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Abstract 

Molecular diagnostics are powerful analytical tools that permit acquisition of useful 

biochemical information across numerous sectors, including forensic human identification, 

toxicology, ancestral genotyping, and disease diagnosis.  Despite significant recent advances, the 

vast majority of these bioanalytical techniques remain tethered to benchtop laboratory 

instrumentation operated by trained analysts via time-consuming, labor-intensive workflows. The 

growing demand for alternative technologies, especially those amenable for use at the point-of-

need, is evidenced by an increase in the translation of microfluidic academic research efforts into 

commercially-available products. Among these, centrifugal microfluidic ‘lab-on-a-disc’ (LoaD) 

platforms are especially promising as powerful, portable alternatives for rapid, cost-efficient, and 

convenient biomolecular processing by nontechnical personnel on-site, eliminating laboratory 

dependence entirely.  

Molecular diagnostics involving nucleic acids are among the most rapidly growing areas 

for the development of fieldable analytical tools. However, successful analysis of genetic material 

requires effective purification from biological samples, a step that has garnered much less attention 

than downstream amplification and detection techniques. Consequently, nucleic acid preparation is 

often overlooked and omitted from LoaD strategies entirely, despite the aim for comprehensive 

translation of the benchtop workflow. This body of work describes research efforts to develop 

highly integrated, rotationally-driven microfluidic tools to be employed at the point-of-need. For 

reference, chapter one describes existing centrifugal microfluidic approaches to nucleic acid sample 

preparation and describes their application in the few sample-to-answer systems that autonomously 

perform all processes required for genetic analysis. Much of the work highlighted in this 

dissertation is focused on efforts to expand the repertoire of such microfluidic methods, including 

the preconcentration of biological targets, cellular/virion lysis, and extraction or purification 

methods. Chapter two describes the development of a LoaD for dynamic solid phase extraction 

(SPE) of high-purity polynucleic acids; the preparation mode demonstrated compatibility with a 
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panel of ubiquitous nucleic acid amplification tests. Similarly, chapter three is centered on the 

characterization, optimization, and microfluidic adaptation of viral preconcentration and 

subsequent RNA extraction, specifically intended for rapid pathogen detection. Both of these 

automatable, portable techniques stand to considerably advance capabilities for centrifugal 

microfluidic genetic analysis outside of traditional laboratory settings. 

The comprehensive reliance of these LoaDs on rotational forces to direct flow confers a 

high degree of portability; yet, this fluidic control modality has also been cited as a key reason that 

very few sample-to-answer systems exist. Explicitly, leveraging centrifugal force provides 

unidirectional flow, whereby fluid moves radially outward towards the disc periphery and no 

further on-board processing is possible. Novel methods for on-disc liquid transport towards the 

center of rotation would enable sequential integration of nucleic acid preparation, amplification, 

and detection. Chapter 4 describes a biocompatible method for radially inward fluid displacement 

that relies on on-board gas generation and allows further rotationally-controlled processing, 

ultimately permitting increased assay complexity. Chapter 5 explores a second novel method for 

microfluidic flow control for LoaDs based on embedded cellulosic membranes to enable 

immunodetection of opioids. These novel flow control methods increase the capabilities of LoaD 

systems by facilitating the performance of increasingly complex bioassays without compromising 

portability.  

Chapter 6 highlights the potential applications and implications of the techniques described 

in chapters two through five, future avenues for research exploration, and persistent challenges to 

be overcome.  
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1. Introduction 

1.1. Background 

Despite significant recent advances, the vast majority of nucleic acid-based 

diagnostic techniques remain tethered to benchtop laboratory instrumentation operated by 

trained analysts via time-consuming, labor-intensive workflows.1-2 Mandatory 

performance of a multiplicity of processing steps in centralized facilities limits throughput, 

increases turnaround times, and ultimately hinders rapid acquisition of actionable 

information across a variety of sectors – for instance in administering treatment for disease 

or intoxication.1, 3 The growing need for alternative diagnostic technologies, especially 

those that may be performed at the point-of-need (PoN), was magnified by the COVID-19 

pandemic, and is evidenced by increasing emphasis on translation of academic research 

into viable commercial devices.4 Among these developing technologies, microfluidic 

systems, including micro total analysis systems (µTAS)5-6 and “LabCD”7-8 or lab-on-a-disc 

(LoaD)9 platforms, have been explored extensively for in situ nucleic acid (NA) processing 

across numerous applications.10-11 In this vein, Chapters 2-5 describe the development of 

microscale alternatives to traditional laboratory-based techniques.  

1.2. Centrifugal Microfluidics 

Among microfluidic approaches, centrifugal systems (e.g., LoaDs) are widely 

regarded as potentially the most promising for PoN integration of complex processes.12-14 

Following the landmark Anderson et al. publication in 1969 detailing the first small-scale 

centrifugal analytical device,15 academic efforts towards development of rotationally-

driven microsystems have steadily increased.13 More recently, LoaDs have exhibited high 

potential to become a standard tool for mainstream diagnostics, with several major 
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diagnostic companies (e.g., 3M, Abaxis, Roche, Samsung) having brought centrifugal 

microsystems to market.13, 16 Microfluidic integration eliminates complex, laborious, and 

time-consuming operations, reduces cost, minimizes contamination risk, and enables use 

outside of traditional analytical settings by nontechnical personnel due to simplicity of 

operation, ease of automation, portability, and versatility.9, 13, 17-19 Rotationally-controlled 

inertial fluid propulsion requires only a simple motor to drive flow, on the scale of 

nanoliters to milliliters, through a self-contained network of channels and chambers within 

the disc and without bulky external pumps or high voltage power supplies (Figure 1-1A).13, 

16, 20 Within a rotational frame of reference, a fluid with density ρ experiences a centrifugal 

force (𝑓𝜔) defined by: 

𝑓𝜔 =  𝜌𝑟𝜔2 

when located at distance r relative to the center of rotation and spinning at a given 

frequency ω. Centrifugal force acts radially outward from the center of rotation (CoR); 

though fluid velocity depends not only on 𝑓𝜔, but also on the design of device microfeatures 

(e.g., channel geometry) and some fluidic properties, including viscosity (𝜂).21-22 

Figure 1-1. Operational principles of LoaD systems. (A) Schematic depiction of centrifugally-driven fluidics. 

Flow is driven radially outwards relative to the rotating axis, or center of rotation, and is modulated by architectural 

features (e.g., chambers, channels, and valves) within the microdevice. Such flow modulating structures permit 

performance of basic functionalities, or unit operations, such as mixing, metering, or aliquoting. Adapted from [20]. 

(B) Unit operations, depicted as individual, single-color shapes, can be combined and performed sequentially to yield 

process chains (multi-colored, combined shapes) that mimic laboratory processes. Adapted from [13]. 
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Interestingly, unlike other pumping modes (e.g., electrokinetic pumping), centrifugally-

driven flow is largely independent of many other physicochemical properties of the sample 

fluid, such as ionic strength, pH, and conductivity.23 This makes LoaD systems amenable 

to the processing of a myriad of samples, including aqueous solutions, organic solvents, 

surfactants, and biofluids (e.g., blood, urine, mucus, and semen).21  Thus, LoaD systems 

are uniquely well-situated for development with a wide variety of applications and 

amenable to the automation of diverse tools for biomarker analysis in samples of human 

origin.16 

The broad range of applicability of these systems is matched by an enormous 

breadth of basic functionalities, or “unit operations”, that, when used in conjunction, enable 

highly integrated centrifugal microfluidic systems capable of mirroring functionalities, or 

“process chains" of conventional benchtop instrumentation (Figure 1-1B). Many of these 

unit operations, including centrifugation, fluid flow, reagent/sample reconstitution, mixing, 

and filtration, are easily controlled by intrinsic inertial pseudoforces acting on fluids and 

particles within the LoaD during rotation.13 However, centrifugation alone is insufficient 

to perform certain unit operations, and an extrinsic force must be applied. For instance, a 

central focus of Chapters 2-3 involves the application of an external magnetic field to 

manipulate paramagnetic particles within microsystems. Among centrifugal unit 

operations, valving is perhaps the most essential in allowing for spatiotemporal control 

over fluid flow and successful sequential integration of individual unit operations into 

process chains found in existing laboratory workflows (e.g., NA extraction).13, 16  
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1.3. Sample-to-Answer Systems: Definition and Motivation 

Development of advanced sample-to-answer centrifugal microfluidic systems for 

NA analysis constitutes a highly active research area slated for continued growth; fully-

integrated molecular diagnostic systems have been described as the ‘holy grail’ of the 

µTAS field.16 In both academic publications and commercial market penetration, clear 

trends have emerged towards complex, fully-integrated, and self-contained sample-to-

answer LoaDs.13 Despite appearing ubiquitously in scientific literature, the phrase 

“sample-to-answer” lacks a single, universally accepted definition. We argue that in order 

to qualify as sample-to-answer, a microfluidic system, comprised of the LoaD itself and 

the associated “spin stand” or platform, must accept raw, wholly unprocessed samples and 

perform all process chains required for NA analysis within integrated microfluidic circuits, 

ideally autonomously, but minimally must be easy to operate with no specialized training 

or tools. (Figure 1-2).9, 13, 16, 24 Such systems allow for truncation of traditional multi-day 

workflows that involve transport between several locations (e.g., hospitals and 

laboratories) to only hours (or less) on-site by non-technical personnel (Figure 1-3A).  

Explicitly, true sample-to-answer NA analysis in LoaD systems requires 

microfluidic integration and performance of on-disc NA preparation, amplification, and 

detection in a predefined sequence without intermittent intervention (Figure 1-3B).1, 25 

However, successful on-disc NA preparation from biofluids (e.g., urine, blood, sputum) 

Figure 1-2. Diagrammatic sample-to-answer LoaD depiction. Following (e.g., nasopharyngeal swab) collection, 

unprocessed sample material is added to a LoaD microdevice and placed into the associated platform (“spin stand”) 

for automated performance of all required assay process chains prior to displaying results. Adapted from [42].  
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requires intricate architectures, elaborate protocols, and has traditionally received less 

research attention than amplification.25-28 Consequently, this step is, unfortunately, often 

overlooked and omitted from microfluidic workflows that aim to comprehensively 

translate benchtop techniques to the PoN.10, 28-35 From a practical perspective, NA 

preparation traditionally necessitates highly manual and laborious processes for lysis and 

NA extraction (NAE), which are difficult to integrate with PoN workflows, regardless of 

the automation and portability of downstream amplification and/or detection methods. One 

recent LoaD system was developed with special focus on ensuring the amplification 

method was truly fieldable by using commercial hand warming packets for heating during 

NA amplification;34 however, off-disc lysis required some degree of reliance on traditional 

equipment and manual sample handling.34 Another example in which the practical 

limitations of manual sample preparation are explicitly evident can be found in 

consideration of a LoaD system intended for identification of common nut-derived 

allergens.35 In this case, heavy emphasis was placed on the simple, convenient, and 

instrument-free detection afforded by colorimetric loop-mediated isothermal amplification 

(LAMP) and the intention for use in food inspection departments (e.g., not conventional 

Figure 1-3. Schematic representation of PoN sample-to-answer LoaDs. (A) Typical workflows involve transport 

between numerous facilities (e.g., hospitals, laboratories) and days-long analytical intervals. PoN tests are capable 

of performing the traditional workflow on-site in a much shorter interval, hours or less. (B) Sample-to-answer LoaD 

capable of sequentially performing in-line sample preparation, a bioassay, and detection/readout. Adapted from [24]. 
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laboratories).35 However, more careful dissection of the comprehensive assay workflow 

shows that, prior to LoaD processing, genetic material from the allergens was first 

manually isolated via exposure to liquid nitrogen, grinding in a mortar and pestle, 

enzymatic (Proteinase K; ProK) cellular lysis (30 min.), two sequential liquid-liquid 

extractions (each 15 min.), NA precipitation in isopropanol (10 min.), washing, 

desiccation, and finally resuspension.35 Not only was this protocol extremely laborious, it 

required more time than the microfluidic detection assay (60 min.) and provided explicit 

demonstration that, in the absence of integrated NA preparation, seemingly simple, 

automatable LoaDs for nucleic acid amplification tests (NAATs) may belie exceedingly 

more complex and manual workflows. Further, many published LoaD systems 

misleadingly claim fully integrated or sample-to-answer workflows, yet require some 

measure of in-tube pre-processing.1, 31, 36-38 Semantics are important as well; one group 

described sample-to-answer analysis of “real samples,” which they defined as milk already 

spiked with bacteria and mixed with numerous chemical constituents (lysis buffer, ethanol, 

and a chaotrope) in-tube.37 If LoaD systems are reasonably expected to be used at the PoN 

by non-technical personnel, easy sampling and pretreatment strategies must be considered 

and included on-disc.4, 24 

Some LoaD systems mitigate the difficulty of integrating NA preparation by 

leveraging direct amplification chemistries, including only upstream lysis, not NAE.13 

Direct amplification LoaDs have been successfully utilized for pathogen detection, 

including in biological matrices (e.g., urine, milk),39-42 and comprise a large constituency 

of the relatively few commercialized devices branded as sample-to-answer systems by 

companies including 3M,43 GenePOC Inc.,13 and DiaSorin Molecular, LLC.9, 16 While true 
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that forgoing NAE eases implementation, this omission effectively limits the utility of these 

systems to select applications and sample types, such as those with high target prevalence 

and/or low amounts of amplification inhibitors.13 Though the term “sample-to-answer” 

may be used to describe these microfluidic systems, their scope of use is incredibly narrow. 

Direct amplification methods also require extensive chemistry optimization and/or 

engineered enzymes and may also not be amenable for use with certain sample types.1, 39, 

44 For instance, direct amplification from blood samples would prove difficult, as genomic 

and pathogenic DNA exist at concentrations of only approximately 106–107 copies/mL and 

10–102 copies/mL, respectively; successful detection of these NAs generally requires 

upstream target preconcentration and purification.16 In fact, the development of a practical, 

yet reliable, method for DNA preparation from peripheral blood remains a key obstacle in 

the creation of PoN nucleic acid amplification tests (NAATs) for bloodborne pathogens 

(e.g., malaria).28, 31, 45 Conversely, very few niche applications require only NAE, not lysis, 

to comprehensively address NA analysis. For example, cell-free DNA, a key biomarker in 

precision oncology, drug resistance, and overall health, can be extracted directly from 

peripheral blood.46-48 

In summation, enabling robust, sample-to-answer centrifugal microsystems 

broadly capable of handling complex biofluids requires inclusion of complete, in-line NA 

preparation workflows carefully tailored to the intended sample type, volume, and target 

for detection.24 Existing centrifugal microfluidic process chains for both lysis and NAE are 

discussed in the following section. 
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1.4. Microfluidic NA Preparation Process Chains 

1.4.1. Lysis 

Lysis is the critical initial step of virtually all molecular genetic tests, whereby 

rupture of cell/viral membranes makes NAs accessible.24, 49 Efficient lysis, yielding a high 

quantity of intact genetic material, is crucial for the success of downstream NAATs.26-27  

Despite a plethora of available methods, microfluidic integration of simple, yet efficient, 

cell lysis has universally remained a key obstacle towards inclusion of sample preparation 

in LoaDs;18, 28 lysis is still frequently performed in-tube prior to assay initiation.10, 19, 30-35, 

38 Broadly, membrane lysis may be performed using mechanical, chemical, or thermal 

methods; each of these approaches, either in isolation or conjunction, have been 

demonstrated in LoaD systems.24 The most appropriate approach for a given application 

should be selected through careful consideration of multiple parameters, including time, 

required equipment, interference with 

downstream post-processing, and 

sample/cell type.24  

Chemical methods rely on 

detergents, enzymes, osmotic shock, and/or 

other reagents to degrade membranes and 

constitute the most common lysis strategies, 

especially for mammalian cells.16, 18-19 

Most commercial DNA extraction kits 

leverage detergents and/or enzymes to lyse 

cells while chemically stabilizing sample 

Figure 1-4. Graphical depiction of chemical lysis 

methods. (A) Chemical lysis is commonly performed 

via disruption of cellular membranes via exposure to 

detergents and/or enzymes, making intracellular 

components, including NAs, available for processing. 

Adapted from [50]. (B) Bacterial preconcentration and 

lysis is achieved via capture on an FTA card, which 

contains denaturants, and heating. Adapted from [51]. 
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pH and reducing nuclease activity (Figure 1-4A).18-19, 50 This approach has been recently 

demonstrated in a LoaD system that combined several chemical reagents (Tris-HCl, Triton 

X-100, Tween-20, and octylphenoxy-poly(ethoxyethanol)) to ensure the lysate remains at 

a LAMP-compatible pH, protect liberated single-stranded RNA, and preserve polymerase 

activity.42 In addition to these high-bandwidth approaches, more specialized methods 

tailored to individual applications have been explored. For instance, one LoaD system 

achieved on-board lysis via integration of a portion of a Flinders Technology Associates 

(FTA) card – a specialized type of filter paper with embedded denaturation agents to lyse 

bacteria and immobilize the liberated genetic material (Figure 1-4B).51 A second, out-of-

the-box approach leverages a chimeric peptidoglycan hydrolase (endolysin) that targets 

distinct bonds in Staphylococcus aureus peptidoglycan to provide genus-specific lysis for 

downstream methicillin-resistant staphylococcus aureus (MRSA) detection.52 

Enzymatic approaches to cellular lysis may be thermally expedited, however 

heating may damage NAs, increases hardware complexity and cost, and usually requires 

the addition of pressure-resistant valves.16, 49 Though passive, rotationally-controlled 

valves are used widely in biomedical microdevices due to simple operation and 

integration,16 they are not well-suited for on-disc heated chemical lysis for multiple 

reasons. First, they operate via a physically open format that fails to provide the pressure 

resistance essential for reliable fluid containment.16 Additionally, strict reliance on surface 

tension hinders spatiotemporal control over the delivery of required reagents, buffers and 

detergents, which possess exceedingly variable fluidic properties.1 Sacrificial active valves 

provide more robust pressure-resistant alternatives largely independent of rotational 

frequency, precise location on the disc, and sample composition.16 These strategies permit 
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the reliable on-disc heating necessary for lysis and ease the integration of complex on-disc 

assays in general.53 For instance, thermally-aided on-disc ProK lysis, both in solution54 and 

directly from solid substrates (e.g., buccal swab cuttings),55 has been enabled via active 

pneumatic pumping54 and laser valving methods49, 55 for flow control. Further, other active 

methods, including wax valving strategies,11 have also been used in conjunction with 

chemical lysis. Regardless, chemical lysis methods are often the easiest to implement, 

including at the microscale,16, 18 but reagent carryover into lysates may inhibit downstream 

post-processing (e.g., neutralization is generally required downstream of alkaline lysis to 

ensure amplification compatibility).16, 56 Further, chemical methods alone are insufficient 

for processing bacteria, especially gram-positive species, and tissues; these samples require 

mechanical lysis.40, 57 

 Mechanical lysis is achieved via physical disruption of membranes through freeze-

thaw cycles, grinding, centrifugation, sonication, and/or bead-beating.19 The majority of 

on-disc strategies utilize bead-beating methods to lyse cells through collisions, shearing, 

and friction (Figure 1-5A). In fact, the first LoaD lysis system fully dependent on 

centrifugally-induced forces lysed cells using glass beads alone by alternating rotational 

directions to induce collisions and shearing (Figure 1-5B).58 This simple, yet effective, 

strategy has since been augmented through incorporation of magnetically-actuated 

components to increase impact number and frequency, thereby increasing NA yield.40-41, 59 

Generally, some magnetically-susceptible object (e.g., metal disc,59 stir bar40-41) is added 

to the sample chamber along with the beads such that exposure to some extrinsic magnetic 

force causes increased agitation of the beads and cells (Figure 1-5C-D). Chemical lysis 

agents, such as alkaline solutions,59 can be added but are not necessary.41 For both gram-
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positive and gram-negative bacteria, lysis efficiencies of greater than 95% in ≤5 minutes 

have been reported.40-41 A more complex approach involves pathogen immunocapture via 

antibody-coated beads, which are subsequently laser-irradiated to lyse the on-board 

bacteria via simultaneous heat-shock and mechanical collisions between the thermally 

excited beads.53 These approaches are often faster and cheaper than chemical lysis methods 

and do not introduce inhibitory compounds to the sample, but require substantial additional 

instrumentation and are more likely to damage genetic material.18  

1.4.2. Extraction 

With the exception of direct amplification methods (discussed in Section 1.3), NAE 

is crucial for provision of purified, amplification-ready NAs compatible with varied 

downstream post-processing modalities.19 In light of the growing demand for PoN genetic 

analysis, and the accompanying recognition that microfluidic integration of NAE is 

Figure 1-5. Microfluidic mechanical lysis via bead-beating. (A) Bacterial cells are commonly lysed through 

collisions with particles. Adapted from [59]. (B) Microscopic images of cells before bead-beating (left); cells and 

beads are the smaller and larger circles, respectively. After lysis (right), cells have been ruptured, debris is apparent 

in solution. Adapted from [58]. (C) Example LoaD that leverages integrated bead-beating assisted by on-board 

magnetic stir bars, shown with external permanent magnets used for actuation. Adapted from [41]. (D) Schematic 

liberation of bacterial DNA via magnetically-assisted bead-beating. Adapted from [40]. 
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essential for realization of sample-to-answer PoN LoaDs, increased recent attention has 

been placed on this previously neglected area. Yet, successful microfluidic adaptation of 

laboratory-based NAE workflows that traditionally require highly trained analysts, 

complex, expensive benchtop instrumentation, and lengthy workflows (up to 3 hours) 

remains a major bottleneck towards fully-integrated, sample-to-answer solutions.19, 53 As 

also true for lysis (Section 1.4.1), selection of the on-disc NAE strategy governs the 

method’s potential for integration with downstream amplification and the speed of 

detection for the entire process. Regardless, on-disc NAE for sample-to-answer analysis 

should be simple, rapid, scalable, fully automated, free of cross-contamination, and 

seamlessly integrated with microfeatures for amplification.31 

Despite early and sustained laboratory acceptance, liquid-liquid extractions, 

including phenol-chloroform and cetyltrimethylammonium bromide, have key operational 

limitations (e.g., hazardous reagents, requirement for specialized glassware, non-

automatable steps) that make them impractical for integration with PoN LoaD systems.19 

Most microfluidic NAE approaches instead rely on solid phase extraction (SPE), an 

approach that is considerably easier to integrate at the microscale.19 Broadly, in SPE, a 

solid material (e.g., ion-exchange resin, gel, silica structures) is used to selectively separate 

NAs from undesired components in a liquid solution (e.g. lysate) by exploiting chemical 

or physical properties to first bind, then eventually release NAs.26, 30 This reversible 

complexation (bind-wash-elute) can be simply controlled by adjusting pH and/or salt 

concentration.19 Despite relatively simple operational principles, SPE methods 

traditionally require numerous manual manipulation steps (e.g., pipetting), that 

intrinsically create time- and labor-intensive protocols that require complex, carefully 
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orchestrated microfeatures and associated workflows for LoaD integration.54 Among solid 

phases, unmodified silica is most popular (including in commercial systems4) due to 

stability, biocompatibility, and cost-efficient, yet effectual, SPE of high-purity NAs.25, 60 

Further, the versatility of silica fabrication means that it may possess various shapes 

(particles, gels, powders, microbeads, membranes, micropillars, and monoliths), layering 

formats, chemical compositions, and filtering capacities for flexible microscale 

implementation.19  

Regardless of format, silica-based SPE involves a three step, bind-wash-elute 

workflow. Initial NA-silica binding occurs in high ionic strength solutions of chaotropic 

salts (e.g., guanidinium thiocyanate, guanidinium hydrochloride), which strengthen 

hydrogen bonding interactions and offer the additional benefit of denaturing proteins, such 

as nucleases.13, 61 The solid phase is then washed with alcohol, such as ethanol, to remove 

organic sample contaminants (proteins, metabolites, membrane lipids, etc.) and residual 

lysis reagents. Both chaotropic salts and ethanol are known PCR inhibitors and significant 

carryover to eluate is possible.54 Thus, additional wash steps are often incorporated to 

ensure inhibitor removal, complicating and extending NA processing. Finally, purified 

NAs are eluted from the solid phase in a hypo-osmotic solution, such as 1X Tris-EDTA or 

deionized water.26, 30 Strict spatiotemporal control over liquid reagent delivery, retention, 

and removal from the solid phase is imperative for successful implementation of this 

stepwise silica-based SPE workflow at the microscale. Like lysis, extraction requires 

solutions (e.g., buffers, ethanol, etc.) with wildly varying fluidic properties that limit 

passive valve efficacy.1 Performance of these flow control modalities has been shown to 

be variable and unreliable in NAE LoaDs, resulting in sub-par assay success rates.62 
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Broadly, silica-based SPE can be divided into column-based methods, where fluid flows 

through a packed silica bed, or dynamic SPE (dSPE) strategies, in which freely moving 

silica-coated particles, or beads, are manipulated through the sample.  

The preponderance of existing microfluidic strategies utilize dSPE methods over 

packed-bed (e.g., column, filtration) approaches due to rapid analysis, relatively facile 

automation, and requirements for only minimal, inexpensive peripheral hardware, essential 

for cost-efficient, portable, PoN technologies.19, 26-27 Centrifugal forces can be leveraged to 

facilitate solid phase interaction with NAs, namely through “shake mode” mixing; 

alternating the orientation of disc rotation induces back-and-forth bead deflection within a 

single chamber to facilitate NA capture.63 17, 47-48, 64-65 Still, the typical format for inducing 

solid phase – NA interactions during downstream NAE is via magnetism, whereby the 

silica beads are endowed with magnetic cores (e.g., magnetite) to impart tunable, robust 

control over subsequent collection and movement.19, 25 For instance, in several LoaDs, after 

binding, the beads are magnetically transported through a succession of distinct chambers, 

each containing a different buffer for washing, and eventually elution (Figure 1-6A).25, 31, 

47, 64-66 Conversely, the ‘bind-wash-elute’ NAE workflow may be performed in a single 

chamber with magnetically-controlled bead sweeping during each step to maximize bead-

solution interaction (Figure 1-6B).17, 55, 62 Magnetic control may also be used to ensure 

magnetic beads remain in a chamber during fluidic transfer steps, essential for maximizing 

recovery.17 NAs obtained via such methods exhibit demonstrated suitability for a variety 

of applications, including forensic human identification, pathogen detection, and 

biomarker analysis.47, 55, 62, 64-65 



15 
 

 
 

Filtration-based methods for silica SPE, though less common, have also been 

recently implemented in LoaD systems. Efforts that most closely match existing 

commercial kits involve on-disc integration of silica components taken directly from 

Qiagen spin columns.11, 32 Additional membranes were included for either mechanical 

support (polycarbonate,11 PTFE32) or in-line filtration (cotton11) of insoluble debris 

components that could obstruct interstitial spaces within the silica. Alternatively, custom 

NAE membranes have been constructed;1, 34 in one iteration, one group of researchers 

added a Zeolite suspension on top of a Whatman paper membrane.34 Similarly, other 

Figure 1-6. On-disc silica-based NAE methods. (A) dSPE achieved via successive bead transfer between chambers 

containing solutions for NA binding, washing, and elution. Adapted from [65]. (B) Depiction of a microdevice for 

multiplexed DNA extraction that relied on sequentially passing a series of solutions through a single chamber that 

housed beads. Bead migration through the chamber, controlled by changing the angular relation of this chamber to 

external permanent magnets ensured bead-solution interaction. Adapted from [62]. (C) Image of a microdevice with 

an embedded glass microfiber membrane for SPE. Adapted from [10]. (D) Scanning electron microscope images of 

(i) the extraction matrix from a QIAamp DNA Mini Kit and (ii) Whatman GF/D glass microfiber membrane that 

demonstrate similar morphologies. Adapted from [54]. (E) On-disc packed-bed silica microcolumn for SPE. Adapted 

from [36]. 
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groups have utilized embedded glass microfiber membranes, well suited as NAE columns 

due to large available surface areas for NA capture (Figure 1-6C).10, 33, 54, 67 Whatman 

glass-filter membranes (e.g., GF/F, GF/D) are comprised of intertangled, micron-size glass 

microfibers and exhibit similar morphologies to the matrix used in the QIAamp DNA 

MiniKit (Figure 1-6D).54 However, these membranes are generally much thinner (GF/F – 

420 µM) than those used in the QIAamp columns (1700 µM), making them less likely to 

completely recover NAs.54 While stacking GF/F membranes has been exp lored to increase 

column length, and thereby improve NA recovery,54 this is more commonly achieved on-

disc using silica-packed channels (Figure 1-6E).14, 36, 38, 61, 68 One publication described an 

extraction channel filled with ground glass membrane,14 but most approaches use packed 

silica beads.  

Though silica-based SPE constitutes the majority of on-disc NAE approaches, 

alternatives have emerged. One especially unique approach involved a slidable centrifugal 

disc (slip chip) where an FTA card is slid through various chambers to facilitate lysis, NA 

adsorption, washing, and finally amplification.51 More widely recognized methods involve 

NA binding and release from modified amine solid phases, such as chitosan, modulated by 

tuning pH. In acidic regimes (pH = 5), positively charged amines electrostatically interact 

with negatively charged NAs. Above neutral pH, however, the amines are neutralized and 

NAs are released.30, 69 Low-molecular weight chitosan also inhibits RNases – an advantage 

over silica phases.19 Charge-switchable magnetic beads can be used for NAE in LoaDs via 

workflows that mirror those used with silica solid phases, described above. In one example, 

after ensuring that the lysate was sufficiently acidic (pH = 5), parasitic DNA was captured 

on ChargeSwitch® beads during batch mode mixing.31 The beads were then magnetically 
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transferred into a wash chamber, then to a final chamber where NAs were desorbed under 

alkaline conditions (pH = 8.8).31 Magnetically-susceptible hydrogel nanoparticles 

represent a second alternative solid phase with demonstrated preparation of amplification-

ready NAs from biological matrices.70 In this case, nanoparticles interacted with pathogens 

in solution via embedded affinity baits,70 but antibodies are the most common recognition 

elements added to functionalized nanoparticles (e.g., streptavidin – biotin linkages).71 

Analyte enrichment prior to lysis improves downstream detection sensitivity, important for 

development of reliable diagnostic tools.70-71  

 It should be noted that the methods described above have been discussed broadly 

for use with NAs. Lysis liberates NAs indiscriminately, and many NAE matrices, including 

silica, can be used to co-extract both DNA and RNA.19 Extraction specificity is therefore 

not determined via assay workflow, rather by inclusion of either DNase I or RNase A to 

recover either RNA or DNA, respectively.19 However, there are specific considerations 

that should be given to RNA isolation. RNA is chemically less stable than DNA and is 

rapidly destroyed by ubiquitous, endogenous RNases; incorporation of strong denaturants 

into assay workflow aids in obtaining intact RNA.19 Specific approaches have leveraged 

chemical differences to preferentially isolate RNA; magnetic beads functionalized with 

oligo-dTs bind 3’ poly-A tails of eukaryotic mRNA to permit selective isolation.30 

1.5. Sample-to-Answer LoaDs: Discussion and Perspective 

Despite the difficulties regarding sample preparation integration discussed above, 

several examples of centrifugal systems capable of performing comprehensive, sample-to-

answer genetic analysis have been described since 2015.14, 17, 40-41, 51-52, 64-66 Interestingly, 

each was designed specifically for pathogen detection, namely those that cause respiratory 
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infections,14, 52, 65-66 bloodborne viruses (specifically Hepatitis B)17, foodborne bacteria,41, 

51, 64 and bacteria in urine.40 This s ingularity in focus highlights the recent push towards 

developing simple, rapid NAAT-based PoN diagnostic tools brought to the forefront during 

the COVID-19 pandemic; demand for testing greatly outpaced laboratory capabilities, and 

traditional consumables (e.g., SPE kits) became supply chain limited.4, 33, 72-74  To allow for 

practical PoN use, each of the published sample-to-answer systems detailed here included 

both a fully-integrated microdevice and a portable mechatronic system (spin stand) for 

comprehensive assay automation (Figure 1-7).14, 17, 40-41, 51-52, 64-66 Commercial platforms 

(Qiagen Lake Constance’s “LabPlayer”) have been developed to ease LoaD automation, 

but they may not cover all required functionalities, especially in sample-to-answer 

workflows. In these cases, a commercial platform must either be augmented or a custom 

“spin stand” tailored to a particular assay must be developed de novo. The multidisciplinary 

engineering required to construct such an instrument often creates logistical barriers 

Figure 1-7. Exemplary spin stand for sample-to answer LoaD control. In addition to the microdevice itself, a 

spin stand capable of autonomously conducting all assay unit operations, such as disc rotation, heating, valving, and 

detection, is required for practical PoN implementation. Adapted from [59]. 



19 
 

 
 

towards development of true sample-to-answer systems that contribute to the current 

existence of relatively few examples. 

A subset of the sample-to-answer diagnostic systems that have been published 

leveraged direct amplification from raw samples, bacterial lysis, and amplification of 

pathogenic genetic material in the lysate without the need for NAE. As mentioned in 

Section 1.3, omission of NAE from on-disc workflow eases assay integration but requires 

carefully optimized, custom chemistries and narrows potential applications.1, 13, 39, 44 

Nonetheless, Liu et al. developed a microdevice for sequential mechanical lysis (bead-

beating) followed by loop-mediated isothermal amplification (LAMP) with colorimetric 

readout.41 Chen et al. designed a similar fully integrated LoaD that also leveraged bead-

beating for lysis and isothermal recombinase polymerase amplification (RPA).40 We 

included this work as a sample-to-answer system despite inclusion of upstream, off-disc 

bacterial preconcentration, as this step improves sensitivity but is not strictly necessary.40 

In arguably the best example of bridging the “world-to-chip” interface among the sample-

to-answer systems discussed here, Schulz et al. designed a LoaD capable of accepting an 

intact nasal swab, then rehydrating and solubilizing the adsorbed bacteria for on-disc 

processing (Figure 1-8A,B).52 Staphylococcus spp. bacteria in solution were then 

selectively lysed using a chimeric endolysin and genetic markers for antibiotic resistance 

were amplified isothermally via RPA.52 The entire assay was complete in only one hour, a 

fraction of the traditional 60-hour analytical interval. Not only do Schulz et al. smartly 

address sample acceptance, they also include on-disc reagent storage. Amplification 

reagents were stored as a lyophilized pellet, whereas liquid reagents (e.g., buffers) were 

contained in stickpacks, tubular composite-foil pouches with frangible seals that enable 
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release of reagents via centrifugally-applied pressure (Figure 1-8C).52, 75 Though not 

included in our definition of sample-to-answer systems, the extent of on-board reagent 

storage integrated during device fabrication is an important consideration that greatly 

affects the practicality of PoN implementation. Some systems technically capable of 

sample-to-answer analysis require reagent preloading by pipette prior to assay initiation, 

but a more user-friendly option involves comprehensive incorporation of reagents during 

device fabrication such that the only step required at the PoN is sample loading (Figure 1-

8D).14, 17 Amplification reagents, including primers and enzymes, and even magnetic silica 

beads used for NAE, may be stored on-disc, either freeze-dried or otherwise desiccated, 

with stability of at least one year.17, 52, 64, 66 During the assay, these dried components were 

rehydrated by liquid reagents (e.g., buffers) that were also stored on-board.25, 52, 64-66 In 

some instances, all reagents were stored on-disc, completely obviating manual reagent 

handling in the entirety of assay workflow.52, 65-66 From a practical perspective, these 

systems are most representative of those that could feasibly be commercialized for PoN 

use. 

Figure 1-8. Sample-to-answer LoaD with comprehensive on-board reagent storage. (A) Microfluidic 

architecture that enabled swab acceptance, rehydration, cell lysis, and direct RPA amplification of genetic markers 

for antibiotic resistance. Amplification reagents were dried and stored on-board. Adapted from [52]. (B) Spin stand 

for automation of the LoaD shown in A, in which liquid reagents are stored in stickpacks. Adapted from [52]. (C) 

Image of stickpacks for liquid reagent storage. Adapted from [75]. (D) A LoaD with total on-board storage of dried 

and liquid reagents using desiccation and stickpacks, respectively. Adapted from [65]. 
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Numerous sample-to-answer NA LoaDs with NAE included were also recently 

published. With the exception of one centrifugal “slip chip” that leveraged an FTA card 

for bacterial lysis and DNA extraction upstream of single-temperature recombinase-aided 

amplification (Figure 1-9A),51 all of these microdevices (published since 2015) 

incorporated silica-based NAE. Of these, all except one (Liu et al.14) (Figure 1-9B) 

achieved NA dSPE by magnetically transferring silica beads between chambers (discussed 

in Section 1.4.2) (Figure 1-9C-D). Though this was unsurprising given that this strategy 

was the most common NAE approach in LoaDs,19, 26-27 it is worth noting that in these 

systems, lysis and NAE depend entirely on application of extrinsic magnetic forces and are 

wholly independent from centrifugal fluidic control.64-66 Stated another way, despite LoaD 

formats, NA preparation process chains in these systems were necessarily controlled by 

external forces, not centrifugation, to allow for comprehensive integration (Figure 1-9C-

D). These assay design choices point to a key roadblock towards development of sample-

to-answer NA LoaDs which can be attributed to the foundational operational principles 

underlying centrifugal microfluidics as a whole. Because centrifugally-driven fluid flow is 

directed radially outward relative to the center of rotation (CoR) in these systems, the 

number of unit operations that may be successively implemented is effectively limited by 

device radius.13 Further, NAE occurred along the disc periphery where centrifugal force, 

which acts radially outward only, could no longer be used to drive fluid movement.17, 64-66  

It has long been understood that integration of novel, alternative, non-centrifugal 

unit operations to drive flow in any direction, but particularly radially inward, would permit 

integration of more complex, comprehensive on-disc assays.13, 76 This is certainly the case 
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when considering enabling continued downstream centrifugal, on-disc post-processing in 

these sample-to-answer LoaDs.17, 64-66 Three such systems63-65 leveraged centrifugo-

dynamic inward pumping, specifically via a strategy described by Zehnle et al (Fig. 1-

10).76 Briefly, after lysis and bind-wash-elute NAE, the purified NA eluate was  

centrifugally pumped into a dead-end, peripheral chamber, compressing, and therefore 

pressurizing, the air originally contained there. Rapid deceleration decreased the 

centrifugally-generated hydraulic pressure exerted on  the compressed air, allowing it to 

expand to pneumatically force the bulk eluate radially inward into a collection chamber 

closer to the CoR.76 This approach was controlled solely via rotation, intrinsically available 

Figure 1-9. Fully-integrated NA processing architectures with SPE. (A) Centrifugal “slip chip” in which bacterial 

lysis, NAE, and isothermal amplification were performed directly on FTA cards, slid between separate chambers. 

