study has to be performed in order to identify solutions for low-noise, 

cost-effective fluid pumping. 

5. Coupling the miniaturized optical fluorimeter with the gas-liquid micro-reactor (cooling 

down of the solution and enough residence time have to be assured). 

Finally, the author dares to anticipate that for an instrument LOD lower than 1 µg/L in 

detection volumes lower than 1 µL, the slug two-phase flow pattern might be successful in 

trapping HCHO molecules into an ultra-miniaturized µTAS system.  
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Appendices  

A1. ULS24 ANITOA CMOS-image sensor Data Sheet 
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A2. Excitation Light Emitting Diode Data Sheet 
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A3. Technical drawing of the fluorescence detector lower holder 
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A4. Technical drawing of the fluorescence detector upper holder 
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A5. Hydrophobic membrane Data Sheet 
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A6. Convective-diffusive transfer mechanism in gas-liquid membrane-based 

interaction 

Two-phase flows separated my membranes are advantageous because their hydrodynamics are 

easier controllable and reproducible, although membranes can work only for limited periods of 

time due to the fouling and ageing phenomena occurring.  

The mass-transfer process in convective-diffusive flows separated by hydrophobic 

membranes is represented in Fig. A.6.1. The additional resistance imposed by the membrane, 

𝑅𝑚 =
1

𝑘𝑚
, is influenced by its mode of operation. The pores of the membrane can be completely 

gas-filled in hydrophobic membranes, partially-liquid-filled, or liquid-filled. 𝑅𝑚 increases 

proportionally with the length of the pore filled with liquid.  

The ideal case is represented by the fully-gas filled pores when 𝑅𝑚 is minimized, and the 

least desired scenario is the case of fully-liquid filled pores (wetted pores) when 𝑅𝑚 is maximized. 

 

Figure A.6.1. Two-film transport model for a membrane-based gas-liquid mass transfer from the gas 

phase towards the liquid phase, where 𝑥 is the length, 𝐶 is the concentration, 𝑣𝐺⃗⃗ ⃗⃗  is the gas velocity vector, 

𝑣𝐿⃗⃗⃗⃗  is the liquid velocity vector, 𝑗 is the total mass flux, 𝛿𝐺  is the gas stagnant film thickness, 𝛿𝐿is the liquid 

stagnant film thickness, 𝛿𝑚is the thickness of the membrane, 𝑐𝐺 is the gas bulk concentration, 𝑐𝐿 is the 

liquid bulk concentration. 
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In this situation, the membrane is named “fouled”. To avoid this situation, liquid entry pressure, 

𝑝𝐿𝐸𝑃, has been introduced:  

 𝑝𝐿𝐸𝑃 =
𝛽𝛾𝐿𝑐𝑜𝑠𝜃

𝑑𝑝
 (A.6.1.) 

In Eq. A.6.1., 𝛽 is a dimensionless parameter depending on the geometry of the pore. If the pore 

is cylindrical, 𝛽 = 1. If not, 0 < 𝛽 < 1. 𝛾𝐿is the liquid surface tension. The condition to be 

respected for fully-gas filled pores is: 

 𝑝 > 𝑝𝐿𝐸𝑃 (A.6.2.) 

The flux across the membrane can be assumed constant. Usually, the transfer process considered 

in a membrane is only diffusion.  

 The mean free path, 𝜆, of the molecular diffusion process into the pore of a membrane 

relative to the reference pore diameter dictates the diffusion mechanism occurring. Though, 

diffusion in porous media is classified depending on the Knudsen number, 𝐾𝑛. 𝐾𝑛 is the ratio 

between the mean free path, 𝜆, and the diameter of the pore, 𝑑𝑝. In flows where 𝐾𝑛 < 0.01, the 

diffusion is molecular. If 𝐾𝑛 > 10, then Knudsen diffusion, 𝐷𝐾𝑛, governs. In 10 < 𝐾𝑛 < 0.01 

range, a transition diffusion regime takes place in which both molecular and Knudsen diffusion 

occurs simultaneously. Knudsen diffusion can be calculated using the equation: 

 𝐷𝐾𝑛 =
1

3
𝑑𝑝√

8𝑘𝐵𝑇

𝜋𝑀
  (A.6.3.) 

