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Abstract

Microfluidic devices used in the field, whether for clinical or forensic
applications, offer many advantages for translating conventional instrumentation to a
portable, field-deployable platform. The scaled-down size of these devices offer
advantages for rapid analysis, low cost substrates and instrumentation, low reagent and
sample consumption, automated sample processing, and simple operating procedures. A
core requirement of field technology is that the analysis technique can be performed
independently of a centralized facility. To address this requirement, extensive research
has been focused on the complete integration of all processes of an analysis technique
that would normally be performed in the laboratory into a single microfluidic platform
and making the operation of this platform automated for unskilled users. This
dissertation presents two specific forensic applications for consideration, illicit drugs and
explosives, for developing microfluidic technology.

The chapters that follow describe the development of microfluidic devices, and
associated features, for various on-site colorimetric analyses. Chapter 1 provides the
necessary background regarding trends in inexpensive microfluidic device fabrication
techniques with discussion of complementary microfluidic platforms. Additionally,
various examples of microfluidic devices used for analysis of explosives and illicit drugs
are presented. The goal of the work presented in Chapter 2 was to determine a method
towards presumptive on-site testing of illicit drugs using inexpensive, single-use
centrifugal microfluidic devices. An objective colorimetric analysis technique for use
with a cell phone Android application was evaluated for the detection of cocaine and

methamphetamine from an unknown sample. The work described in Chapter 3 was to



il
explore various chemical reagent storage methods to aid in the complete integration of
microfluidic devices for increased portability. Initial chemical storage methods utilizing
inkjet printing, custom glass capillary ampules, and hybrid device substrates were
evaluated for the integration of the chemicals necessary for different colorimetric
reactions. Described reagent storage techniques were utilized in Chapters 4 and 5 for
explosives colorimetric analysis. Towards the development of an on-site analysis
technique, a surface swab was determined for sampling residue from a surface to
interface sampling with the microfluidic device. The final fully integrated device
exhibited 90% success rates for the detection of 8 different explosive compounds within

& minutes.
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1. Introduction

1.1 Overview of Microfluidics

The concept of a ‘miniaturized
total chemical analysis system’, or uTAS,
was presented by Manz et al. in 1990, and
the integration of sample pretreatment,
separation, and detection were paramount
(Figure 1-1)." Initially, the motivation for
a small-scale analysis system was for
enhanced analytical performance, utilizing
smaller channel dimensions and shorter
channel lengths for improved separations,
additional

however, advantages  of

decreased sample consumption and rapid
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Figure 1-1. Schematic diagram of an ideal
chemical sensor, a ‘total chemical analysis

system’ (TAS) and a miniaturized TAS (u-TAS).
Adapted from [1].

analysis times were presented with continued development throughout the 1990s.’

Currently, it is well-documented within this independent research field known as

microfluidics, or lab-on-a-chip (LOC) systems, effects from the scaling-down of

chemical analysis systems to the micrometer or centimeter dimensions lead to new

phenomena not accessible with classical liquid handling platforms.’

As the field of microfluidics has matured over the past two decades, a major focus

has evolved towards decreasing costs and increasing functionality towards a variety of

applications.

Oftentimes, these applications are those that can benefit from analyses

performed outside of a centralized facility, such as point-of-care (POC) testing and
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diagnostics, including immunoassays, blood analysis, nucleic acid amplification tests,
and flow cytommetry.* For the success of a microfluidic system as a true LOC platform
employing a fully-integrated device rather than a chip-in-a-lab technology providing an
enabling tool for research, sample handling, automation, and portability for use with
minimal training is essential.” The significant demand for LOC systems within the
forensic sector, i.e., rapid DNA analysis6’10 and detection of hazardous material“'M, has

grown rapidly in the last decade.

1.2 Fabrication Techniques Towards Inexpensive, Single-use Microfluidic Devices
Wet etching and photolithography were the dominant fabrication methods early

15. 16 « e, .
’ These initial methods, however, required

on in the development of microfluidics.
expensive cleanroom facilities to create glass and silicon devices. A new generation of
fabrication methods reduced the laborious, time consuming, and high cost per device
processes through implementing soft lithography with pour-and-cure materials, i.e.,
polydimethylsiloxane (PDMS)."”?° Although such pour-and-cure methodologies using a
‘master mold’ revolutionized microfabrication by providing a simple fabrication
procedure complimentary for multilayer devices and large-scale integration, this
technique was not ideal for rapid device prototyping. The device fabrication was still
dependent on fabricating silicon ‘masters’ to serve as a device mold for each layer. The
implementation of hot embossing and injection molding using thermoplastics, i.e.,
polystyrene and poly(methyl methacrylate) (PMMA) provided a fabrication process more

ideal for mass production, however, this methodology was still not optimal for fabricating

multiple prototypes with different designs due to the requirement of a master mold."



Finally, the use of milling, laser

ablation, and  other  direct oG I

fabrication = processes  within

polymeric substrates created a I - )
method capable of directly

patterning device channels and S
eliminated hazardous reagents.”' e b |
Although direct fabrication in this > 4

v oLl
manner approached a method for i }

rapid prototyping, the stepwise

Figure 1-2. Schematic of the main parts generated by the

. single toner layer (STL) microfabrication process: I,

process remained lengthy and perforated polyester cover; II, printed polyester base (a,
toner layer); II, cover (I) and base (IT) laminated together;

resulted in rough channels 1V, the final device (b, liquid reservoirs). Adapted from
[25].

surfaces.

Towards rapid fabrication of inexpensive, single-use microfluidic devices, toner
and paper-based fabrication methods emerged as promising platforms. Tan et al. first
introduced toner as a microfabrication technique as a method for fabricating PDMS
microfluidic devices using a master made on transparency film with a photocopying
machine.** This process was able to decrease the fabrication time for PDMS substrate
devices to less than 1.5 hours. Later, do Lago et al. introduced the use of toner for direct
device fabrication by combing laser printing and lamination to fabrication devices onto
transparency film.”> This direct-printing process only required a computer with design

software, a laser printer, and a laminator. The device channel depths were defined by the

printing step, utilizing a single toner layer (STL) as shown in Figure 1-2 or double toner
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layer (DTL) for 6 and 12 um, respectively, and channel width was defined by the printer

resolution.

Alternatively, when

a) chromatography b)

paper i. plasma oxidize

ii. cut out pattern

'

Martinez et al. described the first

l soak in photoresist paper
paper-based device to perform photoresist

rotein and glucose colorimetric ;
p g l i. prebake i. spot reagents

. . ‘ . ii. align under a mask control l ii. dry
bioassays, the described fabrication mask ;
glucose protein
assay assay
process followed a traditional l i expose s UV-light
ii. postbake
photolithography =~ process  of Cid * e

patterning channels with SU-8 l i. develop
ii. wash with propan-2-ol

’

(-3

photoresist onto chromatography Cid

. 26 .
paper (Figure 1-3). Following Figure 1-3: Diagram depicting the method for patterning

paper into millimeter-sized channels. (A) Photolithography
this initial method now  was used to pattern SU-8 photoresist embedded into paper;
(B) the patterned paper was modified for bioassays.

implemented with paper, the Adapted from [26].

device surface required oxygen plasma pretreatment prior to use to restore the
hydrophilic properties effected by the photoresist residue. Later, the same paper-based
device pioneers developed a method utilizing direct printing of polymeric barriers, i.e.,
PDMS and polystyrene, onto various paper substrates to create hydrophobic barriers to
define microfluidic channels.”” Shortly after paper-based devices were introduced,
various research groups, in addition to the pioneers, proposed additional fabrication
methods owing to the inexpensive and simplistic nature of this restored class of devices
from the introduction of the lateral flow assay, ubiquitously known as the at-home

pregnancy test. Currently, the most commonly used fabrication method for paper-based
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devices uses a commercial printer to deposit wax-based ink allowing for rapid

3% Heat is applied after printing to melt the printed wax

prototyping and fabrication.
through the paper to define fluidic channels.

Toner and paper-based fabrication methods have shown potential for both rapid
prototyping and inexpensive production of microfluidic devices. A further adaption of
the initial method described by do Lago et al. in 2003 resulted in the three-step print, cut,
and laminate (PCL) fabrication approach as described by Thompson et al., which offers
additional benefits for device fabrication (Figure 1-4)°" As with the first
implementation of direct-patterning toner, this method circumvents the need for complex
instrumentation, a cleanroom facility, or hazardous reagents, however, the PCL protocol
offers a simple method to fabricate more sophisticated, multilayer device architecture.
This process uses commercially available transparency sheets composed of
poly(ethylene) terephthalate (PET), or broadly polyester film, making this substrate

hydrophilic, and printed toner is then used as the hydrophobic component to define

channels and valves, and act as an adhesive between layers during device bonding. A

NRSNAR

Figure 1-4. Images demonstrating print, cut, and laminate (PCL) device fabrication. (A) Toner-coated
transparency film anchoring and alignment with the laser head. (B) Alignment of layers using a custom-
built alignment tool. (C) Pass the assembled device through a laminator (standard office version is
shown). (D) Side view of the laminated device. (E) A laminated five-layer microdevice showing final
architectural details and ready for use. Adapted from [31].
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CO; laser (trophy etcher) was used for laser ablation of microfluidic channels within
select layers and an office laminator to bond 2-7 layers of transparency film. Ultimately,
this method provided a process for rapid prototyping of complex multilayer microfluidic
devices in less than 1 hour. The initial implementation of this method was utilized for
DNA extraction and PCR amplification®® in addition to DNA electrophoresis™. More

recently this method has been applied for centrifugal LOC devices for clinical blood

34-36 37,38 7,39-42

analysis™ ", pathogen detection”” ", and forensic DNA analysis
1.3 LOC Microfluidic Platforms

Microfluidic platforms consist of an easily combinable set of microfluidic unit-
operations, or fluid handling steps, that enables the miniaturization, integration, and
automation of assays laying the foundation of a truly LOC system.” Based on the
operations for fluidic control, these microfluidic platforms have been broadly categorized
as capillary, pressure driven, centrifugal, electrokinetic, and acoustic systems. Although
there are advantages and disadvantages of each platform, capillary and centrifugal will be

the focus of this chapter as these platforms have been used extensively with the

fabrication techniques discussed towards inexpensive, single-use microfluidic devices.

1.3.1 Centrifugal Microfluidics

Using centrifugal forces to automate sample processing was demonstrated in the
late 1960s with a centrifugal analyzer for spectrometric analysis**, and in the early 1900s
the company Abaxis developed a portable clinical chemistry analyzer integrating reagent

storage, sample processing, and analysis using a plastic rotating cartridge (Figure 1-5).*



Continued work lead to the next
generation of centrifugal devices,
modern centrifugal microfluidics, and
efforts have increased over the past
two decades towards lab-on-a-disc, or
lab-on-a-CD,  systems. Several

reviews highlighting continued

advancement of this work towards

Figure 1-5: Image of the rotor device being placed
centrifugal microfluidics for integrated  into the Abaxis instrument. Adapted by [45].

LOC systems have been published.***

1.3.1.1 Fluidic Movement

The centrifugal microfluidic platform offers a unique advantage to the LOC field
due to the ease of automation and portability. Multiple fluidic processing steps can be
automated by implementing different rotational frequency protocols, also referred to as
spin protocols, which includes speed, direction, and duration. This is advantageous for a
LOC system as a simple and compact motor is all that is necessary to create the forces for
fluid manipulation, requiring no external connections to syringe or pneumatic pumps’.
The minimal instrumentation needed for centrifugal devices reduces the cost and expands
the potential for an easily portable device.

Sample and reagent handling processes performed on centrifugal devices,
including liquid propulsion, mixing, metering, and valving, have been demonstrated for

46, 49, 50

various applications. Pseudo-forces are inertial body forces acting on fluids or
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particles within a rotating system and are described in Figure 1-6.°' The fundamental
movement of fluid as a device spins is caused by centrifugal force driving fluid outward
from the center of rotation toward the edge of the device. The basis of this fluid
movement relying on the radial force that occurs as the device spins is centrifugal force
(F), and is defined as:

E. =mao’r (1)
where m is the mass of sample, r is the position, and ® is the angular rotational frequency
of the disc. Two additional pseudo-forces that are considered to influence fluid
movement are Coriolis force, a velocity dependent force, and Euler force, which is

proportional to the angular acceleration. Once fluidic movement within the device is

initiated, the different factors that contribute to the fluid average velocity, U, are shown

through centrifugal theory:

2 _
_ tha)err
U s )

where D) is the diameter of the channel, p is the density of the liquid, @ is the
angular velocity of the disk, T is the average distance of the liquid in the channel from the
center of the disk, Ar is the radial extent of the liquid, x is the viscosity of the fluid, and L
is the length of the liquid in the channel. As shown by this equation, the channel
dimensions, spin velocity of the device, and properties of the fluid dominate fluid
movement.  Centrifugal fluid movement is unique compared to other LOC fluid
movement methods, e.g., electrokinetic, because movement does not depend on chemical

properties of the fluid such as fluid pH, ionic strength, and charge.*’

Additionally, due to
the rotational symmetry of the centrifugal flow from the center outwards, the format of a

centrifugal microfluidic device is compact disc (CD)-like, resulting in simple replication
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of identical fluidic architecture around the center of rotation to facilitate parallel sample

processing or multiplexing.

1.3.1.2 Valving

Incorporating a microvalving network into any microfluidic platform is
considered a critical function for additional control of fluidic movement. Generally,
microvalves can be classified as passive or active valves, and typical valves within these
categories used in centrifugal microfluidics include capillary, hydrophobic and laser-
assisted.

Capillary and hydrophobic valves are considered passive, and these microvalves
are actuated within the centrifugal device platform by utilizing centrifugal pressure. Both
of these passive valves are based on the general concept that fluid will not move from one
microfluidic channel into a subsequent
channel connected by a valve until the
device reaches a particular rate of rotation,
or burst frequency. Capillary burst valves
are created when the cross-section of a

hydrophilic channel expands abruptly,

Fgyler
increasing the liquid-air interface, and -

have been demonstrated within several chentrifugal

centrifugal devices fabricated wusing  Figure 1-6: Pseudo-forces acting in centrifugal
microfluidics. While the centrifugal force always

acts radially outward, the Coriolis force acts
perpendicular to both ® and the fluid velocity,
and the Euler force is proportional to the angular
PMMASZ, polycarbonat653, and  acceleration. Adapted from [51].

various substrates, including PDMS®
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polyester’”. An alternative passive valve includes a hydrophobic valve that relies on a
functionalized hydrophobic region within a hydrophilic channel to impede fluid flow.>*
This valve was implemented by Ouyang et al. as the first report of fluidic control within a
polyester-based centrifugal device for multistep processes utilizing laser printing
lithography.* While the burst frequency required for a capillary valve is governed by the
aspect ratio of the channel geometries, the burst frequency for a hydrophobic valve is
dependent on the nature of the functionalized hydrophobic region. The rate of rotation, in

rotations per minute (RPM), required to overcome these valves can be calculated by:

£ (RPM)— ﬁ \[2y(cos Op- Sos 6,)
s phARR

where y is the surface tension of the fluid, 6 is the contact angle of the fluid, 6, is the

contact angle of the functionalized hydrophobic surface, p is the fluid density, 4 is the
height of the channel, 4R is the change in the distance of the fluid from the center of
rotation, and R is the average distance of the fluid from the center.