Adapted from [51]. (B) LoaD that leverages membrane resistant (membR) valves to perform sequential flow of a 

lysate prepared on-disc, wash solutions, and an elution buffer through a packed silica column prior to on-disc 

colorimetric LAMP for detection of avian flu. Adapted from [14]. (C) Sample-to-answer LoaD encompassing 

mechanical lysis, dSPE, and real-time PCR-based bacterial detection from human serum samples. Adapted from 

[64]. (D) Fully automated centrifugal system for detection of respiratory pathogens (bacteria and viruses). This LoaD 

uses all the same process chains as the device in (C), but includes total on-board reagent storage. Adapted from [66]. 
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via spin stands, such that no specialized external equipment, reagents, or surface 

modifications were required.76 Inward fluid displacement was also effectively achieved by 

Liu et al. using a different strategy, namely by changing the direction in which centrifugal 

force acted on fluid within their double rotation axis system (Figure 1-11).17 Here, up to 

four LoaDs, each with a spindle motor that can rotate them individually, were loaded into 

a single turntable, also controlled by a spin motor.17 The orientation of each microdevice 

may be adjusted prior to rotating the turntable to drive flow. Both of these approaches, 

namely inward fluid displacement and changing the CoR, effectively overcome the steric 

constraints that frequently preclude centrifugal integration of all process chains for 

complex assays to permit downstream amplification and detection.13 

As mentioned above, recent focus has involved supplanting PCR-based 

amplification with alternative isothermal methods due to simplified hardware requirements 

Figure 1-10. Sample-to-answer LoaD with magnetically-controlled dSPE. After on-disc lysis and NA binding, 

magnetically-susceptible silica-coated beads were transferred between various chambers for washing and NA elution. 

To facilitate downstream amplification, the eluate was displaced radially inward via centrifugally-controlled 

hydraulic compression, and subsequent expansion, of an air bubble on-disc. The NA solution was then mixed with 

amplification reagents and metered into numerous chambers for parallel RT-PCR amplification. Adapted from [64]. 

 

 

Adapted from [62]. 
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resulting from single-

temperature heating.13, 24, 38 It 

is unsurprising, therefore, that 

the two oldest sample-to 

answer LoaDs discussed here 

(Stumpf et al.,65 Czilwick et 

al.64) used real-time PCR 

amplification. Of the 

remaining seven more recent 

sample-to-answer LoaDs 

highlighted in this section,14, 17, 40-41, 51-52, 66 only two (Li et al.17 and Rombach et al.66) 

leveraged PCR-based methods. Though powerful and ubiquitous, these assays rely on 

expensive fluorescence detection hardware and require relatively long analytical intervals; 

each of the LoaDs that used multiplexed PCR required upwards of 3 hours for assay 

completion.64-66 A large portion of this time was  devoted to cycling between denaturation 

and annealing temperatures at slow rates ranging from 0.7 – 1.0 ˚C/s.65 Isothermal 

techniques obviate this issue entirely via single-temperature amplification, which 

simplifies hardware and greatly decreases required analytical time.77-79 For example, the 

total assay interval for each of the sample-to-answer LoaDs with isothermal amplification 

was between 40 and 70 minutes.14, 40-41, 51-52 Due to reduced equipment requirements and 

analysis time, as well as compatibility with colorimetric detection in some instances (e.g., 

LAMP), we expect that in the future, a majority of fieldable sample-to-answer LoaDs will 

incorporate isothermal NAATs. 

Figure 1-11. Changing CoR to enable comprehensive NA processing. 

Sequential reagent addition and removal from a single chamber containing 

magnetic beads was enabled by changing the direction of centrifugal force 

within the microdevice. To achieve this, up to four LoaDs were loaded 

onto a turntable, which spun to drive flow. The orientation of the 

microdevices could be changed via smaller motors within the turntable 

prior to its rotation using the large motor. Adapted from [17]. 

 

 

Adapted from [62]. 
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In summation, comprehensive NA analysis integration on LoaDs has been enabled 

via rapidly expanding capabilities in techniques for on-disc fluid pumping, valving, and 

magnetic manipulation of on-board components (e.g., beads).13, 80 Recently, and perhaps 

resulting from the COVID-19 pandemic, increased research effort has been allocated to 

on-disc NA preparation methods (Section 1.4). Integration of such strategies with 

microfluidic amplification and detection is essential for development, and eventual 

commercialization, of portable centrifugal diagnostic tools. On-board storage of both liquid 

and solid reagents is key in providing LoaDs with fully automated, autonomous sample-

to-answer workflows required for practical PoN use. Notably, this review was not intended 

to focus so heavily on diagnostics, but the majority of recent research driving development 

of sample-to-answer centrifugal NA processing devices has been concentrated in this 

arena. Expansion of field-forward genetic analysis LoaD techniques and translation into 

other disciplines, such as forensic science, has the potential to be transformative in 

untethering NAATs from centralized laboratories entirely. 

1.6. Research Goals and Concluding Remarks 

This dissertation is centered on adapting existing laboratory-based workflows for 

molecular testing to centrifugal microsystems to meet the distinct need for on-site analysis 

that is currently unmet in forensic and clinical settings alike. The primary focus (Chapters 

2-4) involves development of methods for nucleic acid preparation in LoaD devices, a 

research area that has been historically underdeveloped.26-28 This introductory chapter 

serves to contextualize this work by describing the current state of the field, namely 

existing methods for cell lysis, NAE, and their integration with downstream, on-disc post-

processing. Specifically, Chapter 2 focuses on a method for direct-from-swab cellular 
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lysis and subsequent dSPE within a single centrifugal microsystem. This method is robust, 

simultaneously co-extracting both DNA and RNA with reliable laser-actuated valving for 

a variety of applications spanning from clinical diagnostics to forensic human 

identification. Chapter 3 describes how many of the principles initially explored in 

Chapter 2 were subsequently leverages to the develop and optimize a novel, streamlined 

method for magnetic nanoparticle-based SARS-CoV-2 virion preconcentration, with 

subsequent simultaneous lysis and RNA isolation. This method was readily amenable for 

field-forward usage (e.g., temporary testing clinics) and exhibits the potential to decrease 

both the analytical interval for infection detection and strain on diagnostic laboratories.81 

Notably, after thorough characterization and optimization, this assay was eventually 

adapted to a LoaD system.70 Both of these methods stand to make significant impacts as 

alternatives to conventional, laboratory-based, supply-chain limited workflows and could 

be automated for use by nontechnical personnel.  

However, upon completion of both assays, purified NA eluates were located at the 

disc periphery, where further on-disc centrifugal processing was not possible, as seen in 

many of the sample-to-answer systems discussed in Section 1.5. In these instances, due to 

assay complexity and the number of process chains required, methods for inward fluid 

displacement (IFD) were, for the most part, essential.76 However, the IFD approaches 

discussed previously possessed operational shortcomings that hinder practical, widespread 

implementation. Incorporation of two distinct rotation axes increases hardware complexity 

and cost, as well as instrument size – all detrimental to PoN use.17 The centrifugo-dynamic 

inward pumping used in the published sample-to-answer systems relied on passive valving, 

which permitted backflow during displacement that harmed recovery and ultimately 
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limited reliability.16, 64-66 To address these and other shortcomings, Chapter 4 describes 

the development and characterization of a novel, actively-valved method for strict 

spatiotemporal control over inward fluid displacement based on carbon dioxide (CO2) 

evolved from an on-board acid-base reaction. We demonstrate successful downstream 

NAATs following gas-driven inward fluid displacement of NAs prepared on-disc using 

out-of-the-box enzymatic chemistry for single-step cell lysis and isolation of amplification-

ready NAs. These strategies offer improved, automatable methods for on-disc NA 

preparation that could be performed outside of centralized facilities and exhibit the 

potential for PoN use and integration with downstream post-processing for sample-to-

answer use.  

This introductory chapter was focused on NA-based analyses, but immunoassays 

also constitute a powerful class of analytical tools that have been used extensively for 

simple, specific, and rapid on-site testing.82-83 However, lateral-flow immunoassays (LFIs), 

the most common fieldable format, possess key operational limitations due to reliance on 

capillary flow – namely poor control over flow and mixing, prevention of automation, and 

small or variable sampling volumes.84-86 To address these issues, Chapter 5 details the 

development of a centrifugal microfluidic device for performance of colorimetric enzyme-

linked immunosorbent assays (ELISAs).87 ELISAs provide precise, yet relatively cost-

efficient, quantitative detection, but, like NA analysis, are largely tethered to operation by 

highly trained analysts using highly manual workflows and benchtop instrumentation.88-89 

Embedded membranes, not unlike those used for flow control in one sample-to-answer NA 

LoaD,14 provided for rotationally-controlled retention, incubation, and elution of the 

numerous sequential reagents required for successful immunodetection. The bandwidth of 
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our approach is demonstrated through opiate detection in both buffer and mock clinical 

samples. Thus, with continued development, this approach has potential for varied 

application across forensic and toxicological applications and the PoN by non-technical 

personnel, including law enforcement and clinicians. 

In summation, the chapters that follow highlight challenges encountered and 

progress made towards development of fieldable, bioanalytical alternatives to laboratory-

based analyses. The bulk of the work described in this dissertation pertains to NA analysis, 

but there are also insights included regarding LoaD immunoassay adaptation and novel 

methods for on-disc flow control that were imperative for success of these assays at large. 

Finally, Chapter 6 describes remaining challenges, ongoing efforts to overcome them, and 

future directions for continued pursuit. 
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2. Centrifugal Microfluidic Dynamic Solid Phase Extraction  

2.1. Introduction 

 Molecular genetic analysis, discussed in detail in Chapter 1, is a complex pipeline 

that requires a multiplicity of processing steps to obtain meaningful information from a 

sample. While direct amplification is possible for some applications,1-4 most analyses rely 

on upstream nucleic acid extraction (NAE) as a critical, foundational step following 

cellular lysis to make liberated nucleic acids (NAs) amenable for downstream post-

processing.5-6 Numerous on-site nucleic acid amplification tests (NAATs) have emerged 

in response to an increased demand for point-of-need (PoN) NA testing, but most existing 

NAE techniques remain tethered to centralized laboratories.7-10 Though commercial kits 

provide some relief for overburdened analysts, they suffer from operational constraints that 

preclude on-site use – namely limited throughput capabilities, propensities for 

contamination, and labor-intensive, time-consuming workflows (Figure 2-1).6 However, 

as discussed in Chapter 1, increased attention and resources are being allocated to the 

development of effective, efficient, and fieldable NA preparation strategies, a traditionally 

underdeveloped research area.9, 11 

Figure 2-1. Stepwise schematic of conventional in-tube SPE workflow. After buccal swab collection, cells are 

eluted into solution via manual agitation. The supernatant is then collected and an aliquot is mixed with a lysis 

cocktail, then heated. An aliquot of the lysate is then passed through the extraction column via centrifugation. The 

column is then washed, potentially multiple times, via manual buffer application and centrifugation. Finally, an 

elution buffer is passed through the column to desorb purified NAs for collection. 
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Among these, centrifugal microfluidic ‘lab-on-a-disc’ (LoaD) platforms are 

especially promising as power  ful, portable alternatives for convenient NA processing by 

nontechnical personnel.10, 12 Rotationally-controlled fluidics offers an attractive format that 

obviates the need for bulky, complex external equipment, e.g., pneumatic pumps.13-14 In 

addition to portability, LoaD systems offer additional advantages over traditional 

laboratory methods, including reduced sample/reagent consumption, total automation, self-

contained formats, more rapid analysis, and decreased cost.6, 10, 12 Adapting NA preparation 

to a LoaD system stands to make significant impact in comprehensively translating NA 

analysis on-site, eliminating laboratory dependence entirely. From a practical perspective, 

inclusion of not only NAE, but also lysis, is imperative to ensure capabilities for processing 

raw samples and effectively bridging the “world-to-chip” interface.9, 11, 15 Ultimately, 

development of robust, efficient NA preparation methods opens the door to development 

of the optimal microfluidic solution for PoN use – fully-automated sample-to-answer 

miniaturized total analysis systems (µTAS)16 that perform NA preparation, separation, and 

detection without user intervention.5-6, 10-12 

Recall from the discussion of silica-based solid phase extraction (SPE) in Chapter 

1 that the preponderance of existing microfluidic NAE strategies utilize dynamic SPE 

(dSPE) due to ease of implementation at the microscale.5-6 Here, the requirement for only 

minimal, inexpensive peripheral hardware for dSPE implementation dovetailed naturally 

with centrifugally-driven flow to permit the development of a cost-effective, portable, 

LoaD for complete NA preparation. Though magnetic dSPE is commonly achieved via 

silica particle transfer between numerous chambers,17-19 the approach described here 

instead mirrors the traditional single-tube benchtop workflow; particles are retained in 
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single chamber and subjected to the 

sequential flowthrough of solutions 

to facilitate NA binding, washing, 

and eventual elution (Figure 2-2). 

The success of this on-disc dSPE 

strategy was directly contingent 

upon on-disc microvalves to 

provide spatiotemporal control 

over reagent delivery to, retention 

in, and removal from the extraction chamber.18 To achieve this, valves must be compatible 

with a plethora of lysis and extraction reagents (e.g., buffers and detergents) which possess 

exceedingly variable fluidic properties.20 Further, if PoN use is desired, valves must also 

behave reproducibly across a range of environmental conditions (e.g., temperature, 

humidity, etc.).  

Previous efforts towards centrifugal microfluidic dSPE were hampered by 

unreliable, on-board passive fluidic control systems unable to meet these required metrics 

due to comprehensive reliance upon balancing centrifugal force with fluidic surface 

tension.18, 21-22 These passive systems exhibited sensitivity to temperature fluctuations, 

changes in channel surface energy (quite variable in polymeric microdevices)14 and fluid 

composition (e.g., viscosity, surface tension) contributed to a high frequency of valving 

failures.18, 20 Fluidic control failure was further exacerbated by inconsistent burst pressures 

(± 0.5 Hz) of hydrophobic, xerographic toner valves in the system employed by Jackson et 

al. (first described by Ouyang et al.23); these valves exhibited a 10% failure rate under 

Figure 2-2. Depiction of in-tube and on-disc dSPE. Silica-coated 

particles are magnetically manipulated through a lysate sample 

(yellow) to facilitate NA capture via adsorption. Following particle 

collection (magnetically in tube or centrifugally on-disc), the 

supernatant was removed. The particles were then washed to 

remove sample contaminants and other PCR inhibitors prior to 

resuspension. Magnetically-driven mixing through an elution buffer 

(colorless) facilitated desorption of purified NAs from the silica-

coated particles. Adapted from [17]. 
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temperature-controlled laboratory conditions due to variable toner deposition during 

printing.18 Further, toner valves were irreversible, meaning that they could not be closed 

once actuated. Jackson et al. attempted to address these shortcomings by coupling passive 

valves with a manual tape valve strategy.18 Unfortunately, regardless of this, the combined 

valving scheme produced a high incidence of fluidic control failures (23%)18 and required 

incorporation of additional materials and fabrication steps that hindered the potential for 

translation to mass production and productization.24-25  

Here, to address these shortcomings and realize reliable centrifugal NA preparation, 

passive valves were replaced by active, laser-actuated flow control modalities to provide 

robust fluidic control without increasing device complexity. In the valve opening method 

used here, first described by Zuchelli and van de Vyver, then adapted by Garcia-Cordero 

et al., irradiation of an optically-dense polymer separating two discrete fluidic layers 

induces localized heating and pinhole formation to allow flow between previously 

disconnected channels.25-26 Though these valves are much more reliable than passive 

methods, opening only upon irradiation, these ‘single shot’ valves are also irreversible, 

remaining open after actuation.25 To address this deficiency, a complimentary laser-based 

valve closure strategy, developed by Woolf et al., was implemented.24 Irradiating 

microchannels just upstream from previously opened valves with insufficient incident 

energy to cause material ablation instead thermally deforms polymeric disc components, 

such that the channel is occluded and further flowthrough becomes impossible.24 Both laser 

valve opening and closing are strictly timed, dependable, and can be easily automated using 

the same diode. Not only do these methods entirely supplant passive and manual valving 

methods (e.g., toner, tape, and siphon valves), the lack of requirement for specific 
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architectural features permits higher multiplexing – and, thus, increased throughput. 

Finally, since sacrificial laser valves are both pressure-resistant and vapor-tight, they also 

ease upstream microfluidic integration of thermally-aided, direct-from-swab enzymatic 

lysis. Thus, the LoaD is readily amenable for acceptance and processing of biological 

samples on solid substrates (e.g., buccal swab cuttings) to yield high-purity NAs. 

For successful NA preparation, it is essential to control not only fluid flow, but also 

movement of paramagnetic silica particles within the microdevice. Here, application of a 

bidirectional rotating magnetic field (bRMF) drives back-and-forth bead sweeping within 

the extraction chamber to maximize NA capture, and eventually elution, from the solid 

phase. Since NAs were adsorbed to the beads’ silica surfaces, retention of the nanoparticles 

within the extraction chamber is critical for NA recovery.19 Together, careful architectural 

design of the extraction chamber and centrifugal bead pelleting prior to fluid transfer steps, 

were essential in mitigating such loss. The integrated lysis and dSPE NA preparation LoaD 

was initially characterized and optimized using aqueous dye solutions and a variety of 

empirical image analysis techniques. However, the purity and amplification-readiness of 

extracted NAs was probed using a panel of nucleic acid amplification tests (NAATs). 

Chiefly, methods based on the polymerase chain reaction (PCR) were used to assess assay 

performance during LoaD development and optimization.  

Ultimately the described portable NAE platform incorporates on-board, upstream 

lysis to permit processing of raw samples and combines centrifugal microfluidics and 

dSPE, a logical pairing that is well-suited for field-forward use. To establish the spread and 

scope of potential applications for this centrifugal dSPE LoaD, DNA and RNA extracted 

on-disc was amplified via multiple downstream modalities.  
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2.2. Materials and Methods 

2.2.1. Microdevice Fabrication  

Multiplexed centrifugal microdevices contained 8 domains per disc for parallel NA 

preparation and were designed to permit integrated, automated enzymatic lysis and 

subsequent dSPE. LoaDs were fabricated via the well-characterized ‘print-cut-laminate’ 

method.27 A CO2 laser (VLS3.50, Universal® Laser Systems, Scottsdale, AZ) was used to 

ablate architectural features designed in AutoCAD software (2019, AutoDesk Inc., San 

Rafael, CA) into thermoplastic substrates. Specifically, the core device contained five 

polyethylene terephthalate (PeT) layers (101.6 µM, FilmSource Inc., Maryland Heights, 

MO). The outermost ‘capping’ layers (1 & 5) enclosed the microdevice. The PeT layers 

that housed the two fluidic layers (2 & 4) were coated in a heat-sensitive adhesive (HSA, 

50.8 µM, Adhesives Research Inc., Glen Rock, PA) and separated by an intervening, 

optically dense black PeT layer (Lumirror* X30, Toray Industries, Inc., Chuo-ku, Tokyo, 

Japan) to permit laser-actuated valving.24-25 Device layers were aligned and passed through 

an office laminator (UltraLam 250B, Alikes Products Inc., Mira Loma, CA). Channels cut 

into a single material layer were approximately 100 µm deep and 400-500 µm wide. 

Average chamber depth was 450 µm, except where augmented by laser-cut PMMA 

accessory pieces (1.5 mm thickness, McMaster Carr) affixed to the microdevice with 

pressure sensitive adhesive (PSA, 55.8 µm, Arcare 7876, Adhesives Research Inc.) to 

enable swab acceptance and recovery of the purified NA eluate solution following assay 

completion. The recovery chamber was capped with a polytetrafluoroethylene (PTFE) 

membrane (Sterlitech, Kent, WA) cutting via a pressure sensitive adhesive (Arcare 7876, 
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Adhesives Research Inc.) which could be punctured via pipette tip to facilitate sample 

retrieval for off-disc post-processing. 

2.2.2. Reagent Preparation 

Tris-EDTA (TE) buffer (1X, Molecular Biology Grade, pH = 8.0, Thermo Fisher 

Scientific) was used without modification. Guanidine hydrocholoride (GuHCl, Thermo 

Fisher Scientific) solutions were prepared in 1X TE at 3M and 6M; pH was adjusted to 6.1 

using 2-(N-morpholino)ethanesulfonic acid (Thermo Fisher Scientific) and a Mettler 

Toledo MP 220 pH meter (MP Chemicals, Santa Ana, CA). The 3M GuHCl solution was 

then used to wash (3X) and resuspend Magnesil® paramagnetic particles (Promega, 

Madison, WI) with a final dilution factor of 3.3x. Isopropanol (IPA, Sigma Aldrich, St. 

Louis, MO) was prepared at 80% v/v in molecular biology grade water (Thermo Fisher 

Scientific). Proteinase K was used without modification (Qiagen, Valencia, CA). 

2.2.3. Mechatronic Spin System Construction and Operation 

The dSPE mechatronic system has capabilities for automated, rotationally-

controlled fluidics, magnetic nanoparticle manipulation, and laser valve actuation via a 

program coded in-house in Propeller’s native language, Spin. LoaD rotation, and therefore 

Figure 2-3. Schematic representations of mechatronic microfluidic platforms. (A) dSPE platform. In a newer 

iteration, a laser diode beneath the LoaD platform (not shown) permits laser valve opening. Adapted from [18]. (B) 

Power, Time, and Z-Height Adjustable Laser used for channel closures. Adapted from [24]. (C) Depiction of method 

for LoaD valve location. Valves are defined using two values: distance from the CoR (d) and the angle relative to a 

“homing notch” cut into the LoaD periphery. Adapted from [24].  
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centrifugal fluid flow, was driven by a DC brushless motor. Similarly, a stepper motor 

(Sanmotion Series, Sanyo denki, Moriguchi, Japan) controlled a PMMA disc featuring a 

pair of Neodymium permanent magnets affixed 7.50 mm above the sample disc platform 

on a 3-arm support structure similar to one described previously (Figure 2-3A).18 

Alternating the rotational direction of the magnet disc above the stationary microdevice 

created a bRMF, described previously, that drove back-and-forth nanoparticle sweeping.17 

Where necessary, the height of the magnets was adjusted using PMMA rings (1.5 mm 

thickness, McMaster Carr). Irradiation from a 700 mW 638 nm laser diode (L638P700M, 

Thorlabs, Inc. Newton, NJ) positioned 16.00 mm below the microdevice opened normally-

closed valves (500 mW, 500 ms). Laser-actuated valve closures were controlled by the 

Power, Time, and Z-Height Adjustable Laser, described in detail elsewhere (Figure 2-

3B).24 A 700 mW 683 nm laser diode (L638P700M, ThorLabs, Inc., Newton, NJ) focused 

with a collimation tube containing a single aspherical lens element (LTN330-A, ThorLabs, 

Inc.) was positioned 26.00 mm above the microdevice platform using two stepper motors 

(Polulu Robotics and Electronics, Las Vegas, NV). Irradiating channels (700 mW, 2500 

mS) facilitated their closure, and prevention of further flow.24 Valving locations (opening 

and closing) were numerically defined in terms of two parameters – distance from the 

center of rotation (d) and the angle relative to a homing notch cut in the disc (θ) (Figure 2-

3C). In each system, the diode’s position relative to these features in the xy-plane was 

controlled by a motorized translational stage (MTS50-Z8, ThorLabs), a photointerrupting 

optical switch (TT Electronics/Optek Technology, Woking, UK), and a brushless DC 

motor. All functionalities in both systems were regulated via multi-processing 

microcontrollers (Propeller P8X32A-M44; Propeller Inc., Rocklin, CA).  
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2.2.4. Cellular Lysis 

Epithelial cell lysates were prepared from cuttings taken from de-identified buccal 

swab samples collected via protocols approved by the University of Virginia Institutional 

Review Board and dried overnight. All lysates were used on the day of preparation.  

In-Tube Workflow 

A 28 µL aliquot of a lysis cocktail comprised of 6M GuHCl (18 µL) and Proteinase 

K (10 µL) was added to a 0.2 mL PCR tube along with a quarter swab cutting. Following 

a 10-minute incubation at 56 ˚C in a thermal cycler, the lysate was recovered via the 

‘piggyback’ method, described elsewhere.18 Briefly, the 0.2 mL PCR tube was punctured 

with a syringe needle, then nested in a 0.5 mL Eppendorf tube. The lysate was eluted into 

the outer tube via centrifugation. 

On-disc Workflow 

Within each domain, a quarter swab cutting was loaded into the PMMA swab 

chamber which was then sealed by applying a PeT coverlet. For epithelial cell lysis, no 

further treatment of the swabs was necessary. However, in instances of SARS-CoV-2 

detection, the cuttings were spiked with armored SARS-CoV-2 RNA (40 µL, 100 

copies/µL) (AccuPlexTM SARS-CoV-2 Reference Material, SeraCare, Milford, MA) then 

dried overnight. The swab chamber was filled with lysis cocktail (28 µL) then incubated at 

56 ˚C (10 minutes) using a dual Peltier system. After heating, the laser valve beneath the 

swab chamber was opened. 
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2.2.5. Nucleic Acid Extraction  

Traditional Extraction 

To permit comparison of on-disc and in-tube lysis performance, liberated DNA was 

purified using the DNA Mini Kit (Qiagen) and amplified in triplicate using an ABI 7500 

fast Real-Time PCR System (Thermo Fisher Scientific) by targeting the TPOX locus 

(primers and probe published previously28). Each 20 µL reaction contained 1X SensiFast 

Probe Lo-ROX One-Step Mix, 0.4 µM forward/reverse primers, 0.1 µM probe, and 4 µL 

extracted DNA. An initial denaturation step (95 ˚C, 3.5 minutes) was followed by 40 

amplification cycles between 95 °C for 5 s and 60 °C for 30 s. Fluorescence was monitored 

in the FAM channel. The threshold cycle (Ct) was calculated automatically by 7500 

software v2.3 (Thermo Fisher Scientific). 

Microfluidic Extraction 

The microdevice was prepared for the integrated workflow by loading the swab 

cutting and lysis cocktail (28 µL) to the swab chamber, bead suspension (3 µL) and GuHCl 

(3M, 2 µL) to the extraction chamber, and IPA (80%) and 1X TE to their respective 

chambers (8 µL each). After performing on-disc, direct-from-swab lysis as described 

above, the laser valve below the swab chamber was opened. Rapid device rotation (269 g, 

120s) centrifugally pumped the lysate into the swab elution chamber. Following actuation 

of a second, downstream laser valve, a 2 µL aliquot was collected in a metering chamber, 

with excess flowing into the lysate overflow chamber (27 g, 30 s). The channel upstream 

of the metering chamber was laser-sealed prior to opening the valve below the metering 

chamber and pumping the 2 µL lysate into the extraction chamber. Here, an initial particle 

mixing step, driven by bRMF application was implemented for NA capture; the magnet 

disc was rotated above a stationary microdevice for 500 s total, alternating direction every 
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20 s. After mixing, the particles were centrifugally pelleted (-109 g, 5 s), the appropriate 

downstream laser valve was actuated, the supernatant lysate was driven into a waste 

chamber (109 g, 10 s), and the channel upstream of the newly opened laser valve was 

sealed. After IPA was introduced to the extraction chamber (laser valve actuated; 126 g, 

10 s), a second magnetic mixing step was conducted. After centrifugally pelleting the 

particles (-109 g, 5 s), the second waste valve was opened, the IPA was removed (109 *g, 

10 s), and the waste channel was closed. The 1X TE elution buffer was then introduced to 

the extraction chamber (laser valve actuated; 126 g, 10 s) prior to a final cycle of magnetic 

mixing and pelleting. Finally, a downstream laser valve was opened and the NA solution 

was driven into the NA recovery chamber (109 g, 10 s) from which it could be retrieved 

for off-disc analysis by puncturing the PTFE membrane with a pipette tip. 

2.2.6. Nucleic Acid Post-Processing 

Real-Time PCR  

All amplification reactions were performed using an ABI 7500 fast Real-Time PCR 

System (Thermo Fisher Scientific). Fluorescence was monitored in the FAM channel and 

threshold cycle (Ct) values were calculated automatically by 7500 software v2.3 (Thermo 

Fisher Scientific). Relative DNA quantification was performed via real-time PCR 

amplification targeting the TPOX locus (primers/probe published previously28). Each 

reaction contained 1X PerfeCTa supermix low Rox (Quantabio, Beverly, MA), 0.3 µM 

forward/reverse primers, 0.4 µM probe, and 2 µL extracted DNA. Amplification conditions 

were analogous to those described for conventional DNA extraction (Section 2.2.5). 

Pathogenic RNA detection was achieved using reverse transcription real-time PCR 

reaction. Specifically, each reaction targeting the SARS-CoV-2 N gene contained 5 µL 
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sample, 5 µL TaqPathTM 1-Step RT-qPCR Master Mix, CG (Thermo Fisher Scientific), 

1.5 µL SARS CoV-2 (2019-nCoV) CDC RUO N1 primer-probe mix (Integrated DNA 

Technologies, Coralville, IA), and 8.5 µL PCR-grade water (Molecular Biologicals 

International, Inc.) by heating at 50 °C for 15 minutes, 95 ˚C for 3 minutes and 45 cycles 

of 95 °C for 3 s and 55 °C for 30 s.  

Short Tandem Repeat (STR) Profiling 

PCR amplification (18-plex) was performed using the PowerPlex® 18D system 

(Promega). Each 25 µL reaction was comprised of 1X master mix, 1X primers, and 2 µL 

unknown DNA. Amplicon electrophoresis and detection were achieved using an ABI® 

3130 Genetic Analyzer (Applied Biosystems, Grand Island, NY). Resultant STR profiles 

were interpreted using GeneMarker HID software (SoftGenetics, State College, PA). 

Loop-mediated isothermal amplification (LAMP) 

Extracted DNA was amplified using the WarmStart® LAMP Kit (DNA&RNA) 

(New England Biolabs, Ipswitch, MA) and primers (sequences published previously29) 

targeting the TPOX locus. Each reaction contained 0.2 µM F3 and B3, 0.8 µM LF and LB, 

and 1.6 µM FIP and BIP and was incubated at 65°C for 60 minutes in a thermal cycler. 

Microchip Electrophoresis 

Where appropriate, electrophoretic detection and sizing of real-time PCR and 

LAMP was achieved using the DNA chip assay for the Bioanalyzer 2100 (Agilent 

Technologies, Santa Clara, CA) according to manufacturer’s instructions. 
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2.2.7. Image Analysis 

Device images were captured using an Epson Perfection V100 Photo desktop 

scanner (Seiko Epson Corporation, Suwa, Nagano Prefecture, Japan) and analyzed using 

the Fiji distribution of ImageJ freeware using techniques described elsewhere.24, 30 Briefly, 

to calculate fluid volumes within microfluidic chambers, the pixels associated with the dye 

were ‘masked’ or selected through adjustment of color thresholds within ImageJ.30 The 

pixels were then enumerated and compared to control conditions (e.g., 2 µL dye pipetted 

into the extraction chamber).30 Other analyses that required simple measurement of 

individual image parameters leveraged the ‘crop-and-go’ method described by Woolf et al. 

in which circular or rectangular regions of interest (ROIs) were selected from raw images 

and converted to 3-slice hue-saturation-brightness (HSB) stacks. Individual hue and 

saturation values were measured directly from the relevant image slice.24, 30 

2.3. Results and Discussion 

Effective microscale dynamic solid phase NAE requires exquisite fluid flow 

control, optimized solid phase-sample interaction, performance of discrete, sequential 

fluidic steps without contamination, and isolation of amplification-ready NAs. Here, each 

of these functionalities have been integrated into a single centrifugal microfluidic lab-on-

a-disc (LoaD) that combines enzymatic lysis directly from raw buccal swab cuttings and 

dynamic, chaotrope-driven binding to silica particles in a rotating magnetic field. Cellular 

contaminants were washed from the particles prior to elution of purified, amplification-

ready NAs. This integrated process required a series of accurately executed fluid transfers 

(both temporally and spatially) promoted via optically-actuated valving methods. Resultant 

DNA purified on-disc was effectively amplified, not only by traditional polymerase chain 
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reaction (PCR) methods, but also via isothermal loop-mediated amplification (LAMP). 

Further, successful RNA isolation was demonstrated for the first time via downstream 

reverse transcriptase PCR (RT-PCR) targeting viral genetic material. 

2.3.1. Microdevice Fabrication and Operational Principles 

LoaDs were fabricated via the ‘print-cut-laminate’ (PCL) method to permit rapid 

device prototyping and optimization.27 Use of commercial-off-the-shelf thermoplastic 

substrates and office equipment obviates reliance on hazardous chemicals (e.g., 

hydrofluoric acid), specialized expensive equipment (e.g., milling machines), or designated 

cleanroom space. Further, prototyping in this manor enables facile testing of iterative 

architectural designs. Despite extremely cost-effective fabrication (<$1 each), these 

devices are capable of performing complex bioanalytical processes including 

immunoassays,31 genotyping,32 PCR amplification,33 and NAE.17, 34 This large bandwidth 

of applications highlights the versatility of PCL microdevice fabrication. Though PCL 

devices generally are fabricated from five thermoplastic components and contain two 

distinct fluidic layers (Figure 2-4), LoaD functionality is ultimately determined via the 

microfluidic architecture.  

Here, the multiplexed dSPE LoaD was designed with a view towards increased NA 

preparation throughput. The optimized device contained eight distinct, identical iterations 

of the architecture radially distributed around the center of rotation (CoR), each able to 

accept a single swab cutting for parallel, simultaneous on-disc processing (Figure 2-5). 

Architectural features to facilitate both enzymatic (Proteinase K) lysis (gold text) and dSPE 

(black text) interfaced seamlessly at the central extraction chamber, which housed the NAE 

silica solid phase. After NA capture, sequential introduction and removal of isopropanol 
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(IPA) and 1X Tris-EDTA (1X TE), preloaded into the chambers above the extraction 

chamber, facilitated washing of the NA-bound beads, then elution of purified NAs. In 

addition to assuring that lysate, wash, and elution solutions are ‘valved’ for movement in 

the correct sequence, fluid reten  tion with the beads in the extraction chamber for the 

requisite time for NA capture/elution is critical. To enable repeated sequences of fluid 

delivery, retention, and emptying of the extraction chamber, a robust valving strategy that 

alternated between permitting and preventing fluid flow was required. Jackson et al. 

incorporated siphon and manually-actuated tape valves for this purpose which, while good 

for proof of principle, led to periodic failures that contributed to a sub-adequate overall 

assay success rate.18  

To enhance spatiotemporal fluidic control through our architecture while 

simplifying device fabrication, we supplanted the original tape and passive valves with 

laser-based methods (Fig. 2 -6). Optically-actuated sacrificial valves (Fig. 2-5B, red boxes) 

were opened simply and rapidly with short laser pulses to provide precise control over fluid 

Figure 2-4. Isometric view of PCL microdevice fabrication.  (A)  Isometric exploded view of a conventional 5-

layer PCL microdevice. Material layers 2 and 4 (yellow), comprised of polyethylene terephthalate (PeT) coated with 

a heat-sensitive adhesive, serve as the primary fluidic layers and are separated by an intervening, optically-dense 

black PeT layer to enable laser valving (amber, 3). Clear PeT capping layers (cyan, 1 and 4) enclose internal device 

architecture to provide a self-contained microdevice. After alignment, passage through an office laminator heat-

bonds layers together to yield a finished microdevice. Where necessary, PMMA accessory pieces (purple) with PeT 

coverlets (cyan) are adhered to layer 1 for enhanced chamber volume and buccal swab acceptance.  
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flow between channels in formerly disconnected fluidic layers (Fig. 2-6A).25-26 A 

complimentary optically-controlled valve closure strategy described by Woolf et al.24 was 

implemented in conjunction with this irreversible technique to effectively ‘close’ 

previously opened valves. For channel closure, laser-induced thermal deformation of 

polymeric materials occluded microchannels to preclude further flow with a demonstrated 

success rate of >99% at relevant rotational frequencies (Figure 2-6B).24 In conjunction, 

these strategies permitted the successive introduction, removal, and fractionation required 

to mirror the traditional “bind-wash-elute” benchtop workflow.  

Figure 2-5. LoaD for lysis and dSPE of nucleic acids from buccal swabs. (A) Multiplexed microdevice for 

simultaneous preparation of nucleic acids from 8 samples. (B) Labeled schematic of the microfluidic architecture of 

one domain. Laser-actuated valve openings and closures are shown as red boxes and crosses, respectively. Channels 

depicted with solid and dashed borders are contained in the top and bottom fluidic layers, correspondingly. Adapted 

from [17]. 

Figure 2-6. Laser-based microvalving strategies. (A) To open laser-actuated valves, (i.) an optically-dense material 

separating two distinct fluidic layers is irradiated. A hole is formed via material ablation to (iii.) permit flow between 

previously disconnected channels. (B) Using the same diode, (i.) a previously opened valve can be effectively closed 

via (ii.) irradiation of the upstream channel which causes material deformation that (iii.) prevents further flowthrough. 

Adapted from [24]. 
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Visual, empirical demonstration of the success of this valving scheme was achieved 

by passing four differently colored dye solutions through the extraction chamber in 

isolation (Figure 2-7). Yellow, red, green, and blue dyes were sequentially introduced into 

the extraction chamber, then removed to one of four discrete, valved waste chambers for 

discarded fractions connected to a single downstream channel. To facilitate removal of 

each solution, the laser valve associated with the most distal unfilled chamber was opened, 

dye was centrifugally pumped in, and the channel upstream of the newly opened valve was 

laser-sealed. If the channels were effectively closed, upon introduction of the next dye 

solution, it would be retained in the extraction chamber. The success of this fluid 

fractionation strategy was clearly evident upon inspection of the four resultant fractions 

(Figure 2-7A). Visually, four distinct fractions were isolated with colors matching the 

initial dye solutions prior to conducting the on-disc fluidic protocol. Empirical 

confirmation of these visual results was obtained via analysis of hue, a circular variable 

which uniquely represents a color within the visible portion of the electromagnetic 

spectrum.30 Hue shifts in the dye fractions after assay completion (relative to starting hue 

values) were used as metrics for successful sequential reagent delivery and removal, as 

Figure 2-7. Dye simulation of dSPE workflow for valve closure evaluation. (A) Images of microdevice depicting 

stepwise fluidic protocol with green and white arrows representing valve openings and closures, respectively.  Dyes 

were used to visually represent assay reagents to permit visual analysis. (i.) After opening the rightmost laser valve, 

the lysate (yellow) was spun to waste. (ii.) The channel upstream of the opened valve was closed and the IPA wash 

(red) was delivered to the extraction chamber. (iii.) The red dye was centrifugally pumped to waste after valve 

opening. (iv.) After the TE wash valve (green) was opened, the fluid was driven into the extraction chamber. (v.) The 

valve to the third waste chamber was opened and the green dye was driven therein. (vi.) After closing the waste valve, 

the TE elution buffer (blue) is released to the extraction chamber, then isolated in a downstream elution chamber. (B) 

Pixel distributions measure against normalized hue values (0 to 1) measured from the four dye solutions, with lighter 

traces representing initial values and darker traces corresponding to the dye hue values after the on-disc dSPE fluidic 

protocol. For each dye, the net hue value change is inset. Adapted from [24]. 
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well as effective valving. Final fractions exhibiting minimal hue changes indicated a lack 

of premature reagent release, undesired mixing between fractions, and incomplete valve 

closures. If valve closures had failed, much larger hue shifts would have been observed 

due to mixing between multiple dyes. The exceedingly minor changes measured between 

initial and final hue values confirmed that fluid fractions could be successively passed 

through the extraction chamber with near-negligible crossover (Figure 2-7B). More 

broadly, this study demonstrated the robust reliability of our combined laser valving 

scheme as capable of providing the spatiotemporal fluidic control needed for 

implementation of lysis and extraction. 

