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Abstract- English 

The colorimetric signal transduction technique has been extensively applied for the detection 

of biological analytes. Specifically, a colorimetric readout for the detection of infectious 

diseases is gaining traction for application at the point of care/need settings. This can mainly 

be attributed to the standout features of colorimetric readout which include high sensitivity, 

ease of analysis and interpretation, minimal training requirements, and affordability. In 

addition to this, colorimetric readout provides ease of integration and conductivity with Loop-

mediated isothermal amplification (LAMP) assay, which is a popular alternative to the gold-

standard polymerase chain reaction (PCR) test for infectious pathogen detection. Recently, our 

lab reported a specialized nanostructured platform, QolorEX, that enhances the colorimetric 

readout of a LAMP assay via plasmonic excitation. The two main challenges impeding its 

potential application at the point of care/need are, (i) the requirement of a brightfield 

microscope for capturing the colorimetric change and (ii) user involvement to execute multiple 

sequential steps of the LAMP assay. The nanostructured platform is sensitive to the nature of 

the incident light irradiated for the interpretation of the colorimetric readout. This necessitates 

an imaging setup customized to the signal capture over the color-sensitive platform.  

In this thesis, I proposed an automated setup that encompasses an imaging setup for recording 

the colorimetric change; and a microfluidic setup to automate the sequential steps in the LAMP 

assay. First, for imaging, we designed a portable reflected-light imaging setup with controlled 

epi-illumination (PRICE). It features an infinity-focused objective (magnification 20x) with an 

optical train that forms an image on a CMOS sensor. More importantly, the setup uses an 

illumination column that provides uniform illumination with spatial and intensity control. The 

second key challenge is user involvement in one or more assay steps. This was addressed with 

a microfluidic cartridge. To integrate all the assay steps, from sample collection to endpoint 
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detection onto this microfluidic cartridge, we leveraged four key technologies, (1) negative 

pressure-based suction cups, (2) microfabrication, (3) additive manufacturing, and (4) open-

source hardware and software. Suction cups were designed and employed to execute sequential 

fluid manipulation steps upon compress and release cycles. A silicon-based microfluidic chip 

houses the detection platform as well as microchannels for transporting and mixing fluid. 

Stereolithography (SLA) 3D printing (additive manufacturing) was employed to design a 

module that houses sample collection, sample lysis, and amplification reagents storage 

chambers. In addition to this, this 3D printed module also houses a simple screw-nut-based 

contraption for mechanical actuation of the suction cups. Finally, the different steps in the 

operation of the cartridge are automated/concerted by a control module (encompassing linear, 

actuators, heaters, servos, stepper motors, and CMOS sensor) concerted by Arduino UNO and 

Raspberry Pi microprocessors. The entire control module is centrally controlled by a mobile 

application installed on the user’s mobile phone.  

The imaging setup showed promising results in imaging the colorimetric change on par with a 

commercial brightfield microscope. We were able to detect the presence of viral nucleic acid 

in 15 minutes at a clinically relevant load of 8*10e5 RNA copies/µL. The screw-nut mechanical 

actuation system was successfully demonstrated for angle-dependent precise fluid metering. 

The fluidic cartridge in conjugation with the control module was demonstrated to automate the 

sequential steps in the nucleic acid amplification assay.   

Keywords: Colorimetric readout, nucleic acid amplification, portable imaging, suction cups, 

additive manufacturing, automation, open-source hardware 
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Abstract- French 

La technique de transduction du signal colorimétrique a été largement appliquée pour la 

détection d'analytes biologiques. Plus précisément, la lecture colorimétrique pour la détection 

d'agents pathogènes infectieux gagne en popularité dans les points de soins/besoins, en raison 

de ses caractéristiques remarquables, telles que sa haute sensibilité, sa facilité d'analyse et 

d'interprétation, ses exigences minimales en matière de formation et son prix abordable. En 

outre, la lecture colorimétrique facilite l'intégration avec le test d'amplification isothermique 

médiée par une boucle (LAMP), qui est une alternative populaire au test de référence qu'est la 

réaction en chaîne par polymérase (PCR) pour la détection des agents pathogènes infectieux. 

Récemment, notre laboratoire a présenté une plateforme nanostructurée spécialisée, QolorEX, 

qui améliore la lecture colorimétrique d'un test LAMP par excitation plasmonique. Les deux 

principaux défis qui entravent son application au point de soins/besoins sont : (i) la nécessité 

d'un microscope à fond clair pour capturer le changement de couleur et (ii) l'implication de 

l'utilisateur pour exécuter les étapes séquentielles du test LAMP. La plateforme nanostructurée 

est sensible à la nature de la lumière incidente pour l'interprétation de la lecture colorimétrique. 

Cela nécessite une configuration d'imagerie personnalisée pour la capture du signal sur la plate-

forme sensible à la couleur.  

Dans cette thèse, j'ai proposé une installation automatisée qui comprend une installation 

d'imagerie pour l'enregistrement du changement colorimétrique et une installation 

microfluidique pour automatiser les étapes séquentielles du test LAMP. Nous avons conçu un 

dispositif portable d'imagerie par lumière réfléchie avec épi-illumination contrôlée (PRICE) 

avec un objectif 20x à focalisation infinie et un train optique qui forme une image sur un capteur 

CMOS. Le dispositif utilise une colonne d'illumination qui fournit un éclairage uniforme avec 

des contrôles spatiaux et d'intensité. Le deuxième défi majeur, à savoir l'implication de 
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l'utilisateur dans une ou plusieurs étapes du test, a été relevé grâce à une cartouche 

microfluidique qui intègre différentes étapes du test (du prélèvement de l'échantillon à la 

détection du point final) en exploitant quatre technologies: (1) les ventouses à pression 

négative, (2) la microfabrication, (3) la fabrication additive et (4) le matériel et les logiciels 

libres. Des ventouses ont été utilisées pour exécuter des étapes séquentielles de manipulation 

de fluides lors de cycles de compression et de relâchement. Une puce microfluidique à base de 

silicium abrite la plateforme de détection ainsi que des microcanaux pour le transport et le 

mélange des fluides. L'impression 3D par stéréolithographie (SLA) a été utilisée pour 

concevoir un module qui abrite les chambres de collecte des échantillons, de lyse des 

échantillons et de stockage des réactifs d'amplification. En outre, ce module imprimé en 3D 

abrite un dispositif à base de vis et d'écrous pour l'actionnement mécanique des ventouses. 

Enfin, les différentes étapes du fonctionnement de la cartouche sont automatisées/concertées 

par un module de contrôle concerté par des microprocesseurs Arduino UNO et Raspberry Pi. 

L'ensemble du module de contrôle est piloté par une application mobile installée sur le 

téléphone portable de l'utilisateur.  

Le dispositif d'imagerie a montré des résultats prometteurs en imagerie du changement 

colorimétrique, à égalité avec un microscope à fond clair commercial. Nous avons pu détecter 

la présence d'acide nucléique viral en 15 minutes à une charge cliniquement pertinente de 

8*10e5 copies d'ARN/µL. Le système d'actionnement mécanique vis-écrou a été démontré 

avec succès pour le dosage précis du fluide en fonction de l'angle. La cartouche fluidique 

conjuguée au module de contrôle a été démontrée pour automatiser les étapes séquentielles du 

test d'amplification de l'acide nucléique.    

Mots-clés: Lecture colorimétrique, amplification de l'acide nucléique, imagerie portable, 

ventouses, fabrication additive, automatisation, matériel open-source
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1. Introduction 

Infectious diseases are a significant burden on global health. A primary example is the 

devastating impact of the COVID-19 pandemic, which has killed millions of lives, damaged 

economies worldwide, and tremendously disrupted social operations. Infectious diseases are 

driven by pathogens which include bacteria, viruses, fungi, and protozoa. Pathogens create a 

healthcare challenge as they can rapidly propel the spread of infectious diseases through quick 

transmission from one host to another1. As such, effective pathogen diagnosis is a crucial step 

in reducing the load of deadly infectious diseases. Combatting the COVID-19 pandemic has 

been a hotspot of recent research and there have been strong efforts worldwide for rapid disease 

diagnosis and isolation2. While polymerase chain reaction (PCR) and culture techniques remain 

the gold standard techniques, next generation and advanced pathogen sensing platforms have 

been recently reported3–10. Specifically, Loop-mediated isothermal amplification (LAMP), an 

isothermal nucleic acid amplification technique, is garnering attention owing to requirement of 

constant temperature, high specificity and sensitivity11,12. LAMP is combined with several 

signal transduction techniques like florescence, colorimetric and turbidimetric readouts13. 

Recently, our lab has reported a specialized nanostructured platform, QolorEX14, that enhances 

the colorimetric readout of a LAMP assay via plasmonic excitation.  Although this platform 

carries with it several advantages, they bring along some challenges for application at the point 

of care/need. Firstly, colorimetric readout lacks from error in signal interpretation from user to 

user, hence often requiring brightfield microscope. To add to this, the sequential nature of 

LAMP assay often requires user involvement in one or more steps. Hence these challenges 

necessitate a platform that can automate the process of color change mediated pathogen 

detection assay using LAMP. In this work we leveraged three technologies to make this 

automation possible, (i) Additive manufacturing leveraged fluid handling systems to 

encompass the assays steps in hand-free format, (ii). Imaging with off-the-shelf optics for 
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signal interpretation, (iii). Open-source hardware and software technologies for control, data 

interpretation and data transmission.  
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2. Literature review 

Centralized laboratories remain the dominant hub of pathogen testing worldwide for gold 

standard techniques like Polymerase chain reaction (PCR)15. However, centralized laboratories 

are limited by the delay in results, the need for bench-top analyzers, and highly trained 

personnel16. Therefore, it is necessary to employ rapid, sensitive, and economic pathogen 

detection techniques. Point-of-care (POC) diagnostic systems aim to overcome the challenges 

presented by traditional diagnostic techniques as they offer prompt diagnostic results for on-

site diagnosis and treatment. Some features of POC diagnostics are rapid tests to allow patients 

to receive immediate treatment plans, sensitive and specific results comparable to those of 

traditional methods, and user-friendly systems17. This enables healthcare practitioners to make 

quick medical decisions leading to improved health outcomes for patients, due to disease 

diagnosis at the earliest stage18. To aid to the development of POC devices, the world health 

organization (WHO) proposed a framework dubbed, ASSURED to evaluate and better design 

the POC diagnostic tool. This framework expects a POC diagnostic tool to be, Affordable, 

Sensitive, Specific, User-friendly, Rapid/Robust, Equipment-free and Deliverable 

(ASSURED)19. 

In compliance to ASSURED criteria, there are three defining features of a POC system, (i). 

biochemical assay of detection, (ii). Sample handling, (iii). Signal transduction20. The choice 

of assay for pathogen detection plays an important role in designing a POC diagnostic test. The 

desired features include cost-effectiveness; high sensitivity and specificity; ease of integration 

with POC tools like microfluidics and digital signal transduction techniques20. In this context, 

POC systems were proposed integrating isothermal nucleic acid amplification techniques 

(NAAT) with microfluidic systems21.  
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On the other hand, microfluidics has been crucial in designing sample handling systems for 

POC devices for the past decade. Microfluidic platforms are miniature devices which enable 

the precise manipulation of flow and reaction conditions of fluids on a submilliliter scale. A 

crucial feature of microfluidic platforms for pathogen detection is that they enable the 

integration of sample processing, extraction, detection, and analysis onto a single platform22,23. 

Moreover, confined reaction volumes allow for fast and high throughput analysis24. 

Microfluidic platforms also carry with them features like portability, automation and precise 

handling of small reaction volumes25. These factors make them ideal candidates for POC 

applications. Microfluidic platforms for pathogen detection have picked up pace in the past 

decade26–28. Microfluidics can potentially be integrated with different read-out systems 

including electrical, optical, and colorimetric29–34. Colorimetric readouts when combined with 

NAATs benefit from high sensitivity, ease of analysis and interpretation, minimal training 

requirements, and affordability35–37. Hence microfluidic platforms integrated with colorimetric 

NAAT assays, make for inexpensive, portable, fast, and highly suitable platforms for POC and 

low-resource settings. 

2.1. Colorimetric assays for molecular detection of pathogen 

The molecular techniques or NAATs for pathogen majorly comprise of assays such as 

Polymerase chain reaction (PCR), Loop-mediated isothermal amplification (LAMP), Helicase-

dependent amplification (HDA), Nicking endonuclease amplification reaction (NEAR), 

Transcription mediated amplification (TMA), Strand displacement amplification (SDA), and 

Clustered regularly interspaced short palindromic repeats (CRISPR)38. LAMP, amongst all the 

amplification techniques is the most researched at POC settings, as an alternative to gold 

standard PCR13,39. The end point detection of these colorimetric assays can be broadly 

categorized into dye-based and turbidimetry and fluorescence readouts.  
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2.1.1. Dye based techniques  

Dye based techniques involves use of an external dye that enables end-point detection with 

naked eye. Specifically for LAMP assays naked eye-based detection usually employs either 

metal ion indicators like hydroxynapthol blue (HNB) dye, Eriochrome Black T (EBT), 

Malachite green (MG)13, and calcein/Mn+2 40 or pH sensitive dyes like phenol red and cresol 

red41. The colorimetric changes were either attempted to be analyzed with naked eye42 or via 

digital quantification methods43. The main idea to employ digital methods is to overcome the 

user-to-user variability and challenges with quantification with naked-eye detection44. To apply 

colorimetric dyes for POC pathogen detection, Papadakis et al.44 proposed a portable POC 

device for SARS-CoV-2 detection using quantitative colorimetric LAMP (qcLAMP). They 

proposed two channels for real-time RGB tracking of either phenol red or HNB colorimetric 

dyes in Eppendorf tubes.  