Mark et al. described a centrifuge-pneumatic valve for highly wetted liquids, or
solutions with a low surface tension, i.e., buffers containing detergents or organic
solvents, as most passive valves are best utilized with aqueous solutions.”> The basis of a
centrifuge-pneumatic valve is air compression, which is independent of the fluid
properties, and partly surface tension of the fluid. As shown in Figure 1-7, the valving
structure is comprised of a wide upstream channel with a narrow connecting channel to
an unvented downstream receiving chamber.”” Centrifugal fluid movement is used to fill
the wide upstream channel, displacing the air within this channel towards the center of

rotation as it fills. Once filled, a meniscus is formed at the bottom of the narrow
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connecting channel preventing air from displacing from the unvented receiving chamber.
The air counter-pressure formed within the receiving chamber reaches equilibrium with
the centrifugally generated pressure, ultimately stopping fluid movement. The fluid is
then moved into the downstream receiving chamber by increasing the rotational
frequency, or burst frequency.

(@) (b) (c) (d) (e)

overflow
feed channel channel

metering
channel

narrow
connection
channel

Po Po

m BB @
— S

Figure 1-7: Schematic of a metering structure based on the centrifugo-pneumatic valve. (A) Liquid can
fill the metering channel through the feed channel. The metered volume is defined by the metering channel
Vi, the volume of the receiving chamber is V. (B-D) While liquid is filling the metering channel at a first
centrifugal metering frequency, the increased air pressure p, stops the liquid from entering the receiving
chamber. (E) At a higher centrifugal frequency, the liquid is transported to the receiving chamber while
leaving air bubbles decrease the air pressure. Adapted from [55].

centrifugal force
>

receiving
chamber

However, unlike passive valves, active valves are most commonly actuated by

56, 57 58, 59

or

: . : 60, 61
mechanical moving parts such as magnetic T

, electric , piezoelectric

62, 63
19

therma methods requiring additional interfaces to the device for controlling the

valves by external means. An alternative method for active valve actuation consists of no

64-67

mechanical moving parts and can utilize methods such as phase changes and

. 68-70
electrochemical®®”’

actuation. The implementation of active valves within centrifugal
microfluidic devices has been demonstrated, for example, using paraffin wax and laser-

assisted systems. Optofluidic valves actuated by a solid state laser have been described

by Garcia-Cordero et al. for use with polyester-based microfluidic devices (Figure 1-8).”"
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Optically-addressable valves are natively # polymer foil mmm laser beam mmm laser-printed dot
Top-view Side-view

closed valves actuated by melting the

()

device substrate to actuate, or open, the

valve to allow fluid to pass. Simply,

Surface
vaporization Surface
(i)

toner patches are printed onto the melting

polyester layer between channels to
increase the light absorbance from the

laser and melt the polyester for removal

of the physical barrier created by the Figure 1-8: Working principle of the one-shot
optofluidic valve. (i) A dot patterned on a plastic

substrate by a laser printer and a laser beam incident
on that dot. (ii) The optical energy of the beam is
converted into thermal energy with multiple
device substrate can incorporate paraffin  consequences:  surface  vaporization,  surface
melting, and heat conduction through the plastic
substrate. (iii) After 0.5 s, the plastic recedes,
leaving an orifice. The distance d from the focal

point was varied, as was the optical power level, to
were used to melt the wax to actuate, or  characterize the one-shot valves. Adapted from [71].

valve. An alternative to melting the

wax whereby stationary infrared sources

open, the valve’> ", however, the heat applied to melt the wax lead to concerns for the
device substrates or integrated reagents. To limit the energy input used for valve
actuation, Park et al. demonstrated laser-irradiated ferrowax microvalves (LIFM)
utilizing iron oxide nanoparticles within the wax for efficient heating.”* Unlike
optofluidic and paraffin wax valves, LIFMs have been utilized for natively closed,
natively open, and reversible valve formats. Ultimately, active valves within a

centrifugal microfluidic platform are rotational frequency independent methods.
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1.3.1.3 Mixing

Mixing within microfluidic devices is critical to provide homogeneity of sample
and reagent for chemical reactions, and is impacted by the laminar flow within small
microfluidic dimensions. Similar to valving within microfluidics, mixing can be
categorized as active and passive mixing. Initially, centrifugal or batch-wise ‘shake-
mode’ mixing was utilized within centrifugal microfluidic devices as a simple method to
apply continuous changes in the spin speed of the device.” As continuous changes in
spin speed were applied, the angular momentum caused by the acceleration and
deceleration resulted in an inversion of the fluids, or twisting motion, for mixing within
the microchannel. Although centrifugal mixing is considered active, the requirement of
external equipment for actuation is minimal, as a simple spin motor is already utilized for
fluidic movement. Methods considered for passive mixing incorporate a micromixer
domain into the flow path for enhanced mixing through diffusion or chaotic advection.
These methods rely on increasing the contact surface between the different fluids and

decreasing the diffusion path.”

1.3.1.4 Metering

Precise volume control, or metering, is critical in many sample processing
protocols and can depend greatly on the implementation of a valving network. Simply, a
metering structure consists of a connection channel to an inlet port, a metering chamber
with a defined volume, and an overflow connection to a waste chamber for excess
volume (Figure 1-9).>' Any of the valves discussed can be implemented at the radially

end of the metering chamber for additional fluidic control. The effectiveness of metering
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can be impacted by variations in microdevice fabrication and the capillary forces

77, 78

experienced at liquid interfaces. The advantage of centrifugal microfluidics for

metering allows for capillary forces to be countered by centrifugal forces for reproducible

metering.
a) Metering principle b) Differrent aliquoting concepts
l during aliquoting after aliquoting
Inlet
centrifuga(la) ®) thin liquid film
force ~ 1 =
L \ pre-stored reagents
Metering l / l
chamber
() (d) (e )
liquid separation
e —
two-stage l l ' ' I l ./[\-
1 - ~! -
s . . < . f L J [
hydrophobic valve

Figure 1-9: Centrifugal microfluidic unit operations for metering and aliquoting. (A) Basic principle of
metering. A liquid fills a metering chamber with a defined volume. The excess is gated into a waste
chamber. The metered volume can subsequently be transferred into the microfluidic network via suitable
valves. (B) Different aliquoting concepts. Adapted from [51] and [77].
1.3.2 Paper-based Microfluidics

Although the use of paper for analytical testing dates back to the early1800s, the
first paper-based test, or lateral flow ‘dipstick’, was commercialized in the 1960s to
quantify glucose in urine for diabetes””. Broadly, lateral flow assays can be considered
the most successful microfluidic LOC platform based on the number of commercialized
products, i.e., pregnancy and diabetes testing, however, there are a minimal number of
microfluidic reports for these assays.” Paper as a substrate for microfluidic devices was
more recently introduced in 2007 by Martinez et al. for a protein and glucose biochemical

assay (Figure 1-10).”° The advantages of paper that resulted in applications for paper

chromatography, lateral flow immunoassays, reactive indicators such as litmus paper, and



qualitative spot tests include power-
free fluid transport using capillary
action, high surface-to-volume ratio
for improved detection limits, and
the capability for storing reagents
within the paper.” Significant
interest in the use of paper-based
microfluidic ~ devices  for  the
developing world and resource-
limited areas has been realized for
the simplicity and cost-effectiveness
of lateral flow test strips with
enhanced functionality for diagnostic

80
assays.

1.3.2.1 Fluidic Movement
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a) b)
glucose — =t protein
assay assay
reagents reagents
red ink 1
absorbed by o
capillary action
c) d)
( .
exposed to exposed to an
an artificial artificial urine
urine solution solution containing

glucose and protein

Figure 1-10. Chromatography paper patterned with
photoresist. The darker lines are cured photoresist, whereas
the lighter areas are unexposed paper. (A) Patterned paper
whereby the central channel absorbed red ink by capillary
action and the pattern directed the sample (ink) into three
separate test areas. (B) Device after spotting the reagents.
The circular region on top was used as a control. (C)
Negative control for glucose (left) and protein (right) by
using an artificial urine solution. (D) Positive assay for
glucose (left) and protein (right). Adapted from [26].

The wicking-based flow exhibited in paper due to capillary action is considered

laminar flow. In paper-based microfluidic devices, laminar flow occurs due to the

relevant length scale of the membrane pore diameter (<20 pum) resulting in low Reynolds

numbers, ~10° at typical flow rates.”

The different factors that contribute to the fluid

flow in a porous media, with a constant cross section, are defined by Darcy law,

assuming a fully-wetted paper device:

Kwh

Q=-- AP 3)
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where Q is the volumetric flow rate, x is the permeability of the paper, wh is the paper
cross-sectional area width (w) and height (%), x is the dynamic viscosity of the fluid, and
AP is the pressure drop occurring over the length, L, of the paper network. As described
by this equation, the microfluidic channel dimensions (width and height), choice of paper
material, and properties of the fluid dominate fluidic movement.

The fluid movement within a paper network, driven by capillary force, is
considered a form of passive fluid movement. The demonstration of active fluid
movement within paper is challenging, however, few groups have accomplished active
movement by employing centrifugal force.*** Cho et al. described the concept of paper-
on-a-disc by incorporating paper strips into a centrifugal device platform and
characterized the flow within paper at various centrifugal spin speeds.*” Notably, the
flow rate could be precisely controlled through balancing the centrifugal and capillary
forces, using the defined equation for determining the equilibrium wicking distance, /4y,
against the rotation:

2AP,
2 (4)

hy =Ry — |R}—

where Ry is the radial position of the fluid front, AP. is the capillary pressure, p is the
density of the fluid, and w is the angular velocity of the rotating disc. A schematic

representation of the balancing forces and hybrid device used is shown in Figure 1-11.

1.3.2.2 Fluidic Control
Unlike the centrifugal microfluidic platform, which offers valving, mixing, and
metering for additional fluidic control, paper-based microfluidics offer limited control for

fluidic movement, i.e., rate and direction of fluid movement, due to the inherent
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Figure 1-11: Schematic illustrations of (A) the force balance in a rotating paper and (B) the
configuration of a centrifugal device for rotating paper strips. Paper strips were integrated into a plastic
disc to demonstrate the control of flow in a paper by balancing capillary-driven flow with a centrifugal
force. Adapted from [82].

properties of paper. Limited fluidic control resulted in minimal impact within the
microfluidics and analytical communities for paper-based devices due to the lack of
functionality towards complex sample matrices and performing multiple sample
processing steps. More recently, research groups aim to develop new methods to address
these issues regarding fluidic control.

Initial adaptation of the single-strip format of lateral flow strips resulted in 2D
and 3D paper devices with a focus on enhanced functionality and multiplexed sample
analysis. Further use of these multidimensional paper networks resulted in automation of
multistep processes by Fu et al.*® and Lutz et al.*’ for sequential reagent delivery to a
given detection region using paper channel dimensions to control the timing of reagent
delivery. Reagent delivery is simply performed using paper-based devices as the sample
acts as the rehydration solution for reagents dry-stored at any necessary location within
the paper matrix by pipetting the reagent to dry, also referred to as ‘spotting’. Additional

functionality for paper-based devices has been demonstrated through timing and
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88, 89 90, 91

programming fluid movement,*" altering the surface chemistry, and

. . 92-94
incorporating electrodes™ ™.

1.4 Microfluidic Devices for Explosives and Illicit Drug Detection

While substantial efforts have been made for the development of clinical
microfluidic devices for POC applications, until recently, less focus has been towards the
development of devices for forensic applications.”” Analogous to the benefits for POC
applications, microfluidics offers the same advantages for hand held analysis systems or
components of mobile laboratories for on-site forensic analysis including rapid analysis
times, decreased sample consumption, portable analysis, and automation for simple

operating procedures.

1.4.1 On-Site Detection of Explosives and Illicit Drugs

Rapid, on-site analysis of explosive residues for applications in environmental

96, 97

remediation of decommissioned manufacturing sites to forensic investigation of

98, 99

terrorist-related events can benefit from the development of portable sensing

techniques.  On-site explosives detection techniques include canines, analytical
instrumentation, and colorimetric tests. Although the use of canines for on-site detection
is a sensitive technique, this method requires extensive canine training, operation by a

skilled handler, and lack of specificity for deciphering between various explosives

100, 101

compounds. Efforts to make analytical instrumentation more portable for field use

102, 103

have resulted in the use of ion mobility spectrometry (IMS) , Fourier transform

104

infrared spectroscopy (FTIR) '®, and Raman spectroscopy'” for on-site analysis.
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Methods for standoff or noncontact analysis have been deployed for field use, i.e.,
handheld Raman spectrometers, as a method for analyzing samples with an internal

spectral library for identification.'®

These analytical methods commonly rely on the
detection of volatile compounds, require calibration for background interferences, and
remain bulky and expensive for field use.

Alternatively, color tests are a common field detection method due to low cost,
availability, and simplicity of these methods as the resultant color changes are visual.
Current commercial color test kits utilize liquid reagents stored in glass ampules, aerosol
sprays for application of the chemical reagents, or swipe pads with reagents stored for use
with a portable colorimetric detector. Examples of commercial color test kits include the
IDEX'”, Expray Plus'”’, and the SEEKERe'”. Significant limitations that arise with
color tests include subjective color interpretation, improper test operation, lighting
interferences, and lack of multiplexing requiring multiple individual tests, all providing
potential for user error.

While on-site explosives detection is motivated by the desire for a rapid response
to potential hazards or explosive-related threats, illicit drug detection is motivated by the
growing global need to confront the harm caused by drugs as trends in drug abuse

9

continue to rise and adapt each year.'” The methods used for illicit drug on-site

detection are similar to those used with explosives, and includes canines''"’, portable

108, 113
> . However,

Raman spectroscopy'”, FTIR''", IMS''"?, and colorimetric analysis
processing of a collected field sample, or seized drug material, to later convict a

suspected individual for the possession of an illicit drug requires more stringent sample

processing. The current processing scheme for identifying unknown material for the
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presence of suspected illicit drugs is multistep. First, an initial presumptive test that can
be performed quickly and easily at the scene, and later performed initially in a laboratory
setting, is used to determine a course of action in situ or for further analysis of a street
sample. This initial presumptive test is followed by a confirmatory test of high
selectivity and sensitivity performed in a forensic laboratory.

The most commonly used presumptive test for law enforcement is color tests due
to strict local and state-level budget limitations. The overly simplistic nature of these
color tests has resulted in much concern and media attention''?, highlighting the need to
improve these qualitative tests. Common problems that can lead to significant user error
discussed with color tests above for explosives are also observed for illicit drugs, with
additional limitations from uncontrolled substance additives resulting in false positive

and false negative results.'"”