2.3.2.  Direct-from-Swab Enzymatic Lysis 

 As discussed in Chapter 1, lysis from a wholly unprocessed sample is essential for 

practical application of LoaDs for NA analysis. To this end, an on-disc direct-from-swab 

method was developed to accept buccal swab cuttings, perform lysis, and deliver lysate to 

the extraction chamber for dSPE (Figure 2-8). Proteinase K (ProK), a broad-spectrum 

serine protease used ubiquitously in NA preparation schemes, was coupled with guanidine 

Figure 2-8. Integrated fluidic workflow and performance of on-disc lysis. (A) Schematic depicting sequential 

unit operations. (i) After enzymatic lysis, the valve beneath the swab chamber was actuated and the lysate was 

centrifugally eluted from the cutting. (ii) The downstream valve was opened, (iii) a 2 µL aliquot of lysate was metered 

out, the channel upstream of the metering chamber was closed, the subsequent laser valve was opened, and (iv.) the 

metered lysate was centrifugally pumped into the extraction chamber. (B) qPCR Ct values from amplification of the 

TPOX locus were similar between dSPE extracts following parallel on-disc and in-tube lysis of cells contained on 

three donor swabs, indicating successful on-disc lysis. Adapted from [17]. 
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hydrochloride (GuHCl) to denature cellu  lar proteins, including nucleases that would 

otherwise degrade NAs.5, 7 Enzymatic lysis was expedited via heating at 56 ˚C for 10 

minutes; reaching this temperature using our in-house mechatronic system, required ~30 

seconds from room temperature and remained stable over the duration of incubation (data 

not shown). Leveraging pressure-resistant, vapor-tight sacrificial laser valves effectively 

contained the lysate within the swab chamber during heating.  

After opening the valve beneath the swab chamber, the lysate was centrifugally-

eluted from the substrate. As a result of centrifugally-generated pressure scaling with 

angular frequency, the LoaD was rotated at maximal rate permitted by the dSPE spin stand 

(3000 rpm) to maximize fluid recovery from the swab.22 Notably, unlike passive valving, 

which is prone to failure when such high-speed spin steps are required early in the assay 

workflow,21-22 laser valve actuation is entirely independent from fluidic pressure. Thus, the 

probability of premature release of the lysate or preloaded NAE reagents even during this 

high-speed spin step was effectively zero. To ensure consistent performance of 

downstream dSPE, the same, measured volume of lysate should be reproducibly introduced 

to the extraction chamber. A downstream metering chamber designed to accommodate and 

deliver a 2 µL lysate aliquot to the extraction chamber was characterized using aqueous 

dye. Briefly, pixels associated with the dye inside the extraction chamber were “masked” 

by adjusting color thresholds within ImageJ freeware.30 Comparison of the number of 

pixels selected from the metered lysate aliquot to those of known dye volumes within the 

extraction chamber permitted determination that 2.17±0.60 µL lysate to the extraction 

chamber (Figure 2-9). After metering, the appropriate channel was closed to prevent any 

crude lysate, which contained PCR inhibitors, remaining in the swab from entering the 
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extraction chamber during downstream spin steps. The remaining bulk lysate was routed 

to an overflow chamber from which it could be collected for off-disc processing where 

necessary.  

In one such instance, DNA from lysates obtained from duplicate swab cuttings 

prepared on-disc and in-tube were purified using a commercial method prior to qPCR 

amplification. Since Ct values are inversely related to target concentration, more effective 

cellular lysis would result in higher concentrations of DNA in solution and, therefore, more 

rapid amplification (e.g., lower Ct values). Since comparable Ct values were obtained 

across methods (Figure 2-8B), it was concluded that microfluidic lysis performed similarly 

to traditional, in-tube reactions. Although the small volume lysis chemistry used was 

described previously, this work represents the first integration of on-disc direct-from-swab 

lysis, directly interfaced with actively-valved centrifugal dSPE.18, 35-36  

Figure 2-9. Visual quantification of metered lysate volume. The on-disc spin and valving protocol for lysis was 

performed using an aqueous green dye (28 µL) to visually represent the cellular lysate. To measure the volume of 

the dye aliquot delivered to the extraction chamber, a surrounding rectangular region of interest was selected using 

ImageJ freeware; all pixels outside of the bounds were cleared. Image color thresholds were adjusted such that only 

the pixels associated with the green dye were selected. The same color threshold adjustment values were applied 

uniformly across images. Comparison of the number of masked pixels in metered and control aliquots of known 

volume permitted volume discernment. Adapted from [17]. 
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2.3.3. On-Disc Extraction 

After lysate delivery to the extraction chamber, the on-disc dSPE protocol was 

initiated (Figure 2-10). First, NAs were captured by paramagnetic silica particles, as they 

were swept back-and-forth by the application of an external bidirectional rotating magnetic 

field (bRMF). Following centrifugal bead pelleting, the rightmost downstream laser valve 

was opened. After the supernatant lysate was driven to the associated waste chamber, the 

channel immediately upstream of the newly opened valve was laser-sealed, precluding 

further flow. IPA was introduced to the extraction chamber and retained for magnetic 

mixing, pending subsequent laser valve actuation and release of fluid to the next waste 

chamber. After closing the upstream channel, the TE elution buffer was delivered to the 

extraction chamber and retained for magnetically-assisted desorption of purified NAs. 

Finally, purified NAs were transferred to the recovery chamber following actuation of the 

appropriate laser valve for eluate retrieval. In addition to providing the high-level fluidic 

control needed for sequential washes, laser-valving strategies required no additional 

fabrication steps or materials, were  easily automated, and required substantially less 

microfluidic ‘real estate’ to permit increased multiplexing from 4 (Jackson et al.) to 8, 

Figure 2-10. Stepwise on-disc dSPE fluidic protocol. Valve openings and closures are represented by red boxes 

and crosses, respectively; magnetic mixing steps are depicted by orange bidirectional arrows. (i) After NA capture 

(‘binding’) via magnetic mixing, beads are pelleted, and the lysate is driven to the first waste chamber following 

actuation of the appropriate valve. (ii) After sealing the channel upstream of the opened valve, the IPA wash is 

introduced to the extraction chamber. (iii) Following bead mixing, pelleting, and valving, IPA is pumped into the 

second waste chamber. (iv) After waste channel closure, TE is flowed into the extraction chamber where (v) magnetic 

mixing facilitates NA elution from the beads. (vi) The purified NA solution is driven into the elution chamber 

following bead pelleting and valve actuation. Adapted from [17]. 
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doubling throughput.18 The practical success of on-disc dSPE was largely contingent on 

optimization of three key parameters, namely magnetic solid phase manipulation, 

extraction chamber geometry, and the washing protocol. Each of these factors are discussed 

in detail below.  

2.3.3.1.  Optimization of Magnetic Solid Phase Manipulation  

Magnetic actuation via bRMF application has been previously described for use in 

label-free DNA detection and quantification; paramagnetic particles formed visually-

detectable aggregates upon entanglement by DNA.37-38 Here, similar manipulation of 

paramagnetic particles was applied to NA purification. Following magnetic resuspension, 

repeated reversal of the bRMF direction induced back-and-forth bead ‘sweeping’ across 

the extraction chamber and collection on the opposing wall (Figure 2-11). Though bead 

mixing is commonly achieved 

through reliance on inertial 

forces during LoaD spin,39 

rotating the magnets instead 

eliminated adverse effects on 

the beads (i.e., pelleting) 

generated by centrifugal 

forces, which would 

ultimately preclude effective 

NA capture.39   

During initial assay 

evaluation, the distance 

Figure 2-11. Characterization of magnetically-driven bead mixing. 

(A) Beads are resuspended from the bottom of the chamber using a 

rotating magnetic field (RMF). Reversing the direction of the RMF 

induces bead migration across the extraction chamber; beads reside 

against the chamber wall until the RMF again changes direction to drive 

the beads in the reverse direction. Repeated alterations of RMF 

orientation drives back-and-forth bead sweeping. (B) Percent distribution 

of bead sweeping and wall residence in each 20 s RMF step at 6 different 

magnet z-heights. Each bar represents the grand mean of 3 sets of 14 

measurements. Here, sweeping speed was inversely related to z-height. 

(C) RT-PCR results from DNA obtained from parallel extractions with 

7.50 mm, 11.25 mm, and 13.75 mm z-heights (each n = 4) produced 

similar Ct values, indicating similar DNA yields. Adapted from [17]. 
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between the microfluidic and magnetic discs (z-height) was 7.50 mm. However, it was 

observed that under these conditions, during a given bRMF step, the beads swept across 

the chamber very rapidly, and spent the majority of time against the chamber wall, instead 

of interacting with NAs in solution (Figure 2-11B). Thus, it was anticipated that slower 

bead migration would promote more thorough bead-DNA interaction and, hence, improved 

yield. To test this hypothesis, the relationship between magnetically-driven ‘sweeping’ 

speed and NA yield was explored. Distance and magnetic field strength are inversely 

proportional, such that increasing the magnet z-height should diminish the magnetic force 

experienced by the beads, thereby slowing their movement. Indeed, a percent distribution 

of the time beads spent ‘sweeping’ through solution or against the chamber wall as a 

function of z-height demonstrated that the beads traversed the chamber most rapidly at the 

minimal z-height (7.50 mm), where the magnetic field strength was highest; time required 

for the beads to reach the opposing wall increased proportionally with height (Figure 2-

11B). At z-heights greater than 13.75 mm, beads failed to reach the opposing wall within 

a single 20 s bRMF step. These studies demonstrated precise temporal control over bead 

migration enabled by untethering mixing from microdevice rotation.  

To assess any effect of sweeping speed on NAE performance, DNA was extracted 

from lysates from swab cuttings spiked with a known mass (10 ng) of commercial human 

genomic DNA at z-heights of 7.50, 11.25, and 13.75 mm (Figure 2-11C). A classical one-

way ANOVA of Ct values obtained via real-time PCR amplification (TPOX) of extracted 

DNA indicated statistically similar values across z-heights between 7.50 and 13.75 mm (p-

value = 0.24, α = 0.05). Residual analysis (Shapiro-Wilk’s normality test and Levene’s and 

Bartlett’s test) indicated that all assumptions for the classical ANOVA were met; there 
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were no extreme outliers, residuals were normally distributed, and there was homogeneity 

of variances (p > 0.05). In the absence of evidence suggesting that slower bead migration 

improves NA recovery, all further experiments continued to use the z-height used during 

initial assay characterization (7.50 mm). 

2.3.3.2. Extraction Chamber Geometry 

Successful on-disc dSPE required not only effective manipulation of the silica 

beads, but also their retention in the extraction chamber for the entire assay duration. Since 

NAs are adsorbed to their silica surfaces, any undesired bead movement to waste during 

fluidic transfer steps would pose detriment to NA yield. To aid retention, beads were 

centrifugal pelleted, or collected, at the most radial edge of the extraction chamber prior to 

fluid removal. Despite this, it was immediately clear that substantial (near total) bead loss 

occurred during the first fluid removal step using the initial circular extraction chamber, 

(Figure 2-12A). Thus, thoughtful design of the extraction chamber geometry was essential 

to mitigate bead loss. Various geometries were evaluated, but it was determined that a 

pointed convex-shaped extraction chamber more successfully retained beads by effectively 

trapping them within the outer vertex via centrifugal pelleting (Figure 2-12B).18  

A second advantage of the modified extraction chamber geometry was centered on 

the provision of highly pure, 

amplification-ready NAs in 

the final eluate fraction. As 

discussed in Chapter 1, 

reagents commonly used in 

chemical lysis methods (e.g., 

Figure 2-12. Effect of chamber geometry on bead retention. (A) 

During early architectural optimization, it was evident that using a 

circular extraction chamber led to immediate loss of beads to waste in the 

initial lysate fraction. (B) Adopting a chamber geometry with a convex 

vertex on the radially outer edge exhibited improved bead retention. 
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GuHCl) are, unfortunately, potent inhibitors of downstream NAATs.21, 40 Thus, minimizing 

lysate carryover into the eluate was essential. Initial assessment of eluate purity was 

achieved by using an aqueous blue dye to simulate a cellular lysate, with repeated addition 

and removal of deionized water representing remaining NAE reagents (Figure 2-13).  

More effective removal of the blue color from subsequent fractions represented more 

complete washing away of the lysate. After completing the on-disc fluidic protocol, each 

of the waste fractions obtained via washing the round extraction chamber visually appeared 

blue in color, indicating the presence of residual dye (lysate). Conversely, the second and 

third waste fractions downstream of the convex, pointed extraction chamber were 

seemingly colorless, suggesting more minimal lysate carryover. Empirical analysis of 

saturation, or color intensity, was performed to more quantitatively inform on lysate 

prevalence in each fraction (Figure 2-13). Briefly, a larger constituency of dye within a 

sample produces an increased saturation value, whereas the presence of less dye will yield 

a lower saturation value, closer to the value associated with pure water (colorless). 

Saturation was selected for this analysis given its known utility for evaluation of such 

Figure 2-13. Evaluation of eluate purity with varied extraction chamber geometries. Empirical saturation 

analysis permitted characterization of removal of lysate, represented by blue dye, from the eluate. Images of dSPE 

LoaD with (A) round and (B) convex pointed extraction chambers. It was visually apparent that all three fractions 

(1-3) eluted from the round extraction chamber contained blue dye, whereas fractions 2-3 downstream of the convex 

pointed chamber appear colorless. (C) Using a round chamber shape, all waste fractions exhibited elevated saturation 

values relative to parallel tests using convex pointed chambers. Adapted from [17]. 
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colorless-to-colored transitions.30, 41-45 As expected, saturation measurements tracked with 

visual results; saturation of fractions downstream of the round extraction chamber were 

consistently higher than parallel measurements taken from architecture with a pointed, 

convex extraction chamber.  

More thorough characterization of lysate removal was conducted by completing the 

on-disc assay in its entirety using blue dye to represent the lysate and water to simulate all 

other reagents (Figure 2-14). Following centrifugal pumping of the dye from the extraction 

chamber to the first waste chamber (1), sequential water fractions were spun into the central 

chamber from the wash chambers, and then to the remaining downstream chambers from 

Figure 2-14. LoaD for dSPE of PCR-ready DNA reliant on laser-based valve closures. (A) Image PCL LoaD 

for dSPE before and after the washing protocol using blue dye to simulate the cellular lysate. (B) Empirical image 

analysis of each recovered fraction. Hue and saturation both decrease with continued washing; image parameters 

measured from the final eluate have returned to those of pure water, indicating thorough dye removal. (C) Two 

channels of an STR profile generated from DNA extracted on-disc, demonstrating successful purification and 

biocompatibility of the technique. Adapted from [24] 
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right to left to simulate the two wash steps, followed by elution. Though each fraction 

appeared visually colorless, analysis of both hue and saturation was performed (Figure 2-

14B). Comparison of measured values with those taken from pure water permitted 

empirical estimation of dye (lysate) removal. The first waste chamber contained the pure 

blue dye representative of the lysate, and had the highest measured values for both hue and 

saturation. It was logical that each subsequent fraction had diminished hue and saturation 

values, as any dye initially remaining in the extraction chamber was diluted and removed 

with continued washing. Hue and saturation measured from waste chamber 2 remained 

slightly elevated, indicative of some dye carryover. This was not unexpected; the extraction 

chamber was specifically designed to trap nanoparticles in its vertex, so some fluid 

retention was unavoidable. However, the measured hue and saturation values in the third 

waste chamber approached those of pure water. Ultimately, a Welch's two sample t-test 

indicated statistical similarity between the mean hue (p-value = 0.3055) and saturation (p-

value = 0.3706) values of the final elution fraction and deionized water (Figure 2-14B). It 

was anticipated that such effective removal of potential PCR inhibitors from on-disc 

eluates would allow for unimpeded amplification. In fact, full 18-plex STR profiles were 

generated from DNA purified from buccal swab cuttings via automated, on-disc dSPE. No 

indication of inhibition, such as allelic drop out or peak height imbalances, were observed 

(Figure 2-14C). These findings were essential in establishing the viability of the dSPE 

LoaD approach, as well as demonstrating that any combustion or ablation products formed 

as result of laser-based channel closures pose no appreciable detriment to downstream 

delicate PCR-based assays. 
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2.3.3.3. Wash Protocol Optimization 

In early work demonstrating on-disc dSPE, an intermediate 1X TE wash was 

performed immediately prior to NA elution to ensure efficient removal of assay reagents 

(e.g., GuHCl, IPA) known to inhibit PCR. However, since TE is traditionally used to elute 

adsorbed NAs from silica, inclusion of this step introduced potential for NA loss and lower 

extraction efficiency.5 To determine if this wash could be eliminated without PCR 

inhibition, parallel in-tube extractions were performed with and without the TE wash. 

Electropherograms obtained following multiplexed PCR amplification of numerous loci 

within the DNA extracted without the TE wash showed no signs of inhibition; peak heights 

were similar across methods (Figure 2-15). These preliminary in-tube results suggested 

that the intermediate TE wash could be eliminated, but further testing was required to 

determine if this was also true within the LoaD system. 

Again, initial characterization was performed using aqueous dye solutions. 

Specifically, tartrazine, a yellow dye, was used to represent either IPA or GuHCl in two 

different dye studies designed to probe their prevalence in the final on-disc eluate (Figure 

Figure 2-15. Evaluation of intermediate TE wash necessity. STR profiles from DNA obtained via in-tube dSPE 

with and without the intermediate TE wash. Peak heights were higher without the intermediate TE wash with no 

observed signs of inhibition. The intermediate TE wash was deemed to be unnecessary. Adapted from [17]. 
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2-16). Here, similarly to the study in the previous section, dye, and therefore inhibitor, 

prevalence in solution was optically quantified by measuring eluate saturation.  

Dye Study I: Cellular Lysate.  

The on-disc fluidic protocol was first completed with aqueous tartrazine 

representing the cellular lysate (Figure 2-16A). Though a slight yellow color was visually 

apparent in the IPA waste fraction, tartrazine carryover at this point was neither unexpected 

or problematic as the IPA wash is intended to remove lysate contaminants. Importantly, 

the eluate appeared colorless; the lack of perceivable tartrazine present was empirically 

confirmed by comparing its ‘saturation’ with that of pure water. A paired t-test for means 

(p-value = 0.17, α = 0.05) indicated that the null hypothesis (equality of means) could not 

be rejected, so the saturation values of the final eluate and pure water were statistically 

similar. Therefore, there would be negligible presence of GuHCl or other lysate-derived 

contaminants in the purified NA solution.  

Figure 2-16. Optical assessment of eluate purity via dye-

based visualization studies. (A) Modified architecture for 

dye studies, with chambers labeled with representative 

fractions. Image analysis following on-disc dSPE with 

tartrazine-spiked simulants of (B) lysate, and (C) IPA, 

produced colorless eluates; empirical analysis produced eluate 

saturation values to be comparable to pure water, indicating 

minimal GuHCl and IPA presence. Adapted from [17]. 

Figure 2-17. Tartrazine standard curve used 

in eluate purity assessment. Calibration curve 

relating measured saturation and aqueous 

tartrazine concentration measured in 

microfluidic chambers (images inset). Each point 

represents the mean of triplicate measurements 

with error bars depicted as one standard deviation 

in both directions. The excellent linear 

correlation (R
2 

= 0.997) permitted quantification 

of eluate impurities. Adapted from [17]. 
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Dye Study II: Isopropanol.  

Similarly, in a separate study, dSPE was performed with a tartrazine-spiked IPA 

solution (Figure 2-16B). Though the eluate appeared colorless, analogous statistical 

treatment to that performed in Dye Study I indicated a statistical difference between the 

saturation values of the eluate and water (p-value = 6.0x10-4, α = 0.05). However, the 

saturation of the eluate was below the calculated LoD for tartrazine (0.04 mM) (Figure 2-

17). The IPA prevalence at the LoD was calculated as 3.0%. Thus, each subsequent 25 µL 

PCR reaction would contain only 0.24% IPA, below the reported inhibitory concentration 

of 1.0%.46  

Taken together, the results of these two colorimetric studies, led to the conclusion 

that even without an intermediate TE wash, eluted NAs were highly pure and PCR 

inhibition was not expected. 

2.3.4. Evaluation of Integrated Microfluidic NA Preparation 

2.3.4.1. Short Tandem Repeat Profiling 

 With encouraging results from the dye studies, the ‘PCR-readiness’ of disc dSPE-

purified DNA was truly challenged through multiplexed PCR and downstream short 

Figure 2-18. Images of the integrated fluidic control protocol for on-disc lysis and dSPE. Aqueous dyes 

representing the lysate (yellow), isopropanol (blue), and TE elution buffer (green) were used to visually depict the 

on-disc NAE preparation workflow. After incubation, (1) the lysate (yellow) is centrifugally eluted from the swab 

cutting, and (2) collected in the swab elution chamber. (3) A 2 uL lysate aliquot is metered, with the excess driven to 

an overflow chamber. (4) The metered lysate aliquot is delivered to the extraction chamber where purification 

proceeds using preloaded reagents. After NA capture, (5) the supernatant lysate is driven to waste and (6) isopropanol 

is delivered to the extraction chamber. (7) After washing the beads, the supernatant isopropanol is spun out of the 

extraction chamber. (8) Finally, the TE elution buffer is introduced to the extraction chamber to facilitate NA 

desorption from the beads and, (9) the purified eluate is transferred to the NA recovery chamber. Adapted from [17]. 
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tandem repeat (STR) analysis. STR analysis, pervasive in forensic human identification 

and familial testing, leverages multiple primer sets to simultaneously probe numerous 

genomic loci known to contain polymorphic STRs, or nucleotide sequences (e.g., 3 to 7 

bases) replicated a variable number of times.47 Individuals have two distinct copies (alleles) 

of each locus, and therefore up to two polymorphism lengths – one from each biological 

parent. An individual’s STR profile can be constructed via the PCR-based amplification of 

these regions and the subsequent electrophoretic separation and sizing of the resultant 

amplicons. Notably, STR analysis provides a sensitive metric for evaluating amplification-

readiness of DNA since multiplexed PCRs are especially sensitive to inhibiton.48 To 

evaluate this method’s capacity for integration with this workflow, DNA for amplification 

was prepared via the fully-integrated lysis and dSPE method (Figure 2-18). Full 18-plex 

profiles were reliably generated from on-disc dSPE eluates (Figure 2-19). Two channels 

of one such electropherogram show 11 of the 18 loci probed; amplicons at the remaining 

seven loci were also successfully detected but not depicted here. As seen previously, no 

signs of inhibition, such as peak dropout or imbalance, were noted despite omission of the 

intermediate TE wash.49 All expected peaks were detected with similar heights between 

Figure 2-19. Extract compatibility with STR profiling. Electropherograms from an 18-plex STR profile generated 

following multiplexed PCR amplification of DNA prepared on-disc. No signs of inhibition, such as peak imbalances 

within a given locus, were observed, demonstrating the high purity and direct PCR compatibility of dSPE eluates. 

Adapted from [17]. 
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allele pairs, decisively demonstrating the high purity of dSPE-extracted DNA and its direct 

PCR compatibility.  

2.3.4.2. Demonstration of RNA Extraction 

 Up to this point, all dSPE efforts in our lab have centered on DNA purification.18, 

35-36 However, RNA binding to silica under chaotropic conditions occurs in a manner 

indistinguishable from that of DNA.5 To evaluate if on-disc dSPE was amenable to 

preparation high-purity RNA from dried buccal swabs, cuttings were spiked with SARS-

CoV-2 ‘armored’ RNA. The use of armored RNA offers multiple advantages over viral 

samples (e.g., stability, homogeneity, and non- infectivity) and is commonly used as a full 

process control in the development and verification of viral detection assays.50 The full 

SARS-CoV-2 genome is enveloped in a coded viral protein coat, which protects the genetic 

material and necessitates its extraction prior to amplification and detection. Following on-

disc dSPE, with no changes to assay 

workflow or chemistry, SARS-CoV-2 

RNA was successfully detected in all 

samples via real-time RT-PCR 

amplification with resultant Ct values 

below the CDC-defined cut-off (Ct = 

40) (Figure 2-20). Although co-

extracted human genomic DNA from 

epithelial cells collected on swabs can 

promote non-specific amplification, and 

ultimately false positive results, none 

Figure 2-20. Detection of pathogenic RNA. (A) RT-qPCR 

amplification of the SARS-CoV-2 N1 RNA target was 

achieved from on-disc extracts from spiked buccal swab 

cuttings. (B) Gel-image rendering of electropherograms 

obtained from following RT-PCR showed amplicons that 

matched the intended product size (~72 bp) only in positive 

control and positive extracted samples. Adapted from [17]. 
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was observed in post-processing of buccal swabs not spiked with armored SARS-CoV-2 

RNA.51 Though not conventionally performed, endpoint electrophoretic sizing of qPCR 

amplicons was included to assure amplification specificity. Following conversion of three 

positive and three negative electropherograms to a computer-generated ‘gel’ rendering, in 

which dark bands represent electropherogram peaks, amplicons corresponding to the 

intended SARS-CoV-2 N1 gene target size (~72 base pairs) were detected only in the 

positive control and three positive extracts from spiked swabs. This observation, coupled 

with the absence of amplification in the no-template control permitted conclusion that the 

observed amplification was specific to the intended viral target; DNase treatment was 

deemed unnecessary, as there would be increased cost and complexity (architectural and 

procedural) with little, if any, benefit.  

2.3.4.3. Compatibility with Isothermal Amplification 

 As discussed in Chapter 1, PCR-based assays remain the ‘gold standard’ and 

constitute the majority of NA amplification tests (NAATs). However, the practicality of 

their use outside of conventional laboratory settings is limited, largely by extensive 

instrumentation requirements for thermal cycling and fluorescence detection that limit 

portability. Conversely, due to complete circumnavigation of thermal cycling 

requirements, isothermal NAATs are more suited to field use.  For instance, loop-mediated 

isothermal amplification (LAMP), developed by Notomi et al., has been touted as a  cost-

effective, fieldable alternative to PCR with increased amenability to simple, point of need 

instrumentation.6, 52-53 Instead of traditional PCR primer pairs, LAMP uses 4-6 primers that 

bind sequentially to NA targets, making this assay highly specific.52-53 Consequently, step-

wise LAMP primer annealing/extension generates multiple, polydisperse amplicons, which 
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appear as numerous distinct peaks 

when evaluated electrophoretically, 

significantly different from single 

length PCR amplicons.53  

DNA prepared on-disc from 

buccal swab cuttings was isothermally 

amplified by targeting the TPOX locus. 

Electrophoretic separation and 

fluorescence detection of amplicons 

resulted in the characteristic peak 

pattern associated with LAMP 

amplicons, discussed above (Figure 2-

21A). As done previously during 

SARS-CoV-2 detection (Section 2.3.4.2), electropherograms of LAMP products from four 

different buccal swab extracts were compiled and converted to a single gel-image rendering 

(Figure 2-21B). No product bands were observed in analysis of the no template control 

and reagent blank, demonstrating the absence of non-specific amplification. Conversely, 

the ‘gel’ lanes associated with all buccal swab samples contained numerous bands of 

differing lengths, consistent with characteristic LAMP product composition. Thus, all 

amplification observed from buccal swab extracts was determined to be specific for th e 

TPOX target. Further, triplicate cuttings from the same swab (Samples 4.1-4.3) produced 

identical peak patterns, demonstrating reproducibility of LAMP-based amplification of 

DNA extracted using on-disc dSPE across donors and replicates.  

Figure 2-21. LAMP amplification of dSPE extracts. (A) 

Representative electropherogram of LAMP products 

depicting the distinct peak pattern indicative of successful 

amplification of DNA prepared on-disc. (B) Gel image 

rendering of LAMP electropherograms from extracts obtained 

across donors and replicates, demonstrating reproducibility of 

LAMP downstream of LoaD preparation. Adapted from [17]. 
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2.4. Conclusions 

The optimized dSPE LoaD described here performs fully-integrated, automatable, 

and multiplexed preparation of amplification-ready nucleic acids (NAs) directly from 

unprocessed buccal swab samples. Explicitly, up to eight samples may be processed in 

parallel in under 30 minutes, permitting increased throughput relative to conventional, 

manual methods. Further, this work represents the first reported example of incorporating 

on-disc, direct-from-swab enzymatic lysis upstream of dSPE in a centrifugal microdevice. 

Integrated lysis is essential for processing human samples, but lysis is frequently omitted 

from on-disc workflows, mandating in-tube pre-processing that precludes fully automated 

NA preparation.9, 54-61 Here, the robust fluidic control required to integrate these two 

processes was enabled by two exceedingly reliable complementary laser-valving 

strategies.24-25 Optically-controlled valve closures permitted the fluid fractionation 

required for the cascade of reagent introduction, retention, and removal required for 

completion of the ‘bind-wash-elute’ workflow in a single microfluidic chamber.24 This 

work also represents the first demonstration that laser valve closures may be performed 

upstream of NAATs with no observed inhibition resulting from combustion or ablation 

products.24 The success of these closures was unquestionably demonstrated through optical 

analysis of four distinct dye fractions sequentially flowed through the extraction chamber 

and sequestered in individual downstream chambers. Further dye studies were 

implemented to optimize lysis and dSPE microarchitectures and visually demonstrate high 

eluate purity, with minimal carryover of sample and assay components that may inhibit 

post-processing. 
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Ultimately, the amplification-readiness of NAs prepared on-disc was demonstrated 

using a panel of NAATs. Extracted DNA was directly compatible with not only real-time 

PCR, but also multiplexed PCR amplification – known to possess increased inhibitor 

susceptibility. STR profiles generated subsequently demonstrated that DNA targets at 18 

different human genomic loci were simultaneously amplified with no observed inhibition. 

Successful isolation of detectable levels of DNA was reliably achieved from swab cuttings 

across donors. This highlights the robustness of on-disc NA preparation, since original 

concentrations of cells, and therefore quantities of genetic material, present are variable 

and unknown. Though PCR-based assays remain the ‘gold standard’ in many arenas, a 

rapidly expanding portfolio of isothermal NA amplification strategies are garnering 

attention as simpler, more portable alternatives. To ensure that the dSPE LoaD produced 

DNA of sufficient quantity and quality for use in isothermal amplification, DNA extracted 

on-disc was amplified via LAMP. This finding has important implications since LAMP is 

especially well-suited for portable microfluidic diagnostics due to simplified hardware 

requirements and compatibility with visual, colorimetric detection.  

For the first time, RNA was extracted from a buccal swab sample; SARS-CoV-2 

armored RNA was lysed enzymatically and the liberated pathogenic material was extracted 

with no modifications to assay workflow or chemistry. Therefore, both the lysis and 

extraction methodologies used here have wide bandwidths and are amenable to extracting 

both DNA and RNA from numerous sample types, namely human epithelial cells and 

virions. The successful analysis of viral samples prepared with this portable system 

demonstrates its potential for integration with analytical tools in diverse arenas (e.g., 

clinical diagnostics), especially in resource-limited settings.9-10 Further, because a DNase 
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treatment was not needed to obtain amplification-ready RNA, coelution of both DNA and 

RNA is possible, increasing the volume of information that may be procured from a single 

extract via multiple detection modalities.7, 11  

Historically, development of microfluidic NA preparation techniques has lagged 

behind amplification and detection for point of need use, including diagnostics.5-6, 11 Thus, 

our strategy for producing high-purity NAs, effectively free from PCR inhibitors, stands to 

make significant impact in facilitating NA testing outside of traditional laboratory settings. 

To enable such portability, ongoing work involves the design and construction of a single 

mechatronic platform for comprehensive automation of lysis and NAE (Figure 2-22). This 

single system combines the functionalities of dSPE and the Power, Time, and Z-Height 

Adjustable Laser spin stands (discussed in section 2.2.3) to permit total automation of the 

NA preparation workflow with no required analyst intervention.  

  A fully-automated, multiplexed NA preparation LoaD stands to make significant 

impact by eliminating the variability 

associated with manual sample processing, 

increasing throughput, and decreasing the 

analytical interval and contamination risks 

inherent to traditional open-tube methods. 

Further, this custom spin stand possesses all 

required functionalities for eventual 

integration of on-disc downstream LAMP 

to yield a fully-integrated sample-to-answer 

LoaD akin to those described in Chapter 1. 

Figure 2-22. Integrated mechatronic spin stand for 

assay automation. After inserting the LoaD (1), flow 

is driven via rotation of a brushless DC motor (2). To 

enable valving, the laser diode (3) was positioned the 

appropriate distance above the LoaD using stepper 

motors (4). Similarly, magnets (5) can be positioned 

directly above the LoaD and rotated to facilitate on-disc 

bead manipulation. Finally, Peltiers (6) may be clamped 

onto the disc to enable heating where necessary. 
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3. Microscale nanoparticle-based enrichment and RNA extraction  

3.1. Introduction 

The global SARS-CoV-2 outbreak that caused the COVID-19 pandemic exposed 

critical shortcomings in existing nucleic acid analysis workflows. SARS-CoV-2, a 

positive-sense RNA virus, exhibits high transmission rates and pathogenicity due, in part, 

to surface spike proteins that facilitate facile host cell entry through homology with 

angiotensin-converting enzyme (ACE2) receptors.1 In an effort to combat worldwide 

infections, widespread testing was implemented but imposed massive analytical burdens 

that many clinical laboratories were unable to meet.2-4 Delays created by already time- and 

labor-intensive diagnostic workflows were exacerbated by supply chain limits as demand 

for materials and reagents, such as nucleic acid extraction (NAE) kits, outpaced 

production.2-4 Most ‘gold standard’ NAE kits rely on lytic enzymes (e.g., proteases) to 

initially disrupt viral envelopes. The resultant lysate is then passed through a packed silica 

column to capture liberated pathogenetic RNA.5 These solid phase extraction (SPE) 

methods require extensive manual intervention and possess an open-tube format, which 

both limits analytical throughput and risks analyst exposure to infectious agents. Though 

both of these issues were effectively ameliorated via SARS-CoV-2 RNA extraction using 

the lab-on-a-disc (LoaD) format for silica-based dynamic SPE (dSPE), as described in 

Chapter 2. However, this microfluidic device and workflow were not specifically tailored 

to diagnostics, and therefore, may not be suitable for all relevant samples. For instance, to 

conserve NAE supplies and improve testing throughput, especially in asymptomatic or low 

disease prevalence populations, the United States Department of Human Health and Safety 

recommended pooling samples from up to 20 individuals in a single test.6 Pertinent 
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concerns lingered regarding whether existing NAE methods were capable of providing 

detectable levels of pathogenic RNA for successful viral detection in such low-titer, pooled 

samples.4, 7 Preconcentration of the target virions prior to lysis, not performed in 

conventional SPE, could make the difference between successful detection and a false 

negative result.8 Here, a second magnetically-controlled nanoparticle-based method for 

NA preparation, specifically designed to include virion preconcentration, or enrichment, 

prior to extraction of SARS-CoV-2 RNA from clinical samples, is described.9 

Specifically, hydrogel nanoparticles were leveraged for SARS-CoV-2 enrichment 

as they have previously been demonstrated to improve downstream detection sensitivity, 

including in pooled sample mimics.8, 10 These nanoparticles are decorated with both affinity 

baits to capture virions via spike protein interaction and paramagnetic materials to allow 

for facile manipulation.8, 10 Enrichment also allows for removal of the sample matrix, which 

often contains substances (e.g., electrolytes, mucins, enzymes) known to inhibit 

downstream nucleic acid amplification tests (NAATs), widely recognized as the most 

reliable, ubiquitous methods for patient diagnosis of SARS-CoV-2 infection.11-12 Upstream 

nanoparticle-based enrichment was coupled with rapid, one-step enzymatic extraction of 

amplification-ready RNA from clinically relevant matrices. Specifically, following 

enrichment, nanoparticles were resuspended in a rnaGEM extraction cocktail containing a 

thermophilic proteinase13 that simultaneously digested viral envelopes and stabilized 

liberated RNA through RNase hydrolysis.14 Through adaptation of this so-called ‘enriched 

rnaGEM’ chemistry to commercial PDQeX technology, RNA isolation and sequestration 

of nanoparticles from the eluate were achieved in a single, hands-free step. No further 

purification was required prior to RNA amplification, entirely circumventing the 
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requirement for conventional SPE. Implementation of enriched rnaGEM extraction 

augments throughput, avoids the reliance on supply-chain limited kits, and reduces the 

analytical interval to permit more timely diagnosis. 

Enriched rnaGEM extractions performed using the PDQeX system represented a 

significant decrease in the time, labor, and material requirements relative to conventional 

methods. However, further streamlining the workflow could allow for total assay 

automation. To achieve this, the enriched rnaGEM chemistry was adapted to a microfluidic  

LoaD platform, which have garnered substantial attention as powerful, portable 

alternatives for convenient NA processing by non-technical personnel.15-16 When 

compared with traditional laboratory-based techniques, microfluidic strategies offer appeal 

in terms of decreased sample/reagent consumption, ease of automation, enclosed formats, 

rapid analysis, and decreased cost.15, 17 Among these, rotationally-controlled, centrifugal 

LoaDs constitute an especially attractive format by obviating the need for bulky, complex 

external equipment, e.g., pneumatic systems.18-19 Here, one such self-contained centrifugal 

microdevice was developed for enriched rnaGEM extraction of purified, amplification-

ready SARS-CoV-2 RNA from patient samples.  