2.1.2. Turbidimetry 

In one of the initial attempts to track the end-point detection of LAMP assay, a turbidity based 

naked-eye detection was proposed45. The underlying principle relies on the strong cation 

binding property of pyrophosphate (a by product of LAMP reaction), which precipitates 

combining with protons, resulting in a turbid solution13. The change in turbidity can be 

visualized using naked eye or turbidimeter46. Previously, turbidimetric based readout was 

applied for detection of several pathogen46,47 including, H1N148, West Nile virus49 and 

adenovirus50.  

2.1.3. Fluorescent techniques 

Fluorescence based end-point detection technique is the most widely reported for LAMP and 

other amplification techniques alike46. Specifically for LAMP assay, the amplified products 
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were visualized using intercalating dyes like SYBR green I, picogreen and evagreen51. The 

visualization of fluorescence readout usually requires specialized equipment like optical filters, 

UV or LED light, when compared to naked eye detection techniques. Previously, florescence 

detection techniques were applied for detection of several pathogen using LAMP46 including, 

SARS-CoV-252, Ebola53, Hepatitis B54, mycobacteria55, and MERS-CoV56.  

2.2.  Point of care/need technologies for colorimetric molecular detection 

The recent COVID-19 outbreak has re-emphasized the importance of tools to contain the 

infectious pathogen and ultimately lower the mortality rate. Moreover, countries with weaker 

healthcare infrastructure and inadequate resources faced the larger brunt of the pandemic. Point 

of care/need (POC) diagnostic tools can help address these shortcomings and help curb the 

spread of the pathogen. To meet the WHO’s ASSURED criteria, microfluidic technologies 

have emerged as an important tool. Microfluidic platforms are miniature devices which enable 

the precise manipulation of flow and reaction conditions of fluids on a submilliliter scale. 

Moreover, confined reaction volumes allow for fast and high throughput analysis57. 

Microfluidic platforms also carry with them features like portability, automation and precise 

handling of small reaction volumes. Choice of detection assay also plays an important role in 

determining the closeness of the diagnostic tool with the ASSURED criteria. Isothermal nucleic 

acid amplification tests (NAAT) present as promising alternative to the gold standard 

polymerase chain reaction (PCR). Isothermal NAATs include variety of assays previously 

reported like, Loop-mediated isothermal amplification (LAMP), Helicase-dependent 

amplification (HDA), Nicking endonuclease amplification reaction (NEAR), Transcription 

mediated amplification (TMA), and Strand displacement amplification (SDA)58. Among these 

assays, LAMP is an attractive alternative owing to requirement of constant temperature59, 

higher specificity and sensitivity compared to conventional techniques60, and stability against 

amplification inhibitors61. LAMP assay typically involves disparate steps of sample collection, 
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sample preprocessing, nucleic acid enrichment, nucleic acid amplification, signal transduction 

and data transmission39. A crucial and positive feature of microfluidic platforms for pathogen 

detection is its conducive nature for integration these assay steps on to single platform22,23. This 

feature of microfluidic setups for LAMP assay ensures the compliance of the designed system 

with multiple ASSURED criteria.  

Over the past decade several microfluidic technologies were reported to integrate multiple steps 

of the detection assay onto a single platform. These platforms, simply dubbed as integrated 

microfluidic systems, require innovations in technologies pertaining to different assay steps, 

i.e. sample collection and processing, reagent mixing (fluid manipulation), amplification and 

signal transduction, to ultimately device a miniaturized system with a potential application at 

point of care/need. The recent advances in innovations in packing these assay steps onto an 

integrated platform are discussed in the following sections. 

2.2.1. Sample collection and processing  

The choice of sample is a crucial step that defines the choice of downstream microfluidic 

processing techniques utilized. Nasal swab, saliva, blood, urine and stool samples are among 

the commonly employed samples for NAAT testing of infectious pathogen. More specifically, 

nasal swab and saliva have been choice of sample for colorimetric NAAT assays62. There is a 

growing interest in saliva owing to the ease of sample collection by untrained individuals, 

reduced risk and reduced discomfort62. Recently, Azzi63 and co-workers showed saliva as a 

reliable tool to detect SARS-CoV-2 under 33 threshold cycles using rRT-PCR. Irrespective of 

the sample of choice, pathogen lysis and subsequent nucleic acid extraction are crucial in 

determining the POC applicability.  

Several POC approaches to pathogen lysis were proposed in previous works and can be broadly 

categorized into four categories, (i) thermal lysis, (ii) chemical lysis, (iii) mechanical lysis and 
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(iv) electrochemical lysis64,65. Thermal lysis relies on the application of high temperature to 

rupture the lipid membrane, capsid, encompassing the genetic material of the pathogen66. 

Moreover, thermal lysis method takes only few minutes to release the nucleic acid from the 

lysed sample67,68. Previously, Packard et al.69 designed a serpentine shaped resistive heater for 

bacterial cell lysis via joule heating. In another work Cho et al.70 reported photothermal lysis 

using plasmonic nanoparticles that absorbs incident light at specific wavelength. Chemical 

lysis has also been reported71 previously by Ma et al.72, by storing lysis buffer on-chip. Another 

technique, mechanical lysis was also packed in a POC format to tear the pathogenic 

membrane13,73. Yan et al.74, reported a bacterial lysis system on a centrifugal microfluidic 

platform using magnetically rotated pair of magnets to generate mechanical beating 

phenomena. Recently, Hügle et al.75 reported a thermoelectrical lysis technique using a 

microfluidic chip equipped with micro-sized electrodes.  

Following the lysis step, the nucleic acid is separated from other intracellular components. 

Previously, solid-phase extraction methods were incorporated for nucleic concentration in POC 

settings65,76. In previous works, lysate was concentrated using several techniques like using 

filter papers77, silica membranes78, nanomaterial-based approaches79, magnetic nanoparticle 

techniques77,80, and miniaturized silicon micropillars as filters81. In a recent work, Yoon et al.71 

reported a pH dependent nucleic acid isolation technique for pathogen lysates. Their technique 

employs a pH-dependent reversible binding of dimethyl adipimidate (DMA) to free RNA. 

On-chip heating strategies for amplification  

The required temperature for amplification reaction depends on the type of amplification 

reaction employed i.e. PCR, LAMP, RCA, RPA etc. In any case, an accurate temperature 

profile is desired. Along the similar lines as heating for lysis, several heating strategies were 

proposed for the amplification step suitable for POC settings. Few techniques include, thin film 
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heating, Peltier heating, induction heating, photothermal heating, and continuous flow heating 

and are well reviewed in the past64,82,83. Peltier heating has been widely applied for 

amplification techniques requiring thermal cycling84. In a recent work Chen et al.85 reported a 

finger-actuated microfluidic chip equipped with a Peltier heater to carry out LAMP assay for 

detection of bacterial pathogen. Qiu et al.86 demonstrated a PCR based POC diagnosis device 

for H1N1 virus using resistive type thermocycler. In a more recent study, Deng et al.87 proposed 

an ultra-portable SARS-CoV-2 POC device with incorporates two micro metal-ceramic heaters 

that carries lysis and provides the necessary temperature profile for the LAMP assay. In another 

work, Cho et al.70 utilized a photothermal heating employing a nano-plasmonic optical antenna 

for ultrafast transduction of light to heat. 

2.2.2. Fluid flow manipulation  

Another major criterion determining the extent of closeness of the point of care system to the 

outlined ASSURED criteria is the ability to manipulate and control the fluid flow in the 

microfluidic setups. Fluid manipulation becomes even more important in the context of NAAT 

due to the presence of sequential assay steps. Specifically, the sample preparation step (which 

includes sample lysis, nucleic acid purification and mixing of amplification reagents) largely 

require user involvement or use of costly setups88. In this context, the fluid manipulation 

method employed becomes a major difference between lab-on-chip and lab-around-a-chip for 

pathogen detection at POC89. There are certain desired features for the fluid handling systems 

to be applied in the integrated microfluidic setups, these include, (a). minimal user 

involvement, (b). precise metering of fluids, (c). capability to handling small fluidic volumes 

(pertaining to volume handled by microfluidic setups). Fluid handling systems, in other words, 

micro pumping techniques can be categorized as active and passive pumping systems90. Active 

pumping systems typically require external power source to be activated to enable fluid flow 

control91. On the other hand, passive pumping systems largely do not require external power 
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source and rely on the pressure gradient inherently engendered in the device. Previously 

micropumps were reported for several microfluidic applications including, cell culturing, 

biomedical assays and drug delivery analysis92,93. However, they employed sophisticated 

techniques like piezoelectric actuation, osmotic pressure and gravity assisted techniques, which 

are not ideal for POC testing applications91. Passive micropumping techniques emerged as a 

powerful technique to manipulate fluid at POC, with several techniques used in commercial 

POC testing devices94,95.       

2.2.2.1.Active flow manipulation 

Fluid flow is actuated in an active micropumping technique by an external signal. Although 

this type of pumping adds complexity to the operation, they offer better control over the 

temporal and spatial parameters of the fluid flow96. Active micropumps can further be divided 

into mechanical and non-mechanical pumps. Mechanical micropumps are mainly characterized 

by the presence of a moving components actuated by an external signal. Some major 

mechanical mircopumping techniques include pneumatic micropumps, piezoelectric 

micropumps97, thermal actuation micropumps and electromagnetic actuation micropumps98. 

On the other hand, non-mechanical micropumps, also called dynamic micropumps93 do not 

comprise of any moving part but utilize to non-mechanical forces for fluid actuation91. Non-

mechanical micropumps include, magnetohydrodynamic (MHD) micropumps, 

electrohydrodynamic (EHD) micropumps, electroosmotic and electrowetting micropumps99. 

Active micropumps.i.e. both mechanical and non-mechanical variants were previously 

explored for pathogen detection using NAAT coupled with colorimetric readout100–108. 

Centrifugal microfluidics, a type of active micropumping system, is an actively researched 

platform for colorimetric pathogen detection using NAAT. In a recent study, Seo et al.100 

reported a centrifugal microfluidic device for the detection of pathogen using LAMP assay 
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with a colorimetric change mediated by Eriochrome Black T (EBT). The work employs a 

polymethyl methacrylate (PMMA) chip patterned with microchannels and chambers for 

sample loading, sample aliquoting and detection assay reaction. The work employs two 

capillary valves for sample aliquoting and sample injection into the reaction chambers. At a 

maximum rotational speed of 5000RPM, the sample is overcoming the capillary pressure of a 

cross capillary valve to enter the reaction chamber, thus avoiding overflow.  In another study, 

Oh et al.101 reported a centrifugal microfluidic systems for detection of bacterial pathogen 

(Escherichia coli O157:H7, Salmonella typhimurium and Vibrio parahaemolyticus) using a 

LAMP assay mediated by colorimetric change of EBT. This system employs a four layered 

micropatterned polycarbonate-based chip employing dimensionally controlled microchannels 

connecting various chambers for LAMP assays. The burst force for the connecting channels 

was characterized for the chip with the employed rotation for minute (RPM). Stepwise 

increments in rotational speed results in fluid transfer between different chambers.  

Recently, centrifugal microfluidics were combined with active means of pumping and 

valving109. Geissler et al.102 presented a centrifugal microfluidic platform for the detection of 

E. coli O157:H7 colonies using a PCR protocol followed by cloth-based hybridization array 

system (CHAS), with a tetramethylbenzidine (TMB) mediated color change. This platform 

combines centrifugal effects with tilting effects to complement the limitation of unidirectional 

fluid manipulation in typical centrifugal systems. The work employs two standalone 

microfluidic cartridges mounted on motorized shafts. These shafts can be tuned to tilt the 

cartridges at certain angle while they spin at high speeds. The flow between different assay 

chambers, connected with siphoning channels, is controlled by a combination of the tilt angle 

and the direction of centrifugation field.  

Another major active micropumping technique is pneumatically driven systems for pumping 

and valving of fluid flow. Lee et al.103, designed a pneumatic controlled integrated microfluidic 
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platform for the detection of bacterial growth in presence of antibiotics via phenol red color 

change. This work demonstrates a thin Polydimethylsiloxane (PDMS) membrane-based 

reciprocating circular micropump and series of microvalves. The thin membrane is 

manipulated by a programmed application of compressed air and vacuum to emulate fluid 

injection phenomena between reaction chambers.  