1.4.2 Microfluidic Devices for Explosives

Microfluidic technologies, mainly capillary electrophoresis (CE)- and paper-based
devices, have been applied to explosives detection, aiming to address challenges and
limitations with current field analysis methods. CE is a class of techniques in which
separations are carried out in capillaries under the influence of an electric field.
Compounds are separated based on their mass-to-charge ratios, and neutral species are
separated using micellar electrokinetic chromatography (MEKC) whereby a surfactant is
added to the running buffer to generate micelles for separation of based on differing
affinities for the micelle hydrophobic interior. Translation of these separation techniques

to microfluidic devices allows for extremely fast separations due to the microchannel
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dimensions, a notion that was recognized in 1990 during the introduction of ‘micro total
analysis systems’.!

Efforts towards on-site
explosives detection utilizing an

enclosed microfluidic system were

introduced by Sandia  National

Fluorescence intensity (arb.)
N
1

Laboratory to develop a portable

Micro-ChemLab system for 3.8 1 |
I T I I I

. . . 10 20 30 40 50 60
nitroaromatic explosives, and other time (sec)

Figure 1-12. Microfluidic-based MEKC - indirect

biotoxins, with integrated sampling for LIF electropherogram of the EPA 8330 mixture of

nitroaromatics and nitramines. Analytes: 20 ppm of

. . each TNB (1), DNB (2), NB (3), TNT (4), tetryl (5),

analysis of both gas and liquid 2,4-DNT (6), 2,6- DNT (7), 2-, 3-, and 4-NT (8), 2-

Am-4,6-DNT (9), and 4-Am-2,6-DNT (10).

phases,116 Walenberg and Bailey Conditions: MEKC buffer, 50 mM borate, pH 8.5, 50

mM SDS, 5 uM Cy7, separation voltage 4 kV,
separation distance 65 mm. Adapted from [117].

incorporated a MEKC separation
within a glass microfluidic device, microchannel 65 mm in length, for indirect laser-
induced fluorescence (LIF) detection of ten different nitroaromatic compounds within 1
minute (Figure 1-12).""

Alternatively, microfluidic devices for separations with electrochemical detection
are advantageous for on-site explosives detection due to the high performance and ease of
integration into the microfluidic platform.''™'"” A microfluidic device for the detection
of five nitroaromatic explosives compounds with interchangeable carbon thick-film
screen-printed electrodes for amperometric detection with a microfluidic CE device was

120
1.

developed by Wang et a Later, this method was adapted further by this research
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group and other groups to explore electrode materials, i.e. gold'?" '*2, mercury/gold
amalgam'>, and boron-doped diamond electrodes'**, for improved detection limits.
Towards the identification of inorganic explosive compounds, microfluidic CE
was coupled with conductivity detection for analysis of ionic species. Additionally,
contactless conductivity detection, whereby the electrodes do not contact the sample
solution, is advantageous for implementing narrow microchannels, simplified alignment,
and elimination of problems associated with solution contact to the electrode.''® '*°
Instead of utilizing MEKC, capillary zone electrophoresis (CZE) is often implemented
with contactless conductivity detection for measuring the different electrophoretic
mobilities of the corresponding ions. Wang et al. demonstrated analysis of seven
different explosive preblast and postblast cationic and anionic species using a
microfluidic CZE device and contactless conductivity detection within 1 minute.'*
Ueland et al. used a commercial microfluidic Agilent Bioanalyzer designed for
sizing, quantitation, and purity assessments of DNA, RNA, and proteins, to separate
explosives residues in soil with a paper-based microfluidic device for sample processing

(Figure 1-13).'* Using this combination of microfluidic systems, a total of eight

different nitroaromatic and nitramine explosive compounds were separated using MEKC,

Fluorescence Intensity

\ ’ ’ * Time, (:)0 N *
Figure 1-13. (A) The process used to analyze explosives from soil Qn\qples. After extraction the pPAD was
hole-punched. The chad was folded twice and inserted directly into the sample well of the Caliper DNA chip
containing buffer for analysis. (B) LOC analysis (I) and pPAD chad used for analysis (II) of explosive
standards: TNB (1), DNB (2), TNT (3), Tetryl (4), 2,4-DNT (5), 3,4-DNT (6), 2-A-4,6-DNT (7) 4-A-2,6-
DNT (8) Experiments were performed using the Agilent Bioanalyzer 2100 (injection 1400 V/40 s,
separation 1400 V). Running buffer, 10 mM Borate/50 mM SDS buffer, pH 9.2 with 2%fluorescent DNA
Dye®. Adapted from [14].
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microchannel 15 mm in length, and identified by fluorescence quenching within 12
minutes from sample extraction and preparation to separation. One limitation of this
system was the direct handling of the paper device to punch out the sample paper-based

chad to insert into the commercial LOC device chamber with the addition of the

separation buffer.

= L I '(f“ =
Figure 1-14. The inorganic explosives detection tPAD device prior to analysis (A) and following analysis
(B) of a 1 mg/mL mixture solution of potassium chlorate, ammonium nitrate, potassium nitrite, and
potassium perchlorate. The high/organic explosives pPAD prior to analysis (C) and following analysis (D)
of a | mg/mL mixture of RDX, TNT, urea nitrate, and hydrogen peroxide solution. Color changes begin to
occur after 5 min. with a total run time of ~18 minutes for complete visualization. Adapted from [13].

Additional methods utilized paper-based microfluidic devices for colorimetric
detection of explosives. Pesenti et al. developed a simple paper-based device to detect
trinitro aromatic explosives by wiping the device on a surface for sample collection, and
using one sampling spot for colorimetric detection and removing an additional sampling
spot for further confirmatory analysis.'*’ Although color change was specific for trinitro
aromatic compounds, additional controls for discerning potential environmental
contaminants collected during sampling would be valuable. Additionally, multiplexing
the described device for the detection of additional explosive compounds would be
required for a complete identification system. Peters et al. described two different paper-
based microfluidic devices, each capable of simultaneous colorimetric detection of

multiple explosives compounds from a single sample input (Figure 1-14)."”> Both of
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these described paper-based devices, however, require subjective visual interpretation of

the resultant color change by the user resulting in necessary training for device operation.

1.4.3 Microfluidic Devices for Illicit Drugs

Utilizing LOC microfluidic devices for illicit drug detection has been a greater
focus of research groups regarding analysis in biological sample media to detect drug
abuse instead of drug possession.'”® Weinberger and Lurie were the first to demonstrate
MEKC analysis of illicit drugs by separating 18 drugs within 40 minutes (Figure 1-
15)."” Lloyd et al. employed MEKC with a commercial microfluidic Agilent
Bioanalyzer to separate amphetamines in a 15 mm channel within 1 min.”® One
limitation of this approach was the derivatization necessary to label analytes prior to

separation for LIF detection. Bell o400y

i k|,
0 350-§ o f
et al. demonstrated the first n
0. 300+
amalgamation of microfluidics and  o.2s0+ q ; -
o . om0
colorimetric ~ testing for the . ]
0. 150+ ]
presumptive analysis of illicit o 1e0~ °
0. 050+
drugs.””’ With device architecture L_] L-—u—
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Figure 1-15. MEKC forensic drug screen. Conditions:
capillary, 25 cm X 50 pm 1i.d.; voltage, 20 kV;
temperature, 40°C; buffer, 85 mM SDS/8.5 mM
detect methamphetamine, phosphate/8.5 mM borate/15% acetonitrile, pH 8.5;
detector wavelength, 210 nm; sample concentration, 250
pg/mL of each drug. Key: (a) psilocybin, (b) morphine, (c)
phenobarbital, (d) psilocin, (e) codeine, (f) methaqualone,
L. (g) LSD, (h) heroin, (i) amphetamine, (j) librium, (k)
oxycodone within 15 seconds. The  cocaine, (I) methamphetamine, (m) lorazepam, (n)
diazapam, (o) fentanyl, (p) PCP, (q) cannabidiol, (r) A’-

glass  microdevice,  however, THC. Adapted from [129].

was able to develop a device to

amphetamine, cocaine, and
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required cleanroom facilities for fabrication, creating manufacturing limitations that
translate into expensive microdevices, and detection was still contingent on the subjective
analysis of each color change.

Although colorimetric detection using paper-based microfluidic devices continues
to receive significant interest by research groups’°, a number of the reagents for illicit
drug detection are less compatible for storage on microfluidic devices, such as
concentrated acids and volatile reagents, compared to many of the colorimetric
microfluidic device applications for POC and resource-limited areas. Musile et al.
developed a paper-based microfluidic device for simultaneous presumptive colorimetric
detection of cocaine, opiates, ketamine, and various phenethyl amines within 5 minutes,
however, it was also recognized that common color tests containing concentrated sulfuric
acid, i.e., Marquis and Mecke reagents, and volatile reagents, i.e., Simon’s reagent, posed
a significant challenge for incorporation into microfluidic devices."”> The requirement of
these reagents has limited the development of LOC microfluidic devices for presumptive
colorimetric detection of illicit drugs on-site that are rapid, automated, portable, and cost-

effective.

1.5 Conclusions and Future Directions
1.5.1 Conclusions

This chapter introduced the rapidly growing field of microfluidics and the use of
microfluidic devices for the development of portable LOC technologies to address
current on-site analysis shortcomings. A number of microfluidic device platforms are

used as a tool to address various scientific problems, within a wide range of applications
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including clinical and forensic chemistry. Specifically, centrifugal and paper-based
microfluidic device platforms were chosen for discussion within this chapter as
advantageous platforms towards portable, single-use microfluidic devices for on-site
analyses with complimentary inexpensive and rapid device fabrication techniques. The
fundamentals of each platform are described regarding fabrication techniques, fluidic
movement, and fluidic control. Many of the examples presented here describe
microfluidic advancements for explosives and illicit drug detection. Finally, challenges
and future directions are highlighted for the maturing field of microfluidics towards

commercial LOC systems.

1.5.2 Future Directions

The field of microfluidics is considered as having close relations with industry
and is heavily driven by producing practical devices for real-world applications; however,
at the rapid pace microfluidics has matured over the past two decades there is a
significant shortage of commercial microfluidic products since the initial excitement and
expectations.”> **  Although initial efforts in developing microfluidic systems focused
on the improvement of current state-of-the-art methods and technologies, within the past
several years there has been a growing interest to use microfluidics to solve problems not
addressed with macroscale approaches in hopes of addressing the slow uptake of
microfluidic technology.”* A well-known example of this approach is the pregnancy
test, broadly recognized as a microfluidic lateral flow assay. This test comprises a

biochemical assay using biological sample media to provide immediate results for the end
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user. While these assays could be performed within the laboratory, the portability and
rapid feedback in privacy is transformative for the user.

A series of Focus articles in the journal Lab on a Chip by Holger Becker, co-
founder and CSO of microfluidic ChipShop GmbH, highlight critical challenges relating
to the commercialization of microfluidics from an industry perspective and presents
considerations for moving forward."”> Some of these topics include challenges in
manufacturing and mass production of devices, intellectual property issues, lack of
standardization, lack of a ‘killer application’ in microfluidics, and the communication
between academia and industry.  Significant discussions regarding the state of
commercialization for microfluidic technology and future directions have been initiated,
for example, the International Conference on Miniaturized Systems for Chemistry and
Life Sciences (MicroTAS) introduced a ‘Shark Tank’ competition at the 2017 meeting
and continue to host industry panels to focus on these current issues. Awareness of the
gap in the number of available microfluidics publications, referenced by Mark et al. as:
“10,000 available publications for microfluidics, offering solutions for almost every

3

problem that might occur...”, compared to the number of products in the market is

gaining significant attention and will be a focus for the future of this field.
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2. Objective Method for Presumptive Field-Testing of Illicit Drug

Possession Using Centrifugal Microdevices and Smartphone Analysis

2.1 Introduction

The outcome of cases concerning illegal possession of controlled substances is
heavily reliant on confirmation that the suspected individual possessed the substance in
question. Presumptive tests are critical in providing prompt qualitative identification of a
controlled substance, enabling immediate action to be taken at the scene. These
presumptive tests allow law enforcement to seize material for confirmatory testing and
arrest the suspected individual. Due to budget limitations supporting presumptive field
tests for local and state-level law enforcement, current methods are commonly
colorimetric and include a number of commercial, prepackaged individual tests or
“reagent ampule pouches” to accommodate the large screening demand. Noncolorimetric
field techniques that can be used to screen for illicit drugs include portable Raman
spectroscopy', Fourier transform infrared spectroscopy” (FTIR), and ion mobility
spectrometry’ (IMS). While portability issues concerning these conventional techniques
have been addressed, making field-testing achievable, these techniques remain expensive
for law enforcement to carry out for initial screenings. In addition, these methods have
obvious disadvantages. For example, with Raman spectroscopy, fluorescent signals
corresponding to common drug cutting agents and impurities lead to inconsistent results.
Similar interference issues are observed using FTIR for the presence of water.* Finally,

challenges arise with IMS from saturation of the instrument with bulk sample, resulting
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in carry-over during sequential analyses or unpredictable results due to charge depletion
at high sampling amounts.’

Microfluidic technologies are the focus of increasing interest in the forensic
sector® due to low reagent and sample consumption, fast analysis times, inexpensive
materials, and increased portability for on-site analyses.” Over the past decade, the use of
centrifugal force identified by Duffy et al. for fluid flow control in microfluidic devices
has led to significant effort by numerous research groups to explore centrifugally driven

microfluidics.'® !

The centrifugal microfluidic “lab-on-a-disc”, or rotation-driven
microdevice (RDM) platform, comprises unique features that are advantageous to the
user when automation and ease of portability are desired, as fluid movement requires
only a simple motor. Using this platform, it is possible to automate multiple fluidic
processing steps, in parallel or in series, by controlling rotation speed, direction, and
duration, ultimately allowing for fluid manipulation without the need for syringe-based or
pneumatic pumps.'> This increases the compatibility of the RDM platform for rapid
presumptive drug detection whereby multiple colorimetric reactions could be performed
simultaneously. Currently, the standard colorimetric approach incorporates multiple test
ampules, each filled with a different selective reagent to test for its associated drug,
which must be broken in situ.

While colorimetric kits for illicit drugs have some advantages over conventional
instrumentation, the reliance on proper operation and subjective analysis by the user is a
substantial concern. Common complications that arise during field-testing result from

subjective color interpretation, improper test operation, incorrect results reported for the

test used, on-site environmental limitations (e.g., poor lighting or reflecting color from
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flashing police vehicle lights), and sequential tests needed, increasing the opportunity for
user error. There is an increased awareness that individuals with normal vision (i.e.,

13-15 Wwhich can lead to the

without color blindness) perceive various colors differently,
reporting of erroneous results. Additionally, these problems can also lead to several
individual pouches, or tests, being used in an attempt to verify results.