The success of enriched rnaGEM extraction performances of both platforms 

(PDQeX and LoaD) were thoroughly characterized through comparison with a ‘gold 

standard’ commercial SPE kit. Though real-time reverse transcription polymerase chain 

reaction (real-time RT-PCR) is best known as the “gold standard” NAAT for clinical 

diagnosis,20 it may also be used as an analytical tool to evaluate the success of upstream 

nucleic acid preparation. This principle is harnessed here to compare RNA extraction from 

clinically-positive SARS-CoV-2 samples in parallel using the proposed technique and a 
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conventional, commercial method. Though this robust technique is specific and sensitive,20 

real-time RT-PCR requires complex instrumentation for precisely timed and controlled 

temperature cycling and fluorescence detection. Consequently, relatively long analytical 

intervals and extensive hardware requirements leave conventional RT-PCR methods 

tethered to centralized laboratories.21 Consequently, numerous alternative isothermal 

NAATs for more fieldable, rapid viral detection have emerged. For instance, loop-

mediated isothermal amplification (LAMP)22 has been used in conjunction with 

colorimetric indicators, such as hydroxy naphthol blue (HNB),23 to provide instrument-

free, visual SARS-CoV-2 detection with limits of detection as low as 10 genetic copies per 

reaction.24-28 Similarly, recombinase polymerase amplification (RPA)29-30 can provide 

optical detection of the viral target in as little as seven minutes.7 These portable, isothermal 

techniques demonstrated the potential to alleviate analytical burdens placed on existing 

laboratory testing infrastructure by allowing for use outside of the laboratory (e.g., at 

home).28, 31-33 Thus, the compatibility of enriched rnaGEM extracts with isothermal 

NAATs, namely LAMP and RPA, was also explored to demonstrate applicability with 

more fieldable portative amplification methods. 

Since effective epidemiological control requires prioritization and diversification 

of methods, this work stands to make a significant impact in RNA preparation that would 

be independent of benchtop instrumentation. Ultimately, this would enable widespread in 

situ clinical testing, especially when used in conjunction with portable amplification 

methods for simple, rapid, and sensitive on-site diagnostics.2, 34  
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3.2. Materials and Methods 

3.2.1. Clinical SARS-CoV-2 Sample Preparation and Analysis  

Standard of care analysis was performed according to manufacturer instructions 

using either the Abbot Alinity-m SARS-CoV-2 assay, the Abbot M2000 Real-Time SARS-

CoV-2 Assay, or the Xpert Xpress SARS-CoV-2 assay, each of which was granted 

emergency use authorization (EUA) from the Food and Drug Administration. After 

analysis, clinical samples were stored in viral transport medium (VTM) and de-identified 

according to protocols approved by the University of Virginia Institutional Review Board. 

An aliquot (600 – 1000 µL) was transferred to a 2 mL microcentrifuge tube and heat-

inactivated via incubation at 65 ˚C for 30 minutes. All samples were stored at -20 ˚C until 

analysis. Here, any patient sample with a cycle threshold (Ct) value assigned via these 

standard of care tests was considered clinically positive. Clinical Ct values were also used 

to infer relative viral titers. 

In-Tube RNA Extraction.  

Conventional Column-Based Extraction. In each extraction, viral RNA was 

isolated from a 250 µL aliquot of a heat-inactivated clinical VTM sample using the RNeasy 

Mini Kit (Qiagen, Valencia, CA, USA) with an upstream DNase I treatment (New England 

Biolabs, Ipswitch, MA, USA) according to manufacturers’ instructions.  

Viral Enrichment and rnaGEM Extraction. An initial in-tube preconcentration step 

was performed by adding NanoTrap Magnetic virus particles (25 µL) (CERES 

Nanosciences, Inc., Manassas, VA, USA) to sample VTM (250 µL), mixing, and 

incubating briefly at room temperature prior to magnetic pelleting of the nanoparticles. The 

supernatant was then removed and replaced with a lysis cocktail (50 µL total volume) 
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comprised of 1 µL rnaGEM enzyme in 1X BLUE buffer (MicroGEM International, PLC., 

Charlottesville, VA, USA). After heating (75 ˚C for 10 minutes, 95 ˚C for 5 minutes) in a 

thermal cycler, the nanoparticles were again collected magnetically such that the 

supernatant RNA lysate could be collected.  

RNA Extraction using the PDQeX System.  

VTM. A 25 µL aliquot of the hydrogel nanoparticles was added to sample VTM 

(250 µL) and incubated briefly at room temperature prior to magnetic pelleting. The 

nanoparticles were then resuspended in a lysis buffer comprised of 1% rnaGEM enzyme 

in 1X BLUE buffer (MicroGEM International, PLC.) with a total volume of either 50 µL 

or 100 µL. In instances where a DNase treatment was incorporated, the lysis cocktail also 

included 1X dsDNase buffer and 1 µL HL-sdDNase enzyme (ArcticZymes Technologies 

ASA, Tromsoe, Norway). The suspension was then transferred to PDQeX tubes, inserted 

into the associated instrument (MicroGEM International, PLC.) and heated at 95 ˚C for 5 

minutes.  

Saliva. Saliva was diluted at a 1:3 ratio in a dilution buffer comprised of 400 µL 

BLUE buffer (MicroGEM International, PLC.) in 1X phosphate-buffered saline (PBS). 

PBS was prepared by dissolving sodium chloride (3.2073 g), potassium chloride (0.0807 

g), sodium phosphate dibasic (0.5678 g), and potassium phosphate monobasic (0.0978 g) 

in molecular biology grade water (40 mL) (Thermo Fisher Scientific, Waltham, MA, USA) 

prior to pH adjustment to 7.35 with sodium hydroxide. Prior to PDQeX extraction, VTM 

was serially diluted in the saliva mixture.  

All RNA isolates were stored at -80 ˚C until RNA amplification was performed.  
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3.2.2. Conventional Real-Time RT-PCR Analysis 

Extracted SARS-CoV-2 RNA was amplified using the real-time RT-PCR assay 

developed under EUA by the Centers of Disease Control and Prevention (CDC).35 The 

resultant Ct values were used to assess the relative success of upstream RNA extraction 

performance across methods. Each 20 µL reaction was comprised of 5 µL TaqPathTM 1-

Step RT-qPCR Master Mix, CG (Thermo Fisher Scientific), 1.5 µL SARS-CoV-2 (2019-

nCoV) CDC RUO N1 primer-probe mix (Integrated DNA Technologies, Coralville, IA, 

USA), 8.5 µL PCR-grade water (Molecular Biologicals International, Inc.), and 5 µL RNA 

extract. Amplification positive controls contained the 2019-nCoV_N_Positive Control 

Plasmid (Integrated DNA Technologies) and no template controls (NTCs) were included. 

Samples were amplified in duplicate using a MyGo Pro real-time PCR instrument (IT-IS 

Life Science, Ltd., Dublin, Ireland); fluorescence was monitored in the FAM channel. 

Reverse transcription (50˚C, 900 s) was followed by denaturation (95 ˚C, 180 s) and 40 

amplification cycles (denaturation: 95 ˚C, 3 s and annealing/extension: 55 ˚C). Ramp up 

and down rates were programmed as 5 ˚C/s and 4 ˚C/s, respectively. In subsequent 

optimization, reverse transcription was shortened to 60 s and the cycle annealing 

temperature was elevated to 60 ˚C. All samples with Ct values less than the cut-off cycle 

given by the assay manufacturer (40) were considered indicative of SARS-CoV-2 

detection. 

3.2.3. Alternative Amplification Methods 

Loop-mediated Isothermal Amplification (LAMP)  

Each LAMP reaction was comprised of 3.25 µL PCR-grade water, 6.25 µL 2x 

WarmStart master mix (New England Biolabs), 1.25 µL primer mix (sequences published 
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previously24), 120 µM hydroxynaphthol blue (HNB) to enable colorimetric detection, and 

1.25 µL sample. The primer mix contained 2 µM F3 and B3 primers, 8 µM LF and LB 

primers, and 16 µM FIP and BIP primers. Samples, along with NTCs and positive controls 

(2019-nCoV_N_Positive Control plasmid (Integrated DNA Technologies)), were 

amplified in triplicate via a 60-minute incubation at 63 ̊ C prior to polymerase denaturation 

(95 ˚C, 60 s). Images of the tubes were captured prior to heating (0 minutes), after 30 

minutes, and upon assay completion (60 minutes) using a Huawei smartphone (Huawei 

Technologies Co., Ltd., Shenzhen, China). The hue of a circular region of interest in each 

reaction tube (diameter = 15 pixels) was measured in ImageJ software and averaged across 

replicates.36-37 A threshold was established three standard deviations below the mean hue 

value of all reactions prior to amplification; samples above (purple) and below (blue) this 

threshold were considered colorimetrically negative and positive for SARS-CoV-2, 

respectively.  

Recombinase Polymerase Amplification (RPA)  

Reverse transcription and RPA were performed in a single step using lyophilized 

RPA reagents from the TwistAmp© Exo Kit (TwistDxTM Ltd. San Diego, CA, USA). The 

reagents were rehydrated in a mixture of 29.5 µL TwistAmp Primer Free Rehydration 

buffer, 0.13 µM Exo-IQ probe (Eurofins Genomics LLC., Louisville, KY, USA), 10 U/µL 

ProtoScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA), 0.25 U/µL 

thermostable RNase H (New England Biolabs), 0.44 µM each SARS_RPA_F1 and 

SARS_RPA_R1 primers38 (Eurofins Genomics LLC.), and 6.2 µL PCR-grade water. 

Individual reaction tubes each contained 21.25 µL of the mixture described above, with 14 

nM magnesium acetate (TwistDxTM) and 2.5 µL RNA extract placed on the inside of the 
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tube lid. Reactions were initiated by centrifugation immediately prior to tube insertion into 

a TS16-ISO instrument (Axxin, Fairfield, Victoria, Australia), preheated to 42 °C. 

Fluorescence monitoring (20% LED) was performed throughout the incubation (1920 s 

total), which included a brief mixing step after 300 s. An amplification threshold was 

established three standard deviations above the mean fluorescence readings taken from 

NTCs over the assay duration. 

3.2.4. Microdevice Fabrication 

Centrifugal microdevices designed to permit integrated, automated, and 

multiplexed SARS-CoV-2 enrichment as well as enzymatic viral RNA extraction were 

fabricated using the well-characterized ‘print-cut-laminate’ method.38 A CO2 laser 

(VLS3.50, Universal® Laser Systems, Scottsdale, AZ, USA) was used to ablate 

architectural features designed in AutoCAD software (2019, AutoDesk Inc., San Rafael, 

CA, USA) into thermoplastic substrates. Specifically, the core device contained five 

polyethylene terephthalate (PeT) layers (101.6 µm, FilmSource Inc., Maryland Heights, 

MO, USA). The outermost layers (1 & 5) served as ‘capping layers’ to enclose the 

microdevice. The PeT layers that housed the two fluidic layers (2 & 4) were coated in a 

heat-sensitive adhesive (HSA, 50.8 µm, Adhesives Research Inc., Glen Rock, PA, USA) 

and separated by an intervening, optically dense black PeT layer (Lumirror* X30, Toray 

Industries, Inc., Chuo-ku, Tokyo, Japan) to permit laser-actuated valving.39-40 The device 

layers were aligned and passed through an office laminator (UltraLam 250B, Alikes 

Products Inc., Mira Loma, CA, USA). Laser-cut polymethyl methacrylate (PMMA, 

McMaster Carr, Elmhurst, IL, USA) accessory pieces (1.5 mm thickness) were affixed to 
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the microdevice using pressure sensitive adhesive (PSA, 55.8 µm, Arcare 7876, Adhesives 

Research Inc.) to augment chamber depth, and thereby volume, where appropriate. 

3.2.5. Mechatronic Spin System Construction and Operation 

Rotationally-controlled fluidics and laser-actuated valving were controlled by the 

Power, Time, and Adjustable z-Height Laser, described in detail elsewhere.40 A 700 mW 

683 nm laser diode (L638P700M, ThorLabs, Inc., Newton, NJ, USA) focused with a 

collimation tube containing a single aspherical lens element (LTN330-A, ThorLabs, Inc.) 

was positioned above the stage onto which the microdevice was mounted. The diode’s 

position relative to architectural features (valves, channels) in the xy-plane was controlled 

by a motorized translational stage (MTS50-Z8, ThorLabs) a photointerrupting optical 

switch (TT Electronics/Optek Technology, Woking, UK), and a brushless DC motor. The 

z-height of the laser relative to the microdevice was adjusted using two stepper motors 

(Polulu Robotics and Electronics, Las Vegas, NV, USA). Normally-closed valves were 

opened via irradiation (500 mW, 500 mS) at 15.00 mm.39 Conversely, positioning the diode 

26.00 mm above the device and irradiating channels (700 mW, 2500 mS) facilitated their 

closure, and prevention of further flow.40 A separate system was used to promote 

manipulation of the Nanotrap hydrogel particles within the microdevice. Briefly, a pair of 

Neodynium permanent magnets affixed to a PMMA disc oriented 7.50 mm above the 

sample disc platform on a 3-arm support structure similar to one described previously.41 

By alternating the direction of spin of the magnet disc using a stepper above the stationary 

microdevice via a stepper motor (Sanmotion Series, Sanyo Denki, Moriguchi, Japan), a 

bidirectional rotating magnetic field (bRMF) was generated that drove back-and-forth 
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nanoparticle sweeping.42 All functionalities in both systems were regulated via multi-

processing microcontrollers (Propeller P8X32A-M44; Propeller Inc., Rocklin, CA, USA). 

3.2.6. Optical Characterization of On-Disc Enrichment and Extraction 

Initial characterization and optimization of microdevice architecture were 

performed via on-disc fluidic studies that leveraged aqueous dye solutions for 

visualization. All images were captured using an Epson Perfection V100 Photo desktop 

scanner (Seiko Epson Corporation, Suwa, Nagano Prefecture, Japan) and analyzed using 

the Fiji distribution of ImageJ software. Specifically, rectangular regions of interest (ROIs) 

within each microdevice chamber were selected using the ‘crop-and-go’ method described 

elsewhere.37 ROI raw images were then converted to 3-slice hue-saturation-brightness 

(HSB) stacks to permit hue measurement. The sample and extraction cocktail solutions (50 

µL each), represented by blue and yellow dye solutions, respectively, were loaded into their 

individual chambers positioned radially inward relative to the magnetic manipulation 

chamber which, in practice, would house the Nanotrap particles. To simulate the in-tube 

workflow, the blue solution (sample) was first introduced to the magnetic manipulation 

chamber after opening the corresponding laser valve (1500 g, 30 s). The most distal 

downstream laser valve was then actuated, the bulk blue dye solution was centrifugally 

pumped to waste (1500 g, 30 s), and the channel upstream of the most recently opened 

valve was laser-sealed. The yellow dye solution (extraction cocktail) was then analogously 

introduced to and removed from the magnetic manipulation chamber, then transferred to 

the recovery chamber. The hue of both eluted fractions was measured (n = 6 each) and 

compared with parallel measurements taken from serially diluted (1:2) blue dye in yellow 

dye from 10% to 0% (n = 3 each). 
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3.2.7. On-Disc RNA Preparation  

Aliquots of sample (50 µL), Nanotrap particles (10 µL), and the rnaGEM extraction 

cocktail prepared without a DNase as described above (50 µL) were added to their 

respective chambers within the microdevice. Specifically, the Nanotrap particles were 

added to the central magnetic manipulation chamber, whereas the other two fluids were 

added as described in the previous section. Irradiation of the appropriate laser valve, 

followed by device rotation (1500 g, 30 s), introduced the liquid sample into the magnetic 

manipulation chamber. Here, bRMF application (300 s total, 20s cycles in each direction) 

drove back-and-forth sweeping of the Nanotrap particles across the width of the chamber, 

which allowed for virion capture. After centrifugally pelleting the particles (2000 g, 60 s), 

a downstream laser valve was opened, and the sample supernatant was driven into a waste 

chamber (1500 g, 30 s). The channel upstream of the newly opened valve was closed via 

laser irradiation, and the rnaGEM extraction cocktail was introduced to the magnetic 

manipulation chamber (1500 g, 30 s) following actuation of the appropriate laser valve. 

After a second bRMF mixing step, the nanoparticle suspension in the extraction cocktail 

was incubated at 95 ˚C for 60 s. After centrifugally pelleting the nanoparticles (2000 g, 60 

s) and opening a downstream laser valve, the supernatant RNA extract was centrifugally 

pumped into a downstream recovery chamber from which it could be recovered by pipette 

for off-disc RT-PCR amplification, performed as described above in a QuantStudio 5 Real-

Time PCR System (Thermo Fisher Scientific).  

 3.3. Results and Discussion 

NAAT-based viral detection in biological matrices is essential for effective 

epidemiological control, yet directly contingent on effective upstream isolation of purified 
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genetic material. This work details the development and characterization of a novel, 

orthogonal approach to preparation of amplification-ready SARS-CoV-2 RNA from 

patient samples. Virion enrichment using commercial Nanotrap® particles was coupled 

with single-step rnaGEM chemistry for RNA isolation to decrease time, required manual 

intervention, and reliance on supply-chain-limited conventional solid phase extraction 

(SPE) kits. Virion enrichment prior to lysis imparted the sensitivity required for analysis 

of low-titer samples. Adaptation of this workflow to the PDQeX system permitted rapid 

pathogen enrichment from clinically relevant matrices (e.g., viral transport media (VTM) 

and saliva) followed by a single-step, hands-free virion lysis, DNA isolation, and 

nanoparticle removal. The performance of enriched rnaGEM extraction was evaluated 

through comparison with conventional, ‘gold standard’ SPE kits via real-time reverse 

transcription polymerase chain reaction (RT-PCR) amplification. Subsequent efforts 

involved the design of a multiplexed LoaD that mirrored this workflow to provide 

comprehensive, automatable SARS-CoV-2 RNA preparation with higher throughput. 

3.3.1. Enrichment and Extraction Assay Design 

 The enzymatic rnaGEM extraction method leveraged here is unique among existing 

NAE approaches due to its homogenous format. The overwhelming majority of such 

techniques are biphasic – partitioning the desired genetic material into one phase while 

removing sample impurities, such as cellular debris or other inhibitory exogeneous 

compounds (e.g., VTM43), into the other. Most commonly, NAE involves genetic material 

capture on a solid phase, which is then washed extensively to remove contaminants prior 

to NA elution. Despite widespread acceptance, SPE methods are extremely time-

consuming and require extensive manual manipulation (e.g., washing, centrifugation) by 
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trained analysts in an open-tube format that offers gratuitous opportunity for 

contamination.13 Alternatively, rnaGEM chemistry leverages a neutral, thermophilic 

protease from the thermophilic Bacillus species EA1 to provide amplification-ready 

genetic material in a single, closed-tube step.14 Simple thermal reaction control obviates 

the need for solvent extraction or column purification, effectively eliminating the need for 

manual intervention altogether.14 Though SARS-CoV-2 was successfully detected from 

patient samples following direct RNA amplification from neat rnaGEM lysates (data not 

shown), this workflow was augmented by upstream virion enrichment using NanoTrap® 

hydrogel particles due to previously published data demonstrating associated 

improvements to post-processing performance.3 Paramagnetic components embedded 

within the particles’ hydrogel network allow for facile magnetic retention during removal 

of the supernatant sample (Figure 3-1A). Upon nanoparticle resuspension in rnaGEM 

extraction with applied heat, captured virions are rapidly lysed to provide SARS-CoV-2 

RNA (Figure 3-1B) that is directly compatible with downstream amplification methods, 

including real-time RT-PCR. 

Figure 3-1: Workflow for in-tube viral preconcentration and RNA extraction. (A) SARS-CoV-2 virions were 

preconcentrated from viral transport medium (VTM) using paramagnetic capture particles. Following adsorption of 

the virion to the capture particles, they were collected magnetically and the supernatant VTM was removed. (B) The 

capture particles were re-suspended in rnaGEM extraction cocktail and heated to liberate viral RNA. Following a 

second magnetic immobilization step, the purified RNA supernatant was transferred to a second tube. (C) A 

representative amplification plot from RT-PCR amplification of extracted RNA. Such amplification techniques were 

used to characterize extraction and ultimately detect SARS-CoV-2. Adapted from [9]. 
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 In addition to the benefits derived from significantly streamlining the NAE 

workflow relative to column-based SPE discussed above, this approach circumnavigates 

more nuanced issues exposed during the pandemic. Practically, as COVID-19 lingered and 

more research groups endeavored to develop diagnostic and treatment technologies, 

commercial NAE kits became difficult to obtain and even pipette tips became exceedingly 

scarce. The enriched rnaGEM method avoids these limitations by reducing reliance on both 

pipetting steps and the highly specific commercial equipment needed for conventional 

SPE. Thus, this method provides an alternative NAE approach with increased 

independence from supply chains. In a clinical sense, enriched rnaGEM extraction is 

advantageous over column-based methods with regard to accurate characterization of 

patient infectivity. Naked RNA is known to persist in sample matrices well beyond the 

period of infection transmissibility.44 However, in conventional SPE virions are lysed prior 

to RNA capture, rendering it impossible to distinguish RNA obtained from recently lysed, 

transmissible virions versus persistent free RNA. This inability to determine RNA source 

confounds diagnostic efforts by public health officials attempting to determine key metrics, 

such as an appropriate quarantine duration.44 Conversely, nanoparticle-based enrichment 

facilitates sequestration of active, intact virions while naked RNA in the supernatant is 

removed prior to extraction. Thus, enriched rnaGEM extraction may provide more accurate 

information regarding patient infectivity via downstream post-processing. 

3.3.2. Characterization of Enriched rnaGEM Extraction 

 Clinical laboratories ubiquitously use ‘gold standard’ real-time RT-PCR to provide 

patient diagnoses. In practice, diagnostic laboratories provide clinicians with only a 

qualitative diagnosis (e.g., pathogen detected or not detected), despite capabilities of real-
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time RT-PCR to produce a vastly greater depth of information. The output of real-time RT-

PCR is given in cycle threshold (Ct) values, defined as the cycle at which the fluorescence 

signal generated from a sample exceeds a threshold indicative of amplification having 

occurred. Ct values are measured relative to target concentration; lower Ct values indicate 

more starting genetic material. Thus, though Ct values are not typically reported to 

physicians, they do possess clinical significance. Patients who provide samples with Ct 

values above 24 are likely not infectious and do not need to abide by strict transmission 

control measures, such as quarantining.44 Alternatively, real-time RT-PCR can be used as 

an analytical tool to evaluate the relative success of upstream nucleic acid preparation 

methods. Explicitly, more successful nucleic acid extraction yields higher levels of 

liberated RNA, thus promoting more rapid, sensitive amplification. Thus, it follows that 

more successful extraction procedures would result in higher concentrations of RNA in 

solution, which, in turn, yields lower Ct values via real-time RT-PCR.  

This principle was used to determine that the performance of enriched rnaGEM 

RNA preparation was comparable with a ubiquitous, commercial ‘gold standard’ SPE kit, 

given the similar Ct values obtained across methods. To ensure enriched rnaGEM 

Figure 3-2: Comparison of enriched rnaGEM extraction with a commercial kit. SARS-CoV-2 RNA was 

extracted from known clinical positives in parallel using two methods - a commercial SPE kit, and enriched rnaGEM 

extraction. Three samples with comparatively (A) high, (B) moderate, and (C) low Ct values were selected for 

comparison. Extracts were analyzed neat and serially diluted at factors of 5X, 10X, and 20X, each in duplicate. Ct 

values obtained from the enriched rnaGEM extracts were only slightly higher than extracts obtained using the 

commercial kit. Adapted from [9]. 
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extraction was robust across viral loads, samples with comparatively low, moderate, and 

high viral titers (estimated using clinically-reported Ct values) were evaluated (Figure 3-

2). Each sample, both neat and serially-diluted, showed excellent concordance in Ct values 

obtained between the ‘gold standard’ commercial and enriched rnaGEM methods. As 

mentioned, numerical Ct values themselves have negligible import for diagnosis in current 

clinical workflows, as long as RNA was definitively detected prior to the designated cut-

off cycle. Here, amplification was indeed observed regardless of viral titer or dilution 

factor, with only minor differences (1-2 cycles) between the proposed and gold standard 

methods. The most pronounced difference across methods was observed in the lowest Ct, 

or highest relative titer, sample. It was suspected that this disparity in performance 

stemmed from viral saturation of the nanoparticles, suggested by Barclay et al.3 In such 

instances, if nanoparticles effectively became encapsulated by electrostatically-bound 

virions, pathogens remaining in solution would be sterically prevented from nanoparticle 

interaction, thus remaining in solution until being discarded along with the supernatant 

sample. This phenomenon likely contributed to Ct values obtained from commercial kit 

extracts being approximately three units lower than parallel enriched rnaGEM isolates. 

However, such nanoparticle saturation does not affect the utility of enrichment-aided 

extractions, nor does it prevent qualitative SARS-CoV-2 identification.3 In this evaluation, 

SARS-CoV-2 was readily detected in all enriched rnaGEM dilutions with Ct values of 

20±2 units, well below the CDC-recommended cut-off cycle (40). 

SARS-CoV-2 RNA was also detected successfully in each dilution of the moderate 

and high titer extracts, down to 20X. Similar differences in performance were observed in 

analysis of the lowest titer sample evaluated, with the exception of some discrepancies in 
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the highest-factor dilutions. Here, all replicates of the 10X enriched rnaGEM extracts 

successfully amplified, while one of the ‘gold standard’ commercial samples did not. 

Conversely, while SARS-CoV-2 RNA was not detected in the 20X enriched rnaGEM 

extracts, commercial extracts produced Ct values below the cut-off cycle – though only 

just. In fact, the Ct values measured from the low titer neat extracts also approached the 

cut-off cycle. Therefore, it was presumed that RNA concentrations in subsequent dilutions 

fell within the stochastic regime, where inhomogeneous RNA distribution led to 

inconsistent trends in amplification. Thus, it was concluded that the enriched rnaGEM 

extraction method performed comparably to the commercial approach.  

3.3.3. Adaptation to the PDQeX System  

 Though the in-tube enriched rnaGEM method already exhibited a streamlined 

workflow relative to conventional methods, further expedition was sought via adaptation 

to the commercial PDQeX system (Figure 3-3). 

3.3.3.1. Platform Description 

Dual-layer PDQeX tubes are comprised of a rigid outer layer encasing an inner 

thermally-reactive layer. Upon heating the tube in a commercial PDQeX system, the inner 

layer shrinks with simultaneous actuation of the heat-burst valve below the sample 

reservoir. These two steps together force the sample fluid through an on-board filter into a 

collection tube. Suspensions of nanoparticles with adsorbed virions were exposed to a 

single-temperature heating step that simultaneously induced hands-free enzymatic virion 

lysis, RNA extraction, RNase elimination, and physical separation of the capture particles 

from the eluate (Figure 3-3A, B). 
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3.3.3.2. Performance Evaluation 

To assess the effect of this platform on extraction performance relative to the in-

tube (thermal cycler) methods, RNA was isolated from parallel aliquots of 3 clinical 

positives using both platforms. Subsequent real-time RT-PCR analysis indicated 

comparable amplification across platforms, with Ct values consistently 1-2 cycles lower 

following PDQeX extraction (Figure 3-3C). Although the limited sample size in these 

proof-of-concept studies prevented a statistically-informed conclusion of superior PDQeX 

performance, it was definitively true that the methods are comparable. However, the 

Figure 3-3: Adaptation of enriched rnaGEM extraction to the PDQeX system. (A) Following in-tube viral 

preconcentration, the nanoparticle suspension in rnaGEM cocktail was transferred to a PDQeX tube. Incubation 

induced the inner walls of the tube to shrink and the heat-burst valve below the sample reservoir to be actuated, 

forcing the purified RNA solution through an on-board filter and into a final collection tube. (B) PDQeX instrument 

with inset images depicting the PDQeX tube before and after incubation showing nanoparticles were retained by the 

on-board filter. (C) Comparison of the Ct values obtained from duplicate RT-PCR reactions following parallel 

enriched rnaGEM extractions from four clinical samples (three positive and one negative) in-tube versus the PDQeX. 

Across all samples, RNA amplification occurred ~1-2 cycles sooner using the PDQeX system. Adapted from [9]. 
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PDQeX was more attractive due to supplanting the several sequential manual steps 

required in-tube with a single automated process, thereby decreasing variability and 

required analyst time. 

3.3.4. Extraction Chemistry Optimization 

Following demonstration of the validity of the PDQeX for SARS-CoV-2 RNA 

extraction, the chemistry was optimized. From a practical perspective, increasing the 

elution volume was advantageous in allowing for more extensive testing from a single 

extract. Surprisingly, doubling the elution volumes from 50 to 100 µL for RNA extracted 

in parallel from 3 clinical positives changed downstream real-time RT-PCR performance 

very little. All three neat extracts, as well as dilutions down to 20X, exhibited differences 

of only approximately one Ct unit (Figure 3-4). Despite RNA dilution, the detriment to 

downstream detection was minimal. The increased bandwidth for testing outweighed the 

minor loss in sensitivity. Therefore, all further RNA extracts were prepared in 100 µL. 

Although no false positives were observed in NTCs, this was a concern since 

genomic DNA (gDNA) present in the sample increases background fluorescence and 

facilitates non-specific amplification during PCR.45-46 Accordingly, DNase treatment 

Figure 3-4 Comparative RNA yield with varied elution volumes. Parallel extractions performed from serially 

diluted (5X, 10X, and 20X) clinical positives with comparatively (A) low, (B) moderate, and (C) high clinical Ct 

values, using either 50 µL or 100 µL final volumes were analyzed by RT-PCR amplification (in duplicate). Ct values 

for samples and dilutions were comparable across methods. Adapted from [9]. 
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reagents were easily incorporated into the 

rnaGEM extraction cocktail, avoiding any 

complication of the assay workflow. The 

resulting Ct values remained concordant across 

parallel samples, prepared with and without this 

inclusion, which was surprising as DNase 

treatments generally decrease RNA yield 

(Figure 3-5).47-48 Taken together, these results 

indicated that the optimal enriched rnaGEM 

PDQeX method, used in all further experiments, 

used 100 µL rnaGEM extraction cocktail 

including a DNase. 

3.3.5. Saliva Compatibility 

Though SARS-CoV-2 detection is commonly performed from nasopharyngeal 

swab samples, it has been demonstrated that respiratory pathogens, including endemic 

coronaviruses, may be detected in saliva with comparable sensitivity.49 Saliva is much 

more amenable for at-home diagnostics due to simple, non-invasive sampling that 

minimizes nosocomial transmission risk, lessens the demand for consumables (e.g., swabs 

and personal protective equipment), decreases cost, shortens turnaround time, and allows 

for facile repeat testing.49 Unfortunately, practical limitations arise from saliva’s high 

protein content and viscosity, resulting in low analytical efficiency.50 To circumnavigate 

this issue, as well as prevent clogging of the on-board PDQeX filter, saliva was mixed with 

a dilution buffer prior to virion enrichment. 

Figure 3-5. Effect of DNase inclusion on 

extraction and downstream detection. Parallel 

RNA extractions from three clinical positives 

were conducted with and without DNase 

treatment. For all samples, Ct values obtained 

from RT-PCR amplification (in duplicate) were 

within 1 unit across methods; DNase 

incorporation was not harmful to extraction 

efficiency. Adapted from [9]. 
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To demonstrate the compatibility of the enriched rnaGEM PDQeX extractions with 

saliva testing, three clinical VTM samples with different titers were evaluated neat and 

diluted 2X, 5X, and 10X in the prepared saliva solution (Figure 3-6). In all samples, viral 

detection was successful in at least one saliva dilution. For the highest titer (lowest Ct) 

clinical sample, SARS-CoV-2 was detected in all dilutions, including the 10X dilution 

comprised of 90% saliva solution. Admittedly, these samples are not explicitly 

representative of true patient samples. Nonetheless, these results provide conclusive 

evidence that enriched rnaGEM PDQeX extraction was capable of providing detectable 

levels of amplification-ready RNA from saliva. 

3.3.6. Optimization of Amplification Conditions 

Enriched rnaGEM extraction represents significantly decreased time and labor 

requirements relative to traditional methods. However, downstream real-time RT-PCR 

remains time-consuming and contributes to lengthy analytical intervals. This delay, on the 

order of 24-48 hours, negatively impacts success of transmission control measures 

implemented.51-52 To address this, efforts were made to shorten real-time RT-PCR 

amplification by both truncating hold durations and increasing the temperature ramping 

Figure 3-6. Compatibility of extraction from saliva matrices. The enriched rnaGEM method was used to extract 

SARS-CoV-2 RNA from three known clinically positive VTM samples serially diluted in a saliva matrix. Three 

samples with comparatively (A) low, (B) moderate, and (C) high clinical Ct values were selected to allow for 

comparison of extraction efficacy across a broad range of samples. Extracts were analyzed by RT-PCR, each in 

duplicate. For all three samples, SARS-CoV-2 was detected in at least one saliva extract. Adapted from [9]. 
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rate between cycle annealing and denaturation steps. Upon stepwise manipulation of 

individual variables, Ct values were compared between the initial and altered conditions to 

characterize the effect of each change on amplification performance.  

Optimization of thermal cycling parameters was performed using the CDC positive 

control plasmid, as concentration could be more easily defined and reproducibly controlled 

than possible using real patient samples, in which RNA concentrations remain largely 

unknown. Initial efforts centered on decreasing cycle time and involved evaluation of six 

different ramp rates, ranging from the manufacturer’s recommended conditions of 1.6 ˚C/s 

to the maximal values permitted by the instrument software of 5 ˚C/s in approximately 0.5 

˚C/s increments. Resultant Ct values were concordant between ramp rates across all three 

plasmid concentrations tested, which indicated that increasing the ramp rate to even the 

maximal value had minimal effect on assay performance (Figure 3-7A). Using the fastest 

ramp rates possible (5 ˚C/s up and 4 ˚C/s down) led to a 64% decrease in required cycling 

Figure 3-7. Optimization of rapid RT-PCR cycling conditions. All optimization was performed using the 2019-

nCoV_N_Positive Control plasmid diluted to 100, 50, and 10 copies/µL amplified in duplicate. (A) Temperature 

ramp rates were incrementally increased from the kit manufacturer’s recommended conditions (1.6 ̊ C/s) to the fastest 

rate allowed by the real-time RT-PCR instrument (5 ˚C/s) with minimal impact on resultant Ct values. (B) 

Amplification was performed with cycle annealing temperatures of both 55°C and 60°C, each in triplicate. Averaged 

Ct values indicated that increasing the annealing temperature to 60°C is not detrimental to RT-PCR performance. 

Adapted from [9]. 
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time relative to the manufacturer’s 

recommended conditions. Changing 

solely this parameter equated to a 36% 

reduction in overall time for real-time RT-

PCR, from approximately 57 minutes to 

36 minutes, with no observed 

performance detriment (Figure 3-7B). 

Finally, to further minimize amplification 

time, the temperature differential between 

the cycle annealing and denaturation steps 

was decreased. By changing the cycle 

annealing temperature from 55 ˚C to 60 ˚C, the amplification interval decreased by two 

minutes with a negligible impact on Ct values (Figure 3-7C). 

Though the positive control DNA plasmid could be used for amplification 

optimization (Figure 3-7), it was unsuitable for reverse transcription (RT) characterization, 

which requires an RNA template. Therefore, parallel extracts of patient samples were 

leveraged to explore the effect of truncating the RT hold step from 15 minutes 

(manufacturer’s recommendation) to 1 minute. Comparable Ct values obtained across both 

conditions indicated that shortening the RT step to only 1 minute had minimal effect on 

RNA detection (Figure 3-8).  

In conjunction, all of the above-described alterations to the real-time RT-PCR 

protocol equated to a decrease of approximately 37 minutes, or 63% reduction in time, for 

SARS-CoV-2 detection. Pairing this modified temperature profile for amplification with 

Figure 3-8. Effect of decreased reverse transcription 

time on detection. Viral RNA was obtained from three 

clinical positives using the enriched PDQeX rnaGEM 

extraction and amplified in duplicate following reverse 

transcription for either 1 or 15 minutes. Direct comparison 

of the resultant Ct values showed only a minor increase 

(~1-2 units) with the shortened reverse transcription step. 

Adapted from [9]. 
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the ultra-fast extraction method described here demonstrates great potential for expanding 

laboratory throughput and testing capabilities, as well as expediting diagnoses and 

enhancing surveillance effectiveness.  

3.3.7. Double-Blind Study 

   To objectively demonstrate the reliable applicability of enriched rnaGEM 

extraction and amplification methods, a double-blind study was performed using neat VTM 

from ten de-identified patient samples. Removal of information regarding clinical 

diagnosis eliminated the possibility of confirmational bias. Ten samples were randomly 

selected from a pool of clinical negatives and positives with Ct values below 32. This cut-

off value was selected with the objective of surveillance and transmission control in mind 

since the likelihood of infectivity above this threshold is low.44 Following enriched 

rnaGEM extractions using the PDQeX system, five of the ten deidentified samples (B, C, 

F, H, and I) exhibited amplification via real-time RT-PCR and five did not (A, D, E, G, 

and J) (Figure 3-9). These results exhibited complete concordance with clinical diagnoses, 

Figure 3-9. Qualitative double-blind study. (A) RT-PCR amplification plot depicting enriched rnaGEM extracts 

from de-identified clinical samples. SARS-CoV-2 RNA was detected in five of the ten samples analyzed (B, C, F, 

H, and I). The positive control (data not shown) had Ct values of 29.56 and 29.66, and the NTCs did not exhibit 

amplification. (B) A graphical representation of concordance between experimental results and clinical designations. 

These results demonstrate 100% agreement of experimental results with clinical diagnoses of all ten patient samples, 

amplified in duplicate. Adapted from [9]. 
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demonstrating that enriched rnaGEM extraction reliably isolates SARS-CoV-2 RNA from 

patient samples to provide accurate downstream real-time RT-PCR results. 

3.3.8. Alternative Amplification Methods 

 PCR-based NAATs remain the gold standard for clinical diagnosis, though 

promising alternative techniques are emerging for use both in the laboratory and at the 

point-of-need (PoN). Such diversification of methods for SARS-CoV-2 detection will 

continue to elicit rapid, simple, and portable systems for on-site testing. Here, compatibility 

of enriched rnaGEM extracts with two isothermal amplification assays was evaluated. 

3.3.8.1. Recombinase Polymerase Amplification  

In RPA, thermal denaturation of template genetic material is unnecessary; instead, 

double-stranded DNA (dsDNA) is interrogated by recombinase-primer complexes for 

Figure 3-10. RT-RPA of enriched rnaGEM SARS-CoV-2 RNA extracts. (A) Amplification plot depicting mean 

fluorescence of three clinical positives and one clinical negative, along with no template and positive (2019-

nCoV_N_Positive Control plasmid, 1000 copies/µL) controls (n = 3). An amplification threshold (618.6187 RFU, 

dotted red line) was established 3 standard deviations above the mean NTC fluorescence. SARS-CoV-2 RNA was 

detected in all three clinical positives, but not in the clinical negative or NTCs. (B) Mean time to amplification for 

each sample. Error bars represent one standard deviation in each direction. Clinical positives amplified in the same 

or less time than the positive control plasmid. Adapted from [9]. 
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complementary regions. Upon sequence recognition, these regions are unwound to 

facilitate primer annealing and extension via a strand-displacing polymerase.29 Though 

RPA necessarily amplifies dsDNA, one-pot reverse transcription RPA (RT-RPA) can be 

achieved simply through inclusion of the appropriate enzyme. Despite operational 

differences, both real-time RT-PCR and RT-RPA leverage fluorescence detection to 

produce sigmoidal curves indicative of exponential amplification. Amplification was 

observed in all three clinical positives, as well as the positive control (CDC plasmid), but 

not the clinical negative or negative control (Figure 3-10A). Usage of probe-based 

detection, as opposed to an intercalator, and the lack of observed amplification in negatives 

led to the conclusion that observed amplification was specific to the SARS-CoV-2 target. 