2.2.2.2.Passive flow manipulation 

Passive micropumping techniques do not require external power source to be operated for 

subsequent fluid manipulation. They also require minimal user involvement, although with a 

trade off with better fluid flow control98. This feature makes them more suitable for 

incorporation into pathogen testing systems for application at POC. They have been widely 

reported for micropumping at POC for pathogen detection91,96,98. These passive techniques can 

be broadly divided into self-powered and human-powered flow manipulation techniques.  

a) Self-powered flow manipulation 

i) Micropumping utilizing capillary force 

Capillary-driven fluid flow is based on capillary action that eliminates the need for external 

pumps for flow manipulation. At microscales, the surface tension at the fluid-channel interface 

engenders capillary flow, overcoming the viscosity of the liquid and the gravity110. This flow 

is defined by the microchannel’s geometry and surface properties110. Previously capillary flow 

assisted technologies were reported for colorimetric detection of pathogen using NAAT 

utilizing either porous material (ex. Paper, polyester and wool) or solid materials (ex. PDMS, 

glass and silicon)111,112. The microfluidic platforms employing porous material for carrying out 

detection assay are called lateral flow assay (LFA) setup. LFAs have been the preferred 

platform for colorimetric NAAT assays113. These works leveraged capillary microfluidics to 

simplify one or several steps of a NAAT assay. 
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To simplify and reduce use of auxiliary components for nucleic acid extraction, amplification 

and detection, Fu et al.114 presented a facile capillary-based setup for polymerase chain reaction 

(PCR). They presented surface modified silicon dioxide capillary fluidics to extract nucleic 

acid and perform amplification with eternal micro-pumps. On the other hand, by far, porous 

material-based microfluidics (especially paper substrates) are the most popular for colorimetric 

readout based NAAT. They have been extensively reviewed in the past115. One key highlight 

is the ability to integrate passive capillary fluid pumping with conventional microfluidics to 

form hybrid systems115. In a study by Lafleur et al.116, they for the first time demonstrated fully 

integrated paper microfluidic setup for multiplexed colorimetric detection of bacterial 

pathogen. They present a two-dimensional paper network lateral flow assay (LFA) without any 

requirement of auxiliary units for fluid manipulation involved in sequential assay steps. Several 

integrated paper microfluidic devices have been proposed in recent years for nucleic acid-based 

pathogen detection43,117–120 , where the underlying principle is the capillary forces controlled 

with up-and-coming technologies including multidimensional paper networks, and control of 

capillary wicking rates93,117.    

ii) Air transfer-based flow manipulation 

Flow manipulation based on air transfer is based on the incorporation of materials capable of 

air transfer through either (i). solubility of air from microchannels to porous materials 

generating a pressure gradient, or (ii) permeability of air from high pressure to low pressure 

regions within the chip79,121,122. These underlying operation principles make them self-powered 

and suitable for POC applications. However, solubility-based flow manipulation lacks from 

better control over fluid flow, whereas permeability-based manipulation offer better control 

over the flow parameters by adjusting the material properties98. Previously NAAT platforms 

driven by air transfer-based pumping were reported for pathogen detection123–126. In a recent 

work, Yeh et al.127 reported a self-powered microfluidic platform for LAMP assisted detection 
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of methicillin-resistant Staphylococcus aureus DNA. In brief, the fluid pumping is achieved by 

using a vacuum battery with flow regulated by thin PDMS walls in the vacuum lungs. This 

results in a more uniform pressure gradients compared to solubility based degas pumping where 

air flows through bulky PDMS.        

b) Human-powered flow manipulation 

This category of fluid flow manipulation relies on the generation of pressure gradient in the 

microchannels via a manual operation by the user. The underlying physical phenomena relies 

on engendering fluid flow upon simple actuation by the user. In the context of POC diagnostics, 

two major fluid operations- centrifugation and pumping- were reported as portable and easy to 

use systems88,128. These fluid operations served as tools for one or more steps of the NAAT 

assay. Hand-powered centrifugation systems were developed for POC detection of infectious 

pathogen129–132. In a recent work, Michael et al.131 reported hand powered fidget spinner based 

colorimetric detection of bacterial pathogen. The rotational movement of the fidget spinner 

engenders centrifugal force that is utilized for sample enrichment via entrapment in a 

nitrocellulose membrane. The end point is detected by a color change of commercial detection 

kit from colorless to red.  

On the other hand, hand-powered pumping was demonstrated either by a deformable 

elastomeric chamber133,134 or solid piston actuation135. The former method i.e., use of 

deformable elastomeric chambers was widely explored for range of POC diagnostic 

applications133,136–140. Specifically, there is growing interest in applying this technology for 

colorimetric NAAT assay141, owing to the assay’s sequential nature. In a recent study Choi et 

al.142, proposed a microfluidic device with finger-actuation driven pumping for LAMP based 

colorimetric detection of E. coli in lysate samples. In brief, they reported cylindrical shaped 

PDMS based actuators for pumping the liquid across different chambers for nucleic acid 
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extraction, amplification, and detection. They also incorporate a unidirectional valve between 

chambers to avoid backflow, upon finger release. In a bid to further increase the functionality 

of this elastomeric chamber-based finger actuation, Deng et al.87 designed an integrated 

microfluidic device for LAMP based colorimetric detection od SARS-CoV-2. Their system 

consists of complex network of actuation chambers and valves, with the former actuated using 

a finger and the latter actuated by a screw (ultimately manipulated by external user). In these 

elastomeric chamber systems, the relationship between pressure applied and the deformation 

of the chambers is directly related to the volume of fluid pumped. Previous studies have 

established a theoretical relationship between deformation of the chamber and the pressure 

loading143. The volume of the chamber (spherical in most cases) is given by144 , 

 

                                                 V =  
஠୤

଺
(3rଶ + f ଶ)                                              (1) 

 

 

 

Fig. 1.1.  Suction cup parameters. (a) Image depicting the important parameters of the 

elastomeric chambers that define the flow characteristics. (b). Short graphical depiction of the 

fluid flow. The droplet (shown in red) moves bidirectionally in the microfluidic channels 

(shown in light blue) upon the actuation of the suction cup (shown in navy blue). 

 

a 

b 
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Here, V is the volume of the chamber (at a chamber radius r) at deflection, f. The deflection, f, 

is modeled theoretically via solid mechanics theory considering the system to be circular, 

reservoir bound elastic144. The deflection is therefore modelled as a function of loading 

pressure, chamber materials properties and the geometry, 

                               𝑓 = ቀ
ଷ௥ర

ଵ଺ா௛యቁ (1 − 𝜈ଶ)𝑝,                      𝑓𝑜𝑟 𝑓 ≤ ℎ                   (2) 

                              𝑓 = ቀ
ଷ௥ర(ଵିఔ)

଼ா௛ర ቁ
ଵ/ଷ

ℎ𝑝ଵ/ଷ,                      𝑓𝑜𝑟 𝑓 > ℎ                     (3) 

Here E is the elastic modulus of the chamber material, h is the chamber membrane thickness, 

ν is the Poisson’s ration and p is the loading pressure. The elastomer used to fabricate these 

actuation chambers is silicone based in most of the cases. Hence the Poisson’s ratio becomes 

0.5 for this case. These equations hold valid for chambers where size (r) is greater than the 

membrane thickness (h). As observed from equations (2) and (3), the deflection is linear in the 

regime where f ≤ h and non-linear in the regime f ≥ h.  

In the recent years, with the advent of additive manufacturing techniques, 3D printing is being 

explored for developing innovative microfluidic flow manipulation systems, ultimately making 

POC testing systems more affordable and user-friendly145,146. In one of the first demonstrations, 

Begolo et al.147 reported a 3D printed setup that pumps liquid in microchannels using a locking 

lid that helps compress or decompress air above the liquid. In a different iteration of similar 

concept, Chan et al.148 proposed a 3D printed microfluidic device for colorimetric detection of 

urinary protein. One of core ideas for the fluid manipulation involves a torque actuated pump 

that works on the principle of air compression and decompression using a piston like setup. 
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2.2.3. Signal transduction 

Colorimetric readout assisted detection assays carry with them several advantages like high 

sensitivity, ease of analysis and interpretation, minimal training requirements, and 

affordability149–152. However, they lack from inaccuracies in interpretation from user to user 

owing to influence of ambient light and variability of vision quality for each individual color 

interpreter149. Employing a standardized imaging setup to record the colorimetric signal will 

help address these inaccuracies. Another major advantage to using a computerized imaging 

setup is the ability to analyze the signal quantitively and temporally for multiple pathogens153. 

Employing a smart unionized imaging setup would also ease the process of data collection and 

subsequent analysis. Several setups were reported in the past aiming at optical imaging of 

microfluidic setups. Specifically, the work in this thesis necessitates an imaging setup for 

opaque substrate, in other words, it necessitates an epi-illumination imaging modality. There 

are three important components encompassing a setup targeted for imaging microfluidics setup, 

(i) Illumination system, (ii) Imaging optics, (ii) data acquisition and interpretation. 

Illumination is a crucial component that ultimately effects the optical characteristics of the 

image ultimately recorded. Hence it of utmost importance to identify the properties of incident 

light that are most crucial to imaging the target substrate. Hence, before discussing the different 

imaging modalities reported in the past, it is important to discuss the influence of incident light 

on the plasmonic nanostructures employed in this work.   

2.2.3.1.Influence of incident illumination on plasmonic nanostructures  

In the recent years, plasmonic nanostructures are being widely reported as color printing 

alternatives to dye-based colorants154. The underlying phenomena of color generation relies on 

the interactions of light with metallic surfaces micropatterned at sub-diffraction limit scales155. 

More specifically, the surface plasmon resonance (SPR) can be utilized to trap optical 
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excitation and eventually manipulate the optical properties of light154. These properties of SPR 

were employed to generate colors using plasmonic nanostructures156,157. The SPR and the 

subsequent optical response is strongly influenced by the size, arrangement, periodicity and the 

material utilized158. In addition to this, the optical response is also affected by the properties of 

the incident light. Previous studies reported the influence of angle, polarization and uniformity 

of incident light on the engendered optical response, more specifically the color156,159. This 

dependency on angle and uniformity was prominently shown in patterned surfaces 

incorporating gold160, silver and aluminum161 as plasmonic substrates. In a recent work by 

Wang et al.158, silver-insulator-aluminum oxide sandwiched nano disks were employed for 

color generation of entire gamut. The work reported the dependency of reflection and 

transmission spectra on the angle of incident light between the angles 150-850 with the normal. 

Moreover, a commercial brightfield microscope with halogen lamp was employed to image the 

platform. These properties point out to the inherent necessity to employ controlled illumination 

for optimally viewing/imaging of these plasmonic nanostructured platforms. 

2.2.3.2.Imaging setups for POC applications 

Accurate interpretation of colorimetric readout is crucial for prompt diagnosis of pathogens. 

This becomes more important in POC and low resource settings where there is dearth of 

specialized equipment and trained personnel. Moreover, an automated signal transduction and 

analysis system would be necessary for quantitative detection of the pathogen. In majority of 

the works in the past, colorimetric readout was packed in the form of an LFA153,162,163. Several 

imaging modalities were reported for capturing the color change in the detection window in 

microfluidic channels or the reaction bands on the lateral flow assay test strips164–166. 

Furthermore, with the ubiquity of smartphones and open-source hardware, portable and 

handheld imaging setups were proposed167. In a recent work Jung et al.168 reported a 

smartphone based imaging of a lateral flow strip for semi-quantitative detection of E.coli 
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O157:H7.  The compact imaging setup illuminated the LFA strip by a LED-diffuser system 

and is imaged using a plano-convex lens that projects the image on the camera lens of the 

smartphone. Similar technologies were applied for molecular testing of pathogens. Nguyen et 

al.162 recently reported a smartphone-based analyzer for LAMP based colorimetric detection of 

pathogen. The end point color change is captured by a smartphone fitted with a 3D printed 

attached with an on-chip illumination LED and a macro lens that projects the detection 

chamber’s image on the in-built lens of the smartphone. Furthermore, the inherent capability 

of smartphone was also leveraged to transmit and/or analyze the data recorded169,170.    

Table 1.1. Brief survey on integrated microfluidic approaches for NAAT based detection 

pathogens with a colorimetric readout.  

Pathogen Detection assay Sample 

processed 

On-chip 

Sample lysis 

On-chip 

reagent storage  

Flow control 

mechanism 

Time for 

detectio

n 

Reference 

Influenza A 

(H1N1) 

RT-LAMP 

assisted color 

change of pH 

sensitive 

hydroxynaphtho

l blue dye 

Diluted lab 

provided 

samples 

Chemical lysis Liquid 

reagents stored 

on- chip 

Passive 

capillary flow 

controlled by 

hydrophobic 

soft valves. 

40 min  

Ma 2019 72 

 

Zika Virus RT-LAMP 

assisted color 

change of 

phenol red 

Tap water, 

urine, plasma 

NA NA Capillary flow 

in porous paper 

substrate 

40 min  

Kaarj 2018 171 

 

SARS-CoV-2 Fluorescence 

analysis using 

EvaGreen 

intercalating dye 

Nasopharyngea

l swab 

Thermal lysis 

at 950C for 1 

min 

Liquid RT-

LAMP 

reagents stored 

in syringe 

Hand-powered 

active pumping 

30 min Ganguli 2020 

172 

 

E. coli O157:H7 LAMP assisted 

color change of 

phenol red 

E. coli lysate 

samples 

NA Dehydrated 

LAMP 

reagents  

Finger-actuated 

pumping 

mediated by 

PDMS valves 

80 min Choi 2021142 
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SARS-CoV-2 LAMP assisted 

color change of 

phenol red 

RNA spiked DI 

water 

Thermal lysis 

at 950C for 5 

min 

LAMP master 

mix stored as 

liquid 

Finger actuated 

pressure 

chambers for 

pumping and 

torque actuated 

valves 

35 min Deng 202187 

Methicillin-

resistant 

Staphylococcus 

aureus (MRSA) 

Gold 

nanoparticle 

mediated color 

detection 

Nasal swab Thermal lysis 

at 950C for 10 

min 

Lyophilized 

reagent storage 

 

Capillary flow 

in 2D paper 

network with 

flow controlled 

by valve pad 

30 min Lafluer 2016116 

C. difficile and 

Enterovirus  

Fluorogenic 

detection using 

PCR 

Fecal samples Chemical lysis Liquid 

reagents 

Active pumping 

using system of 

peristaltic 

pumps 

60min Kang 201777 

SARS-CoV-2 RT-LAMP 

detection 

mediated by 

florescence 

intensity change 

Swab samples 

spiked with 

viral particles 

Chemical lysis 

with reagent 

stored on-chip 

Liquid 

reagents  

Centrifugal 

microfluidics  

60min Tian 2020173 

Salmonella 

typhimurium 

Turbidity 

analysis of 

LAMP reaction. 