In transition diffusion regime, the effective membrane diffusion coefficient is given by Eq. A.6.4. 

where 𝐷𝐺 is the gas molecular diffusion in the binary mixture.  

 𝐷𝑒𝑓𝑓 = (
1

𝐷𝐾𝑛
+

1

𝐷𝐺
)−1  (A.6.4.) 

Therefore, diffusion through membranes occurs with a smaller diffusion coefficient, known as 

the effective diffusion coefficient, 𝐷𝑒𝑓𝑓. Moreover, in gas-diffusion through gas-filled pores, 𝐷𝑒𝑓𝑓 

influences the permeability and the permeance of the membrane. Additionally, the permeability 

is influenced by the membrane thickness, 𝐿, its porosity, 𝜀𝑚, and its tortuosity, 𝜏𝑚. 

Permeability is a membrane characteristic inversely proportional to the tortuosity of the pore.  

Tortuosity and porosity are linked together by a couple of correlations. When the pores 

are cylindrical, the Bruggerman model can be applied (see Tjaden et al., [244] and Anne [246]): 

 𝜏𝑚 = 𝜀𝑚
−1/2 (A.6.5.)   

A couple of correlations were introduced to estimate the effective diffusivity, 𝐷𝑒𝑓𝑓, across the 

membrane, such as that proposed by Weissberg [247] as function of the void fractions and 

physical diffusion coefficient of the gas, another proposed by Mackie and Meares [248], or 

presented by Liu et al., [249] who determined a correlation for the effective diffusion coefficient 

considering Knudsen diffusion. 

 The flux, 𝑗, in thin membranes can be found by combining Fick’s law with the 

concentration profiles:  

 𝑗𝑚 =
𝐷𝑒𝑓𝑓𝜀𝑚

𝛿𝑚𝜏𝑚
(𝑐𝐺,𝑚𝑖

𝐿 − 𝑐𝐺,𝑚𝑖
0 ) =

𝐷𝑒𝑓𝑓𝜀𝑚

𝛿𝑚𝜏𝑚
(𝑐𝐺,𝑚𝑖

𝐿 −
𝑐𝐿

𝐻𝑐𝑐) (A.6.6.)   
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In Eq. A.6.6., the 
𝐷𝑒𝑓𝑓𝜀𝑚

𝛿𝑚𝜏𝑚
 ratio is actually the membrane-mass-transfer coefficient, 𝑘𝑚. Resistance-

in-Series of the two-film theory for gas-liquid membrane interactions results after coupling the 

Eq. A.6.6. to the flux equations on each side of the interface (see Eqs. A.6.9. – A.6.10.).  

 𝑗𝐺 = 𝑘𝐺(𝑐𝐺 − 𝑐𝐺,𝑖) (A.6.7.)   

 𝑗𝐿 = 𝑘𝐿(𝑐𝐿 − 𝑐𝐿,𝑖) (A.6.8)   

 
1

𝐾𝐿
=

1

𝑘𝐿
+

𝐻𝑐𝑐

𝑘𝑚
+

𝐻𝑐𝑐

𝑘𝐺
  (A.6.9.) 

  
1

𝐾𝐺
=

1

𝐻𝑐𝑐𝑘𝐿
+

1

𝑘𝑚
+

1

𝑘𝐺
   (A.6.10.) 

 

Simplified kinetic model to describe the convective-diffusive transport 

Further, a simplified kinetic model describing the convective-diffusive transport in a membrane 

assumed to have cylindrical pores has been described as an alternative to the model presented 

above (see Fig. A.6.2.).  