However, unlike real-time RT-PCR, RPA does not involve cycles, so samples are not 

assigned Ct values. Results are instead reported as a time until a given sample’s 

fluorescence crosses an empirical threshold. Here, all three clinical positives had similar 

times to amplification as the cDNA plasmid positive control. Since RPA amplifies only 

dsDNA, it was clear that reverse transcription occurred very quickly in the RT-RPA 

reactions; the allotted one-minute incubation upstream of amplification was sufficient 

(Figure 3-10B). In fact, the fluorescence measured from all positive solutions crossed the 

amplification threshold in less than five minutes, which represented a significant decrease 

relative to even the expedited RT-PCR protocol’s duration of more than 30 minutes.  

3.3.8.2. Loop-Mediated Isothermal Amplification  

As discussed in Chapters 1 and 2, LAMP is especially promising for point-of-

need (PoN) use; unlike PCR and RPA, LAMP is compatible with colorimetric detection – 

a more cost-effective and portable technique compared to fluorescence detection. HNB 
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was selected from among the numerous colorimetric LAMP indicators available due to 

readily apparent visual differences between positive and negative results. HNB changed 

from a purple to blue color with nucleic acid amplification, providing a binary metric for 

the presence of SARS-CoV-2. Visually, all four enriched rnaGEM extracts prepared from 

clinical positives, in addition to dilutions of the plasmid positive control, appeared blue 

which indicated successful amplification (Figure 3-11A). Conversely, the negative extract 

and the no template control (NTC) became increasingly purple, indicating assay specificity 

for the SARS-CoV-2 target. Though amplification status was readily apparent via the 

‘naked eye’, subjectivity and variability in human color interpretation, as well as changing 

ambient conditions, can cause erroneous result reporting.53 To ameliorate this, empirical 

colorimetric analysis based on cellphone image capture and ImageJ freeware was 

incorporated.36, 54 Specifically, hue were measured, where each discrete value represents a 

unique color within the visible portion of the electromagnetic spectrum.37 This value was 

measured over time to quantify the bitonal change and provide semi real-time reaction 

monitoring.37, 55 A threshold was established three standard deviations below the mean hue 

of all samples at 0 minutes; samples with measured hue values above and below this 

Figure 3-11. Colorimetric LAMP of enriched rnaGEM extracted RNA. (A) Images of positive and negative 

LAMP reactions, which were visually blue and purple, respectively. (B) Four clinical positive extracts and one 

clinical negative were amplified in triplicate with images captured at 0, 30, and 60 minutes. Samples with hue values 

above the threshold were negative (purple), whereas values below the threshold (blue) were positive. By 60 minutes, 

all four clinical positives exhibited colorimetrically positive hue values, but the clinical negative remained purple 

(no amplification). (C) Serial dilutions of the 2019-nCoV_N_Positive Control plasmid were also determined to be 

positive by 60 minutes, while NTCs remained negative. Adapted from [9]. 
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demarcation were considered negative and positive, respectively. Empirical analysis 

confirmed the visual observations discussed above: by 60 minutes, the hue of all four 

clinical positives fell below the threshold, indicating amplification had occurred (Figure 

3-11B). Similar patterns were observed after analysis of the positive control plasmid at 

1000, 100, and 50 copies/µL (Figure 3-11C). Conversely, the average hue values for all 

NTCs and clinical negatives increased during incubation, moving further into the purple 

(negative) range. These findings demonstrate that sufficient RNA is liberated via enriched 

rnaGEM extraction to enable colorimetric RT-LAMP detection.  

3.3.9. Enriched rnaGEM Extraction LoaD 

As described above, effective virion enrichment and enzymatic extraction of 

amplification-ready SARS-CoV-2 RNA required optimized nanoparticle-sample 

interaction, effective virion lysis, and sequential spatiotemporally distinct fluidic 

manipulation steps. To this point, one such rapid, reliable method was demonstrated using 

Figure 3-12. LoaD for multiplexed enriched rnaGEM extraction. (A) Image of a 6-plex centrifugal microdevice. 

(B) Depiction of enriched rnaGEM extraction using aqueous solutions of blue and yellow dye, which represent the 

sample and extraction cocktail, respectively. (C) Line graph depicting the hue values of dyes following on-disc assay 

completion, and a control yellow dye solution. The increased hue measured from the test yellow dye relative to the 

control represents the carryover of the blue dye. (D) Calibration curve between hue and the percentage of blue dye 

mixed into yellow solution. The resultant linear relationship was used to calculate the prevalence of sample carryover 

into the final on-disc eluate. Adapted from [56]. 
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hydrogel nanoparticles and rnaGEM chemistry in conjunction with commercial PDQeX 

technology.9 Though the PDQeX enriched rnaGEM extraction method described here 

represents significant progress over existing ‘gold standard’ extraction kits in terms of 

labor, it ultimately remained an open-tube assay that required manual intervention, albeit 

to a greatly diminished extent. In an effort to fully ameliorate these shortcomings, a 

centrifugally-driven “print-cut-laminate” LoaD38 was developed with an architecture 

adapted from the one described in Chapter 2 to enable on-board integration of the complete 

enriched rnaGEM sample preparation workflow (Figure 3-12).42, 56 

 Successful microscale adaptation of on-disc enriched rnaGEM SARS-CoV-2 RNA 

extraction required successive 1) virion capture, 2) removal of the supernatant sample 

matrix, 3) extraction cocktail introduction, 4) one-step lysis and RNA isolation, and 5) 

collection of the purified genetic material. Because these essential unit operations closely 

mirror those required for the dSPE LoaD, described in Chapter 2, analogous fluidic and 

magnetic control mechanisms were implemented.42 Fluids (e.g., sample and extraction 

cocktail) were introduced to the extraction chamber via rotationally-controlled flow 

following laser valve actuation.39 During both initial virion capture and extraction, back-

and-forth sweeping of hydrogel nanoparticles was driven via application of a bidirectional 

rotating magnetic field (bRMF) to ensure comprehensive sample-solid phase interaction. 

After each of these steps, the nanoparticles were centrifugally pelleted into the vertex of 

the central extraction chamber designed to prevent their loss during fluidic transfer steps.42 

To facilitate supernatant removal, a downstream valve to a waste chamber was actuated 

via laser radiation prior to centrifugal pumping of liquid therein. Additional undesired flow 

into the waste chamber was prevented via laser-based closure of the upstream channel.40 
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The integrity of this channel closure was essential for subsequent collection of the purified 

NA rnaGEM isolate. 

 These laser-based channel closures have been demonstrated to be compatible with 

NA processing (Chapter 2) as well as exceedingly reliable, with successful closure rates 

above 99% at relevant rotational frequencies.40, 42 However, all previous implementations 

of this microvalving strategy have been applied to relatively small volumes (≤10 µL) 

housed in chambers within the 5 core material layers that comprise a “print-cut-laminate” 

microdevice. Here, successful laser-based microchannel closures were demonstrated with 

much larger fluid volumes (50-60 µL) contained in PMMA chambers applied to the 

microdevice to augment capacity. Initial characterization of assay performance, including 

valving, was performed using aqueous dye solutions, with blue and yellow representing 

the sample and rnaGEM cocktail, respectively (Figure 3-12B). To mimic virion capture, 

the blue dye was added to, then removed from, the extraction chamber via actuation of a 

series of laser valves. The success of the channel closure upstream of the waste chamber 

was evident by the successful retention of yellow dye (rnaGEM cocktail) in the extraction 

chamber after opening the appropriate laser valve prior to device rotation. Ultimately, the 

yellow dye was collected in a separate elution chamber on-disc, demonstrating the 

feasibility of enriched rnaGEM extraction in this LoaD system. 

 However, since the extraction chamber was designed to retain nanoparticles in its 

vertex,42 there was inevitably some carryover of blue dye (lysate) into the eluate. In 

practice, this equates to carryover of sample matrix (e.g., VTM) into the RNA eluate, which 

may result in inhibition of downstream real-time RT-PCR.43 Again, hue was used for 

empirical characterization, this time to evaluate the magnitude of carryover and determine 
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if it was likely to interfere with downstream post-processing. Images of dye solutions 

following the on-disc assay were captured and compared with control chambers containing 

pure dye solutions. Unsurprisingly, the hue of the yellow dye in the eluate chamber 

following completion of the on-disc enriched rnaGEM workflow (0.175±0.003) was 

significantly higher than pure yellow dye (0.147±0.004), according to an unpaired t-test 

for means (α = 0.05, two-tailed p-value <0.0001) (Figure 3-12C). This upward shift in hue 

was attributed to contamination with blue dye (hue = 0.571±0.002). To characterize the 

extent of blue dye (matrix) carryover, hue measurements taken from the on-disc eluate 

were compared with serially diluted dye standards (blue in yellow) (Figure 3-12D). The 

resultant strong linear correlation between increases in hue and the prevalence of blue dye 

(R2 = 0.996) was used to calculate that the final eluate contains 6.58±0.72% blue dye 

(matrix) in the absence of nanoparticles. However, in practice, nanoparticles would occupy 

the chamber vertex during sample transfer to waste, sterically excluding fluid. Therefore, 

on-disc eluates would contain a diminished matrix prevalence, unlikely to inhibit PCR.  

Figure 3-13. Assessment of on-disc enriched rnaGEM extraction performance. Comparison of RT-PCR Ct 

values obtained following in-tube and on-disc RNA preparation. Using both methods, SARS-CoV-2 was successfully 

detected in neat samples and dilutions (1:2, 1:4), though on-disc Ct values were marginally (~ 3 units) higher. 

Adapted from [56]. 
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 Ultimately, the success of this enriched rnaGEM LoaD for isolation of 

amplification-ready SARS-CoV-2 RNA was demonstrated by Turiello et al. via 

comparison of RT-PCR performance following parallel in-tube and on-disc preparations 

(Figure 3-13).56 Although a minimal increase in on-disc Ct values was observed, and 

attributed directly to matrix carryover, this minor detriment to post-processing 

performance has minimal practical import. This holds true especially considering complete 

assay integration within a self-contained, automatable LoaD that could reasonably be used 

at the PoN without manual intervention. 

3.4. Conclusions 

Here, novel methods for simple, rapid (<10 minutes) SARS-CoV-2 

preconcentration and enzymatic RNA extraction from clinically relevant matrices were 

described. These approaches leveraged rnaGEM extraction chemistry, centered on the 

heat-activated lytic activity of the thermophilic proteinase EA1.13-14 Amplification-ready 

nucleic acids were obtained in a single step via simple temperature modulation, which was 

easily automated with complete freedom from manual intervention, unlike the numerous 

wash steps required by conventional SPE strategies. For comparison, a commonly used 

commercial NAE method requires approximately 6X more time for completion (1 hour).57 

RnaGEM extraction chemistry was augmented with upstream affinity-based virion 

preconcentration, or enrichment, using magnetically-actuated Nanotrap® hydrogel 

nanoparticles to improve sensitivity of downstream-post processing. Enrichment permitted 

removal of the sample matrix, and any inhibitors therein, prior to RNA extraction and 

amplification. The already simple enriched rnaGEM extraction method was then further 

streamlined through adaptation to the commercially-available PDQeX system to permit 
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single-step, automatable hands-free virion lysis, nanoparticle removal, and production of 

amplification-ready SARS-CoV-2 RNA from both nasopharyngeal swab VTM and saliva.  

Real-time RT-PCR amplification indicated that enriched rnaGEM extraction 

provided similar performance to ‘gold standard’ commercial SPE kits, but with 

significantly reduced time, labor, and specialized equipment. Amplification of extracts 

from VTM-based samples, including both neat patient diagnostic remnants and dilutions 

reminiscent of surveillance samples, exhibited concordant Ct values using both methods 

and, thus, comparable RNA yields. In a double-blind RT-PCR study, detection of SARS-

CoV-2 following enriched rnaGEM extractions exhibited 100% concordance with clinical 

results, highlighting the reliability of this RNA preparation for diagnostic use. Potential 

applicability to pooled sampling, essential for transmission control and consumables 

conservation,25 was also demonstrated via successful viral detection in extract dilutions up 

to 20X. SARS-CoV-2 RNA extraction from saliva samples was illustrated as well, which 

has important implications for PoN diagnostics; saliva collection is preferable over 

nasopharyngeal sampling due to its simple, non-invasive nature amenable for use by non-

medical personnel. Despite the propensity for low analytical efficiency in saliva extractions 

due to complexity and viscosity,50 detectable levels of viral RNA were extracted from even 

low-titer samples comprised of up to 90% saliva. 

The compatibility of enriched rnaGEM PDQeX extractions with two isothermal 

amplification techniques was also established. These modalities are increasingly used 

within emerging portable diagnostic tools, including LoaDs, due to significantly reduced 

requirements for peripheral hardware and expedited analysis relative to PCR-based 

assays.58-60 For example, using RPA, all enriched rnaGEM extracts from clinically positive 
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VTM amplified in ~5 minutes, achieving NA preparation in significantly less time than 

even the fastest RT-PCR achieved here (~37 minutes). Using this method, the total 

analytical turnaround time, including sample preparation, was only 15 minutes – orders of 

magnitude below the 24–48-hour interval for conventional laboratory testing. However, 

RPA still relied on fluorescence detection. Conversely, LAMP permitted colorimetric 

readout, and therefore simplified optical interpretation – either by eye or with empirical 

smartphone-based image capture. Such visual detection is exceedingly well-suited for PoN 

use by nontechnical personnel due to facile interpretation and implementation. The 

combination of either of these isothermal NAATs with upstream enriched rnaGEM 

extraction could provide a powerful, orthogonal approach to SARS-CoV-2 diagnosis 

outside of traditional laboratory settings. In fact, the initial publication of this method stated 

that the reported assay and workflow could be easily modified for microscale integration; 

subsequent work on this project was centered on exactly that.9, 56 

Specifically, the enriched rnaGEM chemistry and workflow was adapted to a 

multiplexed LoaD56 that leveraged architectural features, microvalving patterns, and the 

magnetic manipulation strategy adapted from the microfluidic system described in 

Chapter 2 for dynamic solid phase NAE.42 Again, beyond manual addition of clinical 

sample and reagents, all fluidic steps were automated to minimize user intervention and 

ease implementation. Further, the self-contained microdevice format limited the risk for 

analyst exposure to any pathogens present relative to the open-tube formats discussed 

above. On-board hydrogel nanoparticles were controlled on-disc via multiple previously 

described modalities.42 Specifically, application of a bRMF drove back-and-forth 

nanoparticle sweeping to facilitate virion capture and eventual lysis. Additionally, 
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centrifugal pelleting enabled nanoparticle retention within the extraction chamber during 

fluidic transfer steps (e.g., sample matrix removal). Device architecture and associated on-

disc workflow were initially optimized via dye studies. It was especially crucial to ensure 

integrity of the laser-based valve closure that facilitated fractionation of waste and 

subsequent eluate.40 Though this microvalving method has already been demonstrated as 

both robust and compatible with NAATs (Chapter 2),40, 42 this device was the first 

demonstration of its amenability to large volumes (≥ 50 µL) housed in PMMA accessory 

pieces used to augment chamber depth and capacity in PCL microdevices.56 Due largely to 

this valving success, only a small amount of residual matrix remains (≤6.58±0.72%) in the 

eluate, determined via empirical hue analysis. Despite this small volume carryover, 

downstream real-time RT-PCR amplification of on-disc extracts from clinically-relevant 

matrices (VTM and saliva) resulted in comparable Ct values to extracts prepared via a 

‘gold-standard’ commercial SPE kit.  

In this work, detection was accomplished off-disc. However, numerous methods 

for on-disc NA amplification and detection have been recently described.60-61 Coupling on-

disc enriched rnaGEM extractions with such techniques would permit fully automated 

sample-to-answer LoaD analysis for in situ viral detection, entirely untethered from a 

centralized laboratory. The same is true for the dSPE LoaD described in Chapter 2 as, in 

both cases, purified NA eluates are located at the disc periphery upon extraction 

completion. As discussed in the introductory Chapter 1, rotationally-controlled fluid 

processing can no longer be implemented at this point, given that centrifugal force acts 

radially outward relative to the center of rotation.62 Though this operation principal 

represents a key roadblock for sample-to-answer NA LoaDs,58 it can be overcome via 



118 
 

 
 

implementation of novel unit operations, especially those that induce radially-inward on-

disc flow.58, 63 The following Chapter 4 describes the development and characterization of 

a simple, automatable method for inward fluid displacement intended for application to 

these NA preparation LoaDs to enable downstream, on-disc amplification and permit 

comprehensive integration of molecular diagnostics in a single microfluidic device, or 

micro-total analysis system (µTAS).64-65  
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4. Inward Fluid Displacement in LoaDs for Nucleic Acid 

Processing  

4.1. Introduction 

Demand for sample-to-answer point-of-need (PoN) nucleic acid (NA) analysis 

platforms has increased dramatically, as discussed in Chapters 1-3.1-2 To reiterate briefly, 

LoaDs are ideal candidates for the miniaturization and automation of biological, clinical, 

forensic, and analytical processes at the PoN.3-5 Rotationally-driven flow directly addresses 

many limitations associated with traditional benchtop laboratory methods by reducing 

sample and reagent volumes, manual intervention, cross-contamination, processing time, 

hardware requirements, and risk for analyst exposure to dangerous samples. However, 

despite these numerous advantages, a key operational limitation resulting from the 

comprehensive reliance on rotational forces is the necessitation of unidirectional, radially 

outward flow relative to the center of rotation (CoR). Since no further on-board processing 

is possible upon fluid arrival at the disc periphery, integration of complex assays, such as 

sample-to-answer NA testing, are made difficult due 

to device size constraints.3, 6-7 For instance, NAs 

prepared using the LoaDs described in Chapters 2 

and 3 were located adjacent to the disc edge, such 

that on-disc amplification and detection was 

effectively impossible through centrifugal 

processing alone (Figure 4-1).  

Radially inward fluid displacement (IFD) 

from the edge of the disc to the CoR would address 

this limitation by increasing the number of 

Figure 4-1. Motivation for centrifugal 

microfluidic IFD. Following NAE via both 

dSPE and enriched rnaGEM extraction, 

eluates were located at the disc edge such that 

no further on-disc processing was possible. 

Returning these fluids to the CoR would 

allow for integration of additional process 

chains, such as NA amplification and 

detection. 
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sequential unit operations possible, thereby enabling added assay complexity and, for 

instance, lowering the barrier towards sample-to-answer LoaDs.3, 8-9 Broadly, existing 

strategies for IFD in polymeric LoaDs leverage capillary action and hydraulic or pneumatic 

pressure changes to drive fluid towards the CoR. Arguably, the simplest strategies for IFD 

exploit the interplay between on-board capillary and centrifugal forces and requires no 

peripheral reagents or equipment.10 However, spontaneous capillary refill relies on the 

hydrophilic character and surface energy of the polymeric disc materials, which is known 

to be variable.11 Another strategy centered on relatively simple operational principles 

involved introducing dry compressed air into a microfluidic vent to force fluid radially 

inward;12 key drawbacks of this approach include the need for bulky air tanks and 

supporting peripheral hardware that hinder portability, potential for contamination, and a 

pulsatile nature.8  

Most remaining published IFD strategies in LoaDs rely upon internal hydraulic or 

pneumatic pressure changes that exceed outwardly oriented centrifugally-generated 

pressure. Some approaches affect IFD by increasing the thermal energy, and therefore the 

pressure, of trapped air volumes. However, the requirement for external hardware (e.g., 

halogen lamp, IR thermometer, etc.) limits portability and heating may damage sensitive 

reagents and assay components in neighboring chambers/channels. Alternatively, physical 

(not thermal) compression or expansion of trapped air volumes can also drive IFD, as seen 

in some examples of sample-to-answer LoaDs discussed in Chapter 1.13-14 Here, careful 

design of unique architectural features permits on-disc storage and release of pneumatic 

energy.15 For instance, centrifugally-driven compression of air trapped between a sample 

solution and a large volume of an immiscible displacer fluid creates pneumatic pressure 
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that drives IFD.16 Displacer fluids may also directly interface with sample solutions to exert 

hydrostatic pressure that forces flow radially inward.16-17 Although this approach does not 

necessitate increased peripheral hardware or fabrication complexity, Kong et al. substantial 

working fluid volume (90 µL) was required and resulted in incomplete sample 

displacement (55%).16 The capabilities of this approach have been expanded upon through 

inclusion of event-triggered dissolvable films to enable multiple sequential displacements 

with excellent temporal control, though this approach required specialized materials and 

fabrication.17 Unfortunately, each of the approaches discussed here were slow (≥ 90 s) 

required large architectural features, particularly chambers to contain large volumes of 

working fluids and/or air, which consume significant microfluidic ‘real estate.’8, 16, 18 

Such architectural features are not required in IFD techniques that harness positive 

pressure generated from on-board gas evolution to return fluid to the CoR.17, 19-21 For 

instance, Noroozi et al. generated carbon dioxide (CO2) gas within a microsystem 

electrolytically, but delivering the required current to the electrodes demanded complex 

engineering and additional peripheral equipment.21 Alternatively, other previously 

described self-contained LoaDs for gas-driven IFD leveraged on-board acid-base 

reactions.17, 19-20 While these techniques are effective and attractive due to instrumental 

simplicity, existing strategies possess operational limitations that preclude practical, 

widespread use, including requirements for concentrated strong acid, and custom 

fabrication or integration of additional device components/reagents (e.g., miniature 

ampoules,19 dissolvable films,17, 20 or ancillary working liquids17, 20). Further, each of these 

methods require some degree of manual intervention for neutralization initiation and/or for 

chamber sealing, ultimately precluding total automation.17, 19-20 For instance, since gas-
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driven IFD relies on effective containment and direction of an evolving pressure head, all 

vents except those in the intended IFD flow path needed to be sealed; this was primarily 

achieved in existing publications via tape application. Additionally, manual breakage of 

custom-built ampoules was required prior to gas generation.19 Regardless, none of these 

methods have been demonstrated for use in conjunction with NA amplification tests. It 

must be demonstrated that sample acidification resulting from CO2 dissolution during IFD 

does not hinder downstream post-processing. Here, a simple, easy-to-implement gas-

driven IFD technique is described that directly addresses the limitations of these existing 

methods (Figure 4-2).22 

This novel, automatable method for IFD exploits recently described active valving 

strategies for fluid delivery, neutralization reaction activation, and leak-free vent and inlet 

sealing independent of manual intervention. Further, the reagents used to drive IFD were 

easily incorporated during device fabrication and may be stored stably on-disc for at least 

six months, highlighting both the robust nature of the method and its potential for field-

Figure 4-2. Graphical overview of gas-driven IFD. Sample displacement towards the CoR (against centrifugal 

force) was affected by harnessing the gas generated from on-board acid-base neutralization. Adapted from [22]. 
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forward use. Crucially, compatibility with both ‘gold standard’ polymerase chain reaction 

(PCR)-based methods and loop-mediated isothermal amplification (LAMP) was clearly 

characterized. Thus, this improved approach is directly compatible with NAATs, which 

stands to make significant impact in expanding sample-to-answer LoaD capabilities by 

easing integration of both NA preparation and post-processing within a single microfluidic 

device. In fact, one such putative LoaD using this IFD strategy was designed to enable 

comprehensive performance of all process chains needed for direct-from swab NA 

isolation and downstream LAMP from four samples in parallel. Continued development 

and optimization of this and other devices will contribute to increased translation of 

traditional laboratory-based genetic analysis from the benchtop to the PoN. 

4.2. Materials and Methods 

4.2.1. Microdevice Fabrication  

As described in detail within the previous two chapters, IFD LoaDs were fabricated 

according to the ‘print-cut-laminate’ method.20, 23 Following alignment of the five core 

layers, circular laser-cut PeT-supported polytetrafluoroethylene (PTFE) membranes (10.00 

mm radius) were nested into cutouts in the central black PeT layer (3) (Lumirror* X30, 

Toray Industries, Inc., Chuo-ku, Tokyo, Japan) that separated the two internal fluidic layers 

and enabled laser-actuated valving.24-25 These membranes were fabricated via a two-step 

laser cutting process (Figure 4-3). First, an array of circular cutouts was made in PeT. After 

wetting the PeT with methanol, a commercial PTFE film was overlaid and allowed to dry 

at room temperature, effectively solvent bonding the two substrates together. A second 

ablation step was performed to create a larger, concentric circle around each of the previous 

cutouts to yield circular PTFE membranes with PeT supports lining their periphery. After 
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placement into the LoaD, PTFE membranes were anchored in place via heat-sensitive 

adhesive (HSA, EL-7970-39, Adhesives Research, Inc., Maryland Heights, MO) on either 

adjacent device layer during lamination (UltraLam, 250B, Akiles Products, Inc., Mira 

Loma, CA).26 In addition to the traditional five layers per device, which housed the 

majority of the architecture, two ‘reinforcing layers’ (R1, R2) were applied via a second 

lamination step to improve valving performance.25 

4.2.2. On-Disc Reagent Storage 

Dry reagents were loaded into polymethyl methacrylate (PMMA) (1.5 mm 

thickness, McMaster Carr, Elmhurst, IL) for on-board storage using a custom 3-D printed 

press (Form 3 printer and RS-F2-GPCL-04 resin, FormLabs, Somerville, MA). Up to 18 

Figure 4-3. Preparation of PeT-supported PTFE inserts. (A) Circular holes (2.5 mm radius) were laser-cut into a 

PeT film and the internal circular areas were removed (denoted by red arrow and red hatched fill). (B) A PTFE 

membrane was applied on top of the pre-cut PeT, wetted with methanol, and allowed to dry at room temperature to 

solvent bond the two substrates together. (C) Larger circular holes (5 mm radius) were cut into the bonded PTFE-

PeT assembly concentrically around the previously removed PeT (red arrow and red outline).  (D) Excess material 

outside these new cuts was removed, revealing the PeT supported inserts. (E) Prior to lamination, the PTFE inserts 

were nested into cutouts within the central layer of the disc with the PeT support facing down. Adapted from [22]. 
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cups were prepared in parallel; following placement into wells in the bottom half of the 

press, the cups were filled and covered with sodium bicarbonate (Thermo Fisher Scientific, 

Waltham, MA) and excess was scraped away using the edge of the top half of the press. 

Where appropriate, citric acid (Sigma-Aldrich, Inc. St. Louis, MO) was mixed with the 

sodium bicarbonate prior to cup loading such that each contained, on average, 3 mg citric 

acid and 527 mg sodium bicarbonate. The top component of the press was then aligned 

with the bottom component such that its ‘teeth’ are aligned with the cup and applied 

pressure compressed the reagents within each cup. PMMA reagent cups and accessory 

pieces for swab acceptance (0.5 mm thickness, Astra Products, Copiague, NY) were 

affixed to the device using pressure sensitive adhesive (PSA, Arcare 7876, Adhesives 

Research Inc.) and cured under weight (~10 pounds) overnight. To enable recovery and 

off-disc post-processing of displaced lysates, sample recovery chambers were augmented 

by PMMA (McMaster Carr) capped with PTFE membranes.  

4.2.3. Mechatronic Spin System Construction and Operation 

Rotationally-driven fluidics were controlled using the custom-built Power, Time, 

and Adjustable Z-Height Laser (PrTZAL) system, described elsewhere.25 Device rotation 

was driven by a brushless DC motor to promote flow. A photointerrupting optical switch 

(TT Electronics/Optek Technology, Woking, UK) and a motorized translational stage 

(MTS50-Z8, Thorlabs, Inc.) were used to position a 700 mW 638 nm laser diode 

(L638P700M, ThorLabs, Inc., Newton, NJ) at the appropriate location for laser valving. 

Diode z-height relative to the LoaD surface was adjusted to 15.00 mm for valve opening 

(500 mW, 500 ms) and 27.00 mm for channel closures (700 mW, 2500 ms) using two 

stepper motors (Polulu Robotics and Electronics, Las Vegas, NV). All PrTZAL 
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functionalities were controlled using a 32-bit multi-processing microcontroller (Propeller 

P8X32A-M44, Propeller, Inc., Rocklin, CA).  

4.2.4. Sample Collection and Processing 

Deidentified buccal swabs were collected from anonymous, consenting donors. To 

isolate epithelial cells, the swab was rolled against the walls of a 0.5 mL Eppendorf tube 

containing 300 µL 1X Tris-EDTA (Thermo Fisher Scientific). Epithelial cells were stained 

with Syto-11 (0.2 µL) (Thermo Fisher Scientific) for visualization and quantification by 

hemocytometry using a Zeiss Axio microscope. One-eighth cotton swab cuttings (Puritan 

Medical Products, Guilford, ME) were spiked with 1,500 cells and placed in on-disc swab 

chambers. A 14 µL aliquot of a lysis cocktail comprised of 12.46 µL water, 1.4 µL 10X 

blue buffer, and 0.14 µL prepGEM enzyme (MicroGEM International, PLC., 

Charlottesville, VA) was added to the swab chamber and incubated (75 ˚C, 300 s; 95 ˚C, 

60 s) using a clamped dual-Peltier system. For in-tube comparison, swab cuttings spiked 

in the same way were heated on a thermal cycler with the same temperature profile. In-

tube lysis was performed in 0.2 mL PCR tubes using this reduced (14 µL) volume 

chemistry described for on-disc implementation and the manufacturer recommended lysis 

cocktail volume of 100 µL (88 µL water, 10 µL 10X blue buffer, 1 µL prepGEM enzyme 

(MicroGEM International, PLC.)). In-tube lysates were recovered via the ‘piggyback 

method’.27 Briefly, the bottom of the PCR tube containing the swab cutting was punctured 

with a syringe needle. After nesting this PCR tube inside of a 0.5 mL Eppendorf tube, 

centrifugation facilitated lysate elution from the swab and transfer into the outer tube. In 

on-disc dye studies used to assess the functionality of the fluidic architecture, aqueous 

green dye (14 µL) was used to visually represent the cellular lysate. 
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4.2.5. On-Disc IFD Workflow 

After adding the swab cutting and sample solution (dye or lysis cocktail) to the 

LoaD, the liquid reagent chamber was loaded with 10 µL of either sulfuric acid, phosphoric 

acid (both Thermo Fisher Scientific), or deionized water. The water was used to rehydrate 

the citric acid-sodium bicarbonate dry mixture within reagent cups to initiate 

neutralization. Regardless of acid type, 1.63 x 10-5 moles were used in each reaction. 

Actuation of the laser valve beneath the swab chamber permitted centrifugal elution of the 

lysate from the swab and transfer into the sample chamber (398.5 g, 120s). All vents and 

inlets associated with the liquid reagent and swab chambers were laser sealed. After 

opening laser valves beneath the sample and liquid reagent chambers, device rotation 

(257.1 g, 2 s) permitted mixing of liquid and dry reagents stored on-board to initiate acid-

base neutralization. Gas evolved during the neutralization reaction passed through the 

PTFE membrane, into the sample chamber, and finally out of the vent of the sample 

recovery chamber after pumping the sample fluid radially inward. Successful inward 

displacement was characterized by liquid transfer from the sample chamber into the sample 

recovery chamber. Displaced lysates were collected for off-disc post-processing by 

puncturing the PTFE membrane capping the recovery chamber with a pipette tip. All 

device images were captured by an Epson Perfection V100 Photo desktop scanner (Seiko 

Epson Corporation, Suwa, Nagano Prefecture, Japan). 

4.2.6. Recovery Analysis 

Dye volumes were calculated by “masking” the relevant pixels from optical 

measurements using ImageJ freeware (Fiji distribution), as described elsewhere.28 Briefly, 

the pixels associated with the dye solution were selected through application of optimized 
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color thresholds (hue: 80-255, saturation: 89-255, brightness: 60-191), then counted. 

Experimentally measured pixel counts were compared with controlled calibration volumes 

(1-10 µL, n = 3 each) (R2 = 0.992) to extrapolate recovered volumes. Hue analysis was 

performed from a circular region of interest (ROI) taken from the relevant chamber after 

conversion of the native image to a 3-slice hue-saturation-brightness stack. Recovery of 

BLUE buffer (MicroGEM International, PLC.) was characterized by mass. A calibration 

curve of mass vs. volume was constructed by measuring the mass of known buffer volumes 

in pre-weighed 0.2 mL PCR tubes (3-10 µL, n = 3 each, R2 = 0.995).  

4.2.7. DNA Post-Processing 

4.2.7.1. Relative DNA Quantification  

Relative DNA quantification was achieved by targeting the TPOX locus via real-

time PCR with the primer and probes used in Chapter 2;29 sequences were published 

previously.30 Each 20 µL reaction was comprised of 1X SensiFast Probe Lo-ROX One-

Step Master Mix (Meridian Bioscience, Memphis, TN), 0.4 µM each forward and reverse 

primers, 0.1 µM probe, and 4 µL diluted lysate (1:4 in water). Triplicate amplification 

reactions performed using a QuantStudio 5 (Thermo Fisher) involved an initial 

denaturation step (95 ˚C, 210 s), followed by 40 cycles of denaturation (95 ˚C, 5 s) and 

annealing (60 ˚C, 30 s) prior to a final 4 ˚C hold step. Fluorescence monitored in the FAM 

channel permitted calculation of Ct values using the threshold generated automatically by 

the QuantStudioTM Design & Analysis software (v1.5.0). 

4.2.7.2. Multiplexed PCR 

Multiplexed PCR amplification of DNA from neat on-disc lysates was performed 

using the PowerPlex 18D system (Promega, Madison, WI) according to manufacturer’s 
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instructions using 28 cycles. Resultant amplicons were electrophoretically separated and 

fluorescently detected using an ABI 3130 Genetic Analyzer (Applied Biosystems, Grand 

Island, NY) prior to short tandem repeat (STR) profiling using Gene Marker HID software 

(v2.7.6) (SoftGenetics, State College, PA). 

4.2.7.3. Loop-Mediated Isothermal Amplification  

Amplification targeted the TPOX locus using primer sequences published 

elsewhere.31 Each in-tube reaction contained 0.2 µM F3 and B3, 0.8 µM LF and LB, and 

0.6 µM FIP and BIP primers, 120 µM hydroxy napththol blue (HNB), and 1.25 µL sample 

in 1X WarmStart (DNA and RNA) Master Mix (New England Biolabs, Ipswitch, MA). 

During isothermal heating at 65 ˚C, images were captured at 30, 45, and 75 minutes using 

a smartphone (Huawei Technologies Co., Ltd. Shenzhen, China). In ImageJ, hue values of 

60-pixel diameter circular ROIs from each tube at each timepoint were measured. Endpoint 

electrophoretic amplicon separation and detection was performed using the DNA chip 

assay for the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). On-disc LAMP 

was performed with the same primer concentrations but 2 µL sample and was heated using 

free-standing clamped dual-Peltiers. A 40 µL aliquot of master mix was loaded into the 

reagent chamber. After opening the downstream laser valve, reaction aliquots were 

centrifugally metered (27.2 g, 30 s), then delivered to LAMP reaction chambers (496.0 g, 

90 s). Prior to heating, microchannels upstream of the reaction chambers were laser-sealed. 

Temperature control was provided by a program written in Propeller. 

4.2.8. Fluidic Workflow for Sample-to-Answer On-Disc Analysis 

 In the fully-integrated LoaD, swab lysis and IFD were performed as described 

previously (Sections 4.2.4 and 4.2.5, respectively). After IFD, the laser valve beneath the 
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sample recovery chamber was opened, and a lysate aliquot of approximately 2 µL was 

metered out via device rotation (27.2 g, 30 s), with excess driven to an overflow chamber. 

Following laser actuation of the downstream valve, the metered lysate was delivered to the 

central LAMP reaction chamber through a channel that was laser-sealed after use. On-disc 

LAMP was then conducted as described in Section 4.2.7.3. 

4.3. Results and Discussion 

 Portable LoaDs represent a powerful set of tools for automating, expediting, and 

translating NA analysis to the PoN.11, 32 However, as discussed previously, the 

unidirectional, outward flow restricts the number of possible sequential on-board process 

chains, often limiting assay complexity and precluding total microfluidic sample-to-answer 

processing.8-9, 32  As discussed in Chapter 1, this limitation has contributed to the existence 

of very few relevant micro total analysis systems (µTAS); many LoaDs automate NA 

amplification and detection, but upstream cell lysis and NA extraction (NAE) remain 

tethered to traditional, manual methods. The work detailed in this chapter aimed to ease 

integration of more extensive NA analysis process chains on-disc by describing both a 

simple, easy-to-implement NA isolation method and IFD of the sample towards the CoR 

to allow continued microfluidic processing. First, single-step, on-disc, direct-from-swab 

isolation of amplification-ready NAs was enabled by a thermophilic protease (EA1, 

discussed in Chapter 3). The resultant lysate was returned to the CoR via automatable, 

self-contained, gas-driven IFD that leveraged on-board acid-base neutralization for CO2 

evolution. Though other CO2-based IFD modalities have been described, this work is the 

first demonstration of its compatibility with NA amplification tests (NAATs), which is 

crucial for future development of sample-to-answer LoaDs. Further, this work directly 
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addresses the limitations of previous gas-driven IFD strategies by eliminating 1) required 

manual intervention, 2) complex, custom fabrication, 3) highly corrosive, dangerous 

reagents, and 4) large volumes of displacer fluids.17, 19, 33 Further, reagents stored on-board 

maintain their reactivity for at least six months under ambient conditions, which is 

promising in terms of potential commercialization and use at the PoN.  