Spiked samples 

and meat 

samples 

Lysis buffer  Liquid 

reagents stored 

in a chamber 

Active pumping 

using syringe 

pumps 

90 min Wang 2020174 

Staphylococcus 

aureus, 

Salmonella, 

Shigella, 

enterotoxigenic 

Escherichia coli, 

and Pseudomonas 

aeruginosa 

Color change of 

LAMP mixture 

Spiked samples 

and 

contaminated 

water 

Mechanical 

lysis 

Liquid reagent 

stored 

Centrifugal 

system with 

flow controlled 

by rotation 

speed 

70 min Liu 2020175 

Salmonella spp., 

Staphylococcus 

aureus, and 

Escherichia coli 

O157:H7 

Color change of 

LAMP assay 

mediated by 

fuchsin  

Bacteria spiked 

milk and juice 

samples 

Chemical lysis Dried reagents 

on paper disc 

Capillaric flow 

between porous 

paper discs 

75 min Trinh 2019176 
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Escherichia coli 

O157:H7, 

Salmonella 

typhimurium and 

Vibrio 

parahaemolyticus 

LAMP assay 

with color 

change mediated 

by  

Eriochrome 

Black T (EBT). 

Extracted 

genomic DNA 

and cultured 

bacterial cells. 

NA Air dried 

reagents 

Centrifugal 

microfluidic 

system with 

flow controlled 

by capillary 

valves 

60 min Seo 2017177 

Iinfluenza A 

(InFA, H1N1) 

and MRSA 

LAMP assisted 

change of 

Hydroxynaphtho

l blue (HNB) 

Sample spiked 

with pathogen 

Chemical lysis Liquid 

reagents 

preloaded into 

the chamber 

Passive 

capillaric flow 

controlled by 

hydrophobic 

soft valves 

 

<40min Ma 201972 
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1 Department of Bioengineering, McGill University, Montréal, QC, H3A 0C3, Canada 

3.1. Abstract 

Colorimetric readout for detection of infectious diseases is gaining traction at the point of 

care/need owing to its ease of analysis and interpretation; minimal training requirements; and 

ease of integration with highly specific Loop mediated amplification (LAMP) assay. However, 

the colorimetric readout coupled LAMP assay is rife with challenges impeding its potential 

application at the point of care/need. Major challenges include, (i) the requirement of a 

brightfield microscope for recording colorimetric change, (iii). Lack of quantitative assessment 

of the colorimetric readout signal, and (ii) user involvement in sequential steps of the LAMP 

assay. To address these challenges, in this work we propose an automated setup that 

encompasses an imaging module for signal capture and analysis; and a microfluidic module to 

automate the sequential steps in the LAMP assay. First, for imaging, we proposed a portable 

reflected-light imaging setup with controlled epi-illumination (PRICE). This setup offered 

better illumination with the maximum relative intensity varying only 17% while achieving a 

resolution of 0.155µm/pixel. To automate different steps of the LAMP assay, a microfluidic 

cartridge that leverages technologies of suction cups and 3D printing was proposed to bring 

different steps of the LAMP assay onto a single platform. The mechanically actuated suction 

cups demonstrated pumping of fluid volumes down to 0.1 µl/per 30degrees rotation. The 

operation of the cartridge is automated/concerted by a control module concerted by Arduino 

UNO and Raspberry Pi microprocessors. The automated setup was able to demonstrate the 
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detection of viral nucleic acid in 15 minutes at a clinically relevant load of 8*10e5 RNA 

copies/µL. 

 

 

Fig.3.1. Experimental workflow of sample to answer microfluidic based system for pathogen 

detection  
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3.2. Introduction 

Colorimetric signal transduction technique has been extensively applied for the detection of 

biological analytes1,2. There has been increasing evidence on the suitability of colorimetric 

readout techniques for pathogen detection at the point of care3,4. This can majorly be attributed 

to key features of colorimetric readouts, like high sensitivity, ease of analysis and 

interpretation, minimal training requirements, and affordability5–9. However, one of the major 

drawbacks with colorimetric readout systems is the challenge with the interpretation of results, 

the major reason being variability of vision from user to user leading to misinterpretation and/or 

requiring sophisticated instrumentation like a brightfield microscope10. To offset these 

drawbacks, recently, there is an increasing work on portable imaging setups for interpreting 

the colorimetric readout with smartphones and open-source technologies at the core of 

automation and data transmission units8,11–18. Implementing smartphone and open-source 

technologies, allowed miniaturization and eased the process of data collection and analysis19,20 

.This is only complemented by an increasing trend in accessibility and affordability of open-

source technologies and smartphones21. Most of the previously reported imaging setups were 

designed for assays where the color change is driven by the assay and imaging setups acted as 

a proxy to the human eye to either reduce user-to-user variability, facilitate quantification 

and/or enable automation8,22–24. In the current work we employ, QolorEX, a platform that offers 

rapid sensing of colorimetric assay via plasmonic excitation25. This opaque metallic 

nanostructured plasmonic platform is sensitive to characteristics of incident light like intensity, 

spectral profile, uniformity, and the angle of incidence26,27. Hence the work necessitates an epi-

illumination imaging setup that offers better control over illumination and imaging modalities. 

A broad range of colorimetric readout techniques have been combined with nucleic acid 

amplification assay for pathogen detection28,29. While polymerase chain reaction (PCR) 



34 
 

technique remains the gold standard technique, isothermal nucleic acid amplification 

techniques (NAAT), especially Loop-mediated isothermal amplification (LAMP) has gained 

traction. Several advantages of LAMP include a requirement for constant temperature for 

amplification30, higher specificity and sensitivity compared to conventional methods31, and 

stability against some amplification inhibitors32. Among different colorimetric techniques, 

naked-eye/dye-based readouts are suitable for integration with LAMP33,34. This technique also 

allows for easy integration with Lab on chip (LOC) platforms for point of care/need 

applications, as they require simple imaging setups allowing easy interpretation33,35,36. 

A major feature of a point of care/need diagnostic system is the ability to integrate of all the 

discreet assay steps in a fashion more suitable for point of care/need settings37. In the case of 

nucleic acid amplification assays, these steps are sample collection, sample processing, reagent 

mixing, amplification reaction, and detection sub-steps38. In addition to this, the sequential 

nature of a typical RT-LAMP assay, i.e pathogen lysis, metering of sample and reagents 

followed by controlled heating for amplification39, necessitate not only precise but also a facile 

setup for the end user in a point of care/need setting. To address these broad needs, microfluidic 

setups could help implement techniques that allow metering and precise control of fluids and 

heat transfer, onto a single platform40–42. Microfluidic systems have been crucial in designing 

point of care/need pathogen detection platforms in the past43. Moreover, confined reaction 

volumes allow for fast and high throughput analysis, and enhanced heat transfer41,44,45. 

Although, previous research on colorimetric readout-based pathogen detection platforms 

utilized microfluidic setups to integrate major assay sub-steps i.e., sample collection, sample 

processing, reagent mixing, amplification reaction, and detection, they often involve user 

involvement in one of more of these sub-steps, especially in sample collection, sample 

preprocessing, and/or fluid manipulation steps.  
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Another significant feature of microfluidic setups is their conductivity to incorporate auxiliary 

components that could help reduce user involvement while achieving features suitable for point 

of care settings46,47. Specifically, there has been growing interest in leveraging additive 

manufacturing techniques to fabricate auxiliary components that could offset the need for 

expensive equipment and/or trained personnel48,49. Previous works used 3D printing (a type of 

additive manufacturing technique) and open-source hardware to bring multiple steps of 

colorimetric detection assay onto a single platform46,50–52. For colorimetric detection assays, in 

both 3D printing leveraged and conventional integrated microfluidic systems alike, most of 

them lack from requiring user involvement and/or off-chip processing in one or more of the 

sequential assay steps, especially in sample collection, sample preprocessing, and/or fluid 

manipulation steps53,54. For example, Tian et al.55 reported an integrated and automated 

centrifugal microfluidic device for fluorescence-based RT-LAMP assay for viral pathogens. 

The system integrates multiple assay steps including lysis, amplification, and fluorescence 

detection steps into an automated setup. However, there are some drawbacks with sample 

collection requiring a swab, employing relatively complex fabrication and automation 

procedures, and using a commercial computer. Consumer 3D printing techniques also bring 

with them advantages like rapid and repeated prototyping, and cost-effectiveness52,56. 

In this work, we implement a phenol red assisted colorimetric readout technique for the end-

point detection of a RT-LAMP assay for SARS-CoV-2. We employ QolorEX25, the pathogen 

detection platform we previously reported25. To automate the process the LAMP assay and 

colorimetric signal detection, an automated setup (Fig.3.2) was proposed with three modules, 

(i). Imaging module (Fig.3.2(d)), (ii). An additively manufactured microfluidic cartridge 

(Fig.3.2(c)), (iii). An automation control unit (Fig.3.2(b&e)). The imaging module is majorly 

comprised of a portable reflected-light imaging setup with controlled epi-illumination 

(PRICE), to image the assay liquid over the nanostructure assisted (QolorEX) detection 
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window. Assay droplet imaged on QolorEX enabled the detection of SARS-CoV-2 wild-type 

RNA at a concentration of 8*10e5 RNA copies/µL within 15 minutes. We validated the assay 

with a Nikon Ni-U upright brightfield microscope and observed the detection within 15 

minutes. With PRICE, we achieved a Field of view of 298 µm at a resolution of 0.155 µm/pixel. 

To achieve controlled illumination, we demonstrated a low-cost Koehler illumination modality. 

Furthermore, we demonstrated a 3D printing leveraged multiplexed microfluidic cartridge that 

in tandem with opensource electronics and software offers automation of sequential steps in a 

LAMP assay and subsequent data analysis with minimal user involvement.    
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Fig. 3.2. Schematic representation of major components in the automated setup for 

colorimetric point of care/need detection. The automated setup comprises of two modules, 

(i) microfluidic cartridge; and (ii) imaging module. (a) Schematic of uncovered unit with 

labeled main components. This portable setup houses the imaging module; the cartridge holder 

mounted on an x-y translation stage for scanning the detection chambers; components of 

automation (linear actuators and heaters); and a central control unit housing the 

microcontrollers. The imaging setup is an epi-illumination setup deigned on reflected light 

microscopy principles. (b) The schematic representation of the microfluidic cartridge designed 

to aid in the automation the process of sequential steps in a LAMP assay, with the main 

components highlighted. (c) Different parts imaging module, including CMOS sensor, 

illumination column, and an objective. The image module is named- portable reflected-light 

imaging setup with controlled epi-illumination (PRICE).  (d) Actuator system employed for 

the automation of the cartridge. Each actuator carries out a specific function, actuators 1 and 3 

hosts a sharp tip for rupturing the membranes; actuators 2 holds a solder tip for supplying heat 

for lysis; Actuators 4 and 5 are required for actuation of the suction cups. (e) Block diagram of 

overall steps of colorimetric imaging using the automated setup. After amplification, the first 

image will be captured by CMOS camera. Then by moving the customized x-y motorized stage, 

the detection platform is scanned, and images are captured.  Simultaneously, each captured 

image will be sent to the android app via Bluetooth module. The automated setup contains 

imaging system, actuators for cartridge operation for amplification assay, centrally controlled 

by a microcontroller setup, which allows cross-communication between linear actuator system, 

heaters, and imaging module. 
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3.3. Experimental 

3.3.1. Outline of operation 

The current pathogen detection system has three major steps (Fig.3.7), (i) sample collection 

from the user, (ii) amplification assay, and (iii) image capture and data analysis. In the first 

step, the user spits into the saliva collection funnel (Fig.3.2(b)) on the microfluidic cartridge 

until the saliva fills up to the specified level. The user then covers the saliva inlet by closing a 

sliding door above the inlet. Following this, the user opens the sliding door and places the 

microfluidic cartridge on a stage inside the imaging box (Fig.3.2(a)). The user then connects to 

the system via a mobile application and starts the system. A concerted effort between different 

components inside the box will facilitate all the key assay steps namely, (a) sample lysis, (b) 

mixing with amplification reagents, (c) heating for amplification reaction. Once the assay is 

completed, the colorimetric endpoint is imaged, and data is analyzed. The results are then 

transmitted to the user’s mobile application (Fig.3.2(e)).          

3.3.2. Optical train setup 

The portable reflected-light imaging setup with controlled epi-illumination (PRICE) has two 

main important modules, (i). illumination module and (ii). image capture module (Fig.3.2©. 

To implement the illumination module, we mimicked a Koehler illumination57 optical train 

with off-the-shelf optics. A 5000K 90CRI LUXEON LED (Lumileds Inc.) was used as the 

primary illumination source. To collimate the LED, a diffusive aspheric condenser lens (d= 

25.4mm, f= 20.1mm, Thorlabs) was used. A ring-actuated iris diaphragm (Thorlabs) was used 

a field diaphragm with aperture diameters ranging from 8mm (minimum aperture opening) to 

12mm (maximum aperture opening). The collimated light is then illuminated on the back of an 

achromatic doublet lens (d= 25.4mm, f= 30mm, Thorlabs), creating an imaging at the focal 

length of the lens. A ring-actuated iris diaphragm (Thorlabs) was used as an aperture diaphragm 
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with aperture diameters ranging from 8mm (minimum aperture opening) to 12mm (maximum 

aperture opening). Finally, the image of the light at the aperture diaphragm is collimated by an 

achromatic doublet lens (d= 25.4mm, f= 30mm, Thorlabs). The collimated light is then 

projected onto the back aperture of the objective (TU Plan Fluor EPI 20x, N.A. 0.45, W.D. 