At present, the majority of the illicit drugs encountered by law enforcement

contain additional uncontrolled substances.'®!®

These additives, or drug-cutting agents,
add a layer of complexity and cannot be adequately accounted for with current
colorimetric tests, as they can interfere with color changes. Strictly, only color changes
that directly match the kit instructions are considered positive for a particular drug. All
other results, including partial color changes or insufficient color changes, require
additional on-site analysis or remain inconclusive at the scene. The amount of sample
used to conduct these tests is critical for correct identification and can lead to false
negative and positive results due to the sensitivity of the colorimetric reactions.'
Frequently, cutting agents affect the amount of controlled substance being tested,
requiring additional test pouches to be used while varying the sample amounts applied to
each pouch to verify results. Existing on-site detection kits can place an additional
burden on local and state laboratories to alleviate inconclusive or inaccurate results
reported. This susceptibility demands a new detection approach: a technology that
provides a chemical analysis system with an electronic colorimetric detector as an

objective detection method that can determine subtle variations in color change by

examining image parameters not easily distinguishable with visual observation.
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While a microfluidic device for detection of illicit drugs using capillary
electrophoresis has been described,” it represents an instrument-intensive approach that
is not likely compatible with field analyses. However, while also employing microfluidic
technologies, Bell et al. described a more practical, minimalist approach, reporting the
first amalgamation of microfluidics and colorimetric testing for the presumptive analysis
of illicit drugs.”’ With device architecture wet-etched into glass, they were able to
develop a device to detect methamphetamine, amphetamine, cocaine, and oxycodone in
an impressive 15 seconds.”’ The glass microdevice, however, required cleanroom
facilities for fabrication, creating manufacturing limitations that translate into expensive
microdevices and was still contingent on the subjective analysis of color change.

We propose that the problems discussed above can be obviated by employing the
laser print, cut, and laminate (PCL) protocol that the Landers Lab has previously
described.””  This method offers a means to fabricate sophisticated microfluidic
architecture using inexpensive, commercial, off-the-shelf materials and instrumentation
to ultimately combine multiple colorimetric tests into a single device for a cost-effective
and rapid on-site detection technique. The devices are fabricated from polyester
overhead transparencies® using a laser printer, laser cutter, and office laminator. In an
effort to enhance current subjective field methods, a polyester-toner RDM with a simple
protocol for device operation, requiring minimal training and a smartphone-based image
analysis method for interpreting results is described here. This detection utilizes
threshold values associated with image parameters from colorimetric reactions in the
presence of specific drugs to identify unknown samples. Common illicit drugs found in

law enforcement, such as cocaine and methamphetamine, were used for proof-of-
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principle. We aim to eliminate the need for using multiple tests on-site with this
described device design, leading to a detection platform with an elevated rate of success

when translated to field analyses.

2.2 Materials and Methods
2.2.1 Reagents

Cocaine, methamphetamine, codeine, and amphetamine standard solutions were
purchased from Cerilliant (Round Rock, TX).  Cobalt(Il) thiocyanate, sodium
nitroprusside, acetaldehyde, sodium carbonate, caffeine, lidocaine, acetylsalicylic acid,

starch, and dextrose were purchased from Sigma-Aldrich (St. Louis, MO).

2.2.2 Preparation of Drug Samples and Reagents

Purchased drug standards were concentrated in an Eppendorf Vacufuge 5301
(Westbury, NY) and then serial diluted to various concentrations when necessary.
Ethanol was used as the solvent during dilutions. Cobalt thiocyanate and Simon’s

reagent solutions were prepared as described previously.*

2.2.3 Fabrication of Polyester-Toner Devices

The laser PCL method used for polyester-toner device fabrication has been
previously described by Thompson et al.**> The microfluidic devices for determining
threshold values and drug detection were designed in CorelDraw CAD software. Both
devices were five layers, comprised of alternating polyester and toner-coated polyester

layers. The toner-coated layers were made by printing two layers of black toner using a
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HP LaserJet 4000 printer onto both sides of a single transparency sheet. Device features
including channels, inlets, mixing wells, detection chambers, and air vents were then
laser-ablated into each layer using a VersaLASER system (Scottsdale, AZ), defining
device architecture. To prepare the drug detection device for detecting cocaine and
methamphetamine, using cobalt thiocyanate and Simon’s colorimetric reagents,
respectively, cobalt thiocyanate (0.75 pL), and sodium carbonate (1.5 pL) were spotted
and dried onto the device before bonding. The device was bonded during lamination

(three passes) at >160 °C using an UltraLam 250B.

2.2.4 Laser Valve Actuation

Two layers of black toner patches were printed onto the middle transparency layer
before laser ablation to use for valves. A 1000 mW 532 nm Green Portable Laser Pointer
Pen (Model LT-HJG0087) was purchased from www.laserpointerpro.com and positioned

1.5 cm above the RDM. The laser was turned on for 10 s to open each valve.

2.2.5 Microdevice Control

A Sanyo Denki Sanmotion series stepper motor controlled by a Pololu DRV8825
stepper motor driver in full step mode was utilized for the spin system. Motion control
profiles were generated using a Parallax Propeller microcontroller and a printed circuit
board was designed with EAGLE CAD software containing the microcontroller, motor
drivers, and associated components for power regulation, heat sinking, and serial
communication with an external computer terminal. A poly(methyl methacrylate)

(PMMA) custom support structure immobilized the motor during rotation.
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All spin parameters were saved with Parallax Propeller software and performed
using the “automated mode”. After sample addition, the device spin protocol for
determining threshold values using the one-step design was as follows: spin 1000 RPM
for 3 s with 100 angular acceleration (AA), followed by 1000 RPM, four replicate spins,
for 5 s (200 AA). Complete backfilling of the sample into the detection chambers via
capillary action was achieved before each consecutive spin as described previously by
Ouyang et al. for the “spin-stop’ mixing protocol.” Image capture was taken at 3 min.

The spin protocol for determining threshold values using the two-step device
design was as follows: spin 500 RPM for 3 s with 250 AA, then three alternating repeats
of 1000 RPM and —1000 RPM for 3 s (500 AA) for mixing. The laser valve was opened
and the device was spun at 1000 RPM, 10 s (250 AA), and six replicates of alternating
1000 RPM and —1000 RPM for 5 s each (500 AA) for another mixing cycle. Image
capture was taken at 5 min total time, 3 min after valves were opened. The drug
detection device spin protocol was the same as the two-step protocol used for threshold

determination.

2.2.6 Image Analysis

To perform image analysis with a desktop scanner, the device was removed from
the spin system and scanned after the completed spin protocol using an EPSON
Perfection V100 Photo Scanner with 1200 dpi resolution. The scanned images were
saved as TIFF files and the device detection chambers were cropped using ImageJ. RGB
values were evaluated with ImageJ. The hue and saturation of the cropped images were

measured using a Mathematica algorithm. For smartphone image capture, a PMMA
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holder was fabricated to position the smartphone 5 cm above the RDM for consistent
image capture. Analysis with the Android smartphone was performed using a custom-

written smartphone application.

2.3 Results and Discussion
2.3.1 Objective Image Analysis

To develop an automated and objective detection system for illicit drugs, a means
of quantitatively measuring drug-specific colorimetric reactions to correlate with a
qualitative readout for the user was essential. Initially, resulting color changes from each
reaction were analyzed using several image parameters, including RGB (red, green, and
blue color model), and HSB (hue, saturation, and brightness). The RGB channels of an

image were analyzed individually to determine the dynamic range associated with

specific color changes, which is 1 =
0.9 s
illustrated in Figure 2-1. The HSB 0.8 ¥
1 4
0.7 § -
color model is derived from RGB 0.6 -
3 0.5 1

with hue describing the color, <

0.4 A
. . . 0.3 ® Blue
independent  of intensity and ‘ ® Green
0.2 o Red
brightness, and saturation as the — 0.1 ® Saturation
0 : : : : :
0 0.2 04 0.6 0.8 1

color intensity. Individually, hue or
Cocaine (mg/mL)

saturation can be used to analyze all  Figure 2-1. Cocaine image analysis with RGB.
Comparing saturation as the image analysis parameter for
cocaine with RGB color analysis. The color change for
cocaine is blue-green which is mostly comprised of blue
. . and green color at each concentration, resulting in small
and intensity of the color change, dynamic ranges. There is more variability in the amount

of red color, but the dynamic range is substantially

while the brightness of the image is smaller than the saturation analysis parameter.

color changes, defining the shade
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held constant by the detector or lighting. Ultimately, of the initial image parameters
evaluated, the large dynamic range associated with hue and saturation made them the
most promising parameters to use for analysis.

The most appropriate parameter, hue or saturation, then needed to be defined for

18, 26

each colorimetric reaction, cocaine using cobalt thiocyanate and methamphetamine

using the Simon’s reagent.”” **

Various concentrations of cocaine and methamphetamine
were analyzed using the threshold determination RDM (Fig. 2-2) to measure both the hue
and the saturation associated with the resulting color changes. Initially, image capture

with a $50 desktop scanner provided a high level of control over image settings and

resolution to develop a comparative standard method to smartphone image capture.

Inlet (top) = ?
tem Inlet (bottom) — ()
- Channel —>
Top Layer Air Vents —=. || » Detect
(Y [; hetectlun
| ambers
Alignment Holes ‘ (Overlaid)
Air Vent—<""__
Mixing Domain—>\
1-Step
nd
2" Layer - Laser Valve —>
Detection==>< f
)
- Chamber 2.5tep

Bottom Layer

Figure 2-2. Schematic of the device design for threshold determination. CAD design of microfluidic
device used to define detection threshold values for methamphetamine (2-step architecture) and cocaine
(1-step architecture) with inset describing each feature of one domain.
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2.3.2 Threshold Determination Device Fluidic Control

A threshold determination device was designed and fabricated (Fig. 2-2) for a
multilayer format to induce mixing by the balancing of centrifugal-driven flow and
capillary action, as described by Ouyang et al.”> To summarize, this involved two nearly
identical channel architectures, overlaid in a five-layer system (features described in Fig.
2-2; dimensions described in Fig. 2-3), for holding the requisite volumes of sample and

reagent, with detection chambers ~124 pm deep (one laser-ablated toner sheet). For the

initial scan for detection of cocaine using the device design without a valve (one-step
design, Fig. 2-2 inset), the cobalt thiocyanate reagent (1 pL) was pipetted into the top
inlet and sample (3 pL) into the bottom inlet, where capillary action facilitated the filling
of each structure. A mixing chamber at the base of both overlaid detection chambers
consisted of three laser-ablated polyester layers to hold the combined volume of reagent

and sample (4 pL) for mixing. A passive capillary valve™ *°held each solution in the

Figure 2-3. Device design with dimensions. CAD design of one microfluidic device layer used for
defining detection thresholds with features labeled to describe design dimensions.
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separate (overlaid) detection chambers until centrifugal force was substantial enough to
drive the solutions to the peripheral mixing domain to mix the sample and reagent.
Alternatively, when device spinning was stopped, capillary action moved the solution
back into the detection chambers. The device was spun at 1000 RPM, to overcome the
resistance of the capillary valve, and stopped repeatedly to perform the ‘spin-stop’
reciprocal protocol for thorough mixing of sample and reagent.

Once initial color analysis was performed (initial scan), the fabrication process
was then adapted for on-board reagent storage (Fig. 2-4). RDMs fabricated using the
PCL method allow for nonvolatile reagents to be concentrated on the device through
pipetting and drying, similar to paper-based device fabrication. Cobalt thiocyanate (for
cocaine) and sodium carbonate (for methamphetamine) reagents were pipetted and
allowed to dry on the bottom layer of the device in the ‘mixing domain’. Once dried, the
top layer of the device was added and bonded, thus, enclosing the dried reagents. This
approach was then used for subsequent scanner and smartphone analysis.

When valving was necessary for the

two-step methamphetamine colorimetric
reaction, a laser valve that was originally
described by Garcia-Cordero et al. was

implemented.”’ A black toner patch printed

onto the topside of the middle device layer

would act as the closed valve (Fig. 2-5A). Figure 2-4. Image of dried reagent within a
test device. Device image showing cobalt

thiocyanate solution pipetted and allowed to
When the laser was turned on to actuate the  dry within device chambers. Cover layer was

added and device bonded to enclose the
valve, the toner patch absorbed the energy from  reagent within the completed device.



the laser and melted the
polyester layer to produce an
open hole (Fig. 2-5B). Once
the device was spun, the
solution passed though the hole
and interacted with the reagent
dried in a second chamber (Fig.
2-50). The core device
architecture for the one-step
design was used for the two-
step design with an additional

mixing domain below the laser
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Figure 2-5. Schematic of laser valve operation. (A) Solution is
held in the bottom channel by a closed laser valve (image
shown). (B) Toner patch absorbs laser energy and melts
polyester layer 3. (C) Laser valve is open (image shown) and
solution can move into the top channel when the device is spun.

valve added for the “detection chamber” (two-step design, Fig. 2-2, inset).

For the ‘initial scan’ analysis of methamphetamine to verify that the color change

could be detected on-chip, the simpler one-step design was used. Sodium nitroprusside

was added to methamphetamine in-tube and pipetted into the top inlet (3 pL) and sodium

carbonate was pipetted into the bottom inlet (1 pL). Once initial tests were performed,

the device design was adapted to account for the two-step reaction with sodium carbonate

stored on the device in the detection chamber. Sodium nitroprusside reagent solution was

pipetted (1 pL) into the top inlet and sample (3 pL) into the bottom inlet. The two-step

spin protocol was performed, opening the laser valve to mix methamphetamine with the

reagent in the lower detection chamber for scanner and smartphone image capture.
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2.3.3 Threshold Determination for Qualitative Analysis

The results for the reaction of cocaine and cobalt thiocyanate for the initial scan,
and final analysis with stored reagents using the scanner and cell phone analysis are given
in Figure 2-6. These results explore the relationship between cocaine concentration and
the magnitude of either hue or saturation, reported as arbitrary units (A.U.) from 0 to 1,
derived from dividing hue values by 360° and saturation values by 100%. The hue
values for samples containing or devoid of cocaine (respectively, referred to as positive
and negative) were not significantly different (Fig. 2-6A) for any imaging modality. This
was likely due to a small path length of the detection chamber (248 um).

The subtle variations between hue values made it difficult to define an absolute
threshold value indicative of a sample positive for cocaine. Hence, saturation was
evaluated using the same images (Fig. 2-6B). When the saturation was initially assessed
for pipetted reagent onto the device with scanned images for analysis, referred to as
‘initial scan’ in Figure 2-6, the empirically derived limit of detection (LOD) for cocaine

was 1 mg/mL. Then, the device was operated with cobalt thiocyanate stored onboard and

1.0 4 1.0 5
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Figure 2-6. Cocaine threshold determination. (A) Hue was not adequate to define a threshold for the
presence of cocaine due to small hue differences. (B) A saturation threshold at 0.147 A.U. was used for
determining the presence of cocaine with smartphone analysis and on-board reagent.
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the image capture was performed with the desktop scanner and smartphone. The LOD
was determined to be 0.50 mg/mL with the scanned images, due to the increased
concentration of reagent when the reagent is dried. The lowest LOD was seen with
smartphone analysis at 0.25 mg/mL, where each data point represents n = 9 from three
separate devices and three replicates of each cocaine concentration for each device.
Additionally, the largest dynamic range (0.144-0.853 A.U.) across cocaine
concentrations of 0.25 to 5 mg/mL was seen with smartphone analysis using on-board
reagent storage.