HCHO trapping from a microfluidic gas stream into a reagent stream is mathematically 

described using a convection-diffusion equation that is assumed to govern the flow of the 

molecules in the channels, separated by the porous membrane. In equilibrium at temperature 𝑇, 

 𝑛𝐿  =  𝐻(𝑇) 𝑛𝐺  (A.6.11.) 

𝑛𝐿 and 𝑛𝐺 are equilibrium number densities of molecules in the liquid and gas phase, respectively, 

if the solution is in the ideal regime. If not, Eq. A.6.11. has to be replaced by a more complicated 

relationship. However, any change in Eq. A.6.11. does not affect the model described below.  

If 𝑛𝐿 and 𝑛𝐺 denote arbitrary values of densities in the liquid and the gas with the system 

not being in equilibrium. Then, the liquid phase injects 𝐽+molecules per time unit and area unit 

into the gas. According to Henry’s law,  

 𝐽+  =  𝛼 
𝑛𝐿

𝐻(𝑇)
 √

𝑅𝑇

2𝜋
  (A.6.12.) 

𝛼 stands for the accommodation coefficient. On the other hand, the flux of the gas phase 

molecules condensing (trapped) onto the liquid phase is  

 

Figure A.6.2. Cylindrical pore assumed in the alternative kinetic model with 𝜏𝑚 = 1.  
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 J−  =  α ng √
RT

2π
  (A.6.13.) 

Hence, the total net solute molecules flux across the interface is: 

 𝐽 =  𝛼 √
𝑅𝑇

2𝜋
 (

𝑛𝐿

𝐻(𝑇)
 −  𝑛𝐺) (A.6.14.) 

𝐽 = 0, when 𝑛𝐿 and 𝑛𝐺 follow Henry’s law. 

It is assumed that convection is negligible within nanopores and diffusion is the main mechanism. 

In addition, diffusion will be considered quasi-steady inside a pore: 

 𝑛𝐺(𝑥)  =  𝑛𝐺
(0)

 + 
𝑛𝐺

(𝐿)
−𝑛𝐺

(0)

𝐿
 𝑥  (A.6.15.) 

Fick’s law of number densities is similar with the one written in terms of concentrations: 

 𝐽 =  − 𝐷𝑒𝑓𝑓  
𝜕𝑛𝐺

𝜕𝑥
 (A.6.16.)  

Combining Eqs. A.6.13. and A.6.15. results to: 

 
𝑛𝐺

(𝐿)
 − 𝑛𝐺

(0)

𝐿
 =  − 

1

𝐷 
 𝛼 √

𝑅𝑇

2𝜋
 (

𝑛𝐿

𝐻(𝑇)
 −  𝑛𝐺

(0)
)  (A.6.17.)  

 𝑛𝐺
(0)

 =  
𝑛𝐺

(𝐿)
 + 𝛼 √

𝑅𝑇

2𝜋
  

𝐿

𝐷𝐺,𝑒𝑓𝑓
  

𝑛𝐿
𝐻(𝑇)

1 + 𝛼 √
𝑅𝑇

2𝜋
  

𝐿

𝐷𝐺,𝑒𝑓𝑓

    (A.6.18.) 

It should be noted that Eq. 6.176 allows to compute 𝐽 knowing the molecular densities, 𝑛𝐺(𝐿) and 

𝑛𝐺(0) in the gas channel and the liquid channel. It will be assumed that the convection-diffusion 

eq. governs the flow of the molecules in the channels, separated by the porous membrane. Now 

the liquid channel is considered with assumption that 𝛼𝑟𝑛𝐿 is a sink term due to chemical reaction. 

 
𝜕𝑛𝐿

𝜕𝑡
 +  𝑉𝑥(𝑦, 𝑧) 

𝜕𝑛𝐿

𝜕𝑥
 =  𝐷𝐿 ∇

2𝑛𝐿  − 𝛼𝑟𝑛𝐿  (A.6.19.) 