4.5mm, Nikon Inc.) via a beamsplitter (Reflectance: Transmittance- 30:70, d= 25.4mm, 

Thorlabs) placed at an angle of 45degrees with the vertical. The reflected light from the sample 

placed the working distance is collected by the objective. Since the objective is infinity focused, 

a condenser lens (tube lens, f=200mm) was used to project the image onto the CMOS sensor 

(Sony IMX477R, 12.3MP, Raspberry Pi Inc.). 

3.3.3. Fabrication of the microfluidic cartridge 

The microfluidic cartridge presented here has two major modules, (i). Cleanroom fabricated 

microfluidic chip and (ii). 3D printed fluid handling attachment (Fig. 3.3). Together there two 

modules enable the integration of sample collection, sample lysis, reagent mixing and 

amplification steps as a single platform. All the microfluidic chip and the cartridge components 

were designed using AutoCAD™ and SolidWorks software. The first step of the fabrication 

process is the patterning of the fluidic channels (400µm width and 50µm thick) using UV 

photolithography process. A lithography mask was designed to pattern a 50µm thick SU-8 

layer (SU-8 2050, MicroChem Corp., MA, USA) (Fig.3.3a (2)) on a silicon substrate (Fig.3.3a 

(1)) via a straightforward lithography process. In the second step (Fig.3.3b), the color sensitive 

platform (Fig.3.3b (3)) was fabricated using a fabless nano-patterning technique. Briefly, a 

generic approach is used to develop a colloidal self-assembly monolayer (SAM) of 

nanoparticles at a water/air interface. Next, the resulting hone-comb structures are transferred 

to the Si Substrate. Subsequently, a ZnO thin film (120nm) was deposited as a low dielectric 

constant back reflector. Last, a thin aluminum layer (10nm) was deposited to provide a tunable 

localized surface plasmon resonance with a white background. Fig.3.3(b) (Inset) shows the 
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various materials involved in the fabrication of the color sensitive platform (Fig.3.3(b) (3)). In 

the next step, a thin polydimethylsiloxane-PDMS layer (10:1, PDMS SYLGARD 184 silicone 

elastomer, Dow Consumer Solutions, QC, Canada) was punched with holes at channel inlets. 

The punched PDMS layer was plasma treated for 40sec at maximum power (Harrick Plasma 

cleaner, PDC-32G (115V), 18W). This surface activated PDMS layer was bonded to the SU-8 

fluidic layer to create closed microfluidic channels (Fig.3.3(c) (4)). Next, PDMS based suction 

cups layer was fabricated using SLA printed molds (Fig.S2). This suction cup layer was bonded 

to the fluidic-PDMS layer by plasma treatment for 40sec at maximum power (Fig.3.3(d) (5)). 

Finally, the Stereolithography (SLA) 3D printed cartridge (printed at 50µm resolution with the 

Form 3, Formlabs, USA) is bonded to the PDMS covered microfluidic chip using a double-

sided tape conducive to plasma activated bonding58 (treated at maximum power for 40sec and 

placed in 950C for 90min) (Fig.3.3(e) (6&7) & Fig.3.3(f)). The figure (Fig.3.3(f)) shows the 

exploded view of the cartridge showing multiple components. The saliva slider (Fig.3.3(f) (8)) 

is used to seal off the inlet once the saliva is collected. The brass metal inserts (Fig.3.3(f) 

(9&10)) are employed for lysis of the sample. Small screws (Fig.3.3(f) (13)) are used to seal-

off the inlets (in the printed cartridge) used for reagent loading. The components (Fig.3.3(f) 

(11&12)) are 3D printed screws to actuating the suction cups by applying a small lateral force 

during automation, resulting in negative pressure gradient and subsequent flow of liquid from 

the inlets. 
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Fig 3.3. Stepwise fabrication process of the fluid handling module (a-b) The silicon based 

microfluidic chip was fabricated in a specialized cleanroom facility to pattern the SU-8 fluidic 

layer. (c-d) The fluidic channels are closed off with a 10:1 PDMS layer with holes punched at 

the inlets. This is followed by plasma activated bonding of PDMS-based suction cups layer to 

the fluidic-PDMS layer. In the final step, the SLA 3D printed cartridge is bonded via plasma 



43 
 

activated double sided tape.  (f) 3D exploded view of the multiple layers involved in fabrication 

of the fluid handling module. (g) Front view of the fluid handling module with dimensions 

shown.     

3.3.4. Fabrication protocol for suction cups 

In this work we employed 3D printed molds for the fabrication of suction cups with PDMS. 

SolidWorks software was used to design the master mold. We employed high resolution SLA 

3D printing (Form 3, Formlabs, USA) at a layer thickness of 25µm in the z-axis as per the 

company’s specifications. The post-printing treatment included a wash in isopropyl alcohol 

(IPA) for 20min followed by drying and UV curing at 600C for 20min. Once the curing is done, 

the supports are removed. The master mold had two components, male and female molds 

(Fig.S3). Before proceeding to pour PDMS for molding, the 3D printed parts were surface 

treated by established protocol59 to avoid curing inhibition at the PDMS-mold interface60,61. In 

brief, the 3D printed master mold post curing is first heated at 1300C in oven for 4h, following 

by an air plasma treatment (Harrick Plasma cleaner, PDC-32G (115V), 18W) for 3 min. The 

molds are then treated with 10µl trichlorosilane (Sigma Aldrich) in a vacuum desiccator 

overnight. Finally, the PDMS-curing agent mixture in the ratio of 10:1 (PDMS to curing agent 

ratio), is poured into the female mold. The male mold fits tightly onto the female mold via the 

guides at the corners. The male mold has vertical openings to accommodate the overflow of 

excess PDMS upon insertion into the female mold (Fig.S3). The mold combination is then 

placed in the oven at 650C overnight for curing. 

3.3.5. Fabrication of 3D printed components 

All the 3D printed components are designed with SolidWorks software and fabricated using an 

SLA 3D printer (Form 3, Formlabs, USA) at a layer thickness of 50µm in the z-axis as per the 

company’s specifications. The post-printing treatment included a wash in isopropyl alcohol 
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(IPA) for 20min followed by drying and UV curing at 600C for 20min. Once the curing is done, 

the supports are removed. Following this, the collection funnel, lysis funnel, and reagent 

storage chambers housed in the 3D printed fluid handling attachment, are coated with Epoxy 

resin (Artresin, Canada) to make the surface biocompatible62. Finally, a hollow biocompatible 

aluminum insert (McMaster-Carr Inc, Canada) is incorporated into the 3D printed fluid 

handling attachment as the lysis chamber.     

3.3.6. Electronic components of automation 

The automation module had three main components, (i) Linear actuator system, (ii) Heating 

module, (iii) x-y translation stage and (iv) Imaging and data processing module (Fig.3.2). Two 

main microcontrollers were used here, Arduino UNO (Arduino Inc.) and Raspberry Pi 4 

(Raspberry Inc.). The Arduino was employed to control components (i), (ii), (iii), (iv) and the 

Raspberry Pi controlled the imaging and data processing module. Five linear actuators 

(Actuonix Inc.) were employed to facilitate sequential fluid handling steps (Fig.3.2(d)). This 

detection platform requires heating for the lysis and amplification steps of the assay, to 

facilitate this employed two heating components, a portable solder iron (TS-100) for saliva 

lysis and ceramic thermal heater (Bolsen Tech Inc.) for LAMP reaction at 650C. The two 

heating elements are controlled with a two-channel relay module (Yizhet Inc.). As previously 

mentioned, here a multiplexed approach with three detection chambers was used. Hence it is 

essential to have a x-y translation stage to scan and image across multiple intra-chambers as 

well as inter-chamber regions. To realize this a linearly guided CNC stage that is driven by a 

stepper motor (FUYU Inc.) was employed for stage movement in x-direction, with a guide 

length of 50mm and a resolution of 0.25mm. To move the chip in y-direction we used a single 

axis manual translation stage (Edmund Optics Inc.) attached to a 3D printed holder that firms 

the microfluidic cartridge in place. The screw head of this y-axis translation component is 

controlled by a knob attached to a continuous servo (SPT digital, SPT5325LV). The image 
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once captured by the CMOS sensor is captured and analyzed on-board the Raspberry Pi 4. 

Finally, the results are transmitted and communicated via a mobile application created with 

MIT App inventor. 

3.3.7. RT-LAMP assay  

The RT-LAMP assay employed in this work uses the primer set against the ORF1ab gene 

obtained from Sigma-Aldrich, USA. The individual oligonucleotide concentrations of the 10x 

primer mix were, 0.2 µmol/L of forward outer primer, 1.6 µmol/L of Forward inner primer and 

backward inner primer, 0.4 µmol/L of forward loop primer and backward loop primer. The 

primer mix was mixed with WarmStart® Colorimetric LAMP 2X Master Mix (NewEngland 

Biolabs, MA, USA), and RNase free water (Thermo Fischer Scientific, MA, USA). The 

standard reaction volume is 20 µl that consisted of 2 µl 10X primer mix, 10 µl 2X master mix, 

7 µl RNase free water, and 1 µl synthetic SARS-CoV2 RNA (VR-3276SD ATCC, VA, USA) 

sample. The samples were incubated at 65°C for different periods to visualize color change 

versus time for different samples.   

 

3.4. Results and discussion 

3.4.1. Optical setup development and characterization 

A portable reflected-light imaging setup with controlled epi-illumination (PRICE) was 

designed to capture the colorimetric change of the assay solution (Fig.3.4a). In the current 

scheme of SARS-CoV-2 detection, we employed QolorEX platform that enhanced the 

colorimetric change via plasmonic excitation. QolorEX is a nanostructured platform fabricated 

in cleanroom with deposition of multiple layers of metals25. This novel platform elicits 

structure and material dependent-color upon irradiance of white light, extensively studied in 
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the past and termed as plasmonic based coloring26,63. The mechanism of interference of these 

surfaces with the colorimetric assay is described in our previous25. These metallic surfaces are 

sensitive to illumination properties which could ultimately affect the colorimetric readout. 

Hence it was important to ensure to have a uniform, consistent, and controlled illumination and 

subsequently use PRICE as a replacement to a commercial brightfield microscope. The PRICE 

has two main modules (i). illumination module and (ii). imaging module. 

3.4.1.1.Field of view and resolution characterization 

The optical train of the system as shown in Fig.3.4(a)(ii) is a combination of many different 

off-the-shelf optical components. The imaging module uses a 20x objective as the condensing 

lens with the detection platform placed at the focal plane of the objective Fig.3.4(a). The image 

of the detection platform is then focused onto the CMOS sensor using a tube lens of 200mm 

focal length. Since we intended to capture the color change on the detection platform, it is 

desirable to have a large field of view (FoV) while maintaining a high numerical aperture 

(determined by the objective). Using a tube lens of standard focal length (200mm) eliminated 

spherical and chromatic aberration while providing high FoV. A CMOS sensor with a diagonal 

length of 7.9mm was selected to maximize the FoV. Moreover, this combination of tube lens 

with the CMOS camera provided a digital magnification of 275x (calculated at a Field number 

(FN) of 22mm) since the CMOS only captures a part of the image created by the tube lens. The 

FoV and the resolution of the imaging module was characterized using a 1951 US Air Force 

(USAF) resolution target (Fig.3.4(b)). The system could resolve the lateral lines in Group 7 

Element 6, which yields a resolution of 228lp/mm or 4.4µm. Subsequently the field of view is 

also determined across the entire area of CMOS as 298 µm. The detection chamber size 

employed here approximately is, 1500 µm in the lateral direction, hence this FoV 298 µm 

would allow the complete imaging of the detection chamber in 3 scans of different inter-

chamber regions while not losing crucial information.   



47 
 

3.4.1.2.Light source selection 

Source of illumination is an important property that can have predominant effect on the final 

color captured and observed63. The platform we employ in this work, QolorEX, was 

characterized using UV-Vis spectroscopy to obtain the resonance wavelength (Fig.S1). The 

5000K LED employed for illumination has the spectral profile shown in Fig.S1 The two 

intensity peaks in the wavelength interval of ~430nm-500nm (narrower peak) and in the 

interval ~550nm-660nm (broader peak). Majority of the intensity falls in the ~430nm-500nm, 

which matched with the resonance wavelength of the platform. Color rendering index (CRI) is 

another important parameter and signifies the extent of closeness of colors revealed by the light 

source when compared with ideal lighting conditions64. The LED has a specified CRI of 90, 

making it an ideal candidate for illumination.  

3.4.1.3.Illumination characterization 

Ensuring uniform illumination is crucial for capturing accurate colorimetric reading. Having a 

controlled illumination column would also facilitate more control over the illumination 

parameters, specifically area of illumination and the intensity of illumination. One key issue 

with achieving uniform illumination is the diverging angle of irradiance of an LED. The 5000K 

LED employed in this work has a total viewing angle (defined as the angle from the LED 

centerline after which the luminous intensity drops to half of the maximum) of 600. Among 

different illumination methods employed in standard microscopes, Koehler illumination is 

widely adopted owing to its illumination uniformity65. Moreover, Koehler illumination setup 

is more resilient to external disturbances like dust and optical imperfections, making them 

suitable for imaging outside of controlled environments66. These features also facilitate 

minimal variations in the images obtained by the camera over long and repeated cycles66. 