4.3.1. Microdevice Fabrication and Operational Principles 

4.3.1.1. Microfluidic Design 

Gas generation, containment, and direction were the essential functionalities taken 

into consideration during architectural design of the IFD LoaD device (Figure 4-4). Since 

IFD relies on harnessing an evolving pressure head on-disc, it was essential that the LoaD 

could achieve the tight seals required for effective gas containment. This importance cannot 

be overstated, given that ‘leaky’ systems are known to result in unreliable IFD 

performance.19, 33 Laser-based valving is more robust than other approaches that exhibit 

frequent failure (leaking) within pressurized systems or in the presence of alcohol-based 

Figure 4-4. Design and fabrication of a LoaD for IFD demonstration. (A)  Isometric schematic rendering of a 7-

layer microdevice. The primary fluidic architecture is housed within the 5 core layers. The primary fluidic layers (2 

and 4) are separated by an intervening valving layer (3). Re-enforcing layers (R1 and R2) were added on either side 

of the core layers to improve channel closure success. PMMA accessory pieces are added where necessary to enhance 

chamber volume and enable on-board reagent storage. The PTFE gas-permeable membrane is inserted into layer 3 

prior to lamination (B) Image of a fully assembled microdevice accommodating on-board direct-from-swab lysis and 

subsequent inward displacement of the lysate. (C) AutoCAD rendering of the microfluidic architecture in which laser 

valve openings and closures are designated by red squares and crosses, respectively. Adapted from [22]. 
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solvents.19, 27 Here, laser-actuated channel closures, leveraged for liquid flow control in 

Chapters 2 and 3, is applied to gas containment for the first time. Explicitly, irradiation 

of channel vents and inlets permitted hermetic sealing, and therefore unidirectional gas 

flow within the microarchitecture. While PCL LoaDs typically contain five material 

layers,23, 26 it has previously been shown that additional bulk material in the form of 

reinforcing layers improved the success rate of laser-based channel closures to over 99% 

at the relevant rotational frequencies.25 Consequently, two additional reinforcing layers, 

one on either side of the device, were incorporated to yield 7-layer proof-of-concept IFD 

LoaDs with reliable laser-actuated channel closures. Coupling laser-based channel sealing 

with a complementary valve opening strategy permitted leak-free sealing of the LoaD 

system and precise spatiotemporal control over on-board fluidics. 

4.3.1.2. On-Disc Reagent Storge and Reaction 

CO2 evolution from on-board acid-base neutralization is a critical feature of this 

self-contained IFD approach.  In each domain, this reaction occurs within a PMMA reagent 

cup positioned directly above the embedded hydrophobic, gas-permeable PTFE membrane 

(Figure 4-4C). Solid and liquid reagents were sequestered on one side of the membrane, 

which precluded their direct contact with and contamination of the sample solution. 

Conversely, CO2 gas generated as a byproduct of neutralization freely passed through the 

membrane, through the gas transfer channel, and ultimately affected IFD.  
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Simple, reproducible on-board storage was critical for consistent IFD performance. 

To simplify reagent loading, a custom 3D-printed press was developed (Figure 4-5) to 

allow simultaneous preparation of up to eighteen cups. Previously, Krauss et al. described 

a vastly different method centered on manually adding sequential aliquots of a sodium 

bicarbonate (NaHCO3) slurry prepared in methanol into individual cups with intermittent 

drying steps.19 Comparatively, the iterative, manual workflow for slurry addition was much 

more time and labor than the single-step, higher-throughout press-based method. Further, 

the press-based method involved addition of a larger, more consistent average reagent mass 

per cup (0.039 ± 0.002 g (coefficient of variation (CV) = 5.92%)) than the slurry technique 

(0.030 ± 0.003 g (CV = 10.8%)) (n = 15 each). This additional reagent mass increased the 

potential for gas evolution while simultaneously minimizing the dead air volume within 

the reaction chambers, both of which stand to enhance IFD performance. Moreover, 

reagent loading using the press permitted storage of acid-base mixtures (NaHCO3 and citric 

acid) without rehydration, which would initiate the neutralization reaction. This reagent 

storage approach could also be applied to other dry mixtures for on-disc gas generation, 

such as baking powder.20, 33 

Figure 4-5. Method for reproducible dry reagent loading. (i.) Fusion360 schematic of the 3D-printed reagent 

press used to facilitate uniform loading of PMMA cups. (ii.) First, empty PMMA cups were nested into recessed 

wells in the bottom plate, then (iii.) covered entirely with solid reagent prior to scraping away excess with the flat 

edge of the top half of the press, such that each cup was filled evenly to its brim. (iv.) The top plate was aligned with 

its cylindrical ‘teeth’ above the cup openings prior to pressure application. (v.) Completed PMMA cups contained 

compressed dry reagents ready for LoaD attachment. Adapted from [22]. 
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To demonstrate the feasibility of IFD performance and NAAT compatibility, each 

of the six identical domains contained features that enabled on-board direct-from-swab 

enzymatic lysis and subsequent displacement of the recovered lysate back towards the 

CoR. 

4.3.2. On-Disc IFD Evaluation 

4.3.2.1. Optimization of Architecture for Swab Integration 

In this direct-from-swab approach, successful fluid recovery from absorbent 

substrates is crucial, and is directly related to swab position within the LoaD. Initially, it 

may seem that positioning the swab adjacent to the CoR would be best in terms of 

conserving available LoaD area for downstream sample processing. However, since the 

magnitude of centrifugal force an object experiences directly depends on its radial distance 

from the CoR (rotor length), this approach is impractical. Positioning the swab closer to 

the LoaD periphery increases the centrifugal force experienced, which, in turn, increases 

fluid recovery. Visual demonstration was achieved via optical quantification of recovered 

dye volumes obtained from parallel sets of swab cuttings near the LoaD CoR and periphery 

(n = 4 each).  After loading aqueous dye into each swab chamber (14 µL), downstream 

laser valves were opened and LoaD rotation was sustained for 120 s at 3,000 rpm, which 

is the upper limit of many spin systems.25 Fluid volumes transferred to the chambers 

beneath the swab chambers were quantified via ‘masking’ as described in Chapter 2 

(Figure 4-6). No detectable volume of dye was eluted from the cuttings adjacent to the 

CoR (14.2 mm, 142.9 g). However, approximately 10 µL were recovered from swabs 

positioned 39.60 mm (398.5 g) from the CoR of the same LoaD; this distance was used in 

all subsequent IFD experiments. Thus, maximizing sample recovery from a solid substrate 
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necessitates its positioning 

near the LoaD edge, such 

that significant continued 

on-disc processing requires 

eluate transfer radially 

inward.  

4.3.2.2. Gas-Driven IFD 

Accordingly, the 

gas-driven IFD workflow (Figure 4-7) was demonstrated following on-disc direct-from-

swab enzymatic cellular lysis. Centrifugally-controlled lysate retrieval from the substrate 

involved actuation of a normally-closed laser valve below the swab chamber, followed by 

centrifugally transfer of the eluate into the sample chamber (Figure 4-7ii). After lysate 

recovery from the swab, all vent and inlet channels associated with the sample and liquid 

reagent chambers were laser-sealed such that the only remaining point of gas exchange 

between the LoaD and environment was the vent of the sample recovery chamber adjacent 

to the CoR (Figure 4-7iii). Mixing the liquid and dry reagents on-disc initiated acid-base 

neutralization, which produced CO2 as a byproduct. This evolved gas passed through the 

embedded PTFE membrane and flowed into the sample chamber, placing pneumatic 

pressure on the sample therein (Figure 4-7v). Functionally, this pressure application 

directly on the sample is similar to that provided by working ‘displacer’ fluids,16-17 but was 

advantageous in terms of architectural requirements. As discussed in the introduction of 

this chapter, displacer fluid volumes must greatly exceed that of the sample, necessitating 

large chambers that consume significant microfluidic ‘real estate’ near the CoR, whe

Figure 4-6. Fluid recovery from swabs at different radial positions (A) 

Image of microdevice showing dye elution from swab cuttings placed at 14.2 

and 39.6 mm from the center of rotation. (B) Calculated recovered volume 

from each condition (each n = 4). Adapted from [22]. 
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re device surface area is most scarce. Here, the liquid reagent volume required is less than 

that of the sample, and all displacement reagents (liquid and dry) were located near the disc 

edge, where surface area is most abundant. The importance of these differences can be 

empirically understood through consideration of a 12 cm diameter LoaD, in which >30% 

of microfluidic surface area is located within the 1 cm ring along the periphery, whereas 

the innermost ring of the same width contains <8.5%.17 Hence, the IFD approach described 

here consumes less, and less valuable, device real estate than methods based on displacer 

fluids since IFD reagents here are stored at the edge of the device. When sufficient pressure 

had accumulated, the sample fluid was pumped radially inward into the sample recovery 

chamber as the CO2 escaped its open vent (Figure 4-7vi). 

Effective, leak-free containment and unidirectional focus of this evolving gaseous 

pressure head was essential for successful IFD. In early pilot studies, two failure modes 

were noted. First, incomplete channel closures occurred due to misalignment of the diode 

with the relevant architectural features. In these cases, gas was able to flow backwards and 

escape from sample and/or liquid reagent chamber vents such that the gas pressure inside 

4-7. Diagrammatic depiction of on-disc IFD workflow. (i.) Direct-from-swab enzymatic cellular lysis was 

performed on-disc prior to (ii.) the laser valve beneath the swab chamber being opened. The lysate was centrifugally 

eluted from the swab into the sample chamber. (iii.) To ensure that the only remaining port for gas exchange was the 

sample recovery chamber vent, all inlets and vents associated with sample and liquid reagent chambers were laser-

sealed. (iv). After opening the laser valves beneath the sample and liquid reagent chambers, (v.) device rotation drove 

transfer of the liquid reagent into the chamber containing the dry reagent. The subsequent acid-base neutralization 

reaction generated carbon dioxide gas that (vi.) drove the bulk sample solution radially inward into the sample 

recovery chamber. Adapted from [22]. 
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the LoaD was insufficient to drive IFD. Fortunately, this issue was corrected easily via 

automated alignment using the PrTZAL system, described in Chapter 2.25 In fact, when 

properly performed, these channel closures were strong enough to contain gas within fully 

sealed, pressurized reagent cups. Here, neutralization was performed on-disc without 

actuating the valve beneath the sample chamber such that evolved gas was trapped within 

the cup. While the channel closures maintained their integrity, the adhesive bond (PSA) 

between the PMMA reagent cups and the PeT microdevice surface did not (data not 

shown). However, this mechanical failure mode was not observed under normal 

operational conditions (e.g., valve opened as normal) and after curing LoaDs under 

constant weight and pressure (~10 lbs.) overnight prior to use.  

4.3.3. Recovery Characterization 

Early pilot studies probing IFD and fluid recovery leveraged aqueous dye solutions 

to facilitate optical image analysis (Figure 4-8). Regions of interest (ROIs) encompassing 

the sample and sample recovery chambers were selected from images captured following 

swab elution and IFD, respectively (Figure 4-8B). Within each cropped image, pixels 

attributable to the dye solution were specifically selected via ‘masking’, a method 

described in detail elsewhere.28 Briefly, adjustment of color thresholds within the ImageJ 

Figure 4-8. Visual characterization of IFD recovery. (A) Device images after swab elution, and IFD with green 

dye representing a cellular lysate. (B) Image masking in which specific pixels corresponding to dye eluted from the 

swab before and after displacement were selected. (C) The calibration curve between dye volume vs. pixel count 

exhibited an excellent linear correlation (R2= 0.992). (D) Recovery calculations following dye displacement using 

equimolar concentrations of phosphoric, citric, and sulfuric acid (each n = 6). Adapted from [22]. 
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freeware permitted selection of pixels containing dye, while excluding those associated 

with the image background and microdevice surfaces. A calibration curve constructed by 

measuring the number of pixels associated with dye solutions of known volumes on-disc 

exhibited excellent linear correlation (R2 = 0.992) (Figure 4-8C) and was used to 

determine the volumes of dye eluted from swab cuttings and dye present in the sample 

recovery chamber following IFD. Notably, the percentage of dye eluted from the swab and 

successfully displaced into the sample recovery chamber was comparable using equimolar 

concentrations of sulfuric, phosphoric, and citric acids (Figure 4-8D). Weak acids (citric 

and phosphoric) are advantageous for practical implementation due to increased 

compatibility with device materials and obviation of the need for custom fabrication 

strategies, such as the miniaturized ampoules used by Krauss et al.19 due to the highly 

corrosive nature of concentrated sulfuric acid, employed for IFD by Krauss et al. (Figure 

4-9A).   

Fortunately, the recoveries (approximately 80%) obtained following IFD driven by 

weak acids were statistically similar to the strong acid (unpaired t-test, α = 0.05, p- value 

= 0.58). Both citric and phosphoric acids could be used with no detriment to performance. 

Figure 4-9. On-disc acid storage methods. (A) Previously, Krauss et al. used custom, microfabricated ampoules to 

store concentrated acid solutions on-disc. (B) Less concentrated acids could be added directly into PCL chambers, 

then laser-sealing vents/inlets, but issues were apparent with long-term on-disc liquid storage. (C) Acidic and basic 

reagents could be stored together as a dry mixture such that simple rehydration with water would initiate the 

neutralization reaction.  
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Thus, on-disc storage of liquid phosphoric acid in PCL chambers (Figure 4-9B) could 

reasonably be explored, but it was expected that such efforts would be confounded by 

evaporative loss, infiltration of the semi-porous HSA between device material layers, and 

the potential for LoaD degradation. Conversely, citric acid could be easily stored dry on-

disc as a mixture with NaHCO3 such that simple rehydration with water affected 

neutralization initiation, and therefore gas generation (Figure 4-9C). When using this dry, 

on-board citric acid-NaHCO3 mixture, the user need not handle an acid directly and no 

liquid reagents must be stored within the LoaD. This simplicity of use led to 

implementation of citric acid in all subsequent IFD reactions.  

4.3.4. Long-Term Reagent Storage Evaluation 

 Characterization of the on-disc stability of the citric acid-NaHCO3 mixture on-disc 

over time was essential in evaluating the practicality of this IFD approach. Following LoaD 

fabrication, dye studies were performed at one-month intervals (0-6 months) with storage 

under ambient conditions (n = 4 each). After performing IFD of aqueous green dye (starting 

volume = 10 µL), recovered volumes 

were calculated via masking dye pixels 

and comparison with the standard 

curve as done in initial assay 

characterization (Figure 4-10). 

According to a single factor ANOVA, 

resultant volumes were statistically 

similar across all time points (α = 0.05, 

p = 0.69), which indicated that 

Figure 4-10. Evaluation of long-term on-board reagent 

storage. Volumes recovered following IFD at one-month 

intervals were statistically similar up to six months storage 

under ambient conditions (n = 4 each). Adapted from [22]. 
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displacement can be achieved using reagents stored dry on-disc for at least 6 months with 

no loss in performance (Figure 4-10). This demonstrated stability of reagents stored on-

board is paramount to practical implementation and potential future integration in 

commercialized microdevices. 

4.3.5. Fluid Loss Attribution 

During both acid selection and long-term reagent storage characterization, it was 

apparent that fluid volume was lost during IFD. Despite recovery rates below 100%, the 

sample chambers at the disc periphery were visually empty, suggesting that sufficient 

pneumatic pressure was generated to fully drive fluid out of the sample chamber. To more 

thoroughly characterize this fluid loss and understand its origin, we performed IFD with a 

range of aqueous dye volumes (Figure 4-11). Optical determination of chamber volumes 

(masking) indicated the presence of a strong, positive linear correlation between recovery 

and starting volume (R2 = 0.992) (Fig. 4-11, yellow). Calculations of volume lost in each 

condition showed that 1.5-2 µL 

were reproducibly lost, regardless 

of starting volume (Figure 4-11, 

blue). In fact, according to a single 

factor ANOVA, all mean volumes 

of fluid loss were statistically 

similar (α = 0.05, p-value = 0.51). 

This reproducible volume loss led 

to the conclusion that detriments to 

recovery had not resulted from 

Figure 4-11. Volume loss characterization. Calculated 

recoveries (%) following displacement of various volumes of 

aqueous dye are shown as yellow points in a scatterplot. The blue 

histogram bars correspond to calculated volumes lost under each 

condition (each n = 3). The % recovery scaled linearly directly with 

the starting volume (R2 = 0.9915), whereas the volume lost 

remained consistent across conditions. Adapted from [22]. 

 

 

 

 



148 
 

 
 

incomplete or failed IFD, but rather were consequences of the laser valving and PCL 

fabrication strategies employed. For example, normally-closed laser valves are known to 

retain small volumes of fluid (0.5 - 2 μL) in the valving “patch”, or rectangular cutout in 

the top fluidic layer. The manufactured roughness of channel walls resulting from laser 

ablation was also hypothesized to contribute to fluid loss; such microscopic crevices are 

known to collect fluid.34 These two mechanisms, in combination, were presumed to cause 

fluid losses within the PCL IFD system described. Although these factors cannot be 

eliminated from our LoaD system without significantly changing its operational principles, 

these phenomena are reproducible and predictable, so they may be accounted for 

experimentally. 

4.3.6. Characterization of On-Disc Direct-from-Swab Lysis 

 Following thorough characterization of IFD performance via dye studies, on-disc 

direct-from-swab enzymatic lysis was implemented. This work leveraged the same EA1 

chemistry used in Chapter 3 for single-step, hands-free cell lysis and isolation of liberated 

nucleic acids. However, to simplify on-disc architecture, it was desirable to decrease the 

lysis reaction volume such that no downstream unit operations (e.g., metering) were 

required prior to displacement. Since dye studies primarily used starting volumes of 10 µL, 

this was the target volume for lysate swab elution. By adding variable dye volumes to on-

disc swab cuttings and optically quantifying centrifugally eluted volumes, it was 

determined that spiking cuttings with 14 µL resulted in recovery of approximately 10 µL 

(data not shown). However, the manufacturer recommends a lysis reaction volume of 100 

µL, so it was essential to ensure the smaller volume reaction proceeded as expected. As in 

previous chapters, real-time PCR was employed as an analytical tool to characterize DNA 



149 
 

 
 

yield. Triplicate ‘full’ (100 µL) and ‘reduced’ (14 µL) volume in-tube lysis reactions 

produced similar Ct values (Figure 4-12). In fact, a t-test for means indicated no statistical 

difference in the grand means across volumes (α = 0.05, p = 0.241); therefore, comparable 

DNA concentrations were produced. Importantly, comparison of the reduced volume lysis 

in-tube and on-disc also resulted in statistically similar Ct values (α = 0.05, p = 0.806), 

which indicated that microfluidic lysis was successful with no detriment to performance 

and could feasible be used in conjunction with downstream IFD. 

4.3.7. Architectural Changes for Bioanalysis 

 Initial pilot studies to characterize displacement performance using blue buffer 

instead of aqueous dye resulted in significant fluid loss from the LoaD following IFD. To 

mitigate this, LoaD architecture, specifically that of the sample recovery chamber, was 

modified (Figure 4-13). In the original device, this chamber was cut into the core PCL 

layers and was vented conventionally. However, the `buffer was reproducibly observed to 

Figure 4-12. Characterization of DNA extraction at the microscale. Parallel triplicate extractions were performed 

from cotton swab cuttings spiked with buccal epithelial cells in-tube at full (100 µL) and reduced (14 µL) volumes 

and on-disc (14 µL). Real-time PCR amplification (triplicate) of all extracts resulted in similar Ct values.  
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have exited the sample recovery vent along with the gas during displacement. It was 

hypothesized that the buffer was not retained as the aqueous solution had been due to 

compositional differences. Though the exact makeup of the blue buffer is proprietary, 

empirical microscopic observation of dyed water and blue buffer hinted at a possible 

explanation. Images captured of both fluids in microchannels showed that the meniscus of 

the blue buffer was much more pronounced than that of the water, indicative of reduced 

surface tension (Figure 4-13C). To prevent fluid loss, the sample recovery chamber was 

augmented with PMMA, and capped with PTFE – the same membrane embedded within 

the LoaD for neutralization reagent containment during gas flowthrough. This gas-

permeable PTFE cap permitted removal of the vent channel altogether, since the CO2 could 

pass directly through the membrane. However, since the membrane is hydrophobic, the 

displaced buffer was reliably contained. Additionally, this architecture eased recovery of 

displaced lysates for off-disc post-processing, which was achieved simply by puncturing 

the membrane with a pipette.  

Figure 4-13. Modified IFD LoaD for lysate displacement. (A) Image of a fully-assembled modified LoaD for on-

board direct-from-swab lysis and subsequent IFD. Adapted from [22]. (B) LoaD architecture (AutoCAD rendering) 

where laser valve openings and closures are represented by red squares and crosses, respectively. No vent is required 

on the sample recovery chamber due to inclusion of a PTFE capping layer. Adapted from [22]. (C) Microscopic 

images of dyed water (top) and BLUE buffer (bottom) demonstrating the decreased surface tension of the latter. 
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 Unfortunately, increased chamber depth and membrane flexibility precluded use of 

the previously implemented optical recovery analysis strategy. Instead, displaced buffer 

samples were retrieved from the sample recovery chambers by pipette and transferred to 

pre-weighed PCR tubes. An established linear calibration curve (R2 = 0.995) relating blue 

buffer mass and volume was used to calculate an average recovered volume of 5.99±0.70 

µL (Figure 4-14). The reduction in recovered volume relative to that calculated for 

aqueous solutions likely resulted from incomplete manual recovery from the LoaD prior to 

measuring mass. Regardless, this volume is more than adequate for most amplification-

based post-processing modalities, some of which were explored in the following section.  

4.3.8. Nucleic Acid Amplification Test Compatibility 

4.3.8.1. Polymerase Chain Reaction-Based Techniques 

As discussed in previous chapters, real-time PCR may be employed as a powerful 

analytical tool to evaluate the success of upstream nucleic acid preparation, for instance in 

characterization of EA1 lysis volume scaling (Section 4.3.6).35 Here, according to an 

unpaired t-test for means, real-time PCR amplification of DNA from parallel on-disc, 

direct-from-swab cellular lysates with and without IFD produced statistically similar Ct 

values (H0 = mean difference across conditions is zero, α = 0.05, p = 0.62) (Figure 4-15A). 

Figure 4-14. Determination of IFD recovery by mass. (A) Calibration curve relating mass and volume of 

prepGEM BLUE buffer measured in triplicate exhibited an excellent linear correlation (R² = 0.995). (B) Calculated 

recovery following IFD of blue buffer retrieved from sample recovery chambers was determined to be 5.99±0.70. 
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This finding was crucial since it demonstrated that no observable inhibition of PCR 

amplification resulted from exposure to CO2 during IFD. If resultant sample acidification, 

or even mechanical DNA damage, had occurred, higher Ct values would have been 

observed from amplification of displaced lysates relative to the non-displaced samples.  

Further, compatibility with multiplexed PCR, and subsequent short tandem repeat 

(STR) profiling, was explored. Recall from Chapter 2 that STR analysis involves 

numerous primer pairs that target multiple distinct DNA loci that contain repeating 

nucleotide sequences; humans possess up to two differently sized alleles at a given locus, 

one inherited from each biological parent, though these polymorphic regions may, 

coincidently, be the same length.36 Here, we show two channels of a representative STR 

profile generated from a sample lysed and displaced on-disc which showed no 

amplification inhibition (Figure 4-15B). All expected peaks in the 18 loci probed were 

present with good peak height balance within allele pairs (e.g. no ‘ski sloping’ or 

dropout).37 This observation was important since multiplexed PCR is more sensitive to 

inhibitors than real-time PCR.38  

 

Figure 4-15. IFD compatibility with PCR amplification. Amplification of DNA prepared on-disc from one-quarter 

buccal swab cuttings. (A) Real-time PCR Ct values obtained via amplification of triplicate displaced and not 

displaced samples were statistically similar. (B) Two channels of a representative full 18-plex STR profile obtained 

from DNA prepared using the IFD LoaD. Adapted from [22]. 
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4.3.8.2. Loop-Mediated Isothermal Amplification  

LAMP offers an alternative to PCR that leverages a strand-displacing polymerase 

to facilitate exponential target amplification at a single temperature via repeated, sequential 

annealing and extension of 4-6 primers to yield polydisperse amplicons.39 Instead of the 

single peak observed following PCR amplification, electrophoretic separation of LAMP 

amplicons creates a repeating peak pattern that spans a substantial molecular range.39 Such 

peak patterns were apparent in the electropherograms obtained from on-disc lysates with 

and without IFD, as well as the positive control (commercial human genomic DNA), 

indicating successful, on-target amplification (Figure 4-16). No peaks were observed in 

the no template control, which demonstrated the absence of non-specific amplification. For 

ease of pattern recognition, triplicate electropherograms (displaced and not displaced) were 

converted to a ‘gel’ image rendering; bands in each lane visually represent patterns 

Figure 4-16. Characterization of LAMP performance following IFD. (A) Representative endpoint 

electropherograms of controls and samples with and without IFD. (B) Gel image rendering of triplicate displaced 

and not displaced samples showing reproducible amplification. (C) Semi real-time colorimetric LAMP detection 

showed amplification in all samples in less than 45 minutes. Adapted from [22]. 
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resulting from successful LAMP, indicating reproducible amplification of DNA prepared 

on-disc with no detriment resulting from on-disc, gas-driven IFD. 

Though microchip electrophoresis provided valuable endpoint detection, it could 

not provide temporal insight regarding amplification speed. Semi-real-time reaction 

monitoring was achieved via measuring optical readout over the course of amplification. 

Compatibility with visually-apparent, colorimetric detection makes LAMP especially 

attractive for PoN use. As done previously in Chapters 2 and 3, inclusion of the indicator 

HNB provided binary, semi-quantitative visual indication regarding whether a target has 

been detected (blue) or not (purple) at discrete time points (0, 30, 45, and 75 minutes). By 

45 minutes, all samples appeared visibly blue (positive), while the no template control 

remained purple (negative). However, such naked eye interpretation is possible, but not 

advisable given inter-user variation in color perception and variable environmental lighting 

conditions.40-41 Accordingly, we analyzed the hue of each reaction and established a 

threshold for differentiating positive and negative results three standard deviations below 

the mean initial hue (0 minutes) across all samples (175.16 A.U.).28, 42 Hue readings  above 

(purple) and below (blue) this delineation colorimetrically indicated negative and positive 

results, respectively (Figure 16C). Results from hue analysis were concordant with simple 

visual observations; all samples were empirically positive by 45 minutes, with measured 

hue values below the threshold.  

Taken together, the colorimetric and electrophoretic results detailed in this section 

indicated that on-disc lysis provided amplification-ready DNA and IFD did not hinder 

downstream LAMP or PCR-based NAATs. 
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4.3.9. Microfluidic LAMP Adaptation 

 Ultimately, on-disc incorporation of one of these amplification and detection 

modalities was desired to yield a sample-to-answer LoaD. From a practical perspective, 

integration of microfluidic LAMP is more facile than PCR-based methods due to simplified 

hardware requirements for isothermal heating and colorimetric detection that ease 

portability for PoN use.39, 43 Prior to developing a fully integrated architecture, however, it 

was essential to demonstrate successful fluidic performance of the microfluidic LAMP 

process chain. To achieve this, an architecture for two-step metering was implemented 

(Figure 4-17) to split the LAMP master mix bulk fluid into three identical, defined sub-

volumes which could then be delivered to amplification chambers.44-45 Two-step metering 

is well-suited to such applications where further processing of aliquots (e.g., LAMP) is 

required.46 Each aliquot chamber was designed to hold 10 uL, and was filled during low-

speed LoaD rotation, with overflow routed to a waste chamber. A subsequent high-speed 

spin actuated capillary burst valves at the bottom of each aliquoting chamber to deliver the 

Figure 4-17. Microfluidic on-disc LAMP protocol. (A) Labelled schematic of LAMP architecture for parallel 

amplification of three samples. (B) (i.) After loading LAMP master mix onto the disc, a downstream laser valve was 

actuated and (ii.) low-speed disc rotation drove metering of three equal volume aliquots, each of which are (iii.) 

delivered to individual LAMP reaction chambers for simultaneous amplification. A no template control, a positive 

control, and the sample may be heated simultaneously. (C) Image of successful metering and delivery of aqueous 

dye to each LAMP chamber.  

 

 

 

 



156 
 

 
 

metered volumes to fluidically separated chambers for parallel amplification of NA 

samples therein. Explicitly, the LAMP architecture was designed with three amplification 

chambers expressly so positive and no template controls could be amplified in parallel with 

each sample. This entire metering and delivery process was rotationally controlled, and 

therefore easily automated. After demonstrating the fluidic success of this architecture, the 

next step involved its integration with on-disc direct-from-swab lysis and IFD. 

4.3.10. Integrated Sample-to-Answer Architecture 

 The fully-integrated LoaD developed was capable of sample-to-answer processing 

of four samples in parallel (Figure 4-18). The LAMP architecture discussed in the previous 

section was incorporated downstream of the microfeatures for on-disc direct-from-swab 

lysis and IFD described in previous sections. After lysate preparation and displacement 

proceeded as normal, the unit operations for on-disc LAMP were performed (Figure 4-

19). Initially, a 2 µL aliquot of the displaced lysate was metered out for subsequent 

Figure 4-18. Sample-to-answer LoaD for nucleic acid detection. (A) Image of a fully-assembled 4-plex LoaD for 

sample-to-answer NA analysis. (B) Schematic (AutoCAD) rendering of architectural features accommodating on-

board direct-from-swab lysis (yellow), subsequent inward displacement of the lysate (blue), and, finally, nucleic acid 

amplification (green). 
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amplification. Precise input volumes to each on-board LAMP reaction were needed to 

ensure quantitatively reproducible result with high accuracy. Fortunately, the volume 

needed matched the sample input for on-disc dSPE (Chapter 2), so the same lysate 

metering architecture, known to deliver 2.17±0.60 µL, was employed here. The principal 

challenge in development of this architecture involved delivery of this aliquot of the 

displaced lysate directly to the appropriate amplification chamber. The lysate delivery 

channel was laser-sealed prior to lysate metering to ensure the capillary valve beneath the 

aliquot chamber functioned properly during LAMP master mix metering. Explicitly, 

capillary burst valves could not be actuated until all three aliquot chambers were filled, 

which requires trapping of air within the LAMP receiving chambers. If the lysate delivery 

channel were not closed, the sample LAMP chamber would effectively be vented via the 

Figure 4-19. Stepwise workflow for sample-to-answer nucleic acid processing. Following (i.) loading of the 

LAMP master mix, sample, lysis cocktail, and water into the device, on-disc lysis occurs. After actuation of the 

laser valve beneath the swab chamber, (ii.) the sample was centrifugally eluted from the substrate. (iii.) The acid-

base mixture stored on-board was rehydrated and generates gas for IFD. (iv.) A 2 µL lysate aliquot is metered out, 

then (v.) delivered to the central LAMP chamber. (vi.) Three equivalent aliquots of master mix were metered, then 

delivered to three separate LAMP reaction chambers. Here, single-temperature incubation permits parallel 

amplification of the sample, a positive control, and a no-template control.  
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upstream metering 

architecture, fill 

prematurely, and 

preclude effective 

downstream metering. 

Successful delivery of 

displaced lysate to the 

relevant chamber, as 

well as on-board 

LAMP master mix and 

metering, was visually 

demonstrated using 

aqueous dye solutions 

(Figure 4-20).  

 Since the 

ultimate goal of this device is to amplify the sample in parallel with controls, it was 

essential to demonstrate that the delivered sample did not contaminate the two adjacent 

LAMP chambers. Generally, two-step metering mitigates the risk for cross-contamination 

by spatially separating metered aliquots from the samples or reagents in downstream 

chambers.47 Nonetheless, a dye study was conducted where sample (green dye) was 

delivered to the central amplification chamber prior to delivery of yellow dye to each 

chamber, which represented LAMP master mix (Figure 4-21). The hue of fluid contained 

in each chamber was measured and compared with on-disc control solutions (pure yellow 

Figure 4-21. Visual characterization of lysate delivery. Selective delivery of 

lysate into the central LAMP chamber was characterized using dye solutions. (A) 

Sample was delivered to the LAMP chamber via a microchannel cut into the bottom 

fluidic layer. (B) Image of LAMP chambers after displaced green dye (sample) was 

delivered to the central sample chamber and yellow dye (master mix) was delivered. 

Image of controls comprised of pure yellow dye. (D) Hue comparison indicated 

that only the hue from the sample chamber was statistically different than the 

controls; no green dye was detected in the NTC and (+) Ctrl chambers.  
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dye). A threshold was 

established three standard 

deviations above the mean 

control hue (n = 3). As 

expected, only the hue 

measured from the sample 

chamber was above this 

threshold, indicating the 

presence of green dye. Hue 

values of the solutions in the two adjacent chambers, which represent the NTC and positive 

control reactions, were statistically similar to the control (Single factor ANOVA, α = 0.05, 

p = 0.96), which suggests no green dye was present. To eliminate the risk of cross-

contamination during heating as a result of thermal fluid pumping, for instance, the 

channels upstream of each LAMP chamber (capillary burst valves) were laser sealed to 

ensure that fluid remained in chambers for the duration of incubation. In summation, the 

architecture developed here can reliably accommodate the fluidics for the entire genetic 

analysis workflow.  

 Preliminary pilot studies moving beyond dye-based visualizations have shown that 

LAMP may be successfully performed on-disc (Figure 4-22). Temperature studies 

indicated that, to achieve the desired reaction temperature of 65 °C in solution, an input 

value of 70 °C must be given to the clamped dual-Peltier system used for heating. Using 

these conditions and the same chemistry in the in-tube studies above (Section 4.3.8.2), the 

successful microfluidic amplification of the TPOX locus was demonstrated, though off-

Figure 4-22. Electrophoretic analysis of on-disc LAMP amplicons. (A) 

Temperature studies indicated that an input temperature of 70° C was required 

to achieve the desired input temperature of 64 °C. (B) In negative samples, 

no amplification was observed. However, in positive samples, the repeating 

peak pattern characteristic of LAMP was clearly present.    
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disc microchip electrophoresis was required for detection (Figure 4-22B). However, much 

work remains in reliably adapting this chemistry to the LoaD system. A detailed discussion 

regarding remaining obstacles will be presented in Chapter Six. Briefly, non-specific 

amplification occured sporadically in no template controls on-disc, but not in parallel in-

tube reactions performed on a ‘gold standard’ instrument. Therefore, continued 

optimization of the microfluidic amplification, for instance through adjusting primer and 

polymerase concentrations or incubation duration, is required. Further, to eliminate 

dependence on benchtop instruments, an appropriate colorimetric indicator must be 

incorporated. 

4.4. Conclusions 

Here, a novel, easy-to-implement method for radially-inward fluid displacement 

(IFD) was described for use in development of highly-integrated polymeric NA processing 

LoaDs. Fluid return to the CoR allows for augmented LoaD functionalities, including fluid 

recovery from absorbent substrates (e.g., swabs), and increased the number of stepwise 

unit operations possible. This IFD approach leverages well-characterized disc fabrication23 

and valving methods,24-25 as well as safe-to-handle reagents stored on-board without the 

need for complex, custom ampoules.19 Displacement within the self-contained LoaDs was 

driven by CO2 generated from the reaction between sodium bicarbonate and citric acid 

stored on-board as dry solids; simple rehydration initiated the acid-base neutralization. 

Statistically similar recoveries of aqueous dyes (approximately 80%) were obtained 

following IFD using this approach and an equimolar amount of liquid sulfuric and 

phosphoric acids. IFD occurred rapidly (~ 2 seconds) during device rotation.  The on-disc 

acid-base mixture retained its reactivity for six months, with statistically similar IFD 
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recovery percentages throughout that interval when stored under ambient conditions. Thus, 

this robust reagent storage method is amenable for use in commercial or field-forward 

devices with broad applicability. Though the majority of data involves displacement of 

relatively small volumes to chambers adjacent to the CoR, fluid can also be pumped 

completely across the disc, and even larger volumes (~25 µL) contained in PMMA reagent 

chambers can be displaced (Figure 4-23). 