 The average of 𝑛𝐿 over a channel section is considered. 

 𝛷𝐿  (𝑥, 𝑡)  =  
1

𝑆
 ∫ 𝑑𝑦 𝑑𝑧  𝑛𝐿, 𝑆 = 𝐿𝑦 ∙ 𝐿𝑧 (A.6.20.) 

Substituting in Eq. 2.1.65. and integrating leads to: 

 
𝜕𝛷𝐿

𝜕𝑡
 +  𝑉𝐿

̅̅̅̅  
𝜕Φ𝐿

𝜕𝑥
 =  𝐷𝐿  

𝜕2Φ𝐿

𝜕𝑥2  −  𝛼𝑟  Φ𝐿  +  
1

𝐿𝑦
 𝐽 𝐴𝑓  (A.6.21.) 

𝑉̅ is the average flow velocity across the channel section and 𝐴𝑓 is the fraction of permeable 

membrane area. 𝐴𝑓 is given by the porosity, 𝜀𝑚. Applying the same assumptions for the gas layer, 

a similar equation result. 

 
𝜕𝛷𝐺

𝜕𝑡
 +  𝑉𝐺

̅̅ ̅ 
𝜕Φ𝐺

𝜕𝑥
 =  𝐷𝐺  

𝜕2Φ𝐺

𝜕𝑥2  − 
1

𝐿𝑦
 𝐽 𝐴𝑓   (A.6.22.) 

Replacing the number densities with concentrations and 𝛼𝑟 with 𝑘’, the Eqs. A.6.19. – A.6.22. can 

be used to estimate the time-dependent concentration profiles from inlet towards outlet in both 

the gas and the liquid phases in a 3D model.  
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A7. Technical drawing of the gas carrying layer 
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A8. Technical drawing of the liquid carrying layer 
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A9.  Convection-diffusion mass-transfer in slug flows 

Slug and annular flows are the flow patterns usually used as direct gas-liquid contacting. Since 

slug flow is a more stable and easier to reproduce pattern [181]. Generally, the mass-transfer in 

slug flows is described using the Eq. A.9.1, where 𝑢𝑇𝑃 is the total superficial velocity of the two 

phases and 𝑎 is the surface-to-volume ratio.   

 𝑢𝑇𝑃
𝑑𝑐

𝑑𝑥
= 𝑘𝐿𝑎(𝑐𝐺 − 𝑐𝐺

∗ )  (A.9.1.) 

A recent summary of the correlations found in literature to determine the overall-mass transfer 

coefficients, 𝑘𝐿𝑎, is presented in Butler et al., [250] and Abiev et al., [251]. Mass transfer has two 

components in slug flows; one is represented by the transfer in the caps and one by the transfer 

in the liquid film (see Fig. A10.1., a). The total gas-liquid interface area is given by the lateral 

interface (liquid film-bubble) and the perpendicular one (slug-bubble). Generally, the lateral 

interface contributes with approximately 90% of the total interface at the mass transfer final 

efficiency [63]. Therefore, if the liquid film does not exist, as it usually occurs in hydrophobic 

channels, the mass transfer efficiency is drastically reduced. Thus, hydrophilicity of the channel 

is crucial in order to maintain the liquid film near walls. 

The mass transfer in slug flows is enhanced by the intense recirculation taking place in 

the slugs [198] (see Fig. A9.1., b, c ). Though, while the transfer in the slugs is convection 

dominated, the film transfer is dominated by diffusion. Fries et al., [187,199] and Sotowa et al., 

[198] showed that mass transfer is slightly enhanced by the curved sections of meandering 

channels [196]. Larger Dean numbers are observed in meandering channels, leading to a more 

efficient mixing. In this work, it was also concluded that Higbie’s model overpredicted the mass 

 

Figure A.9.1. (a) Slug flow configurations with two gas bubbles located at distance 𝐿𝑈𝐶  one from the 

other, the liquid film, and the slug located in between the bubbles. (b) Streamline configuration in the 

gas bubble and the slug neighbouring it. (c) Experimental visualization of the concentration fields of 

oxygen in the slug and near the gas-liquid interface. Reproduced with permission from Butler et al., [250]. 