Hence, a portable illumination column mimicking the Koehler setup would address the 
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challenges with controlled illumination. Although previous work reported a 4f setup for 

achieving Koehler illumination setup66, it was designed for benchtop educational purpose and 

lacked portability. Moreover, it was designed a setup aimed at trans-illumination that works 

only for imaging translucent samples. In the current work however, we require an epi-

illumination since the detection chamber is opaque in nature (Fig 4c(i)). In brief we employ a 

5000K 90CRI LED placed at the focal plane of an aspheric condenser with a diffuser. A 

diaphragm is placed after the aspheric lens that allows the control over the ‘area of illumination’ 

by controlling the radius of diaphragm aperture opening. The collimated light is then focused 

an achromatic lens that forms real image of the light source of a diaphragm placed at the focal 

length of the lens. The aperture opening of this diaphragm allows control over the ‘intensity of 

illumination’. In the final step, the real image comes out as a collimated beam of light after 

passing through another achromatic lens placed at the focal length. Different LED and optics 

setup for illumination were first compared visually (Fig. S1). It is evident from Fig. S1, 

visually, illumination column employed in PRICE (Fig.S1(b)(iv)) offers a more uniform 

spectral profile. This is further validated by examining the uniformity of illumination by 

placing an aluminum sample at the focal plane of the objective and analyzing the intensity 

values of the image (Fig.3c). The differences in intensity for the PRICE setup varied only 17% 

whereas the regular LED-diffuser lens setup with an aspheric diffuser varied 65% (Fig.3.4c(ii)).  
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Fig. 3.4. Characterization of the PRICE setup, (a) Shows the exploded view of all the off-

the-shelf optics involved in the setup. The components are number coded as follows, (1) 20x 

objective, (2) illumination column, (3) beam splitter, (4) Fully reflecting mirror, (5) Tube lens, 
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(6) (6) CMOS sensor. (b) The image shows the characterization of the imaging setup for 

obtaining the Field of View (FoV) using a UASF 1951 target. The bars horizontal bars in Group 

6 Element 3 are clearly depicted in the intensity plot. Based the standardized calculation, we 

obtained the resolution for the system as 4.4µm and a FoV of 298µm in horizontal direction 

(c). The illumination column is characterized for uniformity of irradiation. (i) depicts various 

lenses and optics incorporated in the illumination column labelled. (ii). The relative intensity 

distribution is depicted for both the illumination setups, illumination column designed in this 

setup and for LED with no illumination modification. (d) The CAD depiction of imaging the 

detection platform placed at the focal plane of the objective and illuminated with the proposed 

illumination column. 

3.4.2. Characterization of the microfluidic cartridge 

In this work we employ pressure driven flow induced by suction cups as the core technology 

to enable fluid flow with minimal user involvement. The key features of an amplification assay 

are, (a). discrete sequential steps involved in the assay, (b). Metering of fluids involved (sample 

and reagents). To expand, the sequential steps in a typical amplification assay are, (i) sample 

collection, (ii) sample lysis, (iii) mixing with amplification reagents (in a fixed volumetric 

ratio), (iv) amplification reaction, and (v) end point detection. In this work we leverage three 

key technologies to enable integration of all these sequential steps (Fig.3.5(a)) on to a single 

microfluidic cartridge, they are, (1) mechanically actuated suction cups, (2). microfabrication, 

(3). additive manufacturing. The suction cups facilitate power free, user less fluid flow 

manipulation via mechanically actuating with a 3D printed screw-nut like setup. 

Microfabricated silicon-based chip housed the channels and chambers required for mixing, 

amplification, and detection steps. Additive manufacturing (3D printing in our work) enabled 

fabrication of a 3D printed fluid handling module that is coupled with the silicon microchip. 

This fluid handling module houses sample collection, sample lysis, reagent storage and suction 
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cup actuation components. The components driven by these three technologies at the core are 

characterized in this section. 

3.4.2.1.COMSOL simulation and discussion 

One of key technologies in the integration of all the assay steps onto a microfluidic cartridge 

is microfabrication. We employed SU-8 microchannels for enabling fluid handling. COMSOL 

simulation methods were employed for designing the microfluidic chip.  One key requirement 

is the mixing of lysed saliva sample with the reagents in the volumetric ratio of 1:10. To execute 

this, a Y-junction mixing followed by a serpentine channel was used to ensure complete 

mixing. Sin area of cross section of all the channels is the same, the channel widths were 

manipulated to ensure a flow rate ratio of 1:10 Fig. (3.5a(iv)). The right combination of channel 

widths was arrived at by using 2D COMOL simulation, modeled at creeping flow conditions. 

The central idea is that the area of cross section of the channels is the same and the widths can 

be manipulated to change the overall volumetric flow rate (Fig.3.5(c)). The change of widths 

ultimately effects the distribution of the negative pressure produced by the suction release. 

Given the multiplexed nature of the proposed system the lysed sample should be distributed 

into the channels leading up to mixing module. Considering the design requirements for the 

automation, a pressure distribution simulation was performed to ensure uniform pressure 

distribution (Fig.S2(a)). In addition to this, the mixing module was simulated to ensure perfect 

mixing over the length of the serpentine (Fig.S2(b)). The microfluidic design showed rapid 

mixing when analysed for the lysed sample diffusion into the reagent inlet stream along the 

channel centerline shown in grey (Fig.S2(d)). This analysis resulted in a mixing length of at 

least 20mm to ensure full mixing (Fig.S2(c)). This short mixing length can be attributed to the 

mixing promoted by the serpentine channel with groovy walls (Fig.S2(d)).   
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Fig. 3.5. Overview of microfluidic cartridge operation. (a). The overview of the steps 

involved in the operation of the cartridge are depicted a top view schematic (left hand side), 

top view real images (middle panel) and cross sectional view(on the right most side). (i) In the 

first step, the amplification reagents were loaded into the reagent storage chambers with the 

suction cups in pressed state and the saliva is collected in the funnel for lysis and the saliva 

inlet is sealed off with a tightly sealed lid, (ii) Once the lysis step is completed, the saliva 

channel is vented by breaking the membrane and the first suction cup is released from the 

compressed state, (iii) Once the saliva reaches the Y-junction of the mixing channel, second 

membrane is broken, exposing the reagent inlets to the atmosphere. The second suction cup is 

now released causing the lysed saliva and reagents to enter the mixing channel. (b) A schematic 

showing the various important parameters of the fabricated suction cup. (c). COMSOL study 

showing the surface velocity distribution at the reagent channel inlet cross section (shown in 

blue) and the lysed sample channel cross section (shown in green). 

 

3.4.2.2.Suction cups characterization 

In this work, PDMS based suction cups were employed to drive the fluid flow with no user 

involvement or expensive external equipment (like syringe pump, peristaltic pump). The 

suction cups work on the principle of air displacement giving rise to a negative pressure in the 

microfluidic channels thereby inducing fluid flow along the pressure gradient67,68.  

3.4.2.3.Characterization of volume suctioned 

The volume of liquid that can be moved/pumped by the suction cup is dependent on the volume 

of air displaced upon compression of the cup. Previous works that reported power-free 

micropumps, used finger for actuation of the pumps69–71. In this work we employed a 

mechanical actuation system with a nut and screw mechanism. In the context of fluid flow in 
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microchannels, it is important to employ suction cups that can precisely pump desired volumes. 

However, the mechanical actuation system is prone to having residual volume when the cup is 

pressed down72. Hence, correlating the experimental suction cup volume to the theoretical 

volume is important to account for the residual volume. Specifically, the affect of mechanical 

actuation in current system on the residual volume. Initially the cup is assumed to be a 

hemisphere, hence the initial volume (Vin) is given by84, 

                                                              Vin= 
஠

଺
∗ dଶ ∗ 𝑓௠௔௫                                                                     (1) 

Here, d is the diameter of the suction cup and h is the central height of the hemisphere 

(Fig.3.5(b)). The suction cups were fabricated using SLA printed mold (Fig S3). In this work, 

the lysed saliva sample is suctioned to the mixing junction. A key design criterion is that the 

suction cup volume correlates to the volume of the fluid suctioned.  The volume of 

microchannels up to this point was calculated to be 3.4 µl. Following this, the lysed sample 

with amplification reagents at a ratio of 1:10. The volume of serpentine mixing channel and 

detection chambers cumulatively resulted in a volume of 8.3µl. Hence correlating the 

theoretical volume (actual volume) of the suction cup given by equation 1 should be correlated 

to volume of fluid suctioned with the mechanical actuation setup.  The mechanical actuation 

of the suction cups is carried out using a 3D printed screw-nut system, which exerts a normal 

force of around 11N (Fig. S4(c)). Fig.3.6a(v) shows the correlation between the theoretical 

volume of the suction cup to the volume of the fluid suctioned when actuated with the 3D 

printed screw-nut system employed (Fig. S4(a&b)). It can be interpreted that the mechanical 

actuation effects the residual volume which in turn effects the empirical volume of fluid 

pumped. From (Fig.3.6a(v)) it is evident that the volume of fluid suctioned deviates from the 

theoretical volume, this can be attributed to the fact that there is residual volume when a 

mechanical actuation system with screw-nut type setup is used.  It is also interesting to note 
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that the volume of the fluid suctioned follows a linear trend (Fig.3.6a(v)). The linear trend 

profile equation was used to accurately design the suction cups for the desired volumes.   

3.4.2.4.Fluid flow control 

We further built upon the effect of mechanical actuation on the volume of fluid suctioned. We 

hypothesized that the volume of fluid suctioned/pumped (Vp) can be varied by manipulating 

the deflection of the PDMS membrane (f) (Fig.3.5(b)). This volume, Vp, is controlled by the 

mechanical actuation of a screw and nut system (Fig. S4(c&d)). The central idea revolves 

around the concept that the volume, Vp, can be controlled via fine threaded screws 

mechanically pressing on the buttons. For each rotation, the screw moves a distance equivalent 

to the pitch which in turn manipulates the deflection of the suction membrane (f). This is 

demonstrated in Fig.3.6(a)(i), where the screw head is rotated clockwise (CW) and 

counterclockwise (CCW) to pump fluid in and out of the channels in multiple cycles. The 

volume of the spherical suction cup is given by the equation73, 

                                                     V =  
஠୤

଺
(3rଶ + f ଶ)                                                 (2) 

Where V is the volume stored by the suction cup, f is the deflection, r is the radius of the suction 

cup. The deflection f is in turn a function of applied pressure and for silicone polymer 

(Poisson’s ratio of 0.5) is given by, 

                                        𝑓 = ቀ
ଽ௥ర

଺ସா௛యቁ 𝑝,                      𝑓𝑜𝑟 𝑓 ≤ ℎ                        (3) 

                                   𝑓 = ቀ
ଷ௥ర

ଵ଺ா௛రቁ
ଵ/ଷ

ℎ𝑝ଵ/ଷ,                 𝑓𝑜𝑟 𝑓 > ℎ                        (4) 

Here E is the elastic modulus of the chamber material, h is the chamber PDMS membrane 

thickness, and p is the loading pressure. These equations hold true only when 2r>h, which is 
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the case in our current work. From equations, (2), (3) and (4), it can be inferred that volume of 

the suction cup (v) varies cubically with loading pressure (p) in the f ≤ h and varies non-linearly 

in the regime f > h. The experimental results stand correlate with the theoretical profile as in 

Fig.3.6(a)(ii). Specifically, we demonstrated the control of fluid flow with actuation varying in 

steps of 300 angle either CW or CCW. Different sizes of suction cups (Diameters (d)- 2mm, 

7mm, 8mm and height(h)- 1mm) were employed to demonstrate this controlled flow actuation, 

Fig.3.6(a)(ii). Given the pitch of the screw used is 1.4mm (distance moved by the screw in 1 

full rotation), the volume suctioned plateaus after 3000 of rotation. 

The delta volume suctioned is given by first order differential of the equation (4), given by, 

                                                           
ௗ௏

ௗ௙
=  

గ

ଶ
(𝑟ଶ + 𝑓ଶ)                                          (5) 

This equation shows that change in suction cup volume (i.e volume of fluid suctioned), is in 

quadratic relationship with the deflection. The experimental results are in correlation with this 

as demonstrated in Fig.3.6(a)(iii), showing a parabolic profile. In other words, the angular 

control allows for precise manipulation of the fluid volume in the channel. By incorporating 

this screw-nut actuation system with a screw of pitch 1.4mm, we demonstrated pump of fluid 

volumes as low as 0.1 µl (Fig.3.6(a)(iii)). This process of fluid pumping into the channel is 

found out to be in correlation with the fluid pumping out of the channel in one full cycle 

(Fig.3.6(a)(iv)). This precise and reliable manipulation of fluid could have potential 

implications for facile metering of fluid at very low volumes with minimal user training.  

3.4.2.5.3D fluid handling attachment characterization 

The silicon based microfluidic chip is bonded to the 3D printed attachment (Fig.3.2) to 

facilitates automation of all the assay steps. More specifically, the 3D printed attachment 

houses sample collection, sample lysis, reagent storage and suction cup actuation components 
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(Fig.3.2). The sequential steps involved in the operation of the cartridge to carryout lysis and 

metered reagent mixing are described in Fig.3.5(a). One key technology driving this process is 

3D printing, more specifically, high resolution, micron thick 3D printed membrane. 

3.4.2.5.1. 3D printed membrane characterization 

The sequential nature of the amplification assays requires the amplification reagents mixing 

with the sample only after the lysis. To facilitate this, the amplification reagents are stored on 

the cartridge in the storage chambers (Fig.3.5a(i)). The chambers are sealed off from 

atmospheric pressure, to impede the amplification reagents from entering the serpentine mixing 

channel before the flow of the lysed saliva to the y-shaped mixing junction. To realize this, we 

leveraged high resolution of SLA 3D printer to print membrane in the order of microns in 

thickness. This membrane upon breakage, causes the atmospheric venting leading to the flow 

of the reagents to the Y-junction and subsequent mixing with lysed sample (Fig.3.5). As we 

will discuss, in the final step of automation, this membrane breakage step is executed with a 

linear actuator with sharp tip. Hence the thickness of the membrane plays an important role, as 

the force required for breaking the membrane should be a value that can be executed by the tip 

of the linear actuator. Membranes were fabricated at different thicknesses starting from 100 

µm up to 600 µm (Fig.S5). The membranes were then manually broken to evaluate the required 

force to inflict damage. We obtained that an average force of 6.26N (Fig.S5(b)) was required 

to break a 100 µm thick membrane, which within the limit range of force inflicted by an average 

human’s finger. Hence, we hypothesized that this thickness would be ideal for application in 

an automated setup, owing to the requirement of minimal force. 