An additional comparison of the smartphone and standard scanner method was
performed, and the values were in good correlation shown through the R* and slope
values, 0.9805 and 1.599 for saturation and hue results, respectively (Fig. 2-7). This gave
us confidence that the 5 MP smartphone camera has adequate resolution for image
analysis. To further evaluate consistent smartphone results, a lighting condition 20%
brighter than ambient lighting was used and compared (Fig. 2-8), and these results were

in good correlation, shown with the R* and slope values, 0.9873 and 0.960 for saturation
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Figure 2-7. Comparison of smartphone and scanner image analysis. (A) Comparing smartphone and
scanner saturation results for cocaine detection. (B) Comparing smartphone and scanner hue results for
methamphetamine detection.
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Figure 2-8. Comparison of 20% lightened and ambient-lighted smartphone image analysis. (A)
Comparison of saturation results for cocaine detection with smartphone for ambient lighted and 20%
brightened images. (B) Comparison of hue results for methamphetamine detection with smartphone for
ambient lighted and 20 % brightened images.

and hue results, respectively. In the future, lighting in this range can be implemented into
a final enclosed prototype system.

When considering the operational environment, the common sampling mass
collected in the field using a commercial sampling scoop” typically results in drug
concentrations in the 4— 6 mg/mL concentration range. Drug concentrations from lower
than those typically encountered in the field were assessed to provide some insight into
drugs that may contain impurities. This could improve current field-testing protocols
where equivocal results require further analysis using a larger mass of the seized material
and more reagent. A threshold value was defined from the average saturation of 0
mg/mL cocaine plus 3X the standard deviation (+3c) for 99.7% confidence that cocaine
is present. That threshold value was 0.147 A.U. for analysis with the smartphone, and all
samples with a saturation value greater than this value were considered positive for
cocaine; conversely, samples with saturation values below the threshold were considered

negative for cocaine.
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Figure 2-9. Methamphetamine threshold determination. (A) Hue was adequate to define a “meth-
positive zone” with an upper limit, 0.861 A.U., and lower limit, 0.490 A.U. for smartphone analysis and
dry-stored reagents. (B) Due to a lower LOD, saturation was not used for drug detection.

This same analytical approach was applied to methamphetamine for reaction with
Simon’s colorimetric reagent to define appropriate threshold values. The hue analysis for
methamphetamine over a concentration range for each imaging technique is given in
Figure 2-9A. The initial data from pipetted reagents and scanner analysis (initial scan)
demonstrated that hue is an acceptable parameter for judging the presence or absence of
methamphetamine. An increased response in hue was observed across concentrations
between 2 and 4 mg/mL, with 2 mg/mL determined as the LOD. The device was then
operated with sodium carbonate (the second Simon’s reagent) stored on-board and
sodium nitroprusside in acetaldehyde (the first Simon’s reagent) pipetted onto the device.
The sodium nitroprusside solution was pipetted due to the incompatibility to be stored
dry, and future alternatives to dry storage may include commercial blister packs.”® Image
capture was then performed with the desktop scanner and smartphone across three
different devices (n = 9 overall). Although both smartphone and scanner analysis with

on-board sodium carbonate resulted in lower LODs compared to both reagents pipetted,
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the LOD was lowest for 90° =0.25A.U.

scanned images at 0.25

mg/mL methamphetamine
o= 0°/360° =
180°=0.5A.U.—/
compared to 0.75 mg/mL for 0A.U/1A.U.
smartphone analysis. The
225° =0.625A.U. 315°=0.875A.U.

large error bar for 0.5 mg/mL

270°=0.75A.U.

with smartphone analysis is

Figure 2-10. Correlating hue values and colors to arbitrary units.
due to the reddish-purple color
change observed, where 1 and 0 A.U. both represent red using this hue y-axis (Fig. 2-10).
Analyzing the same images for saturation resulted in higher LODs for methamphetamine
detection relative to that obtained with hue analysis across all imaging modalities (Fig. 2-
9B). At higher concentrations, saturation could be used in combination with hue to
further validate the presence of methamphetamine, but hue remains more valuable as a
single identification method.

In contrast to cocaine detection, where one saturation threshold value was
sufficient for defining cocaine-positive samples, methamphetamine detection required a
methamphetamine-positive detection zone (referred to as meth-positive zone). The need
for a detection ‘zone’ rather than a single detection ‘threshold’ is due to the 360° nature
of the hue scale. The expected hue output for methamphetamine is roughly 0.6A.U.
(blue-purple color), and unlike saturation, as the hue value increases, the associated color
also changes. As hue approaches 1 A.U., the associated color becomes a more intense

red color, moving away from the expected color (0.6 A.U.). Simply, a hue value too low

or too high would not be indicative of the appropriate color change (see Fig. 2-10 for an
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example of this color breakdown). The range of hue values for a meth-positive zone
using dried reagent and smartphone analysis was defined by the average hue for
concentrations 0.75—5 mg/mL +3c, and was determined to be 0.490—0.861 A.U.
Additionally, the specificity of this assay for methamphetamine was shown by analyzing
amphetamine using the Simon’s reagent and observing a ‘“negative” output for

methamphetamine (Fig. 2-11).
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Figure 2-11. Scanner image analysis for methamphetamine and amphetamine with Simon’s reagent.
(A) Hue was adequate to define a ‘meth-positive zone’ with an upper limit, 0.810 A.U., and lower limit,
0.532 A.U. (B) Due to a lower LOD, saturation was not used for drug detection.
2.3.4 Timing for Image Capture and Analysis
There is a temporal component to the development of color for the reaction of
methamphetamine with the Simon’s reagent making timing of image capture critical (Fig.
2-12). In order to define optical postreaction image capture (IC) time, images were
captured using standard scanner detection at 3, 6, and 12 min time points after initiation
of the Simon’s reagent colorimetric reaction at varying methamphetamine concentrations.
The largest impact on color change was seen with hue values at concentrations

lower than 1 mg/mL, causing 0.25 and 0.5 mg/mL hue values to fall outside of the meth-

positive zone. At 0.5 mg/mL the average hue values were 0.7622, 0.8039, and 0.8551



AU. at 3, 6, and 12 min,

respectively. In contrast, the
average hue values at 5 mg/mL
were 0.6686 A.U., 0.6812 A.U.,
and 0.6927 A.U., respectively. At
higher concentrations of

methamphetamine, the image
capture time is shown to be less
critical, with smaller changes in

hue observed. Each data point was
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Figure 2-12. Image capture (IC) time assessment for
methamphetamine at 3—12 min.

performed with n = 9 over three different devices. As shown in Figure 2-12, the most

stable hue values were obtained with the shortest IC time (3 min). This is favorable for

reducing the operational time and minimizing the effect of drug concentration on color

development.

2.3.5 Drug-Cutting Agents as Colorimetric Interferents

Seized illicit drugs are often “cut” with other substances that can include inert

compounds or an additional active ingredient. Common cutting agents act as fillers and,

for methamphetamine, compounds like starch and dextrose have been reported, while

lidocaine, aspirin, and caffeine are often used as adulterants with cocaine.'®** Given this

fact, it was critical to evaluate the color change and image analysis of methamphetamine

and cocaine after spiking with these common drug additives.
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Using the standard scanner approach for initial analysis, methamphetamine,
ranging from 1 to 4 mg/mL, was spiked 1:1 with either starch or dextrose (equal w/w for
1-4 mg/mL) and reacted with Simon’s reagent for n = 9 across three devices. As
conveyed in Figure 2-13A, the hue values obtained with methamphetamine in the
presence of either additive did not differ significantly from those containing only
methamphetamine in the 2—4 mg/mL concentration range, indicating no false negative
effect. At 1 mg/mL, the hue values vary around the lower threshold value of this meth-
positive zone. Negative controls at 0 mg/mL methamphetamine included no additive
(blank) or starch and dextrose at an increased concentration (10 mg/mL) and showed no
false positive results. Ultimately, these experiments showed no false positive or negative
results for methamphetamine in the presence of these two common additives.

For cocaine, a threshold value was defined for the standard scanner approach
from the saturation values obtained from a cocaine blank (0.127 A.U.). The negative
controls containing lidocaine and caffeine, individually at 10 mg/mL, resulted in false
positives. To alleviate any doubt in the results, a potential second threshold value was
assessed by the average saturation for all 0 mg/mL data (0.148 A.U), which included the
three additives at 10 mg/mL concentration recorded as 0 mg/mL cocaine. These values
(0.127 — 0.148 A.U.) defined the upper and lower limits of a ‘threshold zone’, or what we
define as the ‘equivocal zone’; this is shown in yellow in the main plot in Figure 2-13B.
Cocaine was then spiked 1:1 (w/w for 1-4 mg/mL) with each of the additives (lidocaine,
caffeine, or aspirin) individually; for example, the 2 mg/mL cocaine data with lidocaine
represents cocaine spiked with lidocaine to yield a final concentration of 2 mg/mL for

both the cocaine and lidocaine. Over a concentration range where both are present at 1—4
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mg/mL, colorimetric reaction with cobalt thiocyanate was performed and the associated
saturation values are given in the main plot in Figure 2-13B.
The values increased linearly over the 2—4 mg/mL concentration range, and all

values were greater than the upper limit of the equivocal zone. However, all
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Figure 2-13. Evaluation of drug-cutting agents on analysis. (A) Hue values for methamphetamine at
various concentrations with additive. (B) Saturation values for cocaine concentrations with additive. An
‘equivocal zone’ (yellow) is used to reveal potential false positive and negative results. Inset
demonstrates a 3:1 ratio of lidocaine and cocaine that falls in this equivocal zone. A 4% increase in
sample amount, in the same volume, leads to an increased response with cocaine present.



61

concentrations of 1 mg/mL cocaine with
1 mg/mL of each additive (individually)
produced saturation values that fell
squarely in the equivocal zone. This

indicates that an unknown substance cut

1:1 with an additive could potentially be
read as a false negative. It is for this Figure 2-14. Image of 3D-printed sampling scoop.
reason that the “equivocal zone” (as opposed to a single-value threshold) can be critical.
If an unknown sample contains cocaine, but the sample analyzed on the RDM is at a low
concentration such that the saturation value falls in (not below) the equivocal zone, this
could objectively trigger the need for repeat analysis where the mass of unknown
substance analyzed was increased by a factor of 2—4X. If cocaine is indeed present, the
saturation value obtained with a higher mass of input sample should clear the equivocal
zone. This is shown in Figure 2-13B inset, with cocaine cut 1:3 with lidocaine, a cutting
agent known to produce false positive results.'” At low concentrations, saturation values
are equivocal for the cut cocaine sample and for lidocaine alone (with lidocaine at the
same concentration for both samples). However, when 4X the sample mass is used (in
the same volume), the saturation value for cocaine cut with lidocaine increases beyond
the equivocal zone, while the solution of lidocaine-only remains within the equivocal
zone.

To augment results that fall in the equivocal zone and require higher

concentrations to define a positive result, a 3D-printed prototype sampling scoop was

designed that, when added to 1 mL of ethanol, results in a concentration that would
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always fall above the equivocal zone (Fig. 2-
14). This sampling scoop was designed for the
final detection device and was initially

evaluated for ten separate mass trials using

lidocaine, resulting in 8.122 + 0.001 mg of

1st Chamber sample obtained. If the user sampled excess
2" Chamber P P

unknown material using the designed scoop, it
Figure 2-15. Image of microfluidic device to
account for both high and low concentrations
of methamphetamine. At high concentrations
of methamphetamine, the color change was
too dark for detection (1% chamber) with the ~ desired sensitivity range. The
sample-to-reagent ratio determined for 0.75

mg/mL LOD. A dilution chamber was added  methamphetamine sample chambers were
(2™ chamber) for optimized detection at high

concentrations.

would lead to concentrations outside of the

designed to hold different sample and reagent
volumes (1 and 3 pL) in order to carry out a crude titration of the sample (Fig. 2-15).
The same-to-reagent ratio for low concentrations was included with the sample-to-
reagent ratio for high concentrations. This was used to confirm that the sampling mass
would fall within the sensitivity range of the reaction and should eliminate the need to

perform replicate analyses using multiple devices.

2.3.6 Microfluidic Flow Control and Detection of Unknown Samples

A drug detection device was designed where two separate colorimetric reactions
could be carried out simultaneously from a single input (Fig. 2-16). The core of this
device design is the initial threshold device architecture, replicated and connected to
incorporate redundancies for increased accuracy. Sodium carbonate was dry-stored in the
methamphetamine detection chambers and cobalt thiocyanate was dry-stored in the

cocaine reagent chambers, using the same technique as for the threshold determination
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Figure 2-16. Unknown sample device design. Microfluidic device design for drug detection from a
single sample input with inset describing methamphetamine and cocaine detection architecture for one
domain.

device, providing similar reagent stability as current methods. For use of the device,
cocaine detection was a single-step and methamphetamine was a two-step reaction.
Implementing a two-step reaction required additional fluidic control to allow the sample
to react with each reagent sequentially. As a result, a simple laser valving network
utilizing an inexpensive laser pointer was implemented.

For device operation, the sample solution was added to the ‘sample inlet’ for the
top device level (of the two levels obtained using a five-layer device), while the first
Simon reagent, sodium nitroprusside in acetaldehyde, was added to the bottom level
‘reagent inlet’ (step 1, layer 2 and layer 4, Fig.2-17). Due to the volatility of this
reagent it could not be dry-stored on the device; the architecture inherently allows for this

to be addressed by a commercial blister pack’ in the future. The blister pack would be



64

punctured during the addition of the sample scoop, releasing the first Simon reagent.

Once added, the solutions filled the device architecture via capillary action into the

sample chambers. The solutions were contained in each sample chamber by utilizing a

capillary valve. The device was spun using the reciprocal ‘spin-stop’ mixing protocol.

The smartphone application has a generic tab labeled “Hue”, with drop-down options for

either “Cocaine” or “Methamphetamine” detection using the predefined threshold values

0.147 and 0.490-0.861 A.U., respectively (Fig. 2-18).
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Figure 2-17. Schematic of the step-wise spin protocol for the drug detection device. (Step 1) Sample is
added to the layer 2 inlet and the first Simon’s reagent is added to the layer 4 inlet. (Step 2) The device

is spun to allow sample to interact with reagent in the circular chambers.

(Step 3) The device is

stopped to allow the partially mixed sample and reagent to back-fill due to capillary action. Steps 2 and
3 are repeated, alternating between the two steps, to perform the ‘spin-stop’ mixing protocol. (Step 4)
An image is captured with the cell phone and then the laser valve is opened. (Step 5) The device is

spun to move all of solution into the bottom circular chambers.

(Step 6) The device is alternated

between spinning and static positions, spinning clockwise and counterclockwise, for agitated mixing of
sample with the final Simon’s reagent.
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Figure 2-18. Image analysis setup. (A) Image of device, spin system with PMMA base, PMMA stand
and smartphone for imaging, and laser (in red) positioned above device. (B) Image capture of device
using smartphone camera. (C) Cropped color change analyzed using custom application. (D) Results
reported qualitatively for a particular drug using defined thresholds, methamphetamine here.

Threshold values provide an effective method for qualitative assessment and, in
this case, for detecting cocaine and methamphetamine. To evaluate the RDM and
objective analysis technique 30 samples containing methamphetamine, cocaine, both
drugs (equal w/w), no drug, and lidocaine or codeine as interferents, were de-identified
by a colleague so the analyst had no knowledge of the content prior to, or during,

analysis. Each sample was tested (n = 3 devices) and analyzed using the smartphone
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Figure 2-19. Thirty de-identified samples analyzed for methamphetamine and cocaine. (A) The hue
threshold values predefined for methamphetamine detection were used to assess each methamphetamine
detection chamber. (B) The saturation threshold values predefined for cocaine detection were used to
assess each cocaine detection chamber.
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application (Fig. 2-19). Based on the predefined thresholds, a ‘call” was made for each

unknown (Table 2-1).