Following initial characterization of IFD performance, the compatibility with a 

panel of NAATs was explored. To achieve this, IFD was coupled with upstream on-disc, 

direct-from-swab enzymatic lysis that leveraged single-step prepGEM DNA isolation 

chemistry to yield PCR-compatible lysates that did not require further purification. No 

practical detriment to amplification performance occurred as a result of IFD. Statistically 

similar real-time PCR Ct values were obtained from displaced and non-displaced DNA 

isolates. Further, generation of full 18-plex STR profiles was successful following 

multiplexed PCR amplification with no apparent signs of inhibition; all expected peaks 

were present with good peak height balance at each allele pair. Finally, LAMP, one of 

several isothermal techniques 

that constitute a burgeoning 

class of field deployable 

NAATs, performed 

comparably on displaced and 

non-displaced samples. This 

work represents the first 

demonstration of 

Figure 4-23. Expansion of IFD capabilities. (A) Images of LoaD before 

(left) and after (right) demonstrating IFD of aqueous blue dye from the disc 

edge orthogonally inward past the CoR to the opposing disc periphery. (B) 

Image of successfully displaced fluid from a PMMA chamber that 

originally held 25 µL.  
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compatibility of NAs displaced via CO2 with downstream amplification and definitively 

showed that inhibition via sample acidification or mechanical NA damage was not 

observed. Thus, the novel method for on-disc fluidic re-routing described herein shows 

tremendous potential in enabling comprehensive NA analysis (e.g., lysis, NAE, 

amplification, and detection) in LoaDs, which has been traditionally difficult.3 

For instance, though post-processing was performed off-disc during initial IFD 

characterization, architecture for on-disc LAMP was eventually integrated. This 

architectural inclusion of amplification downstream of sample preparation and IFD was 

enabled directly via circumnavigation of inherently unidirectional flow in the centrifugal 

LoaD. Further, the ability to amplify samples and controls in parallel on-disc was 

demonstrated using dye studies. The feasibility for on-disc amplification was demonstrated 

in proof-of-principle LAMP tests, but further amplification optimization and indicator 

selection is required prior to comprehensive, reliable demonstration of entirely integrated 

workflow. Regardless, this easily implemented IFD approach stands to make a significant 

impact in developing highly complex microdevices for use across numerous fields, 

including clinical diagnostics and forensics. 
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5. Microfluidic enzyme-linked immunosorbent assay-based 

opiate detection  

5.1. Introduction 

As the most widely consumed class of illicit or misused substances worldwide, with 

57.8 million annual users, opioids cause the majority of overdose-related fatal 

intoxications.1-2 Such widespread use imposes large analytical burdens on clinical and 

forensic laboratories alike for substance identification.  Optimally, presumptive testing 

should be conducted at the point-of-need (PoN) to guide on-site decision making prior to 

confirmatory laboratory analysis. Colorimetric tests are especially attractive for in situ use 

by non-technical personnel (e.g., law enforcement officials) due to cost-effectiveness, 

speed, simplicity, and amenability to visual interpretation.4 However, naked-eye 

interpretation of colorimetric tests permits only qualitative detection and subjectivity in 

color perception and/or variable environmental lighting conditions contribute to high error 

rates.5-6 For these reasons, ampoule-based field tests – the most common presumptive field 

test used by law enforcement officials – possess high error rates that can contribute to 

wrongful arrests.5-7 In light of these and other issues, many jurisdictions advise against the 

use of these devices.8 Since no widely-accepted alternatives have emerged for reliable 

colorimetric PoN drug identification, analysis is primarily conducted by trained analysts in 

centralized facilities using expensive benchtop instrumentation and/or time-consuming, 

labor-intensive workflows.5, 9 Thus, accurate and simple-to-use devices for on-site opioid 

identification stand to make a significant impact in both decreasing analytical burdens on 

laboratories as well as permitting generation of real-time, actionable information on-site.4  

Previous efforts towards developing such PoN analytics have been made to adapt 

existing chromogenic chemistries to the microscale with inclusion of objective image 
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analysis for more reliable, semi-quantitative results.5, 10-11 Still, detection performance is 

ultimately limited by the chemical nature of the test; the ampoule-based methods discussed 

above, and microfluidic adaptations thereof, leverage small-molecule reactions for 

chromogenesis, which generally exhibit limited discriminatory power, poor sensitivity, and 

low specificity.6, 12 For instance, the Marquis reagent for colorimetric opiate detection has 

remained in use, essentially unchanged, since its original 1896 publication despite known 

false positive responses to innocuous, non-controlled, and ubiquitous substances (e.g., 

aspirin, sugar).12-14 Clearly, there is an urgent need to supplant existing colorimetric PoN 

drug testing methods with more accurate, reliable, and semi-quantitative tools.6  

Immunoassays coupled with a visual detection strategy have been widely adapted 

as rapid diagnostic tools for diverse clinical, military/defense, and PoN applications for 

cost-effective, on-site qualitative or semiquantitative detection of a broad range of targets, 

including nucleic acids, hormones, viruses, bacteria, food adulterants, and drugs.15-20 These 

immunologic methods are reputed as powerful screening tools due to their excellent 

specificity, selectivity, and cost-effectiveness.21-22 Among these, lateral-flow 

immunoassays (LFIs) have been widely commercialized as portable, simple, rapid, and 

cost-effective tools for PoN (e.g., home) use due to the absence of required user training 

and near-instantaneous provision of results.20, 23-25 Generally, LFIs function via capillary 

action that drives sample flow through the device’s cellulosic matrix after introduction at 

the sample pad (Figure 5-1A). During capillary flow, gold nanoparticle labelled detection 

antibodies (Abs) stored on-board are rehydrated and interact with target antigen (Ag) 

present in the sample; Ab-Ag complexes are formed as the solvent front approaches the 

detection zone. Upon specific binding between the nanoparticle-tagged antibodies and their 
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corresponding antigens, the gold nanoparticle labels are brought into close proximity, 

resulting in visually apparent color generation (Figure 5-1B).15, 26 This forms the basis for 

a common, sensitive, biocompatible, and reliable method for providing an optical 

readout.19, 23, 26 While total reliance on capillary flow is advantageous in the provision of 

instrument-free assay performance, it also creates key operational limitations that limit 

practical LFI use, including poor control over flow rate, diffusion-limited mixing which 

makes particularly viscous biofluids (e.g., blood, saliva) incompatible, creates 

small/variable sampling volumes, and is unsuitable for total automation.27-29 Furthermore, 

multiplexing detection of numerous targets within a single LFI device is not 

straightforward, effectively limiting throughput.30  

Figure 5-1. Lateral flow immunoassay (LFI) operational principles. (A) Top and side view schematics of a 

typical LFI device. A solution introduced to the sampling pad flows via capillary action through the conjugate pad 

towards the detection zone, comprised of test and control lines. Adapted from [36]. (B) Diagrammatic representation 

of the sandwich-style immunoassay that permits visual readout at the test and control lines. During LFI production, 

both the test and control lines are spotted with capture antibodies. During flow along the device, detection antibodies 

are rehydrated from the conjugate pad and mix with the sample. Target antigen molecules are then bound by the 

detection antibodies, which are tagged with gold nanoparticles. In the detection zone, antibody-antigen complexes 

are bound by anchored capture antibodies. Aggregation of the gold nanoparticle labels results in generation of an 

optically-detectable visual response. 
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Consequently, vertical flow immunoassays (VFIs), in which fluid flows 

orthogonally (not parallel) through a porous matrix, have been developed to address 

existing LFI shortcomings.25 Although the simplest VFI analogs continue to rely primarily 

on capillary flow through stacked LFI substrates, recently described  pressure-driven 

analogs provide more control and flexibility in sample type, volume, and flow rates.25, 31 

Our group has recently described and characterized one such approach using a lab-on-a-

disc (LoaD) VFI system that relied on centrifugally-generated pressure to drive continuous 

flow through embedded cellulosic membranes.29 As discussed in Chapter 1, membranes 

embedded within LoaDs are commonly used for filtration,32-33 while silica membranes in 

particular are frequently used for nucleic acid capture during centrifugally-controlled 

flowthrough.34-35 Here, we leverage a similar strategy and describe a LoaD for membrane-

based capture of different targets (e.g., illicit or misused drugs and biowarfare agents) using 

a different class of bioanalytical techniques – namely immunoassays. Pilot studies 

demonstrating feasibility of this system were centered on sandwich-style pathogen 

immunodetection, used in LFIs (Figure 5-1B).29, 36 Although this ‘sandwich’ format is 

readily compatible with relatively large (µm) targets, it is not particularly well-positioned 

for detection of small molecules (e.g., opioids), known collectively as ‘haptens’ In these 

cases, the small antigen size (nm) hinders the required simultaneous interaction with the 

detection and capture Abs. Though a few LFIs have been developed for drug screening in 

urine and oral fluid,9 immunodetection of these compounds is much more commonly 

achieved using enzyme-linked immunosorbent assays (ELISAs).  

Among the various ELISA formats available, indirect, competitive assays are 

especially suited for hapten (<1,000 Daltons) detection (Figure 5-2).22, 37 Briefly, device 
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surfaces are coated with an 

Ag-protein (e.g. bovine 

serum albumin, BSA) 

conjugate, instead of Abs. 

The key event in these assays 

is centered on competition 

between Ag in the sample 

versus Ag coating device surfaces for a finite number of Ab binding sites.22 After 

subsequent binding of secondary (2º) Abs to any 1º Abs bound to the coated Ag, 

chromogenic readout is catalyzed by enzymes linked to 2º Abs. Since Ags must interact 

with only one Ab for successful immunodetection, as opposed to two in sandwich style 

assays, this immunoassay type is commonly applied to hapten (e.g., opioid) detection.22, 37  

Though ELISAs exhibit excellent specificity and selectivity, they traditionally 

remain tethered to centralized laboratories due to reliance on highly manual, time-intensive 

workflows (Figure 5-3), significant analyst expertise, and specialized benchtop 

Figure 5-2. Indirect competitive ELISA format. Assay surfaces are 

coated with a conjugate-target compound, which is recognized by the 

primary antibody. A secondary antibody with affinity for the primary 

antibody’s species of origin is added. The secondary antibody is labelled 

with an enzyme that catalyzes a chromogenic substrate to permit visual 

immunodetection. 

Figure 5-3. Typical competitive indirect ELISA workflow. The multi-day timeline begins by coating wells with a 

target-bovine serum albumin (BSA) conjugate. Following an overnight incubation, each well is washed multiple 

(e.g., 5) prior to gelatin introduction and incubation. After washing again (5X), the plate was incubated overnight. 

However, the section labeled ‘Day 3’ may be combined with Day 2 if desired. Aliquots of the test solution comprised 

of sample and primary antibody solutions were added to each well and incubated on the plate shaker prior to washing 

the wells (5X). After adding the enzyme-labelled secondary antibody, the plate was incubated overnight. 

Subsequently, after washing, an enzymatic substrate was added and incubated for 30 minutes in the dark to permit 

color development prior to reading. Following each overnight refrigerated incubation, the plate was equilibrated to 

room temperature for one hour prior to continued processing.  
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instrumentation (e.g., plate readers and washers).38-39 Explicitly, conventional ELISAs 

require multi-day analysis with a multiplicity of manual washing steps and lengthy 

incubations that preclude generation of timely, actionable information. In order to 

streamline the performance of these steps, as well as provide semi-quantitative opioid 

detection, the capabilities of the original ‘sandwich-style’ VFI LoaD were expanded upon 

to allow on-disc ELISA adaptation.40 Both assays leverage the unique advantages of 

centrifugal microfluidics to confer simple, rotationally-controlled flow, enabling the 

cascade of binding events required for immunodetection. This adaptation includes 

objective color interpretation strategies that facilitated sensitive, specific, and accurate 

microfluidic immunodetection with current, subjective fieldable color-based drug tests. 

Additionally, both approaches rely on incorporation of cellulosic matrices, but key 

functional differences between the sandwich-style and ELISA LoaDs were centered on 

how embedded membranes were utilized. In the original sandwich-style VFI, flowthrough 

was continuous, with the membrane used solely as structural support for 

immunodetection,29 whereas in the ELISA LoaD, the embedded cellulosic matrices were 

used to augment control of centrifugally-generated flow.40 As discussed in Chapter 2 

regarding on-disc dSPE, successful microfluidic ELISA performance requires 

spatiotemporal control over reagent delivery, incubation, and removal.41-43 This was 

achieved here using embedded membranes that backed the ELISA chambers and acted as 

microvalves, permitting selective fluid retention and elution via carefully balancing 

rotational frequency with fluid surface tension in membrane pores. Membrane-modulated 

centrifugal flow permitted successful microfluidic adaptation of the ELISA workflow 

without the external fluidic triggers used in other approaches for actuation, such as magnets 
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or pneumatic pumps, that increase device size and cost.41, 44 Since immunoassays are 

presently a key, validated tool in forensic and clinical analysis, future micro total analysis 

systems (µTAS) leveraging this technology could be easily integrated into existing 

workflows to enable rapid, on-site use. 

5.2. Materials and Methods 

5.2.1. Microdevice Fabrication  

 As in previous chapters, microdevices were fabricated according to the ‘print-cut-

laminate’ method.45 Architecture designed in AutoCAD® 2019 software (Autodesk Inc., 

San Rafael, CA) was ablated into five polyethylene terephthalate layers (PeT, 101.6 µm 

thickness, Film Source, Inc. Maryland Heights, MO) using a 50 W CO2 laser (VLS3.50, 

Universal® Laser Systems, Scottsdale, AZ). Each device contained two discrete fluidic 

layers (2 and 4) containing microchannels (width = 0.6-1.1 mm) separated by an 

intervening ‘via’ layer (3). In this instance, the intervening layer was not used solely for 

laser valving. The via layer contained ‘ports’, or circular openings into which unbacked 

nitrocellulose membrane cutouts (7 mm diameter) (Whatman Protran® BA85 0.45 µm pore 

size, GE Healthcare, Little Chalfont, UK) were nested.29 These membranes were 

effectively anchored in place by the heat-sensitive adhesive (HSA, 50.8 µm thickness, EL-

7970-39, Adhesives Research, Inc. Glen Rock, PA) coating material layers 2 and 4 upon 

device lamination (UltraLam 250B, Akiles Products, Inc., Mira Loma, CA).45-46 Where 

necessary, polymethyl methacrylate (PMMA, 1.5 mm, McMaster-Carr, Elmhurst, IL or 0.5 

mm, Astra Products, Copiague, NY) accessory pieces added via pressure-sensitive 

adhesive (PSA, 55.8 µm thickness, ARcare 7876, Adhesives Research, Inc.) augmented 

chamber volume. Devices were cured under weights (~4.5 kg) overnight prior to use. 
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5.2.2. Antibody and Conjugate Synthesis 

Anti-morphine monoclonal antibodies (mAbs) from murine hybridoma clone HY4-

1F9,47 were purified from hybridoma supernatant via Protein A Sepharose (GE Healthcare) 

chromatography, sterilized by 0.2 µm filtration, and stored in sterile phosphate-buffered 

saline (PBS) with no preservative. A morphine-based hapten with a tetraglycine linker was 

synthesized and conjugated to bovine serum albumin (BSA) by carbodiimide chemistry 

according to published procedures.48-49 The resultant morphine-BSA conjugate (M-BSA) 

was dialyzed against PBS. Both antibodies and conjugates were stored at 4°C. 

5.2.3. Reagent Preparation 

Coating buffer (0.20 M) was made according to manufacturer’s instructions by 

dissolving one capsule of BupHTM carbonate-bicarbonate powder (Fisher Scientific, 

Waltham, MA) in 100 mL deionized water, then diluting to 0.05 M. Phosphate buffered 

saline – Tween (PBS-T) was prepared at 1X by diluting 50 mL 20X concentrate (Fisher 

Scientific) to 1.0 L in deionized water. Blocking buffer was comprised of 1% gelatin 

(Fisher Scientific) in 1X PBS-T (Fisher Scientific). Lyophilized horseradish peroxidase 

(HRP)-labelled goat anti-mouse antibodies (2˚ Ab, Peroxidase AffiniPure Goat Anti-

Mouse IgG (H+L), Jackson ImmunoResearch Laboratories, Wet Grove, PA) were 

reconstituted in 2 mL deionized water. Antibody stock solutions, drug standards (1 mg/mL, 

Cerilliant Corporation, Round Rock, TX), procaine hydrochloride (Millipore Sigma, 

Burlington, MA), caffeine (Millipore Sigma), and sucrose (Fisher Scientific) were diluted 

to desired concentrations in 1X PBS-T.  In some instances, artificial urine was used as the 

diluent for drugs or adulterants instead. Specifically, artificial urine was constructed via 

dissolution of urea (1.254 g), sodium chloride (0.451 g), ammonium chloride (0.151 g), 
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creatinine (0.100 g), disodium phosphate (0.127 g), monopotassium phosphate (0.125 g), 

and sodium sulfite (0.152 g) in 50 mL deionized water.50 Artificial body fluids were stored 

at 4°C. Test solutions were comprised of 1:10 mixtures of a given drug and/or adulterant 

to 2 µg/mL primary anti-morphine mAb (1˚ mAb) by volume. For visualization, Sigmafast 

HRP substrate o-phenylenediamine dihydrochloride (OPD) (MilliporeSigma, St. Louis, 

MO) was prepared according to manufacturer’s instructions. Stop solution was comprised 

of 20 mg/mL aqueous oxalic acid (Fisher Scientific). 

5.2.4. High-Speed Videography 

A custom high-speed video system (HSVS) built in-house was used to empirically 

characterize flow rates through embedded membranes. Video was recorded by a a 

MotionBLITZ EoSens® mini high-speed CMOS recording camera (Mikrotron-GmbH, 

Unterschleißheim, Germany), augmented with a TV ZOOM LENS G6X16 16–100 mm 

1:1.9 1” macro (Mikrotron-GmbH), and controlled using MotionBLITZDirector software 

v.2 1.4.0.1 (Mikrotron-GmbH). Illumination of microdevice features was achieved by a 

Nova-Strobe PBL LED portable stroboscope (Monarch Instrument, Amherst, NH). 

Strobing and LoaD rotation were controlled by a mechatronic spin system comprised of a 

stepper motor (Sanmotion series, Sanyo denki, Moriguchi, Japan), stepper motor driver 

(drv8801), photo-interrupting optical switch (TT Electronics/Optek Technology, Woking, 

UK), and an 8-core microcontroller (Propeller P8X32A-M44; Propeller Inc., Rocklin, CA). 

Discs used for these tests contained embedded BioRad nitrocellulose membranes with 0.2 

µm pore size (BioRad, Hercules, CA) and possessed linear gradations rastered into the PeT 

loading chamber coverlets at 1 mm increments. After a 200 µL aliquot of a given fluid 

(buffer, artificial urine, artificial blood plasma) was added to the loading chamber of a 
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single domain, the LoaD was rotated at a fixed, constant frequency. Tests were performed 

at frequencies beginning at 750 rpm and increasing by 250 rpm increments up to and 

including 2000 rpm. The time at which the fluid meniscus crossed each rastered 

demarcation was recorded. Subsequent data analysis and visualization were performed in 

R Studio (R v.3.5.1 and RStudio v.1.1.456).  

5.2.5. ELISA Performance 

5.2.5.1. Traditional ELISA Protocol 

Individual wells in a 96-well plate were first coated with M-BSA (100 µL, 0.05 

µg/mL in carbonate coating buffer) during overnight incubation at 4°C in a sealed box with 

damp paper towel. The plate was equilibrated to room temperature (1 hour), and each well 

was washed (1X PBS-T, 5 X 250 µL) by pipette, then filled with blocking buffer (300 µL). 

Following a 1-hour room temperature incubation, each well was washed five times with 

450 µL aliquots of 1X PBS-T. After overnight incubation at 4°C, the plate was again 

equilibrated to room temperature, the wells emptied, then filled with test solutions (100 

µL), mixed for 90 minutes on a plate shaker, and incubated for 30 minutes at room 

temperature. After washing with 5 sequential 250 µL aliquots of 1X PBS-T, the 2˚ Ab 

solution (100 µL, diluted 1:30,000 from stock) was added to each well and incubated at 

4°C overnight. After equilibration to room temperature, each well was washed five times 

with 250 µL 1X PBS-T prior to addition of 100 µL OPD. After a final incubation at room 

temperature in the dark for 30 minutes, 100 µL stop solution was added to each well and 

device images were captured. 
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5.2.5.2. On-Disc ELISA Protocol 

Device rotation was driven by a DC brushless motor regulated using a 32-bit multi-

processing microcontroller (Propeller P8X32A-M44; Propeller, Inc.). Within each domain, 

sequential fluidic steps were achieved via solution addition to the loading chamber (6.2 

mm W x 19.7 mm H), centrifugal pumping into the ELISA chamber (1.5 mm thickness 

PMMA, diameter = 3.6 mm) for incubation and/or mixing, and finally flow into the outflow 

chamber (approx. 34.1 mm W x 9.5 mm H). Following M-BSA introduction to the ELISA 

chambers (70 µL each, 0.20 µg/mL, 14.0 g, 5 s), the microdevice was incubated at 4 ˚C 

overnight in a sealed vapor barrier bag (Uline, Pleasant Prairie, WI) that also contained a 

damp (deionized H2O) paper towel. Next, the device was equilibrated to room temperature 

(1 hour), ELISA chambers were emptied (224.5 g, 120 s), and washed with a single 150 

µL aliquot of 1X PBS-T (224.5 g, 120 s). Blocking buffer (70 µL) was added to each 

ELISA chamber (14.0 g, 5s) and incubated for 1 hour at room temperature to yield a ready-

to-use device. Upon assay initiation, ELISA chambers were emptied (224.5 g, 120s), and 

each was washed with 150 µL 1X PBS-T (224.5 g, 120 s) then filled with test solution (40 

µL, 14.0 g, 5 s) prior to batch mode mixing (1.3 g, 15 cycles, 20 s each direction). After 

emptying (224.5 g, 120 s) and washing (150 µL 1X PBS-T, 224.5 g, 120 s) ELISA 

chambers, 2˚ Ab was introduced (40 µL, diluted 1:28,600 from stock, 14.0 g, 5s) and 

incubated overnight at 4˚C. After equilibration to room temperature, ELISA chambers were 

emptied (224.5 g, 120 s), washed (150 µL 1X PBS-T, 224.5 g, 120s), filled with OPD (40 

µL, 14.0 g, 5 s), and developed in the dark (30 min). 
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5.2.5.3. Rapid On-Disc ELISA Protocol 

Each ELISA chamber (0.5 mm thickness PMMA, diameter = 3.6 mm) was coated 

with M-BSA (28.8 µL, 0.48 µg/mL; 14.0 g, 5 s) and incubated at 4 ˚C overnight as 

described above. Following equilibration to room temperature (1 hour), ELISA chambers 

were emptied (224.5 *g, 10 s) and each was washed with 61.8 µL 1X PBS-T (224.5 g, 10 

s) prior to filling with blocking buffer (28.8 µL, 14.0 g, 5 s). After incubation at room 

temperature for 1 hour, ELISA chambers were emptied (224.5 g, 120 s) and washed (61.8 

µL 1X PBS-T, 224.5 g, 120 s). Test solution (16.48 µL, [mAb=4.8 µg/mL]) was added to 

ELISA chambers (14.0 g, 5 s), then mixed (1.3 g, 15 cycles, 20 s each direction). ELISA 

chambers were emptied (224.5 g, 5 s), washed (61.8 µL 1X PBS-T, 224.5 g, 10 s), then 

filled with 2˚ Abs (diluted 1:11,800, 16.48 µL, 14.0 g, 5 s). After mixing (1.3 g, 15 cycles 

of 20 s each direction), ELISA chambers were emptied (224.5 g, 5 s), washed (61.8 µL 1X 

PBS-T, 224.5 g, 10s), filled with OPD (16.48 µL, 14.0 g, 5 s), then developed in the dark 

(30 min). 

5.2.6. Colorimetric Interpretation and Analysis 

 All disc images were captured using an Epson Perfection V100 Photo desktop 

scanner (Seiko Epson Corporation, Suwa, Nagano Prefecture, Japan). Empirical image 

analysis was conducted via our previously published ‘crop and go’ technique in the Fiji 

distribution of ImageJ freeware.51-53 Briefly, circular regions of interest (80-pixel diameter) 

from the center of the ELISA chamber were selected and converted to 3-slice image stacks 

(red-green-blue, hue-saturation-brightness). Mean values of individual parameters were 

measured individually.  
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5.3. Results and Discussion 

Like the nucleic acid preparation methods described in Chapters 2 and 3, 

successful implementation of enzyme-linked immunosorbent assays (ELISAs) mandates 

on-disc performance of several sequential, temporally resolved fluidic steps in the requisite 

order. Traditionally, fluid introduction and removal from microtiter plate wells was 

achieved by pipette during highly manual, time-intensive workflows tethered to traditional 

laboratory equipment and facilities. To provide a portable alternative, a lab-on-a-disc 

(LoaD) was designed with embedded membranes that modulated centrifugally-driven 

fluidics during immunocapture events and colorimetric detection. Upon the application of 

sufficient centrifugal force, flowthrough occurred orthogonally through the membrane 

rather than perpendicularly, as in lateral flow immunoassays (LFIs). The so-called 

orthogonal flow immunoassay (OFI) method was originally developed to accommodate 

single-step sandwich-style immunodetection during continuous fluid passage through the 

membrane.29 However, successful on-disc ELISA performance required intermittent flow 

for successive delivery, incubation, and removal of numerous different reagents. Balancing 

rotationally-controlled fluidics with the resistance provided by embedded membranes 

permitted their implementation as automatable, rotationally-controlled microvalves. 

Ultimately, this new on-disc functionality permitted the cascade of on-board affinity-based 

binding events that ultimately enable sensitive, specific colorimetric opioid detection both 

in buffer and mock clinical samples with minimal equipment requirements. Inclusion of a 

simple, cost-effective, and objective image analysis strategy eliminated the subjective, and 

therefore potentially erroneous, interpretation that plagues many colorimetric tests.11  
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5.3.1. Microfluidic Design  

The multiplexed ELISA LoaD, designed with a view towards high throughput, is 

capable of processing 8 samples in parallel (Figure 5-4). PMMA accessory pieces 

augmented the depth of the ELISA chamber to permit retention of larger fluid volumes. 

Concurrently, this also served to increase the path length for monitoring colorimetric 

responses, therefore improving sensitivity according to Beer-Lambert’s Law. Within each 

device, two distinct fluidic layers interfaced solely at ports containing embedded 

nitrocellulose membranes. As described in Chapter 4, circular membranes nested into the 

central device layer (3) were effectively anchored in place by the heat-sensitive adhesive 

(HSA) coating the adjacent material layers (2 and 4) during device lamination. Although 

the membrane incorporation strategy was analogous in both methods, the membrane 

composition differed greatly. For inward fluid displacement (Chapter 4), embedded 

polytetrafluoroethylene (PTFE) membranes served to permanently sequester liquid 

Figure 5-4. Isometric exploded view of an ELISA LoaD. The five core PCL device layers (1-5) were augmented 

on both sides with PMMA accessory pieces. Circular laser-cut nitrocellulose membranes were nested into cutouts in 

the central material layer (3) and became anchored in place by activation of the heat-sensitive adhesive on both 

adjacent layers (2 + 4) during device lamination. The two primary fluidic layers were contained in material layers 2 

and 4.  
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reagents while freely permitting gas exchange. Conversely, a key function of the 

nitrocellulose membranes in microfluidic ELISA performance is centered on permitting 

liquid passage (Figure 5-5).  

In each sequential assay step, discussed in detail in the next section, fluid added to 

the loading chamber was centrifugally pumped into the ELISA chamber through a 

microchannel in the top fluidic layer (dashed, white arrows). Continued centrifugation 

redirected fluid orthogonally through the membrane which backed the dead-end ELISA 

chamber (dashed, blue arrows). Upon entering the second fluidic layer, centrifugal flow 

was reinstated during solution transfer to the outflow chamber (Figure 5-5A). Proof-of-

Figure 5-5. Fluid flow path through embedded membranes. (A) After fluid is added to the loading chamber, 

device rotation is driven radially outward from the CoR, depicted by white arrows. When fluid flows through a 

channel in material layer 2 (fluidic layer 1), it reaches the dead-end ELISA chamber (red box) backed by an 

embedded cellulosic membrane. Upon continued centrifugation at a sufficient frequency, flow is orthogonally 

redirected through the embedded membrane (blue arrows) prior to entering a channel cut into material layer 4 (fluidic 

layer 2) and to continue radially outward passage (white arrow) into the outflow chamber. Adapted from [40]. (B) 

Proof-of-principle on-disc orthogonal flow of aqueous dye solutions through embedded membranes within a LoaD 

driven by centrifugally-generated pressure. Adapted from [36]. 
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principle membrane flowthrough via rotationally-generated pressure was visualized using 

an aqueous dye solution (Figure 5-5B). After centrifugation, dye retained in the membrane 

was concentrated solely around the inlet channel and orthogonal flow (OF) port. Thus, it 

was apparent that flow occurred through, not around, the membrane due to the tight, leak-

free seal facilitated by HSA within the microdevice; bypass would have been visually 

obvious in the form of dye at the membrane periphery. However, these pilot studies 

involved continuous fluid flow through the membrane. While this was well-suited for the 

single-step sandwich-style immunoassay described by Woolf et al.,29 ELISAs require a 

multiplicity of processing steps, including incubations and mixing, that require intermittent 

fluid retention. Consequently, to permit successful ELISA integration, utilizing the 

membranes as reversible microvalves for successive, repeated cycles of flow permission 

and prevention was explored. 

5.3.2. On-Disc ELISA Principles and Demonstration 

Achieving selective fluid retention relied on balancing rotationally-generated 

centrifugal force with the surface tension at membrane pores, or the liquid entry pressure 

(LEP).54 Here, embedded membranes act as normally-closed valves, with LEP opposing 

centrifugal force to resist radially outward flow.54-55 As centrifugal force, and the resultant 

pressure, scale with the square of rotational frequency, fluid penetration into the membrane 

could be controlled simply by tuning the rotational frequency.56 In each fluidic assay step, 

flow was first directed into the ELISA chamber via a low-speed spin such that insufficient 

pressure was generated to drive flow through the membrane (fω<LEP), and the solution 

was retained (Figure 5-6). Low-frequency unit operations could then be conducted to 

promote affinity-based interactions, including stationary incubations and low-speed batch 
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mode mixing. Active mixing promoted affinity-based binding events by minimizing 

reliance on diffusion, which is common in traditional 96-well plate assays.57 A subsequent 

high-frequency spin (fω>LEP) forced fluid orthogonally through the membrane and out of 

the ELISA chamber (Figure 5-6). Though membranes embedded within a LoaD have been 

used previously for flow control, these were single-use, sacrificial valves that acted 

analogously to conventional capillary valves to permit sequential reagent release at varied 

frequencies.55 Here, through careful juxtaposition of fω with LEP, membranes instead 

provided reversible flow control for repeated addition and removal of numerous solutions 

to and from a single chamber. It was hypothesized that this microvalving strategy could 

permit performance of the numerous discrete fluidic steps required for on-board ELISAs.  

Ultimately, both LoaD preparation and analysis were directly contingent upon this 

novel flow modulation strategy (Figure 5-7). For on-disc morphine detection, low-

frequency centrifugation was first used to introduce and retain an M-BSA conjugate 

solution within the ELISA chamber. This step was followed by incubation, during which 

M-BSA adsorbed to, or “coated”, internal device surfaces. After coating, a high-speed spin 

drove the supernatant through the membrane such that the chamber could be blocked with 

Figure 5-6. On-board membrane-based flow control. (A) Image of an 8-plex microdevice with a single domain 

boxed in red. (B) Labelled AutoCAD renderings of top and side views of a single domain architecture. In each fluidic 

step, a solution is added to the loading chamber, then pumped into the ELISA chamber via low-speed LoaD rotation. 

The fluid could be retained for incubation and/or mixing prior to high-speed LoaD rotation to pump the solution 

through the membrane to the outflow chamber. Adapted from [40]. 
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gelatin to prevent downstream non-specific Ab adsorption. To further minimize such off-  

target binding events, the ELISA chamber was washed prior to introduction of each 

successive fluid; buffer (1X PBS-T) was passed through the membrane to remove unbound 

components and mitigate downstream nonspecific chromogenesis. Following LoaD 

preparation, analysis could be conducted. First, a test solution containing both sample and 

1˚ mouse anti-morphine monoclonal antibodies (mAbs) was introduced. For positive 

samples, morphine (Ag) present in the sample was bound by 1˚ Ab to yield Ab-Ag 

complexes. With their binding sites were occupied, 1˚ Abs were unable to interact with M-

BSA coating device surfaces; unbound Ab-Ag complexes were eluted from the ELISA 

chamber through the membrane.22 Conversely, if no Ag was present in negative samples, 

1˚ Ab binding sites remained available to bind the coated M-BSA. In these instances, 1˚ 

Figure 5-7. Diagrammatic molecular depiction of on-disc ELISA performance. On-disc workflow mirrored the 

traditional 96-well plate protocol. Device surfaces were first coated with a drug-BSA conjugate, then blocked. 

Differentiation of positive and negative ELISA results began with introduction of a test solution (sample and 1˚mAbs) 

into the ELISA chamber, 1˚ mAb binding sites. In positive samples (top lane), 1˚ mAb binding sites are occupied by 

Ag in the sample, precluding Ab interaction with conjugate drug coated on device surfaces. Conversely, in negative 

samples (bottom lane), no drug was present in the sample, so 1˚ mAbs binding sites were free to bind the drug 

conjugate on assay surfaces, effectively anchoring the 1˚ mAbs in place. Enzyme-labelled 2˚ Abs with affinity for the 

1˚ Ab species were then introduced and bound surface-anchored 1˚ mAbs. Because fewer 1˚ Abs were retained in 

positive samples, fewer 2˚ Abs were subsequently retained in the ELISA chamber than in negative samples. Detection 

was enabled via introduction of a chromogenic substrate; enzymatic conversion of the colorless substrate to a yellow 

product provided colorimetric readout. Adapted from [40]. 
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Abs effectively become anchored to microdevice surfaces and remained in the ELISA 

chamber during centrifugal supernatant removal. Regardless of sample composition, batch 

mode mixing was performed during test solution retention in the ELISA chamber to 

facilitate and expedite any binding events. Next, secondary horseradish peroxidase (HRP)-

labelled goat anti-mouse Ab (2˚ Ab) bound anchored 1˚ mAbs, then acted as transducer 

elements for signal output via enzymatic production of an optically-detectable (yellow) 

compound.58 Due to the competitive assay format, fewer 1˚ Abs remained in the ELISA 

chamber in positive samples than in negative tests. Consequently, positive samples also 

exhibited diminished 2˚ Ab retention, and thus fewer enzymes remained for catalysis. 

Therefore, the magnitude of chromogenic response was inversely related to morphine 

concentration of the sample, with negative samples yielding a distinctly more intense color 

than positive counterparts.  

Early on-disc pilot studies aligned with these theoretical results, both on-disc and 

using the traditional microtiter plate format (Figure 5-8). In both instances, pale yellow 

responses of positive samples (100 ng/µL 

morphine) were much less saturated, or 

intense, than the dark orange color produced 

via analysis of negatives (no morphine). 

Qualitatively, the magnitude of these 

colorimetric responses appeared visually 

comparable between plate assays and regions 

of interest (ROIs) cropped from microfluidic 

ELISA chambers. These high-concentration 

Figure 5-8. Proof-of-concept microfluidic 

ELISA. Images of parallel positive (100 ng/µL 

morphine) and negative (no morphine) colorimetric 

ELISA responses obtained using (A) LoaD, and (B) 

a microtiter plate. In both formats, experimental and 

theoretical results aligned, with negative responses 

exhibiting increased saturation relative to positives. 

Adapted from [40]. 
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positives were readily distinguished from negatives by eye, but differences between 

negatives and lower concentration morphine samples were not as apparent. These 

observations, along with known variation and shortcomings of naked eye detection, 

necessitated incorporation of an empirical, objective image analysis method to ensure 

accurate, reliable results.5-6, 51 

5.3.3. Semi-Quantitative Visual Analysis  

To enable robust, semi-quantitative interpretation of colorimetric ELISA results, 

several distinct image parameters were explored. Colorimetric analytical chemical data is 

most commonly measured and reported using the hue-saturation-brightness (HSB) and red-

green-blue (RGB) color spaces – abstract models that quantitatively define the range of 

colors perceived by human vision (Figure 5-9).51 The RGB model served as a logical 

starting point since it is used in the majority of portable image capture platforms, including 

smartphones and the desktop scanner used here.11 This additive tristimulus system 

numerically defines each color as a tuple containing three values which independently 

Figure 5-9. Visualizations of the RGB and HSB color spaces. (A) Tristimulus 8-bit RGB system in which each 

color is numerically represented as a tuple comprised of red, green, and blue components, whereas hue (H), saturation 

(S), and brightness (B) are represented as a value between 0 and 255. Adapted from [51] (B) In the conical 

representation of the HSB color space, hue is represented by the circular, top face and describes a unique color. 

Saturation and brightness reflect color intensity and/or richness. Inset Image crops taken from positive and negative 

ELISA responses were inserted in the appropriate area. Adapted from [40]. 
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represent red, green, and blue primary contributions.51, 59 However, the HSB color space 

has been reported to be more intuitive, and therefore easier to use, especially for 

inexperienced analysts.11 Hue and saturation are especially useful in characterizing color 

changes. Hue can be thought of as continuous band of color analogous to the color wheel, 

where each color is defined by a single value; saturation represents a color’s “purity” or 

intensity.11, 51, 59  

Initial characterization of ELISA results in the traditional microtiter plate format 

was in both color spaces (Figure 5-10). All colorimetric analyses performed leveraged the 

“crop-and-go” approach described by Woolf et al.51 Briefly, a circular ROI was selected 

from the chamber or well where immunodetection occurred. After clearing the pixels 

outside the ROI, the native 8-bit RGB image was converted to a 3-slice stack (either RGB 

or HSB) and each parameter was processed individually. Direct juxtaposition of results in 

each channel clearly demonstrated saturation and blue contributions as the most useful for 

semiquantitative detection. Red and green contributions exhibited only minor differences 

across conditions, but negative samples exhibited greatly diminished blue values relative 

to positives. These findings aligned with literature reports for such colorless-to-colored 

Figure 5-10. Morphine detection in a traditional, plate-based ELISA. (A) Images of endpoint ELISA results for 

proof-of-concept morphine detection. (B) Empirical analysis of individual image parameters within both the HSB 

and RGB color spaces (n = 3 each). Saturation and blue contributions provided the clearest differentiation between 

positive and negative samples.  
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monotonal transitions, wherein changes in only one channel are commonly reported.51, 60 

For example, the pH indicator phenolphthalein is colorless within neutral and acidic pH 

ranges, but the pink color generated with increasing basicity can be quantitatively 

monitored using the red channel alone.60 Thus, it would be reasonable to leverage the blue 

contribution for semi-quantitative opioid detection. However, saturation measurements are 

more easily understood and known to be useful for colorless-to-colored responses such as 

those seen here and in Chapter 2.51, 60-61 As expected given the visually apparent increased 

darkness in negative results, there was a large discrepancy between empirical saturation 

values measured from positive and negative tests. Hue is well-understood to be 

uninformative in characterizing monotonal color changes, so it was expected that measured 

hue values were effectively the same across conditions.51 Because saturation provided the 

best combination of discriminatory power and intuitive interpretation, it showed the most 

promise for semi-quantitative morphine detection.  

Figure 5-11. Empirical image analysis for semi-quantitative detection. Analysis of individual image parameters 

from serially diluted morphine (1:2, 100 - 0.8 ng/µL) was analyzed on-disc (n = 3). (A) Among RGB parameters, 

analysis of the blue contribution provided the most facile differentiation of color responses across samples with 

various concentrations of morphine. Similarly, (B) in the HSB color space, saturation scaled with concentration and 

provided the most sensitive morphine detection, with high discrimination between positive and negative responses. 

Adapted from [40]. 
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Although anticipated, it was essential to establish that these trends were mirrored 

during on-disc analyses. Here, the dependence of each color parameter on morphine 

concentration was also explored (Figure 5-11). As expected, the same trends emerged, 

with saturation and blue again providing the best discrimination between positives and 

negatives. Additionally, both parameters scaled with concentration between approximately 

0 and 12.5 ng/µL (linear ranges) prior to plateauing at a constant value. As predicted from 

the data taken from traditional plate-based ELISAs, blue scaled directly with concentration, 

whereas saturation indicated an inverse relationship. Since saturation exhibited a more 

pronounced difference between negative (no morphine) and positive (25, 50, and 100 

ng/µL morphine) samples at the plateau (0.419 > 0.332 A.U.), it was selected for further 

use.  

Accordingly, saturation analysis was used in early on-disc assay optimization to 

streamline the washing protocol (Figure 5-12). Effective washing removes bound reagents, 

prevents nonspecific chromogenesis, and is imperative for successful ELISA 

Figure 5-12. Characterization of the simplified washing method. The original wash protocol involved pumping 

5 sequential, discrete 30 μL PBS-T washes through the membrane to remove unbound assay reagents. To simplify 

on-disc workflow, combining these aliquots into a single 150 μL wash was explored. (A) Representative images of 

both colorimetric positive (100 ng/μL morphine) and negative responses using each protocol. Visually, the results 

appear comparable across methods. (B) Saturation measurements taken from both positive and negative responses 

using both wash methods are statistically similar, indicating that a single wash aliquot could be implemented without 

detriment to assay performance (n = 3 each).  
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performance.41-43 Traditionally, washing requires the addition, and subsequent removal, of 

numerous small volume buffer aliquots. Since complete fluid removal from microtiter 

wells is not practically feasible, this iterative washing repeatedly dilutes residual reagents, 

thereby facilitating their effectual removal. Initial pilot studies mirrored this workflow on-

disc but it was not conducive to automation and remained laborious. However, it was 

hypothesized that the lack of dead volume within the membrane-backed, circular ELISA 

chambers would allow for more complete fluid removal, permitting a single-step fluidic 

wash procedure. Evaluation of positive sample saturation across methods informed on 

washing performance; elevated saturation would indicate unwanted retention of assay 

reagents and chromogenesis not attributable to on-target immunodetection. Fortunately, 

according to an unpaired t-test for means (α = 0.05), the saturation values obtained on-disc 

using the original and modified washing protocols were statistically similar (p = 0.456). 