3.4.2.6.Extent of mixing 

The extent of mixing module is evaluated by employing image analysis of images captured by 

a microscope (Fig.3.6(b)). The whole cartridge operation as shown in Fig.3.5(a), but with green 
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dyed water was used to simulate lysed saliva and non-dyed clear water was loaded into the 

reagent storage chambers as simulation fluid. Ultimately, it desired to have the lysed saliva and 

reagent mix the ratio of 1:10. In addition to this, mixing should be ensured to be perfect in the 

detection chamber, where the amplification is carried out and the colorimetric change is 

recorded. To ensure that the mixing occurs in the desired ratio, a PDMS replicate of the current 

microfluidic chip was used to capture the color of the final mixed liquid. Images of the 

detection chamber with the mixed liquid were captured. These images were then compared 

with images of the detection chamber taken when loaded with pre-mixed liquid (green dye to 

water in the ratio of 1:10) (Fig.3.6(b)). The green value of the RGB is same for mixed liquid in 

the detection chamber (G= 248) and the premixed liquid (G= 243). Whereas, the water filled 

channel have a green value of 183.  
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Fig. 3.6. Characterization of components involved in fluidic module. (a) Demonstration of 

various of aspects of fluid flow manipulation. (i) The fluid pumping is depicted by the 
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controlled mechanical actuation of the PDMS suction cup. The tip of the screw exerts a 

perpendicular force on the suction cup displacing/releasing the air underneath causing a 

pressure gradient conducive to fluid flow. The demonstration shows volumetric fluid metering 

based on the angle of the screw rotated in either CW or CCW directions. (ii) Graph 

characterizing the volume of fluid pumped in relation with the angle of the screw turned, for 

different sizes of suction cups. (iii) Characterization of minimum volume of fluid that can be 

manipulated for a set degree of screw rotation (here, 300). (iv) The precision of fluid volume 

pumped in one full cycle of pumping is demonstrated to be correlated. (v) The theoretical 

volume of suction cup is correlated to the empirically observed volume pumped with the 3D 

printed screw-nut system. (b) The channels were imaged to evaluate the extent of mixing with 

the microfluidic cartridge setup. The channel is imaged when there is no fluid (blank), filled 

with complete green dye. Then the detection chamber is imaged when cartridge is operated 

with saliva simulated with green dye and LAMP reagents simulated with water mixed in the 

ratio of 1:10. Finally images are captured with chamber filled with calibration liquid mixed in 

1:10 ratio. 

3.5. Design of automated setup 

For the successful application of the current setup at the point of need, it is necessary to 

integrate PRICE (imaging setup) and operation of the cartridge in an automated fashion. In 

first, as depicted in Fig.3.5(a), the operation of cartridge has sequential steps, with key steps 

that could require user involvement in absence of an automated setup. These key steps, include 

(i) breakage of the membrane, (ii) release of the suction cups (by twisting the screws holding 

them in place), (iii) heating for saliva and amplification steps. To automate these steps, a system 

of five linear actuators was employed (coded- A1, A2, A3, A4, A5) (Fig.3.2) controlled by an 

Arduino UNO microcontroller (Fig.S6). The actuators, A1 and A3 were attached with sharp 
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ended tips that assists with breakage of the membrane with a force of 6.2N. Actuators, A4 and 

A5 were fitted with cylindrical shaped tips to push the extension of the screw and actuate the 

suction cups (Fig.3.7(steps 4&6)). The linear actuator A2 was fitted with a portable pocket 

solder to carry out the sample lysis step (Fig.3.7(step 2)). It is desired to reach 950C for 3min 

to complete the lysis process. The temperature is controlled from overshooting by employing 

cycles of linear movement of the actuators. The desired temperature was reached in under 1min 

as represented by infrared images in Fig.S7(a). For the carrying out the amplification reaction, 

it is desired to reach a temperature of 650C for 15min, to execute this, a ceramic heater directly 

in contact with cartridge was employed. The temperature profile is achieved by employing a 

proportional–integral–derivative (PID) controller in conjunction with the ceramic heater 

(Fig.S7(b)). Additionally, to ensure loss of liquid due to evaporation engendered by the 

breaking of the membranes, the tips of actuators A1 and A3 were fitted with silicone O-rings 

to tightly seal the broken membrane area (Fig.3.7 (step 7)).  

Once the amplification reaction was carried out for 15min, the colorimetric was desired to be 

captured by PRICE. The imaging setup is completely controlled by Raspberry Pi 4 

microcontroller. The PRICE works in tandem with Arduino microcontroller to scan different 

chambers and different regions in the chambers. This movement is enabled by an X-Y 

translation stage directly controlled by the Arduino. For the X-translation, a CNC linear stage 

was employed. For the Y-translation a unique contraption involving a linear manual actuation 

stage and continuous servo motor. The linear stage moves in a single direction with rotation of 

a screwhead. This screwhead is attached to the rotating shaft of the servo motor via a 3D printed 

knob. The cartridge holder is firmly fitted to this linear translation stage (Fig.3.2). The duration 

of rotation and the direction of rotation of the servo motor shaft therefore determines the 

movement of the cartridge. The entire setup is covered with a 3D printed enclosure (Fig.3.8) 

with a sliding door for insertion of the cartridge.      
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This concerted interplay between (i) imaging (executed by Raspberry Pi 4), (ii) execution of 

fluidic steps (operation of cartridge) and movement of X-Y translation stage (executed by 

Arduino UNO) is centrally controlled by a mobile application. Both the Raspberry Pi and 

Arduino execute commands via Bluetooth commands (Fig.S8).  
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Fig. 3.7. Sample collection to analysis protocol. (a) In step (1), the user spits saliva in the 

funnel on the 3D printed cartridge. The inlet is then closed by covering the inlet with a slider 

to mitigate evaporation (2) secured by the friction between the parts. In the next step the sample 
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is heated to 950 Celsius by a heating element in contact with metal inserts (3) which in turn are 

in direct contact with the saliva sample. The closing lid helps mitigate the sample evaporation 

during heating step. Once the lysis step is done, saliva inlet is exposed to atmospheric pressure 

(venting) via breaking (4) of a 100micron thick membrane which results in the exposure of the 

saliva inlet to atmospheric pressure. Following this, the first suction (in compressed state) is 

released (5) resulting in a negative pressure in the channels, allowing the saliva to flow to the 

mixing Y-junction. The volume of the suction cups is calculated based of the volume of liquid 

desired in the channels. Next, the amplification reagents stored are vented to atmospheric 

pressure by breaking a 100µm thick 3D printed membrane (6). Once this venting is completed, 

the second suction screw (7) is released resulting in a negative suction pressure enabling the 

mixing of lysed sample and amplification reagents via a Y-junction followed by a serpentine 

channel and reaches the detection chamber. Both the vent openings in the 3D printed cartridge 

are closed to mitigate evaporation (8). The detection chamber is then heated to 650 Celsius for 

15min to enable the amplification reaction (9). Following the amplification reaction, the 

detection chamber is imaged and subsequently the images are analyzed, and results are 

communicated to the mobile phone. 



65 
 

 

Fig. 3.8. Camera captured pictures of prototypes of the imaging and fluidic modules (a). 

Picture showing the isometric view of the outer enclosure of the setup with dimensions 

specified. (b)Isometric view, (c-d). Isometric view and side view of the cartridge, 
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3.6. Assay imaging 

The image of the assay on the platform is captured with our custom-built PRICE setup. In brief, 

the CMOS sensor captures the image of the detection platform. The raw image is stored in the 

raspberry Pi for further processing. In addition to controlled illumination, the parameters of 

image capture, namely, white balance, gain (analog and digital) exposure time, framerate and 

ISO become important. Among these, white balance and gain values were changed in this 

study. The rationale behind this draws inspiration from traditional brightfield microscope 

wherein, the gain and white balance values are manipulated to capture the images. All the other 

parameters were fixed and left changed through the experimental process.     

3.6.1. Comparative study of Imaging of assay droplet on platform 

LAMP assay was carried out in Eppendorf tubes for wild type SARS-CoV-2 synthetic RNA 

for different points. Then 1µl of the droplet was transferred to the detection platform and 

imaged with the PRICE setup and brightfield Nikon microscope Fig.9d. The Fig.9a shows the 

G
2
/R*B analysis for images with the PRICE. There is a steep increase of the G

2
/R*B at 10min 

confirming the presence of viral nucleic acid. The same assay when imaged with Nikon 

microscope (Fig.9b) shown the change in G
2
/R*B at 10min. This shows good correlation 

between both the imaging setups.       
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Fig. 3.9. Comparison study between Nikon microscope and the imaging setup for RT-

LAMP assay. The figure set is a proof-of-concept study of the portable imaging setup to 

capture phenol red mediated colorimetric change for SARS-CoV-2 detection at point-of-need. 

d.  
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All the analyses are carried out for wild type SARS-CoV-2 synthetic RNA at 8*10e5 copies/µL. 

For these analyses, the RT-LAMP assay is carried out off-chip in an Eppendorf tube and later 

pipetted out on to color sensitive platform for imaging. (a) The graph depicts temporal change 

of G
2
/R*B parameter for assay droplet on the color sensitive plasmonic platform. The 

significant change is observed from time point 10min to 15min (p<0.001). Hence time point 

15min is considered as point of differentiation or color change. The images here are capture 

with a Raspberry Pi HQ CMOS sensor at Red:Blue gain values of 3:3. (b) This graph is a 

comparative study with a Nikon Eclipse Ni-U microscope. Here, the time point of 

differentiation is observed to be 15min. The images are captured at Red:Blue gain values of 

1.54:2.11. (c) The graph shows the variation of the parameter (G
2
/R*B) when the assay liquid 

is imaged in the fabricated chip (with PDMS bonded fluidic layer) at two different time points 

0min and 40min. The graph shows significant change (p<0.001) in the parameter for the two 

time points. This study is a proof-of-concept analysis of the imaging setup to capture 

colorimetric change in a fully fabricated microfluidic chip. 

3.7. Conclusion 

In this work we reported an automated setup for sample to answer pathogen detection. The 

sequential steps of the assay and signal transduction and analysis are automated using three 

different modules, (i) a portable reflected-light imaging setup with controlled epi-illumination 

(PRICE), (ii) a microfluidic cartridge and (iii) automation control unit. The QolorEX platform, 

a specialized nanostructured platform recently developed in our lab that leverages plasmonic 

excitation for highly sensitive detection of respiratory infectious pathogen is employed as the 

key detection technology. First, to capture the colorimetric change, PRICE is designed for 

imaging the assay chamber. The imaging setup offered superior spatial and spectral control 

with only a 17% variation in the relative intensity and a resolution and FoV of 4.4µm and 



69 
 

298µm, respectively. Next, to eliminate the involvement of the user, a microfluidic cartridge 

with mechanically actuated PDMS suction cups coupled is implemented by leveraging additive 

manufacturing techniques. The flow was shown to be mechanically actuated by a screw-nut 

mechanism with excellent control over the fluid pumping. This actuation mechanism 

demonstrated lowest volume of fluid suctioned at 0.1µl for a 300degree rotation of the actuating 

screw. Subsequently, the microfluidic chip also showed perfect extent in mixing lysed sample 

with the reagents. With the final automation and control module., the cartridge operation was 

concerted using system of linear actuators and electrothermal heaters connected via Arduino 

UNO and Raspberry Pi controlled via mobile application. The imaging was implemented in a 

direct comparison format with a Nikon brightfield microscope, and a quantifiable colorimetric 

change was recorded in 15min. In future iterations we plan to package the whole microfluidic 

cartridge as a fully additive manufactured platform including the microfluidic channels. We 

believe that this automated system can truly enable the application of highly sensitive QoloEX 

platform at the POC for pathogen testing.       
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3.8. Supplementary Information 

Fig. S1. Components of illumination (a) (i) UV-Vis spectroscopy analysis of the 

detection platform. (ii) The spectral power distribution of LumilLEDs at lighting ratings 

(Lumileds Inc.). (b) Visual characterization of proposed illumination column in PRICE. 

(i)The benchtop setup employed for visually characterization. The collimated light beam 

is irradiated onto a blue background and subsequently images were captured with phone 
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camera. The visual intensity profile of the collimated beam is shown for, (ii) simple LED 

with no lens setup, (iii) LED-diffusing lens setup, (iv) PRICE illumination column. 

   

 

Fig. S2. COMSOL analysis for design of the microfluidic platform. (a) The channels were 

designed to ensure uniform pressure distribution of the lysed sample under the same suction 
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pressure loading. (i) Surface pressure distribution across the channels for the distribution of 

lysed sample. (ii). Velocity distribution across the cross-section of the three channels color-

coded in blue, green and red. (b). The serpentine channel that aids in the mixing of the lysed 

sample with the LAMP reagents and is simulated to ensure perfect mixing with the proposed 

length. (c&d) The simulation showed rapid mixing as depicted with a mixing length of 20mm.   