Table 2-1. Unknown sample contents. The ‘experimental readout’ for 30 unknown samples including the

actual composition of each sample and score for the experimental readout given by a colleague.

Unknown Experimental Actual Correct
Sample Readout Composition Call?
Ul Cocaine, 2.5 mg/mL Cocaine; 2.5 Yes
Methamphetamine mg/mL Meth.
U2 None 5 mg/mL Lidocaine Yes
U3 None Ethanol Yes
U4 None 5 mg/mL Codeine Yes
U5 Methamphetamine 5 mg/mL Meth. Yes
U6 Methamphetamine 10 mg/mL Meth. Yes
u7 Cocaine 5 mg/mL Cocaine Yes
U8 Cocaine 10 mg/mL Cocaine Yes
U9 Methamphetamine 8 mg/mL Meth. Yes
uUl10 Cocaine 8 mg/mL Cocaine Yes
Cocaine, 5 mg/mL Cocaine;
ull Methamphetamine 5 mg/mL Meth. Yes
Ul2 Cocaine 1 mg/mL Cocaine Yes
Ul13 Cocaine 1 mg/mL Cocaine Yes
Cocaine, 1 mg/mL Cocaine;
Ul4 Methamphetamine 1 mg/mL Meth. Yes
Ul5 Methamphetamine 1 mg/mL Meth. Yes
Ulé6 None Ethanol Yes
Ul17 None 10 mg/mL Lidocaine Yes
U18 None 10 mg/mL Codeine Yes
Ul19 Methamphetamine 7 mg/mL Meth. Yes
U20 Cocaine 7 mg/mL Cocaine Yes
U21 None Ethanol Yes
Cocaine, 6 mg/mL Cocaine;
U22 Methamphetamine 6 rig/mL Meth. Yes
U23 Cocaine 6.90 mg/mL Meth. Yes
U24 Methamphetamine 6.75 mg/mL Cocaine Yes
U25 Methamphetamine 305;2%;?%1:;2& Yes
U26 Cocaine 8 mg/mL Cocaine Yes
. 6.5 mg/mL Cocaine;
u27 Cocaine 3.5 mgg/mL Lidocaine Yes
U28 Methamphetamine 8 mg/mL Meth. Yes
U29 None 10 mg/mL Caffeine Yes
U30 None 10 mg/mL Amphetamine Yes
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All samples were correctly I 1st Chamber
I 2nd Chamber

confirmed (scored by a colleague
knowledgeable of the contents).
Unknown samples Ul, U5, U6, U9,
Ull, U14, U15, U19, U22, U24,

U25, and U28 were positive for

Arbitrary Units (Saturation)

methamphetamine and U1, U7, U8,

1 5 6 9 11 14 15 19 22 24 25 28
Sample #

Ul10- 14, U20, U22, U23, U26, and

U27 were positive for cocaine. Figure 2-20. Comparing saturation results for redundant
methamphetamine detection chambers to confirm

Samples U2, U4, Ul7, and Ul8 sample dilution.

contained lidocaine and codeine, respectively, and neither were above the positive
threshold for cocaine. Saturation was also used to analyze the methamphetamine sample
chambers to confirm sample titration occurred. The second detection chamber resulted in

a more dilute sample and is shown in the decreased saturation response in Figure 2-20.

2.4 Conclusions

An enhanced objective detection method for presumptive colorimetric field-
testing of illicit drugs was demonstrated that utilizes an image to determine subtle
variations in color. The device integrated methods for detection of cocaine and
methamphetamine had LODs of 0.25 and 0.75 mg/mL, respectively, when analyzed using
a smartphone. Common sampling amounts in the field are 4-6 mg/mL and detection
thresholds were determined from analyzing similar and lower concentrations. The

defined thresholds were used for cocaine and methamphetamine detection in the presence
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of common drug-cutting agents. The proposed sampling amount was adjusted and final
detection device to account for known false positive and negative results due to additives,
an advantageous method compared to subjective on-site methods currently used.

A total of 30 unknown samples were correctly identified for the presence of
cocaine and methamphetamine using the drug detection RDM. To date, 565 laser valves

have been opened with 100% success. With the total device operation time of ~6 min,

this RDM has the potential for a 4-fold reduction in time with a technology that could be
compatible with cost-effective mass production in comparison to current tests (depending
on the number of pouches used on-site). Overall, smartphone analysis reduced the nine-
step scanner procedure to four steps (sample addition, spin protocol, image capture, and
analysis). Further advances of this fieldable device will involve a more portable image
analysis modality, such as a completely enclosed, 3D printed system with lighting. Also,
integration of more detection chambers and reagents will allow for screening of
additional illicit drugs, and on-board storage of concentrated acids with polyester-toner

devices will need to be addressed.
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3. Reagent Storage Techniques for Polyester-based Microfluidic Devices

3.1 Introduction

Microfluidic devices used in the field, whether for clinical or forensic
applications, have been of increasing interest due to the scaled-down size of these devices
allowing for rapid analysis, small volumes, and simple operation."* In order to make
microfluidic devices field-deployable for many applications, an automated procedure that
can be performed independently of a centralized facility needs to be achieved.
Applications for developing countries and limited resource settings exhibit an additional
demand for cost-effective devices.>®

This last characteristic of cost-effective devices is particularly challenging when
fabricating microfluidic devices with complex multilevel architectures. Wet etching and
photolithography’, the dominant fabrication methods early on in the development of the
microfluidics field, have been supplanted by soft lithography, hot embossing, and
injection molding®, where a reduction in the laborious and time-consuming nature of the
fabrication has lowered the cost per device substantially. While ‘pour-and-cure’
methodologies using a master mold are ideal for mass production, these methods remain
costly for device prototyping.

Alternative fabrication protocols for generating inexpensive lab-on-a-chip (LOC)
devices have been defined using paper and polyester-based materials.® Paper-based
analytical devices (UPADSs) exploiting the inherent capillary action of paper to drive fluid
movement have been explored more extensively.'>*? While simple in fabrication, fluidic

processes such as volume metering, fluid flow control, mixing, sequential reagent
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addition, and incorporating controls are still being developed. In contrast, microfluidic
devices fabricated from polyester film (overhead transparencies) embedded with toner'?,
approaches the fabrication simplicity and operation costs that make PPADs attractive.
Moreover, these devices circumvent the fluidic control limitations associated with
HUPADs, retain the ability to exploit capillary action, and can be augmented for more
highly-controlled fluidic movement, i.e., centrifugally-driven flow. This allows for a
unique melding of the simple laser print, cut and laminate (PCL) fabrication protocol**
with Lab-on-a-CD™ systems, for developing field deployable devices.

Several reviews have advocated for centrifugally-driven microdevices with

advantages of simplicity, portability and automation.'®*®

A simple motor is used to
provide centrifugal force to drive fluid flow, with controllable parameters such as rotation
speed, direction, torque, and duration used for additional control.*® Colorimetric assays
are attractive for field-tests where a rapid qualitative readout of color is desired (‘yes/no’
response) or quantitative information is required based on an on-board calibration curve.
Both scenarios are well-suited to use of a smartphone for image capture and color
analysis, and provides a low-cost and portable detection system for field analysis.?®?* A
core requirement of microfluidic devices for on-site analysis is effective storage of
reagents in a stable form prior to use at the scene. The capability to store multiple
reagents on a single device offers additional advantages for multiplexed analysis from a
single field sample. This chapter describes the development of three different reagent
storage methods that require simple, inexpensive fabrication, complimentary to the PCL

fabrication method for use with polyester-based microfluidic devices, that includes inkjet

printing reagents, storing reagents within filter paper, and capillary ampule storage.
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3.1.1 Printing Reagents

At the core of the PCL fabrication method is the exploitation of printing
technology that has been refined over three decades to provide low-volume (pL-nL)
dispensing with remarkably accurate spatial resolution (sub-100 um). The spatial
accuracy of inkjet printers has been reported to be less than 30 pm.? With the PCL
method, printing toner is critical for defining device architecture and aiding in device
bonding. The hydrophobic toner printed onto the film acts as a barrier around areas of
hydrophilic overhead transparency, absent of toner, to create various device features
including channels, inlets, mixing chambers, and air vents. Printed toner is also exploited
to create hydrophobic patches within hydrophilic regions to control fluid movement,
allowing printed toner of various gray scales to create a passive valving network of
different hydrophobicity.?®

Inkjet printing was first used for complete uPAD fabrication in 2008%*, where
patterning paper and reagent deposition was demonstrated; an extensive review on inkjet-
printing PPADs has recently been published.?® The inkjet deposition of reagents onto
paper-based devices is not dissimilar to normal printer function (printing onto absorbent
paper), and the fact that overhead transparencies specifically made for printing exist
suggests that it should be possible to deposit reagents onto a polyester film. The ability
to do so opens up new avenues for reagent deposition and storage on polymer
microdevices, providing the possibility for the PCL protocol to facilitate the
comprehensive fabrication of devices with high architectural complexity and embedded

reagents.
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The Ohnesorge number (Oh) has been reported expansively as the critical

dimensionless parameter for describing inkjet printability, with an Oh number between

22, 26, 27

0.02 and 1.50 described as optimal printability. In the equation that defines the

Ohsenorge number:

oh = £ 1)

Jpdo

where [ is the viscosity of the printed fluid, p is the density of the fluid, d is the diameter

of the printer nozzle, and o is the surface tension of the liquid. An obstacle that is not
addressed using the Ohnesorge number equation, is the nature of the substrate onto which
reagent is printed. The formation of an ‘elongated liquid bridge’ between the droplet
ejected from the printer nozzle and the substrate is disrupted upon contact with the
substrate allowing for deposition.?® Printing onto paper is a nonissue because the
absorbent nature of paper allows for increased tolerance to droplet size, enhancing the
ability to disrupt the liquid bridge upon contact. Additionally, the porosity allows the
deposited material to be immediately absorbed into the paper to aid in drying, which
prevents events such as conjoining or satellite droplet formation and streaking. Polyester
film lacks this intrinsic absorbency, leaving the Oh number defined for good printability
on paper as non-optimal with a polyester surface that is flat and homogenous; this shifts
the printing optimization focus to the substrate. Laserjet printing, more commonly
associated with printing onto overhead transparencies, is not viable due to the cost in
comparison to inkjet printers when considering cartridge sizes for printing limited reagent
volumes or expensive reagents. Additionally, refillable ink cartridges are readily

available for inkjet printers.
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Here, we report on the incorporation of inkjet printing reagents into the PCL
fabrication method, complimentary for mass production and prototyping, to enhance the
fabrication of polyester-toner microfluidic devices that remains simple and cost-effective.
The ability to store reagents long-term on these devices allows for a complete LOC
device, with automated operation, that only requires a single sample input. Once
optimization and polyester-film selection was accomplished, the cohesive fabrication for
microfluidic devices was achieved for standard colorimetric analysis of human serum

albumin.

3.1.2 Paper-based Reagent Storage

Paper-based microfluidic devices have provided a benchmark for simple
deposition and inexpensive storage of reagents. When Martinez et al. described the first
paper-based device, reagents were spotted and dried at room temperature for a protein
and glucose colorimetric bioassay.”® This was the first of many paper-based devices

developed with reagents integrated in this manner®®2

, owing to the very characteristics
of paper that allow reagents to be spotted and easily absorbed into a cellulose matrix.
The enhanced surface area offered by the woven cellulose fibers facilitates rapid drying
of the spotted reagents. In addition, small volumes of reagent can be deposited onto
paper, easily allowing the mass delivered to be controlled by the reagent concentration.
Similarly, the mass of reagent stored is tuned to the volume of sample used to reconstitute
the reagent during the assay procedure. For colorimetric reactions, which have been the

most widely used paper-based device assays'®, color intensity can be easily optimized on

paper by changing the mass of reagent deposited while color homogeneity can be
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controlled by selecting a paper matrix with appropriate flow rate and porosity for the
desired reaction.

A reagent method of comparable simplicity to paper storage has not been fully
defined for centrifugal microfluidic devices where more complex fluidic control can be
maintained outside of a capillary-driven paper network. Here, we describe a method for
exploiting the advantages of paper for reagent integration and storage within a polymeric
microdevice, providing a wider bandwidth for assay development than the ever-
developing paper microdevice platform currently offers.*®* For example, aside from pre-
concentration, many paper devices do not yet incorporate sample preparation, requiring
sample processing to be performed off-chip.®* The ability to maintain centrifugal fluidic
control allows many opportunities for complex device use. Several processes can be
performed on centrifugal microdevices for heightened fluidic control, including radial
movement, capillary priming, capillary valving, siphoning, metering, splitting, and batch-

17,35

mode mixing.”"*°. Qutside of fluidic control, other processes that have been performed

on polymeric devices that are not widely used with paper devices include integrating

paramagnetic beads®® ¥’

, sample removal after device use for additional off-chip
analyses® (comparison or confirmatory), and heating with minimal volume loss to
evaporation.®® Kim et al. describe a fully integrated centrifugal device for performing
DNA extraction, amplification, and detection of food-borne pathogens in 30 min,
employing an enrichment step using antibody-coated magnetic beads.*® Another example
from Nwankire et al. involves a fully-integrated centrifugal device for a five-parameter

liver assay panel from whole blood using colorimetric reactions.** These are just two

examples from over 300 papers published on centrifugal microdevices*’, and many of
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these devices could benefit from a simple, paper-based reagent storage method. Godino
et al. describe a polymeric centrifugal device that integrated paper utilized as a siphon for
fluidic control, but in the later stages of the assay protocol, add colorimetric reagents via
pipet for detection.®

Here, a centrifugal polyester-paper hybrid microfluidic device is utilized with
proof-of-principle colorimetric assays for a wide range of analytes that include total
serum protein, serum albumin, an explosive (2,4,6-trinitrotoluene, or TNT), a narcotic
(cocaine), and iron. At the core of our hybrid devices is a polyester film-toner device
fabricated using the laser print, cut and laminate (PCL) technique we have previously
described.”* Device fabrication incorporates inexpensive, commercial materials and
instrumentation, and allows for reagent-saturated paper to be readily integrated, in a
multiplexed format if desired. This allows for various assays to be performed on a single
centrifugal microdevice, cost-effectively, to compliment device development in an

academic setting, prototyping, and commercialization.