Therefore, a single large volume wash effectively removed assay components, and 

ultimately prevented non-specific chromogenesis. Detriment to analysis of the saturation 

values for negatives was not expected or observed; these saturation values were also found 

to be statistically similar across methods (p = 0.423). Therefore, this expedited and 

streamlined washing protocol did not negatively affect assay performance and was used in 

all subsequent testing. 

5.3.4. Microfluidic ELISA Characterization 

 As mentioned in the introduction to this chapter, existing fieldable colorimetric 

drug tests possess key operational limitations that preclude reliable implementation. Thus 

far, the subjectivity inherent to many chromogenic tests has been eliminated through 

incorporation of impartial image analysis. This analytical method was used to empirically 
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determine whether the ELISA LoaD successfully addressed the other shortcomings of 

common color tests. First, the sensitivity of microfluidic immunodetection was explored. 

Assay discriminatory power was then probed to determine if class-based differentiation 

could be further refined. Finally, it was necessary to establish that false positive responses 

were avoided during analysis of innocuous, uncontrolled compounds.  

4.3.4.1. Sensitivity 

Saturation was used to semi-quantitatively detect serially-diluted (1:2) morphine, 

ranging in concentration from 0.8-100 ng/µL. An empirical threshold for detection was 

established as three standard deviations below the mean negative saturation value (0.89 

A.U.) Measured saturation values above (red region) and below (green region) threshold 

were considered to be colorimetrically negative and positive, respectively (Figure 5-13). 

Notably, only the lowest concentration morphine samples (0.8 ng/µL) were determined to 

be negative, exhibiting a mean saturation value that fell above the threshold and was 

Figure 5-13. Optical on-disc sensitivity characterization. (A) Representative crops from serially-diluted morphine 

(1:2, 100 – 0.8 ng/µL, n=3) analyzed on-disc. (B) At each concentration, histogram bars represented the mean 

saturation value and error bars represented one standard deviation in each direction. A threshold for semiquantitative 

morphine detection was established three standard deviations below the mean saturation of the negative control. 

Saturation values in the above (red region) and below (green region) were determined as colorimetrically negative 

and positive, respectively. Of the samples tested, all those with morphine concentrations ≥1.6 ng/µL were 

experimentally positive. Adapted from [40]. 
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statistically similar to the saturation of the negative control according to an unpaired t-test 

for means (α = 0.05, p = 0.424). All other samples exhibited saturation values below the 

established threshold and were therefore colorimetrically positive. Morphine was 

successfully detected at the ng/µL level, well below capabilities of current ampoule 

methods, which have limits of detection on the order of micrograms.6 Low sensitivity of 

ampoule-based drug tests equate to large sampling requirements (4-6 mg/mL), which are 

adequate to cause serious analyst intoxication.5, 7 Here, improved assay sensitivity allows 

for smaller sample masses that minimize the potential for analyst exposure to dangerous 

substances. 

Given the well-publicized issues concerning the high prevalence of false positive 

results in current colorimetric tests,14 emerging alternatives must exhibit greatly enhanced 

specificity. Since Ab-Ag interactions are highly specific, it was anticipated that only 

morphine and closely related compounds would elicit positive responses. This was 

characterized here using two panels of compounds, other illicit/controlled substances and 

common adulterants. 

4.3.4.2. Specificity 

Illicit Substances 

A panel of drugs spanning numerous classes was tested (50 ng/µL, n = 5 each) and 

the results were colorimetrically evaluated (Figure 5-14). In addition to the expected 

positive result obtained from morphine, three other compounds elicited statistically similar 

saturation values well below the threshold for detection (Single Factor ANOVA, α = 0.05, 

p = 0.310), namely heroin, codeine, and morphine-6-glucuronide (M-6-G), a key opiate 

metabolite. Each of these substances belongs to a subclass of opioids known as opiates, 
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which are naturally occurring compounds. Interestingly, on-disc analysis of oxycodone, a 

synthetic opioid (e.g., not an opiate), failed to yield positive results. Thus, opiates could be 

differentiated from the broader category of opioids. Other non-opioid substances, including 

amphetamines (methamphetamine, 3,4-methylenedioxidemethamphetamine (MDMA)), 

cocaine, and a synthetic cathinone, were colorimetrically negative with saturation values 

statistically similar to negative controls (Single Factor ANOVA: α = 0.05, p = 0.133). 

However, replicate tests for some substances exhibited variability such that standard 

deviations crossed the threshold for negativity. To address this, a second threshold (0.603 

A.U.) was implemented three standard deviations above the mean morphine (50 ng/µL) 

saturation value. While all samples with saturation measurements below this second 

threshold were unquestionably positive, values that fell between the two thresholds were 

said to be inconclusive, or ‘equivocal’, and require reanalysis using confirmatory tests. 

This analytical strategy aligns with current clinical guidelines that dictate all positives and 

Figure 5-14. Assessment of a panel of illicit substances. A panel of controlled substances were evaluated. Only 

opiates (blue bars) exhibited measured positive saturation values, whereas stimulants (yellow) and a synthetic opioid 

(purple) were colorimetrically negative. All substances were evaluated with concentrations of 50 ng/µL (n = 5 each). 

Adapted from [40]. 
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any unexpected negatives undergo confirmatory testing to ensure accuracy.62 Since the 

ELISA LoaD platform is intended for presumptive testing, downstream confirmatory 

testing of all samples not clearly within the negative range would be conducted regardless. 

In summation, better than class-based discrimination was possible using the ELISA LoaD, 

with essentially no cross-reactivity of the 1˚ mAb with the non-opiate substances evaluated. 

Therefore, this method displayed minimal risk for false positive results. 

Common Adulterants 

The effect of adulterants commonly found in seized illicit drug samples, namely 

caffeine, procaine, and sucrose, was also explored (Figure 5-15).63 Though false negatives 

were not anticipated, this was confirmed experimentally. Analysis of mixtures of heroin 

and adulterants (50 ng/µL each) produced mean saturation values statistically similar with 

the positive (heroin only) control (Single Factor ANOVA, α = 0.05, p = 0. 306). False 

positive responses were of far more concern, given the known propensities of existing tests 

for this result. To determine if any of these substances would yield false positive ELISA 

responses, high-concentration (50 ng/µL) dilutions of each adulterant were evaluated. This 

Figure 5-15. ELISA performance in the presence of common adulterants. Heroin standard dilutions (50 ng/µL) 

and negative samples (buffer only) were evaluated neat and spiked with equimolar amounts of either procaine, 

caffeine, or sucrose (n = 3). Regardless of adulterant presence, heroin was successfully detected with no detriment 

to detection, i.e., no false negatives were observed. Conversely, adulterant solutions without heroin were all 

colorimetrically negative, again indicating an absence of false negatives. Adapted from [40]. 
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concentration was selected because it produced a visually apparent positive response in 

morphine analysis. Thus, false positive reactions would be easily detected. However, the 

highly intense, dark orange responses resulting from analysis of each adulterant solution 

were negative; measured saturation values were statistically similar to negative controls 

(Single-Factor ANOVA, α = 0.05, p = 0.580). Thus, no false positive responses were 

observed, an important advantage of our approach over existing colorimetric field tests for 

opioids. For instance, the Marquis reagent, used in ampoule tests for law enforcement, 

incorrectly indicates the presence of opioids in analysis of compounds as innocuous as 

sugar (e.g., sucrose).12  

Taken together, the results presented in this section clearly show that leveraging 

immunodetection instead of small-molecule chromogenesis confers the on-disc ELISA 

with accuracy and specificity beyond class-based differentiation, as well as high assay 

tolerance of common adulterants, for reliable opiate identification. 

5.3.5.  Toxicological Application to Mock Clinical Samples 

To this point, the ELISA LoaD demonstrated applicability for detection of neat 

drug samples in buffer, this is adequate only for certain situations, such as forensic 

identification of ‘unknown white powders’. However, immunodetection is also the 

foremost presumptive method for urinalysis drug screening.3 As a result, the compatibility 

of our ELISA platform with mock clinical samples prepared in artificial urine was 

explored. The main potential obstacle anticipated involved performance disparities of on-

disc membrane microvalves resulting from the changing sample composition, encountered 

in previous work (Figure 5-16).29 Flowthrough rates of both fluids through embedded 

membranes was monitored during single-speed rotation, with the height of the remaining 
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fluid column plotted against elapsed time. Complete drainage of artificial urine occurred 

much more rapidly than buffer. It was posited that differences in ionic strength between 

these two fluids affected the spatial distribution of nitrocellulose fibers within the 

membrane, and therefore flowthrough.29 Explicitly, the increased solute concentration, and 

therefore osmotic pressure, of artificial urine induced a corresponding decrease in the 

thermodynamic activity of the solvent. Resultant ‘osmotic de-swelling’ of membrane fibers 

caused interstitial membrane pores to become larger, which increased membrane 

permeability and, ultimately, flow rate.64-68 Thus, the more rapid drainage of artificial urine 

through the membrane could be attributed to increased ionic strength relative to buffer 

alone. Though flow rate itself was not expected to impact microfluidic ELISA 

performance, membrane hydrodynamic resistance to flow (e.g., LEP) strongly depends on 

the size, number, and distribution of constituent fibers.69 Thus, it was essential to determine 

Figure 5-16. Sample composition effect on membrane behavior. (A) Labelled image of vertical flow 

immunoassay architecture with rastered lines in the PeT coverlet to permit visual measurement of fluid drainage 

through the embedded nitrocellulose (BioRAD 0.2 µm pore size) membrane. The remaining fluid column height in 

the loading chamber (∆𝑟) could be calculated by subtracting the bottom height (r>) of the fluid column from the top 

meniscus (r<). Adapted from [29]. (B) To assess the sample composition on membrane flowthrough, aliquots of each 

200 µL aliquots artificial urine and assay buffer were centrifugally pumped through embedded membranes at various 

rotational frequencies ranging from 750 to 2000 rpm (n = 4 each). The changing fluid column height over time was 

monitored via high speed, stroboscopic videography. Exponential decay curves depicting the remaining fluid column 

height in the sample chamber (ΔrΔr) as a function of elapsed time. Scatterplots relating the remaining fluid column 

height in the sample chamber to the mean elapsed time were fitted with exponential decay curves. Generally, artificial 

urine drained more rapidly than the conventional assay buffer 
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if the hypothesized changes in 

membrane structure and behavior 

would affect the performance of on-

disc ELISA by hindering membrane-

based fluid retention. 

To assess this, parallel analysis 

of M-6-G (50 ng/µL) positive samples 

alongside negative controls in both 

buffer and artificial urine was 

performed (Figure 5-17A). As a key 

opioid metabolite, M-6-G was 

selected to mirror clinically-relevant 

urinalysis samples. According to an 

unpaired t-test for means, the 

saturation values for positive samples were statistically similar across matrices. However, 

this was not particularly informative since, even under normal conditions, no affinity-based 

binding events are necessary to achieve the anticipated unsaturated results (Section 5.3.2). 

It was much more telling that the saturation of negative controls (matrix only, no M-6-G) 

was statistically similar between buffer and artificial urine (α = 0.05, p = 0.142). Since the 

highly saturated responses seen in these samples requires successful binding of all 

sequentially introduced assay reagents (e.g., M-BSA, 1° mAb, enzyme-labelled 2° Ab, and 

enzyme substrate), it was clear that on-disc ELISAs could be successfully performed from 

artificial urine samples, despite matrix-related changes to the membrane structure. 

Figure 5-17. Microfluidic ELISA compatibility with mock 

biological samples. (A) Morphine-6-glucuronide (M-6-G, 50 

ng/µL) diluted in parallel in both artificial urine and 1X PBS-T 

(n = 4) Saturation analysis indicated similar positive and 

negative saturation values across matrices. There was no 

observed effect on assay performance resulting from changing 

matrix composition. (B) Serially-diluted M-6-G (1:2, 50 – 0.08 

ng/uL, n = 6) was detected in artificial urine in the ng/uL range, 

similar to morphine. Adapted from [40]. 
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Having first demonstrated feasibility for urinalysis, pilot studies were performed to 

characterize the sensitivity of M-6-G detection in artificial urine (Figure 5-17B). As 

before, a threshold was established 3 standard deviations below the mean negative 

saturation; values above (red region) and below (green region) this threshold were 

considered negative and positive, respectively. As seen in morphine analysis, the 0.8 ng/µL 

M-6-G sample was colorimetrically negative. However, detection of M-6-G also failed at 

1.6 ng/µL in artificial urine, whereas the same concentration of morphine had been detected 

in buffer. This minor sensitivity loss was attributed to the addition of the glucuronide 

moiety; it was suspected that the comparatively bulky modification made immunocapture 

of M-6-G more sterically challenging than unmodified morphine. Nonetheless, M-6-G was 

colorimetrically detected in artificial urine at 3.1 ng/µL, on the same order of magnitude 

as morphine in buffer. Therefore, little to no detriment in performance resulting from 

matrix effects was detected. The lowest reliably detected concentration (3.1 ng/µL) equates 

to 6.7 µM, well below the M-6-G concentration in the urine of patients prescribed morphine 

(11 µM) published by Lee et al.70 These results highlight the potential applicability of the 

ELISA LoaD for urinalysis drug screening. 

5.3.6. Enabling Rapid Analysis 

While the proof-of-principle validity of microfluidic ELISA format had been 

established with considerable reduction in both time and labor relative to traditional 

methods, practical PoN use requires that analytical interval be decreased further still. The 

longest required step within the on-disc ELISA workflow remained the overnight 2˚ Ab 

incubation. Initially, this immunocapture step mirrored the traditional plate-based assay 

and relied entirely on passive, diffusive processes within the ELISA chamber, which are 
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known to be slow. Initial efforts to truncate this step incorporated active, batch-mode 

mixing (~10 minutes), which had successfully expedited upstream 1˚ mAb binding. 

Unfortunately, on-disc analysis of parallel sets of positive (50 ng/µL morphine) and 

negative controls (1X PBS-T only) using either the traditional, overnight and rapid 2˚ Ab 

incubation indicated unsuccessful ELISA performance (Figure 5-18). While the saturation 

of positive samples was comparable across methods, juxtaposition of negative results 

clearly indicated a disparity in performance. As anticipated, the saturation values of 

negative samples processed with traditional 2˚ Ab application were colorimetrically 

negative, but the ‘rapid’ negatives led to false positive results (Figure 5-18B). This 

outcome was likely derived from insufficient interaction between the 2˚ Ab and 1˚ Ab, 

such that fewer binding events occurred than would be anticipated. Consequently, the 

diminished HRP enzyme abundance in the ELISA chamber ultimately led to less intense 

chromogenesis.  

To rectify this, the surface area-to-volume ratio of the ELISA chamber was 

increased to better encourage affinity-based Ab interactions on solid device substrates. 

Chamber depth was decreased by approximately 50% by fabricating device components 

from thinner PMMA than originally used (0.5 mm < 1.5 mm). However, this modification 

alone failed to produce the highly saturated response expected in negative tests (data not 

shown). These false positive responses were thought to be a consequence of the decreased 

path length for optical detection, resulting from the use of thinner PMMA. According to 

Beer’s Law, a proportionally higher chromophore concentration was required to achieve 

the same absorbance level (saturation) with the diminished path length. After making these 
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changes, saturation values obtained from negative controls following rapid 2˚ Ab 

application were colorimetrically negative and statistically similar to samples processed 

traditionally (α = 0.05, p = 0.378) (Figure 5-18D). Hence, using the modified architecture 

and chemistry, batch-mode mixing successfully encouraged all affinity-based interactions 

with a 90% reduction in required time for 2˚ Ab application. This acceleration, combined 

with the other expedited on-disc steps, permitted truncation of the sample-to-result interval 

from multiple days to approximately one hour. Though commercial ELISA kits with 

comparable analysis times (1.5-2 hours) are available for specific targets, they offer 

minimal flexibility in terms of either assay protocol or chemistry. This renders them 

unsuitable for initial assay development and optimization. Further, regardless of their 

expedited workflow, these commercial methods are open for  mat, introducing risk for 

contamination and/or analyst exposure to dangerous antigens, and remain tethered to 

Figure 5-18. LoaD for further decreasing the analytical interval. (A) Schematic depiction of the original LoaD 

with 1.5 mm thick PMMA. (B) The 2˚ Ab was added to two sets of positive (50 ng/µL morphine) and negative 

samples in parallel. One was processed in the traditional fashion (overnight) or via the rapid workflow, which 

included batch mode mixing during an incubation of only 30 minutes. Traditional negatives exhibited saturation 

values in the negative (red) range, rapid negatives were far less saturated in color, with values well within the positive 

(green) range. (C) Modified LoaD fabricated using thinner (0.5 mm) PMMA. (D) After scaling reagent 

concentrations up to account for the diminished detection path length, there was no statistical difference between 

saturation values between both methods (rapid and traditional) both in terms of positive and negative samples. 

Adapted from [40]. 
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traditional laboratory equipment and facilities. Conversely, the self-contained platform 

described here offers a more flexible, low-cost, and portable alternative. 

When combined with integrated reagent storage, further flow control modalities, 

and on-board sample preparation, this membrane-modulated centrifugal microfluidic 

ELISA will permit development of rotationally-driven sample in-answer out LoaD for 

rapid, automatable, and affordable in-situ opiate immunodetection. Specifically, such a 

platform would be particularly advantageous in rural hospitals or forensic laboratories that 

lack infrastructure and/or resources for conventional laboratory-based immunoanalytical 

testing. 

5.4. Conclusions 

Here, a novel LoaD platform for rapid, multiplexed opiate immunodetection in up 

to 8 parallel samples at the microscale is demonstrated in as little as one hour. To our 

knowledge, this work represents the first demonstration of a centrifugal microdevice with 

embedded, reversible membrane microvalves to modulate rotationally-driven flow and 

enable on-board ELISA performance. Balancing centrifugal force with membrane 

hydrodynamic resistance to flow, or LEP, permitted the cascade of reagent introduction, 

incubation, and fluid removal steps necessary for successful immunodetection, 

significantly reducing the manual intervention required, including pipetting steps. Batch-

mode mixing supplanted the sole reliance on diffusion-limited immunoaffinity reactions in 

traditional ELISA formats by actively encouraging binding events. Ultimately, this mixing 

strategy permitted significant truncation of incubation times relative to traditional formats, 

from multiple hours to approximately ten minutes each.57 Even with these changes to the 

ELISA protocol, comparable colorimetric results were obtained between microfluidic and 



204 
 

 
 

traditional methods. However, the LoaD offers drastically increased portability in an 

enclosed, automatable format that is much more amenable for PoN use. Reduced reagent 

volumes on-disc also minimizes the cost per test, and associated risks for analyst exposure 

to harmful substances.  

Implementation of empirical image analysis eliminated subjectivity in colorimetric 

interpretation and permitted opiate detection at the ng/µL range. Detection in this regime 

was possible in both buffer and artificial urine, which have distinctly different fluidic 

properties (i.e., ionic strength). These results highlight the robust nature of both assay 

chemistry and the novel membrane-based microvalving approach. The latter observation 

was especially important due to ‘osmotic de-swelling’ of membrane fibers shown to affect 

membrane penetration and flowthrough.29, 64-65 However, functional changes in membrane 

behavior were not observed, highlighting the potential applicability of the ELISA LoaD to 

urinalysis. Though continued optimization of assay chemistry will likely afford even lower 

sensitivity, even these pilot studies demonstrate adequate sensitivity for practical 

implementation. Morphine was detected at 1.6 ng/µL, below both the limit of detection of 

current ampoule-based field tests (µg level) and the current cutoff recommended in 

workplace drug testing guidelines.6, 71 Thus, the ELISA LoaD platform exhibits broad 

potential applicability, including identifying seized substances suspected to be illicit and 

urinalysis of clinical/forensic samples.    

Specific opiate detection was demonstrated, with no interference observed either 

from other drug classes, including synthetic opioids, or common adulterants.12 As expected 

in using immunodetection, these findings represent improved accuracy relative to existing 

small-molecule colorimetric tests, which erroneously yield false positive results in the 
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presence of innocuous, non-controlled substances.12, 14 Since ELISA specificity relies 

entirely on the affinity of the mAbs selected, additional mAbs against other controlled 

substances could be integrated to permit parallel, simultaneous screening for a panel of 

drugs. Further, the multiplexed device format is well-suited to simultaneous 

immunodetection of several targets, including drugs (e.g., opiates, amphetamines, cocaine, 

etc.). Since many current colorimetric field tests require iterative performance of multiple 

tests,4 parallel on-disc screening for multiple analytes of interest from a single sample input 

is capable of expediting presumptive testing further still. Though this work was centered 

on presumptive drug screening, the novel ELISA format described here has potential for 

more broad applicability across numerous disciplines simply by changing the identities and 

affinities of the antigen and antibodies used. 

Finally, continued development of an integrated ‘lab-on-a-chip’ device with 

automatable fluidics and all reagents preloaded or stored on board will provide sample in 

– answer out LoaDs capable of performing the entire competitive ELISA workflow 

autonomously. Comprehensive elimination of manual intervention will allow for 

affordable, automated immunodetection amenable for use by nontechnical personnel in 

situ. 
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6. Final Remarks 

6.1. Conclusions 

Each of the projects described in this dissertation focused on streamlining highly 

manual, time-intensive workflows used ubiquitously in forensic science and clinical 

diagnostics. Specifically, the work presented here discussed the development and 

characterization of microfluidic lab-on-a-disc (LoaD) platforms for nucleic acid (NA) 

preparation, including lysis and extraction – an area that has remained underdeveloped 

relative to post-processing methods. Adapting these assays to the microscale systems while 

incorporating novel fabrication strategies and on-disc unit operations permitted increased 

automation as well as expedited analysis relative to traditional benchtop methods.  

Chapter 2 involved the design and optimization of a microfluidic LoaD capable of 

performing enzymatic cellular lysis and dynamic solid phase extraction (dSPE). The 

sequential passage of several solutions through a chamber containing a paramagnetic-cored 

silica particle solid phase facilitated the ‘bind-wash-elute’ NAE workflow. The success of 

this approach was directly contingent upon three key factors. First, the imperative strict 

temporal control over sequential reagent delivery, incubation, and removal was provided 

by laser-based closable valves in what was the first demonstration of the technique’s 

compatibility with bioassays. Second, effective retention of the silica nanoparticle solid 

phase in the central extraction chamber, achieved via careful geometric design, was critical 

to ensure high and reproducible NA yields at detectable levels. Other microdevices have 

since leveraged similar designs to retain other solid phases (as in Chapter 3) or analytes, 

such as sperm cells.1 Third and finally, manipulation of the silica solid phase at the 

microscale was driven by a bidirectional rotating magnetic field, ultimately encouraging 



214 
 

 
 

effective capture of target NAs in solution and mixture with requisite reagents during the 

assay workflow. The unmodified silica solid phase used here permitted broad 

implementation of the dSPE LoaD, with demonstrated extraction of both DNA and RNA 

for forensic and clinical applications. 

Conversely, Chapter 3 details the use of a different, magnetically-susceptible solid 

phase specifically tailored to the preparation of SARS-CoV-2. Silica particles were 

supplanted with hydrogel nanoparticles decorated with affinity baits. Instead of capturing 

NAs after lysis (as seen in Chapter 2), hydrogel particles interacted with viral spike proteins 

to permit enrichment of intact SARS-CoV-2 virions. Subsequent single-step enzymatic 

rnaGEM lysis, coupled with the commercial PDQeX system, permitted simplified, hands-

free lysis and RNA isolation from patient samples (VTM and saliva) without the repeated 

washing required in traditional SPE (Chapter 2). Enriched rnaGEM isolates were directly 

compatible with real-time RT-PCR and exhibited comparable yields with ‘gold standard’ 

column-based NAE methods. Results demonstrated 100% concordance with clinical 

outcomes in a double-blind study, a benchmark that highlighted the method’s potential for 

diagnostic use of enriched rnaGEM chemistry. Further, successful SARS-CoV-2 detection 

in dilutions as high as 20X suggested amenability for pooled sample analysis; related work 

is ongoing within our group. Combining enriched rnaGEM extraction with isothermal 

NAATs enabled sample-to-answer analysis in 15 minutes, orders of magnitude below the 

2-3 day turnaround time for traditional testing. Finally, the enriched rnaGEM workflow 

was adapted to a multiplexed LoaD2 that leveraged architectural features, microvalving 

patterns, and magnetic manipulation modalities used previously for dSPE (Chapter 2) to 

further automate NAE and minimize risk for analyst exposure.  
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Unfortunately, extracts in both dSPE (Chapter 2) and enriched rnaGEM extraction 

(Chapter 3) were located at the LoaD periphery, which precluded further on-disc 

processing (e.g., amplification). These observations, juxtaposed with the need for sample-

to-answer NA LoaDs outlined in Chapter 1, were the impetus for the development and 

characterization of a method for radially-inward fluid displacement (IFD), described in 

Chapter 4. By harnessing gas generated from an on-board acid-base neutralization 

reaction, fluid was driven unidirectionally towards the CoR to enable continued 

rotationally-controlled processing (recovery = 80%). Safe-to-handle solid reagents were 

stored easily on-board as a mixture stably for up to 6 months under ambient conditions. 

Effective containment of the gaseous pressure head was achieved using laser-based channel 

closures, which had previously been applied only to liquid control. To demonstrate NAAT 

compatibility, a proof-of-concept system was developed that leveraged the enzymatic NA 

preparation approach described in Chapter 3 to apply direct-from-swab lysis on-disc 

followed immediately by IFD. IFD did was not detrimental to downstream post-processing 

performance, either through sample acidification or mechanical damage to DNA. To our 

knowledge, this is the first demonstration of gas-based displacement compatibility with 

NAATs, critical in enabling µTAS platforms. Since LAMP is well-suited for field-forward 

implementation, a microarchitecture was developed that coupled direct-from-swab lysis, 

IFD, and LAMP. Continued exploration of combining NA preparation methods with on-

disc LAMP are discussed below in Section 6.2.  

Finally, Chapter 5 described the on-disc performance of a different bioanalytical 

assay that is equally, if not more, labor-intensive than NAE – namely the competitive, 

indirect ELISA. The portable, fully enclosed, and multiplexed LoaD provided for 
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objective, empirical colorimetric opiate detection at the ng/µL range in as little as one hour 

– a significant reduction of the traditional multi-day timeline. Like dSPE (Chapter 2), 

ELISAs require a cascade of reagent introduction, incubation, and fluid removal steps. To 

enable this, embedded nitrocellulose membranes were employed as reversible microvalves 

to modulate rotationally-driven flow based on hydrodynamic resistance. Immunoaffinity 

binding events were expedited from multiple hours to approximately ten minutes by 

supplanting diffusion with active mixing. The sensitivity of centrifugal microfluidic 

ELISAs in both buffer and artificial urine was below both the limit of detection of current 

ampoule-based field tests (µg-level) and sufficient for workplace drug testing. Further, the 

assay was more accurate than common small-molecule color tests, exhibiting no cross-

reactivity with other drug classes, including synthetic opioids, or common adulterants. 

Further integration of architecture and flow control modalities will enable automatable 

immunodetection at the PoN. 

6.2. Ongoing Studies, Persistent Challenges, and Future Work 

The work outlined in this dissertation describe PCL devices capable of performing 

all or some process chains associated with bioanalytical assays common to forensic and 

clinical workflows. The majority of projects discussed had a specific focus on NA 

preparation, a traditionally underdeveloped research area, to expand capabilities for 

sample-to-answer processing. After successfully optimizing and characterizing these 

process chains, additional research is needed to integrate on-disc post-processing and 

reagent storage solutions to yield sample-to-answer systems. Similarly, architectural 

augmentation of the ELISA LoaD is required for total assay automation and functional 

PoN use.    
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6.2.1. Microfluidic Nucleic Acid Processing 

The principle remaining challenge in full microfluidic integration of the genetic 

analysis workflow involves incorporation of on-disc post-processing downstream from 

extraction methods. Initial efforts to integrate on-disc amplification are centered on LAMP 

due to amenability for PoN applications and demonstrated compatibility with each of the 

NAE methods in Chapters 2-4. 

6.2.1.1. Optimization of On-Disc Loop-Mediated Isothermal Amplification  

As mentioned briefly at the conclusion of Chapter 4, pilot studies to characterize 

on-disc LAMP showed that non-specific amplification (NSA) is pervasive in on-disc no 

template controls (NTCs). This was true for amplification using primers for TPOX 

(Chapters 2 and 4) and SARS-CoV-2 N1 (Chapter 3). The observed amplification was 

not a result of reagent contamination, evidenced by a lack of amplification in parallel, in-

tube NTCs. Thus, on-disc amplification conditions must be optimized to ensure accurate, 

on-target NA detection. Some success was derived from truncating the incubation interval 

from 45 to 30 minutes; however, a resultant loss in sensitivity is unavoidable. Likewise, 

increasing temperature reduced NSA frequency, but on-target amplification was somewhat 

discouraged as well. Thus, continued adjustments to assay chemistry are necessary for 

mitigating NSA without detriment to on-target detection. One such strategy involves tuning 

primer concentration; since LAMP incorporates 6 primers instead of only two required for 

PCR, and thus reducing primer concentration in each reaction could decrease the incidence 

of NSA, but will also harm sensitivity. In parallel, increasing polymerase concentration 

could mitigate losses in sensitivity resulting from primer and temperature adjustments by 

accelerating amplification rate without altering the efficiency of the polymerase itself. 
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Additional support for this strategy in the context of microfluidics could be supported by 

the fact that polymerase adsorption to PeT device substrates is understood to occur. Of 

course, ensuring polymerase activity further in this system, could be increased via 

passivation of PeT surfaces with BSA (e.g., LAMP chambers).3 In all probability, careful 

tuning of each of these factors sequentially will be required for on-disc LAMP performance 

and optimization. It should be noted also that although IFD and LAMP have been coupled 

with upstream direct-from-swab prepGEM lysis, these techniques could also be included 

easily following dSPE (Chapter 2) or enriched rnaGEM extraction (Chapter 3). 

Additionally, the architectures for these LoaDs could also be applied to other bead-based 

NAE methods, such as pH-modulated chitosan approaches. 

6.2.1.2. Indicator Selection 

A second factor imperative for practical implementation of on-site genetic analysis 

is the provision of simple, easily interpreted output. Compatibility of LAMP with 

colorimetric readout is a key advantage for PoN applications by supplanting reliance on 

benchtop instrumentation with simple, optical detection. Initial exploratory studies 

centered on colorimetric LAMP incorporated HNB, used in-tube in Chapters 2-4. 

However, there are known issues in the stability of HNB color over time. Further, in 

practice, near-complete color fading was occasionally observed on-disc, which suggested 

sample acidification. This hypothesis was confirmed via LAMP with phenol red as an 

indicator, which changes from red to yellow with amplification and resultant solution 

acidification. In initial testing, both negative and positive samples were colorimetrically 

positive but electrophoretically negative. These results suggested reaction acidification, 

which likely resulted from LoaD materials. Herein, the chemistry demonstrated its low 
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buffering capacity to permit the pH-modulated response of phenol red. Importantly, the 

detriment to amplification performance was not seen in other LAMP chemistries with more 

standard buffering capacities. Malachite green was also explored as an indicator, but 

despite excellent discrimination in-tube, the magnitude of the colorless-to-colored 

transition was too small for reliable on-disc differentiation given the reduced detection path 

length in microfluidic chambers. Thus, future endeavors should center on the incorporation 

of indicators independent of absorbance-based measurements. For instance, smartphone-

based image capture and subsequent interpretation of calcein’s fluorescent response to 

long-wave UV light could permit simple colorimetric detection with relatively little 

instrumentation. 

6.2.1.3. On-Disc Reagent Storage 

In addition to comprehensive integration of each process chain for genetic analysis 

(lysis, NA extraction, amplification, and detection), on-board reagent storage is essential 

for true independence from laboratory technology and techniques. As discussed in 

Chapter 1, elimination of all technical manipulation steps, including reagent loading by 

pipette, is critical for use by non-technical personnel. Liquid reagents (e.g., lysis cocktail, 

wash buffers, water) may be integrated in pressure-actuated blister packs or stickpacks 

(discussed in Chapter 1) with frangible, rotationally-controlled seals to permit long-term 

on-disc storage. Other reagents may be stored more stably in solid, dried form. For 

instance, amplification reagents (e.g., LAMP master mix) have demonstrated stability as 

lyophilized pellets; RPA reagents are commercially available for shipping and long-term 

storage in this form. Prior to assay implementation, the pellet could easily be rehydrated in 

water from a blister or stickpack. Similarly, air-dried primers (and positive control genetic 
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material) in the appropriate LAMP reaction chambers could be resuspended upon 

introduction delivery of metered master mix. Characterization of these reagent storage 

approaches will be necessary to ensure that they do not hinder assay performance.  

6.2.1.4. Hardware Improvements  

Beyond assay optimization, development of a ‘spin stand’, or ruggedized, self-

contained mechatronic system to automate and regulate fluidic control is required for 

practical PoN implementation. Minimally, either the PrTZAL system or the integrated 

mechatronic system currently under development (both discussed in Chapter 2) must be 

encapsulated in a durable encasement (e.g., 3D-printed or injection molded) to protect 

fragile electronic components, prevent unintended analyst laser exposure during valving, 

allow for portability, and prevent environmental assay contamination or interference. 

Currently, these systems are controlled by a laptop, but supplanting this with a smartphone 

would increase portability and capabilities. A custom-written application could control all 

required unit operations for assay implementation, including LoaD rotation, laser-valving, 

and heating. Switching to smartphone-based control will also allow for inclusion of 

automated optical interpretation of LAMP chromogenesis using the embedded camera; 

imaging conditions within the enclosure can be carefully controlled using on-board lighting 

components, such as LEDs, to ensure reproducible imaging and interpretation. One further 

consideration not yet discussed involves improving heating modalities to permit 

simultaneous incubation of multiple domains. For true multiplexed analysis, lysis and 

amplification must occur simultaneously in all LoaD domains. One potential approach 

involves incorporation of clamped disc-shaped Peltiers at radii corresponding to the 

positions of swab and LAMP chambers. However, fluid loss from chambers during contact 
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heating via clamped dual-Peltier systems has been repeatedly observed; thus, transitioning 

to non-contact heating, modes such as infrared-based methods, may be optimal. 

6.2.2. On-Disc Immunodetection 

In contrast to the NAE projects discussed above, the detection scheme for the 

ELISA project has been successfully integrated on-disc; continued research and 

development is required to incorporate upstream sample preparation and overall 

automation.  

6.2.2.1. Developing a Fully-Integrated Architecture 

Proof-of-principle implementation of an integrated microfluidic architecture was 

shown in Chapter 5, but continued characterization and optimization is required to further 

reduce manual pipetting requirements. Eventual integration of reagent storage (discussed 

in Section 6.2.1.3) will also be required here prior to PoN use, including lyophilization of 

Abs stored on board. Additionally, continued architectural development could allow for 

simultaneous immunodetection of several targets. One method to achieve this involves 

splitting a single input sample into multiple aliquots, each of which could then be processed 

in parallel in discrete domains within the multiplexed LoaD. Since many current 

colorimetric field tests require iterative performance of multiple tests, this multiplexed 

microfluidic analysis could further expedite on-site presumptive testing.  

6.2.2.2. Exploration of Alternative Immunoaffinity Reagents 

As noted in Chapter 5, the saturation of negative morphine responses in the 

integrated and rapid assay formats was diminished relative to parallel tests with off-disc 

sample preparation and sequential reagent loading. Diminished negative saturation values 

were also observed in exploratory studies probing on-disc fentanyl detection. It was 
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hypothesized that these unsaturated responses were due, at least in part, to insufficient Ab-

Ag interaction during incubation steps. Future endeavors toward expediting 

immunodetection without detriment to performance could explore supplanting intact Abs 

with only variable region fragments (Fv). The reduced hydrodynamic radii of these Fv 

fragments would allow for more efficient, rapid mixing within the ELISA chamber, both 

in terms of passive (e.g., diffusion) and active processes.  

6.2.2.3. Improving ELISA Sensitivity 

Currently, colorimetric analysis of negative controls results in saturation values at 

or near the maximum possible readout of 255 in the 8-bit system used to capture native 

images. This observation suggests that the detector has been effectively saturated, such that 

low concentration samples, which may provide readouts that appear visually different than 

the negative controls are empirically similar. Thus, decreasing the mean signal measured 

from negatives to some value below that maximum saturation would provide for enhanced 

discrimination relative to low-concentration positive samples, ultimately improving 

sensitivity. Sensitivity could be improved further by transitioning from enzyme-catalyzed 

colorimetric chromogenic readout to fluorescence-based detection. This could also allow 

for incorporation of real-time detection, advantageous over the endpoint detection possible 

through colorimetric monitoring of OPD metabolism. 

6.3. Summation 

 Increasing demand for PoN analyses has led to expanding capabilities for 

centrifugal LoaD technologies for use outside of traditional laboratory settings across 

numerous sectors, including the forensic and biomedical arenas highlighted in this 

dissertation. These microfluidic platforms are increasingly capable of performing complex 
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bioassays with increased autonomy, portability, and cost-efficiency relative to traditional 

benchtop instrumentation. The preponderance of work here was centered specifically on 

leveraging these advantages to automate and expedite microfluidic technologies for nucleic 

acid preparation with the specific goal of lowering the barrier to entry for sample-to-answer 

LoaDs to be utilized in both forensic and clinical settings. Additionally, preliminary work 

was demonstrated towards enabling the PoN implementation of ELISAs, which largely 

remain tethered to centralized facilities and require highly manual processes and trained 

personnel. This work was centered on improving capabilities for on-site colorimetric drug 

testing, an area that represents a major technology gap in current law enforcement 

capabilities. With continued development of the LoaDs described here, chiefly through 

integration and characterization of on-board reagent storage, each has the potential for 

practical PoN implementation.  

6.4. References 

1. Woolf, M. S.; Cunha, L. L.; Hadley, K. C.; Moffett, R. P.; Landers, J. P., Towards 

an Affinity-Free, Centrifugal Microfluidic System for Rapid, Automated Forensic 

Differential Extraction. In preparation. 

 

2. Turiello, R.; Dignan, L. M.; Thompson, B.; Poulter, M.; Hickey, J.; Chapman, J.; 

Landers, J. P., Centrifugal Microfluidic Method for Enrichment and Enzymatic 

Extraction of Severe Acute Respiratory Syndrome Coronavirus 2 RNA. Analytical 

Chemistry 2022, 94 (7), 3287-3295. 

 

3. de Oliveira, K. G.; Borba, J. C.; Bailao, A. M.; de Almeida Soares, C. M.; Carrilho, 

E.; Duarte, G. R. M., Loop-mediated isothermal amplification in disposable 

polyester-toner microdevices. Analytical Biochemistry 2017, 534, 70-77. 

 