 

 

Fig. S3. Suction cup fabrication protocol. (a) The suction cups are fabricated using SLA 

printed molds. The 3D printed molds are first surface treated to avoid curing inhibition at the 

PDMS mold interface. The high resolution of the printing ensured low roughness of the PDMS 

thereby ensuring strong bonding. 
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Fig S4. Depiction of experimental setup for suction cup characterization. (a&b) 3D printed 

module employed for characterization of empirical volume of the suction cups. (c&d) The 

fluidics setup employed for demonstration of fluid manipulation    

          

 

b. 

c. 
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Fig S5. Characterization of 3D printed components (a) The figure depicts the manual force 

required to break the membrane at different thicknesses. The membrane was fabricated using 

SLA 3D printer. (b) The normal force exerted by the screw-nut system characterized in multiple 

trails. (c) CAD model depicting the 3D printed nut-screw setup employed for mechanical 

actuation of the suction cup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig S6. Overview of electronic components (a). Flow diagram depicting the high-level 

operation of microfluidic sample-to-answer pathogen detection platform, with major emphasis 

on electronic components involved. The number coded blocks indicate the sequence of the 

individual process involved in the operation. In brief, Step-1 to 3 involves the user to connect 

to the system via a mobile application enabled by an on-board Bluetooth module connected to 

the Arduino UNO. In the next subsequent step, the components in the Arduino are activated in 

a. b. 
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concerted sub steps to complete the processes from sample collection to LAMP reaction 

incubation. Following the completion of the reaction, the Bluetooth communicates with 

Raspberry Pi via Bluetooth to initiate imaging and subsequent movement of the stage for 

multiplexed pathogen detection. (b). The figure shows the electronic CAD layout of all the 

electronic components enabling the automation of the sample to answer processing of the 

system. The major constituents involved in the prototype controlled by Arduino UNO and 

Raspberry Pi are, (i). actuator system (five in number to automate the process of saliva 

collection and sequential delivery of reagents typically involved in a LAMP assay), (ii). Two 

DC heating components to controlled heating for pathogen lysis and subsequent nucleic acid 

amplification reaction, (iii). Raspberry Pi 4 (4GB RAM) coupled with CMOS sensor for 

imaging of the colorimetric change, (iv). A HC-05 Bluetooth module that enables cross talk 

between the mobile application and the Arduino UNO, and subsequently between Arduino 

UNO and Raspberry Pi 4.  
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Fig S7. Infrared images of the heating modules. (a). Infrared image depicting the surface 

temperature of the solder tip (i) at 3000C, (b&c). The solder tip is brought in contact with the 

metal insert (ii), where the sample is heated to 950C for 3min. (d) The infrared image showing 

the surface temperature of the cartridge heated up to 650C for amplification reaction. 
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Fig. S8. Overview of operation of the mobile enabled automation (a&b) This figure gives 

an overview of process flow involved in the operation of the mobile application working in 

tandem with two major microcontroller modules, namely, Arduino UNO and Raspberry Pi 4. 

The operation of the application can be broadly categorized into three main subsets, (1) System 

initialization- The crosstalk between the mobile phone and the microcontroller modules is 

enabled by a stable Bluetooth connection. Hence the first step is establishing a connection 
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between mobile and the modules and subsequently press the button labelled ‘Start’ to send a 

message to the Arduino and Raspberry Pi 4 to start initializing the process (color coded in navy 

blue). Following this, in subset (2), the components start operating in a concerted fashion. Each 

component substep is clocked to enable operation in the defined sequence. The user can 

monitor the progression of the process on the mobile application (color coded in light blue). 

Once the assay incubation time is completed, the images are captured and analyzed in substep 

(3). In brief, RGB values are extracted from the images and analyzed further to display the final 

result on the screen easily interpretable by the user (color coded in red).    
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4. Discussion and future perspectives 

To help support the development of POC pathogen detection tools, world health organization 

(WHO) proposed an ASSURED framework for systematic evaluation of proposed tools178. 

Currently, the highly specific and a sensitive technique, PCR, is the gold standard and is 

extensively employed for large scale testing of infectious pathogen. Especially, the current 

COVID-19 contagion revealed the importance of the rapid testing of widespread population, 

contracting and quick isolation in curbing the pandemic179. However, PCR requires lengthy 

assay and response times; requires trained personnel; and centralized facilities and relatively 

expensive equipment180. These drawbacks further amplify in the case of testing applied in 

isolated and resource limited settings. Increasing popularity of the isothermal nucleic acid 

amplification techniques (NAATs), especially LAMP present attractive alternative to PCR. 

Moreover, the coupling of isothermal NAATs with colorimetric readouts offer characteristics 

suitable for POC application. With our lab’s recently reported nanostructured microfluidic 

platform, QolorEX, for highly sensitive colorimetric LAMP assays can potentially address the 

drawbacks with PCR assays.  

In addition to the detection assay, the sample handling system becomes crucial for the real-

world translation of the proposed technology. With respect to pathogen diagnosis, major 

attempts have been made around integrating extremely sensitive nucleic acid methods- PCR 

and LAMP- into microfluidic platforms, which is evident from the high volume of works 

pertaining to this in recent years. With the advent of centrifugation-based platforms, high 

sensitivity and throughput have been achieved. In an analogous way, paper-based microfluidic 

platforms have enabled acceptable sensitivity, portability, and cost-effectiveness. Despite 

considerable advances in POC detection by these techniques, an inclusive and comprehensive 

detection method with the ability to perform all detection steps on-chip is still lacking. In most 
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of the previously conducted studies, sample pre-processing steps are conducted off-chip, that 

is, cellular lysis, antigen isolation, antigen extraction, nuclear material extraction, and/or need 

specialized equipment such as a thermocycler, microscope, bench-top centrifugation setup, and 

heating oven, among others. Thus, they are not encouraging for application at POC. 

Nevertheless, earlier works can be improved for integrating extraction, cellular lysis, and 

detection steps onto a single platform, while being modular for the inclusion/exclusion of other 

detection assay features, if required. Similarly, pursuing the integration of digital droplet 

microfluidics with colorimetric detection assays would be interesting since it has been recently 

shown that they can detect pathogens in vitro using LAMP in limited microdroplets and provide 

great throughput and sensitivity.  

A typical LAMP assay consists of series of steps i.e, sample collection, pathogen lysis, mixing 

of reagents, nucleic amplification and detection. This sequential nature of LAMP assays calls 

for a fluid handling module that can provide facile way to execute these assay steps without 

user involvement. Although previous research reported several integrated systems, majority of 

them require user involvement in one or more assay steps. For example, Tian et al.173 reported 

an integrated and automated centrifugal microfluidic device for fluorescence-based RT-LAMP 

assay for viral pathogens. The system integrates multiple assay steps including lysis, 

amplification, and fluorescence detection steps into an automated setup. However, there are 

some drawbacks with requiring a bulky centrifugation system for fluid manipulation; requiring 

a swab; employment of relatively complex fabrication techniques and automation procedures; 

and using a commercial computer. Additive manufacturing techniques and innovative fluid 

manipulation techniques could potentially be leveraged to address these issues. In this thesis, I 

employed SLA 3D printing to fabricate a microfluidic cartridge, which aids in integrating 

various assay steps onto a single platform. The fluid manipulation is carried with a novel 

contraption of a screw-nut like system for mechanical actuation of elastomeric suction cups. In 
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brief, the operation of the cartridge starts with sample collection via a 3D printed funnel coated 

with epoxy. The subsequent sample lysis is carried out in a metal insert heated to 950C for 

3min, where the steady state temperature is reached within 1min. Following the lysis, the lysed 

sample is transferred from the lysis chamber (.i.e. the metal insert) to the Y-junction of the 

mixing module via the mechanical actuation of the suction cup which engenders a pressure 

gradient. The suction cup, modeled as a hemispherical volume, is fabricated using 3D printed 

molds, with the volume of the cup correlated to the volume of the channels. Following this, the 

3D printed membrane is ruptured, which results in venting the amplification reagent chambers 

to the atmosphere and the second suction cup is decompressed using mechanical actuation. 

This results in the mixing of the lysed sample with the amplification reagents and the mixture 

reaches the detection chambers. The chip is then heated to 650C for 15min using a cartridge 

heater modulated with an external PID controller. The silicon fabricated microfluidic chip is 

conducive to quick heating. The fluid manipulation system presented here is based on the 

controlled actuation of the suction cup using a nut-screw mechanism. The capability of this 

fluid manipulation system is presented by demonstrating controlled actuation of the suction 

cup which translated into pumping of fluid in controlled volumes defined by the angle of the 

screw head. In this work, we demonstrated the fluid pumping by directional rotation of the 

screw in steps of 30degrees. We believe that this fluid manipulation system could potentially 

be applied in systems that could require fluid pumping in precise volumes. More specifically, 

this suction cup mediated flow coupled with 3D printed cartridge could be helpful for assays 

with sequential nature. For example, application of this fluid manipulation system for Enzyme-

linked immunosorbent assay (ELISA) for pathogen detection can be a potential application. 

ELISA comprises of multiple steps of antibody binding; washing; incubation; and enzyme 

catalysis181. Similarly, the current system with slight modifications can be applied to other 

nucleic acid assays like RCA, RPA and HDA which require sequential operation. The 
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microfluidic platform employed in the current work is a silicon substrate patterned with SU-8, 

fabricated in a cleanroom. This can have potential implications in the context of scale-up. With 

the current fabrication process, the bulk of the microfluidic cartridge’s cost comes from the 

cleanroom techniques. The advent of rapid and accessible prototyping techniques like 3D 

printing, present a great avenue for replacing the cleanroom fabrication processes. Previously, 

microfluidic chips were fabricated using 3D printed approaches for several biomedical 

approaches182. Previously, Kadimisetty et al.183, reported a 3D printed microfluidic chip for 

LAMP based detection of Plasmodium falciparum. They employed an SLA 3D printer and 

fabricated the device for under 1.15$. This work is one of many works, that bolsters the 

rationale to shift towards 3D printing and away from cleanroom techniques.  

Another challenge with colorimetric detection is quantitative analysis and is an ongoing goal 

for colorimetric diagnostics. For improving the quantitative assessment capacity, we should 

adopt a robust automated imaging and subsequent data analysis approaches. The rise of open-

source hardware and software technologies could help realize this automation. In addition to 

this, electronics are becoming more affordable and accessible. In the current work we employed 

a portable reflected-light imaging setup with controlled epi-illumination (PRICE), that aids in 

quantitative analysis of the colorimetric change. For subsequently analyzing the images 

recorded by PRICE, we employed Python environment hosted on Raspberry Pi. In conjunction 

to the imaging, the operation of the cartridge operation is intended to be automated. An Arduino 

UNO microcontroller was employed for concerting the operation of a system linear actuators, 

heaters and the linear X-Y stage. The future iterations would involve experimentation on 

making the imaging setup more compact by experimenting with employing digital image 

processing techniques to offset the use of expensive optics while maintaining the quantification 

capabilities. These improvements would further enable lab-to-bedside translation of the 

technology. 
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Considering the future of such assays related to POC/clinical diagnostics, there is still a need 

to focus on the fundamental research and its clinical translation, with the integration of 

advanced nanotechnology, biotechnology, and other emerging technologies such as 

colorimetric-based microfluidic chips and personalized equipment. For accelerating clinical 

translation, there is a need for collaboration between front-line medical systems and the 

academic arena. As colorimetric-based microfluidics has a multidisciplinary nature, there is a 

need for ongoing coordination between all related parties, such as scientists, engineers, end-

users (e.g., physicians and medical examiners), and commercial partners (e.g., marketing 

experts and investors) in a unified and collaborative manner for successful realization of 

microfluidic tools/technology to the market. Clinical trials should pursue proof-of-concept 

experiments along with volume-manufacturing considerations so that both commercial and 

performance success can be obtained.  

Integration and standardization are two other challenges with device commercialization. 

Unreproducible results can appear due to the variability in outcomes of fabricated devices. In 

addition, many works have shown a failure to integrate all sample analysis steps in an all-

inclusive device. It is important to allocate efforts for device integration and standardization 

improvement for augmenting the scale of pathogen diagnosis and susceptibility testing. 

Currently, there are many opportunities for the development and application of colorimetric-

based microfluidic technologies for addressing different pathogen-related challenges that are 

globally emerging. With the entry of microfluidics to its third decade, it is expected that growth 

and expansion will be extended beyond simple proof-of-concept systems into broad, 

commercial real-world applications, particularly for colorimetric-based microfluidic systems. 
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5. Summary 

In this work we reported an automated setup for sample to answer pathogen detection. The 

setup encompasses three different modules, (i) portable reflected-light imaging setup with 

controlled epi-illumination (PRICE), (ii) a microfluidic cartridge and (iii) automation control 

unit. We employed QolorEx, a specialized nanostructured platform recently developed in our 

lab that leverages plasmonic excitation for highly sensitive detection of respiratory infectious 

pathogen. First, to capture the colorimetric change, we designed and characterized the PRICE 

for imaging the assay chamber. The imaging setup was designed to offer control over the spatial 

and spectral profiled of the illumination source while maintaining uniformity. Next, to 

eliminate the involvement of the user, a microfluidic cartridge with PDMS suction cups 

coupled with SLA 3D printing and automation was implemented. The flow was shown to be 

mechanically actuated by a screw-nut mechanism. The microfluidic chip was characterised for 

mixing efficiency. The cartridge operation was concerted using system of linear actuators and 

electrothermal heaters connected via Arduino UNO and Raspberry Pi controlled via mobile 

application. The imaging was implemented in a direct comparison format with a Nikon 

brightfield microscope, and a quantifiable colorimetric change was recorded in 10min. In future 

iterations we plan to package the whole microfluidic cartridge as a fully additive manufactured 

platform including the microfluidic channels. We believe that this automated system can truly 

enable the application of highly sensitive QoloEX platform at the POC for pathogen testing.     
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