3.1.3 Liquid Reagent Storage

44, 45 46, 47

Liquid reagent storage methods explored as blister packs™ ™, glass ampules™ ™',
and syringes* have been implemented for microfluidic devices. Glass ampules are
advantageous due to the vapor barrier and inert properties of glass for long-term reagent
storage. Glass ampules are more commonly used as a large-scale format outside of the
microfluidic device, where commercial one point cut (OPC) ampules aid in transportation

of standards and reagents. The contents are released by locally applying mechanical

force to break the ampule. This notion of liquid reagent storage has been briefly explored
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for small-scale microfluidic platforms for on-board reagent storage. Blister or foil packs
utilize flexible sheets of polymer to enclose reagents. These packs can be pierced and
deformed to release the contents, similar to blister packages used to access pills in
pharmaceuticals. Unlike blister packs and glass ampules, syringes have been utilized
within the instrumentation rather than within the microfluidic device to act as a
dispensing unit.*® Dispensing reagents in this manner can increase costs due to additional
dispensing instrumentation, introduce cross-contamination from syringe contact with
each microfluidic device, and allow for user error from replacing reagents after each
device is used.

The implementation of glass ampules and blister packs within microfluidic
devices requires small dimensions compatible with the substrates used. Oftentimes,
blister packs and ampules are used for storing rehydration buffers to solvate dry sample
or dry reagents for point-of-care devices, such as lyophilized enzymes or dried
oligonucleotides. Commercial blister packs between 150 pL and 5 mL are available from
thinkXXS.* Additionally, glass ampules of 50 uL and 100 L of buffer have been used
for reagent storage within centrifugal microfluidic devices for nucleic acid analysis*® and
DNA extraction®’, respectively. These liquid reagent storage options are not ideal for
handling low reagent volumes, i.e., 1-10 pL, for performing colorimetric reactions, where
additional metering and disposal architecture of excess hazardous reagent would be
necessary.

Here, we propose a simple custom glass ampule method for storage of small
reagent volumes that is compatible with both concentrated acids and volatile reagents for

colorimetric detection of illicit drugs. The Marquis and Simon’s reagents are used as
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proof-of-principle colorimetric assays that contain sulfuric acid and acetaldehyde
reagents. Ampules are fabricated from thin glass capillaries and do not require a thermal
sealing method, which can impact the effectiveness of the stored reagents. Glass ampules
are stored within polyester-based centrifugal microfluidic devices fabricated using the
laser print, cut and laminate (PCL) fabrication method.** The simplicity of PCL
fabrication and the described glass capillary ampule fabrication method, offers an overall
cost-effective device fabrication method using commercial, off-the-shelf materials.
Additionally, the small size of the capillary ampules allow for the integration of multiple

colorimetric reagents into a single device for enhanced unknown sample screening.

3.2 Materials and Methods
3.2.1 Inkjet Printing Reagents
3.2.1.1 Reagents and Materials

Unless otherwise indicated, all reagents were purchased from Sigma-Aldrich (St.
Louis, MO). TRANSNS Copier/Laser transparency sheets were purchased from Film
Source, Inc. (Maryland Heights, MO) and Apollo Quick-Dry Universal, 3M CG3489, 3M
PP2200, Staples Multipurpose, and HP Premium Inkjet transparency sheets were all
purchased from a third party vendor (Amazon.com). Artificial plasma was made using a
protocol defined previously.*  Albumin from human serum lyophilized powder in
artificial plasma (pH 7.4) was used for human serum albumin (HSA) standards. A
protein-sensitive reagent was prepared by mixing 3.3 mM tetrabromophenol blue (TBPB)
purchased from Alfa Aesar (Ward Hill, MA) in ethanol with a citrate buffer solution (pH

1.8) in a 1:1 volume ratio. Similarly, an albumin-sensitive reagent was prepared by



81
mixing 3.3 mM bromocresol green (BCG) in ethanol with citrate buffer (pH 1.8) ina 1:1

ratio.

3.2.1.2 Fabrication of Polyester-Toner Devices

Polyester-toner device fabrication using the laser PCL method has been
previously outlined extensively by Thompson et al.** The device is made up of
alternating polyester and toner-coated polyester layers. The toner-coated layers are made
by printing two layers of toner onto both sides of a single transparency sheet. These
toner layers define the architecture of the device and also act as an adhesive for bonding
during lamination. All device features were laser-ablated using a VersaLASERVLS3.50
system with compatible CAD software. Inlets and air vents were cut into the capping
layer, device features were cut out of the fluidic layers (2 and 4), and the middle device
layer was used as a via layer for optimal fluidic mixing between all layers. Reagents
were printed onto the bottom side of the capping layer and the topside of the bottom
layer. The chambers for printed reagents spanned three layers to allow sample access to

both printed reagent areas.

3.2.1.3 Inkjet Printer Modifications

Printing was performed using an EPSON R280 printer with modifications
described previously.”®** Refillable ink cartridges were purchased through a third-party
vendor (inkproducts.com) for modifications in place of the stock EPSON ink cartridges.
The refillable ink cartridges were modified using a Dremel® drill to fit a P200 pipette tip.

The ink cartridge connector that extends from the bottom of the cartridge to the print
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nozzle was removed. A hole was then drilled into the front of the ink cartridge above the
connector hole, approximately 25 mm tall and 12 mm wide. The ink cartridge embedded
chip and plastic support to hold the cartridge together were kept intact to guarantee that
the cartridge fits normally into the printer. The end of a P200 pipette tip was cut until the

tip fit tightly over the print nozzle to become the new reservoir to hold printing solutions.

3.2.1.4 Print Preparation

The printer was cleaned and conditioned between each device-printing session.
To clean the printer, a 12 mL plastic syringe (inkproducts.com) and silicon tubing (5 mm
0.d.) were used to drive cleaning solutions through the print head nozzle onto a paper
towel placed below the print head. Ethanol, isopropyl alcohol, ethanol, water, and air
were sequentially used to flush the print head. Once cleaned, a new P200 pipette tip was
cut to fit tightly around the nozzle over the print head, acting as a reservoir to hold the
reagent solution. Reagent was added to the reservoir and a P200 pipette was placed on
the pipette tip reservoir to push reagent through the print head nozzle onto a paper towel
for conditioning. The printing reservoir was filled again with 150 pL of reagent for
printing. Ink cartridges were returned to the appropriate printer compartment and
situated into the ‘home position’ to lock in place. No error messages were confirmed

when the printer was turned on before printing reagents.

3.2.1.5 Polyester Layer Preparation
A compact disc (CD) was placed in the printing tray designated for CD labels. P5

filter paper (11 cm diameter) purchased from Fisher Scientific (Pittsburg, PA) was taped
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on top of the CD. Dye solution was printed onto the filter paper using the EPSON Print

CD software. The printed dye regions were used to align the pre-cut polyester capping
and bottom device layers for printing. Different ink cartridges were chosen (e.g. black
and cyan) to print two different reagents simultaneously, when necessary. The designed
printing regions in the EPSON Print CD Software were coordinated with each ink

cartridge for cyan (0 red, O green, and 255 blue) and black (0 red, 0 green, 0 blue).

3.2.1.6 Examination of Printing onto Different Polyester Films

A reagent-mimic solution of ethanol and citrate buffer (pH 1.8) in a 1:1 volume
ratio with added green dye was prepared for printing. The solution was printed ten
successive times onto a TRANSNS transparency film layer and an Apollo Quick-Dry
Universal transparency film layer simultaneously. Bright field microscopy at 4X
magnification was used to image the interface of each printed spot with the substrate
surface. Characterization of the substrate surface was performed using a Zygo®
Newview™ 7200/7300 Optical Profilometer (Middlefield, CT). MountainsMap®

(Digital Surf), WSxM and Matlab were used for image processing.

3.2.1.7 Microfluidic Device Stability

Three replicate chambers, on three devices (n = 9), were tested at each time point.
Devices were stored at room temperature in a dark area until analysis. Standard 50
mg/mL HSA aliquots were stored at -20°C until analysis on day 1, immediately after

device fabrication, and at weeks 1, 2, 3, 4, and 8.
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3.2.1.8 Centrifugal Spin Protocol and Microdevice Control

The device spin system consisted of a Sanyo Denki Sanmotion series stepper
motor controlled by a Pololu DRV8825 stepper motor driver in full step mode. The
motor was mounted on a custom made 3-arm support structure cut from poly(methyl
methacrylate) to immobilize the motor during rotation. Motion control profiles were
generated using a Parallax Propeller microcontroller, programmed in the native
programming language. A printed circuit board was designed using EAGLE CAD
software. The device spin protocol after sample addition for reciprocal mixing®* was as
follows: spin 1000 RPM with 50 angular acceleration (AA) for 10 s, 1000 RPM, three
replicates, for 10 s (500 AA), 1000 RPM for 20 s (500 AA), and 1000 RPM for 20 s

(1000 AA).

3.2.1.9 Colorimetric Detection with Printed Devices

To monitor the colorimetric reactions, devices were scanned using an EPSON
Perfection V100 Scanner with 1200 dpi resolution. The scanned images were saved as
TIFF files for further analysis using a Mathematica algorithm, in terms of hue and

saturation.

3.2.2 Paper-hybrid Devices
3.2.2.1 Reagents

Bromocresol green (BCG), albumin from human serum lyophilized powder,
cobalt thiocyanate, tetramethylammonium hydroxide, hydroxylamine, 1,10-

phenanthroline, iron (I11) chloride, ethanol, tartrazine dye, sodium hydroxide, acetic acid,
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and hydrochloric acid were all purchased from Sigma-Aldrich (St. Louis, MO). Cocaine
and 2,4,6-trinitrotoluene (TNT) standard solutions (1.0 mg/mL) were purchased from
Cerilliant (Round Rock, TX). Tetrabromophenol blue (TBPB) was purchased from Alfa

Aesar (Ward Hill, MA).

3.2.2.2 Preparation of Reagents and Standards

A protein-sensitive reagent was prepared by mixing 3.3 mM TBPB in ethanol
with citrate buffer solution (pH 1.8) in a 1:1 volume ratio. Similarly, an albumin-
sensitive reagent was prepared by mixing 3.3 mM BCG in ethanol with citrate buffer (pH
1.8) ina 1:1 ratio. Cobalt thiocyanate reagent was prepared in 10% acetic acid to make a
20 g/L solution.  Tetramethylammonium hydroxide reagent was used as is.
Hydroxylamine and 1,10-phenanthroline reagents were prepared separately in acetate
buffer, 8 mg/mL and 0.1 g/mL respectively, using a protocol described previously.>®

Albumin from human serum lyophilized powder in artificial plasma (pH 7.4) was
used for human serum albumin (HSA) standards. Artificial plasma was made using a
method defined previously.*® Upon addition of HSA, TBPB changes from yellow to blue
depending on protein concentration. Similarly, BCG changes from yellow to green
depending on the HSA albumin content. Purchased standard solutions of cocaine and

TNT were used as is. Iron (I11) chloride was prepared in a 10 mg/mL aqueous solution.

3.2.2.3 Hybrid Device Fabrication
Devices were fabricated from TRANSNS Copier/Laser transparency sheets

purchased from Film Source, Inc. (Maryland Heights, MO), with five alternating layers
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of uncoated (lays 1, 3, and 5) and toner-coated sheets (layers 2, and 4). For the toner-
coated sheets, two layers of black toner were printed onto each side of the sheet. The
toner acts as an adhesive when heated during device bonding.

Reagents were added to Whatman filter papers in 5 pL increments. The first
reagent spot was allowed to dry for 10 min and then a sequential reagent spot was added.
Once dried, reagents were either punched out using a 2 mm Acu-Punch disposable biopsy
punch (Acuderm, Fort Lauderdale, FL) or laser cut using a VersaLASERVLS3.50 system
(Scottsdale, AZ) with compatible CAD software. Device layers 2-5 were combined, and
then the reagent punches were added to the corresponding reagent chambers. Layer 1

was combined, enclosing the reagent punches, and laminated at >160 °C.

3.2.2.4 Spin System

A Sanyo Denki Sanmotion series stepper motor controlled by a Pololu DRV8825
stepper motor driver in full step mode was utilized for the spin system. Motion control
profiles were generated using a Parallax Propeller microcontroller and a printed circuit
board was designed with EAGLE CAD software containing the microcontroller, motor
drivers, and associated components for power regulation, heat sinking, and serial
communication with an external computer terminal. A poly(methyl methacrylate)

(PMMA) custom support structure immobilized the motor during rotation.

3.2.2.5 Image Analysis
After each completed spin procedure, the reaction chambers within each device

were imaged using an Android smartphone or an EPSON Perfection V100 Photo Scanner
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with 1200 dpi resolution. Images were taken at 5 cm above the microdevice for
consistent image capture with the smartphone. Scanned images were saved as TIFF files
and smartphone images were taken 5 cm above the microdevice for consistent image
capture. Color changes in the device detection windows of each image were cropped
using ImageJ. The cropped images were then analyzed to determine color hue and
saturation (HSB color model) as image analysis parameters, using a Mathematica
algorithm. The hue and saturation values were both reported as arbitrary units (A.U.) by

dividing the hue results by 360° and the saturation results by 100%.

3.2.3 Capillary Ampules
3.2.3.1 Reagents

Cocaine, codeine, heroin, methamphetamine, 3,4-
methylenedioxymethamphetamine (MDMA) and 3,4-methylenedioxyamphetamine
(MDA) standard solutions were purchased from Cerilliant (Round Rock, TX). Sulfuric
acid, formaldehyde, sodium carbonate, and methanol were purchased from Fisher
Scientific (Waltham, MA).  Acetaldehyde, sodium bicarbonate, and cobalt (I1)
thiocyanate were purchased from Sigma-Aldrich (St. Louis, MO). Sodium nitroprusside
dihydrate was purchased from MP Biomedicals (Santa Ana, CA). All solutions were

prepared in Nanopure™ water (Barnstead/Thermolyne, Dubugue, IA).

3.2.3.2 Preparation of Drug Samples and Reagents
Purchased drug standards were concentrated in an Eppendorf Vacufuge 5301

(Westbury, NY) when necessary. Methanol was used as the solvent for dilutions.
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Simon’s reagent was prepared by dissolving 0.1 g sodium nitroprusside in 10%
acetaldehyde (v/v, acetaldehyde:water) for solution A, and dissolving 0.2 g sodium
carbonate in 10 mL H,O for solution B.>** Solution A and B were used sequentially.
Modified cobalt thiocyanate reagent was prepared by dissolving 2.0 g cobalt (1)
thiocyanate in a 10% acetic acid solution (v/v, acetic acid:water).>>*® Marquis reagent
was prepared by carefully adding 10 mL concentrated sulphuric acid and 0.5 mL of 37%

formaldehyde (v/v, formaldehyde/water).>’

3.2.3.3 Fabrication of Custom Capillary Ampules

Capillary tubes, 1.5-1.8 mm diameter, were cut to the desired length using a
diamond tip glass cutter tool. PTFE thread seal tape (manufactured to MIL Spec
T27730A) or QUIK-CURE™ 5 min epoxy (Bob Smith Industries) was used to seal the

ends of cut capillary segments.