(a) 

(b) (c) 
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transfer coefficients in annular flows and slug flows [196,200]. The overprediction occurs mainly 

in the cases where saturation of liquid films interrupts the transfer flux. 

 

A10. Convection-diffusion mass-transfer in annular flows 

In the freshly published review of Yao et al. [182] the authors suggested the mass transfer in 

annular flows as a possibility that needs much more attention in the near future since the field is 

not yet fully characterized. Large interface area characterizing this flow regime maximize the 

surface-to-volume ratio, 𝑎, and by consequence the volumetric-mass-transfer coefficient, 𝑘𝐿𝑎.  

However, gas-liquid contactors/microreactors based on annular flow are scarcely studied 

[181] despite their potential superiority for particular applications, apparently as a consequence 

of the short contact time between the phases [128]. 

The difficulty in characterization and prediction of annular flows originates from the 

Kelvin–Helmholtz instabilities of the gas-liquid interface [252]. The interface instabilities are 

influenced by the wettability of the microchannel wall [185], roughness [186], curved sections of 

the microchannel [187,188], and pulsations of the systems used to stream the fluids in. 

One rare analysis of annular flow mass-transfer is given by Sobieszuk et al. [200]. They 

analyzed the volumetric-mass-transfer coefficients for the absorption of CO2 in water and 

compared them to those obtained in slug flows. The absorption rate in annular flow is defined as: 

  𝑁 = 𝑘𝐿𝑎𝑐𝐴𝑖
𝐴𝑉𝑉  (A.10.1.) 

  𝑐𝐴𝑖
𝐴𝑉 =

𝑐𝑖1−𝑐𝑖2

𝑙𝑛
𝑐𝑖1
𝑐𝑖2

  (A.10.2.) 

  𝑟 =
√2

2
𝑑𝐻 − 𝛿  (A.10.3.) 

  𝑎 =
2𝜋𝑟𝐿

𝑉
  (A.10.4.) 

In these equations, 𝑐𝐴𝑖
𝐴𝑉 is the average gas concentration at the interface, 𝑟 is the radius of 

the gas cylinder, 𝛿 is the liquid film thickness, 𝑐𝑖1 is the species concentration at inlet, and 𝑐𝑖2 is the 

species concentration at outlet [200].  

Comparing the 𝑘𝐿𝑎 values obtained for various total superficial velocities in annular flow 

with the 𝑘𝐿𝑎 values obtained for CO2 absorption in slug flow by the same authors, it was 

concluded that 𝑘𝐿𝑎 of annular flows are around two orders of magnitude lower [181,200]. One 

experimental observation in this study highlights the enhancement of 𝑘𝐿𝑎 once the total 

superficial velocity increases.  

Annular flow still lacks complete experimental observation [189]. For a straight channel, 

Humphry et al., [190] showed that by making the channel width comparable with the channel 

height, the interface instabilities can be suppressed. Sur et al., [191] observed that usually the 

thickness of the liquid film decreases with the diameter of the microchannel.  

Takeda et al., [188] presented the hydrodynamic effects of two-phase flows in meandering 

millichannels. An interesting observation from this study states that in a hydrophobic channel 
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the pressure drop tends to reach its local maximum at the transition from the slug flow towards 

the slug-annular flow. In the hydrophilic channel, this effect is not observed since walls are 

always wetted. Up to the author’s knowledge, there is no experimental method for visualization 

of the annular mass-transfer from a phase to another, as it was developed and validated for slug 

flows [192].  
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