3.2.3.4 Fabrication of Centrifugal Microfluidic Devices

Devices were fabricated using the print, cut and laminate (PCL) protocol
previously described in detail.* Using the PCL method, device layers were fabricated
using TransNS Copier/Laser transparency sheets (Film Source, Inc., Maryland Heights,
MO) and heat-sensitive adhesive (EL7970-39, Adhesives Research, Glen Rock, PA) was
used in place of toner to bond the layers of the device together. Five-layer device designs
consisting of alternating layers of uncoated (layers 1,3, and 5) and adhesive-coated
transparency sheets (layers 2, and 4) were used as the core centrifugal device for studies

with dye, Simon’s reagent, and Marquis reagent. This five-layer core device format was
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adapted for the neutralization studies by implementing a toner-coated transparency sheet
for layer 3. This toner-coated layer (printed black toner using HP LaserJet 4000 printer)
was used for additional fluidic control through laser valving as described previously®>°,
whereby energy from a short pulse of a red laser (2 s) is absorbed by a patch of toner to
provide a simple mechanism for opening a path for fluid flow.

All device architecture was designed in CorelDraw software (Coreldraw V9). A
CO; laser system (VLS3.50, Universal® Laser Systems, Scottsdale, AZ, USA) was used
to laser ablate the microfluidic architecture into each device layer. Cut device layers
were combined and laminated at >160 °C for device bonding. Chambers within the
device for containing capillary ampules were cut to be exposed (open chambers). To
accommodate the custom capillary ampules, 0.8 mm poly(methy methacrylate) (PMMA)
sections were adhered to the core polyester-based centrifugal device for both device
formats, five-layer with and without toner-coated layer 3. PMMA chambers were laser
cut and adhered to the microfluidic device using pressure-sensitive adhesive. Once the
capillary ampule was placed in the PMMA reinforced chamber, another layer of pressure-
sensitive adhesive with a transparency sheet cover layer were used to enclose the ampule.

For neutralization studies, an additional 1.5 mm PMMA section was incorporated for

added depth to the sodium bicarbonate chamber.

3.2.3.5 Spin System
The rotation system was composed of a FAULHABER Coreless Technology
series 2232_SR motor controlled by a Pololu DRV8801 Single Brushed DC Motor Driver

Carrier and aligned by a TT Electronics wide gap slotted optical switch. The laser system
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was composed of a Thorlabs 638nm red laser diode, a Thorlabs LT230260P-B laser diode

focusing tube, a Thorlabs SR9F electrostatic discharge (ESD) protection and strain relief
cable, a Thorlabs MTS50-Z8 motorized translation stage, and two Wavelength
Electronics FL500 laser diode drivers. The lighting system was composed of a
RadioShack three-light emitting diode (LED) Waterproof Flexi Strip. A custom PMMA
support structure and spin system enclosure immobilized the motor during rotation and
permitted consistent imaging.

The custom-made printed circuit boards (PBCs) were designed in Easily
Applicable Graphical Layout Editor (EAGLE) and were comprised of the multicore
microcontroller, motor drivers, laser diode drivers, N-Channel metal-oxide-
semiconductor field-effect transistors (MOSFETSs), high efficiency linear voltage
regulators, and various passive electronic components and connectors. Control of the
multipurpose microfluidic spin system was accomplished through the Parallax Serial
Terminal (PST) program running on a Microsoft Windows based personal computer that
was connected to the Parallax Propeller multicore microcontroller by a universal serial

bus (USB) cable. The PST allowed the user to manually control all aspects of the system.

3.2.3.6 Image Analysis

After each completed spin procedure, the reaction chambers within each device
were imaged using an Android smartphone or an EPSON Perfection V100 Photo Scanner
with 1200 dpi resolution. Images were taken at 5 cm above the microdevice for
consistent image capture with the smartphone. Color changes in the device detection

chambers of each image were cropped using Imagel. The cropped images were then
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analyzed to determine the hue (HSB color model), using either ImageJ or a Mathematica

algorithm. The hue values were reported as arbitrary units (A.U.).

3.3 Results and Discussion
3.3.1 Inkjet Printing Reagents for Storage with Polyester-Toner Devices

An obvious addition to the PCL fabrication method was to define a print-based
delivery and reagent storage method. This was accomplished using an inkjet printer,
modified for printing reagents instead of toner, to carry out automated spatial patterning
of multiple reagents onto polyester layers. This method has the potential to springboard
device advancement towards fully integrated systems by the addition of a single

fabrication step at a minimal cost.

3.3.1.1 Initial Printing Attempts

Since inkjet printing of reagents had been successfully applied to paper-based

63, 64 22, 50, 65

microfluidic devices and agarose media, an obvious discriminator between
those substrates and the polyester films used for microfluidic devices described here was
the porosity of the substrate. Meanwhile, the nature of the surface onto which the droplet
i ejected does not factor into the equation for the Ohnesorge number, requiring a new
approach for increasing reagent printability. Commonly, polyester-toner microdevices

13, 14, 66, 67 :
l.e.,

have been fabricated using smooth, dual-purpose transparency films,
TRANSNS Copier/Laser transparency sheets (Film Source). Initial attempts to print
directly onto the smooth TRANSNS transparency film were unsuccessful due to the non-

absorbent characteristic of the film. Initiating the printing process onto paper and
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transitioning the print onto the transparency by overlaying the transparency film onto the
printed paper circumvented this limitation and once a print stream was created using
paper, it was maintained when moved onto transparency (Fig. 3-1). This methodology
could not be used moving forward, because it made printing more complex device
designs difficult. Patterning onto paper between each printing event wasted valuable
reagents and increased device fabrication time. Additionally, this method limited the
device layer designs, requiring reagent-patterning spots to be positioned for intermittent

printing onto the alignment filter around the transparency film.
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Paper { Polyester
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Figure 3-1. Inkjet printing droplets onto various substrate material. (A) Diagram describing initial
attempts of printing reagent onto polyester film by overlapping with paper, starting the print stream on
paper to maintain printing onto polyester. (B) Actual image of printed TBPB reagent (yellow) onto
polyester film using paper to initiate printing. (C) Schematic demonstrating droplet interactions with
different microdevice material during inkjet printing. Droplets are absorbed into the porous cellulose-
based substrate (paper) and dry. Non-porous polyester film does not absorb the printed droplets causing
multiple droplets to combine on the surface and no drying occurs. Inkjet polyester film with a rough
surface allows more surface area for the printed droplet to interact with and dry onto the surface.

Secondary attempts to print directly onto transparency films involved the addition
of additives to the reagent matrix. The Ohnesorge number (Equation 1) was used to
predict printability of solutions, defining good printability as a ratio of reagent properties
and inkjet print head diameter.®® ®* Various additives were used following the Ohnesorge

parameters, including polyethylene glycol and glycerol to increase solution density and
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viscosity, and surfactants to decrease surface tension. If the viscosity of the solution was
too high, the force generated by the piezo was insufficient to eject the droplet and make
contact with the substrate, thus causing the droplet to retract into the print nozzle and
dry.%? Once the droplet dried, this became a common source for clogging of the print
head and would require substantial syringe pressure and cleaning to dislodge the dried
print solution. When the concentration of surfactant was in excess, adjacent droplets
would combine and result in a droplet that was too large to dry onto the printing surface
(Fig. 3-1). Although some success resulted from using additives incorporated into the
reagent solution, overall printing was inconsistent and, frequently, the printer nozzle

would become clogged.

3.3.1.2 Optimization for Various Print Solutions and Polyester Films

Plasma surface treatment for polymeric films has been reported to increase the
surface energy for patterning inks®, but techniques were avoided that would increase the
complexity and time for device fabrication,
leading to employment of commercial
inkjet-compatible transparencies with a
rough surface. The enhanced surface area
and energetic interaction provided by the

roughness was considerably more effective

at disrupting the liquid bridge for droplet Figure 3-2. A commercial inkjet-compatible
transparency with a rough surface was
employed for printing TBPB indicator onto
multiple devices. Printed devices resulted in
dark (A) and light (B) colored printed regions
droplets within cavities from the roughness  through visual examination.

deposition. Additionally, the trapped
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dried more rapidly in comparison to the larger droplets, formed by adjoining individual

droplets, onto the TRANSNS film (Fig. 3-1).

Table 3-1. Hue and saturation analysis results for the five devices printed with TBPB and categorized as
light and dark colored prints.

Number of Number of Print Visual Print .
. Hue Saturation
Devices Cycles Appearance
3 5 Light 0.521 + 0.007 0.235 + 0.007
2 5 Dark 0.516 + 0.002 0.386 + 0.054

Strictly moving to an inkjet-compatible transparency with a rough surface was not
sufficient for obtaining consistent printing. Five separate devices were each printed with
TBPB indicator to visualize differences in printing allowed by the yellow colored TBPB
solution. While each device had consistent printing for the replicate chambers (n = 3 for
each device), inconsistencies with printing were observed amongst the five different
devices. Through visual examination, the five devices could be divided into either a light
yellow or dark yellow printing result (Fig. 3-2). Color analysis was performed using hue
and saturation from the HSB color model to evaluate the differences in printing between
the light and dark printed device (Table 3-1). Each device was printed with five print
cycles of TBPB and resulted in similar hue values for both light and dark printed devices
as the shade of color for the printed indicator did not differ. Comparing the saturation
analysis between the light and dark printed devices best demonstrates the variation in
printing, as saturation analysis is sensitive to the amount of printed solution deposited
onto the film. A number of variables relating to printer preparation needed to be
optimized. To generate consistent printing, it was critical to clean and condition the
printer between each device printing session using pressure and solvent to assure no

clogging of the print head.
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The printability of solutions containing water, detergent and buffer, commonly
used in biological assays, was assessed with different commercial inkjet transparency
films with rough and smooth surfaces denoted, including TRANSNS (smooth), Apollo
Quick-Dry Universal, (rough), 3M CG3480 (rough), HP Premium (rough), Staples®
Multipurpose (Rough), and 3M PP2200 (smooth). A qualitative assessment of
‘printability’ was defined by a ‘0°, “‘0.5” or ‘1’ designation, where ‘0’ represented failed
printing and ‘1’ for effective printing. With an assessment of ‘1’, the film was no longer
optically transparent at the spot of printing (Table 3-2). For ‘0.5°, the film seemed
transparent under direct light, as the printed spot was only visible under specific lighting
conditions, i.e. rotating the film at various angles. Each of these results was significantly
different from an assessment of ‘0’ where there was no indication of reagent printed on

the transparency. Each individual solution was printed in three different locations on

Table 3-2. Printing various biologically relevant solutions onto different commercial transparency films
to determine optimal printing parameters. Along the top row for each film, contact angles of each
solution measured on the surface of the film are given. Along the bottom row for each film, the print
quality was assessed using 0, 0.5, and 1 as a qualitative method to report when the solutions did not
print, faintly printed, or printed well.

Commercial Tween 20 (%Vol/vol) Citric
Transparency Water TBPB acid Dye
Films 0.1% 0.3% 2.00 % 10.00 % Buffer

TRANS-NS 67°+1.0 47°+02 46°+15 41°+02 40°+13 72°+09 32°+10 38°+1.2
(smooth) 0 0 0 0.5 0.5 0 0.5 0.5

Apollo Universal  43°%01 24°+03 26°%03 28°+0.1 27°#03 32°:02 13°%+20 18°+03

(rough) 0 05 0.5 1 1 0 1 1
3MCG3480  75°%3.8 48°+0.9 49°+02 47°+04 49°+10 79°+05 31°+20 35°%4.3
(rough) 0 0 0 05 1 0 1 1
HP Premium Surface coating is water soluble
(rough) 0.5 0 1 1 0.5 0.5 1 1

Multipurpose 44°+10 26°+x0.2 19°x15 19°+0.6 19°+05 46°x22 10°+41 11°*03

Transparency
film (rough) 0.5 0.5 0.5 0.5 0.5 0.5 1 1

aMPP2200 43713 32°+05 24°306 21°+10 23°:02 14°+04 38°+10 13°+14
(smooth) 0 0 0 0.5 0.5 0 0.5 1
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three separate device layers for n = 9. Additionally, three separate droplets were used to
measure contact angles of each solution used to assess printability. One obvious
influence on droplet formation is the surface tension of the fluids involved; high surface
tension leads to a higher resistance in droplet formation at the print nozzle exit.®
Printing fails when the droplet jetted from the nozzle exit fails to detach effectively.
Unfortunately, measuring the wetting angle of the fluids on the print nozzle exit surface
is extremely difficult, and even if the precise composition of the nozzle exit is known,
processing conditions can significantly affect wettability. The data in Table 3-2 suggests
a trend where fluids with low surface tension generally print better. This trend is inferred
by low wetting angles across a variety of thermoplastic surfaces, and is used as a proxy
for wetting of the print nozzle material. This is illustrated, for example, in the
comparison of a color dye and TBPB versus water and low concentrations of Tween 20,

with the only significant deviation from this trend being PP2200.
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CAPPING - Printed Reagent
= Mixing Chambey 3
FLUIDIC-1
Via Features C
VIA
FLUIDIC-2

BOTTOM
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Figure 3-3. (A) Schematic of a 5-layer mixing device describing the role of each polyester and toner-
coated polyester layer, with top and bottom layers for printed reagents. Bright field microscopy image
(4X magnification) of a reagent spot printed ten times on (B) TRANSNS smooth and (C) Universal
Apollo inkjet films.
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Figure 3-4. (A) HSA was added to devices printed simultaneously with TBPB and BCG, and analyzed
for hue. An image of the color change is shown in the graph inset. (B) CorelDraw image describing the
device design used for reciprocal mixing where each ink cartridge (cyan, yellow, magenta, and black)
can be used to individually print different reagents onto a polyester device layer. (C) The printed
reagent layer can be aligned to multiple reaction chambers on the device

3.3.1.3 Microdevice Fabrication with Rough Polyester Film

Devices are fabricated from alternating layers of untreated polyester and toner-
coated polyester, allowing for features that include inlets, air vents, channels, and mixing
chambers (Fig. 3-3A). With a view to more complex LOC devices, the printed layers can
be aligned to allow each printed reagent region to match an appropriate reaction chamber
for multiplexing (Fig. 3-4). Reagents can even be printed simultaneously without cross-
contamination of reagents to reduce fabrication time (Fig. 3-4A), primarily because each
reagent is obtained from a separate ‘cartridge’. This fabrication technique allows
reagents to be stored on-board in an enclosed manner for transport and storage after
fabrication.

As described in Table 3-2, moving to an inkjet-compatible rough transparency
film such as the Apollo Quick-Dry Universal film chosen here, with an average
roughness of 10.2 um (Fig. 3-5A), immediately improved the printability of the reagents

compared to the smooth transparencies, average roughness of 0.126 pum (Fig. 3-5B), that



were traditionally used with fm
PCL fabrication. Figure 3-
3B shows the edge of the

printed reagent spot on the

TRANSNS transparency film
(smooth), and in Figure 3-

3C, similarly onto Apollo

Universal transparency film

Figure 3-5. Optical profilometry images of substrate surfaces.
(rough); insets show the (A) Surface images, 3D (left) and top-down (right) of Apollo
Universal inkjet transparency film, root mean square (rms)
roughness is 45.3 mm and average roughness (ra) is 10.2 mm. (B)
Surface images, 3D (left) and top-down (right) of TRANSNS
transparency film, rms =0.171 mm and ra = 0.126 mm.

entire printed spot.
Introducing rough surfaces
for the top and bottom microdevice layers, however, had an affect on fluid movement
required for the spin-stop centrifugal mixing protocol®?, which relies on capillary action
for back-filling. Parameters such as channel length, channel diameter, and fluid viscosity
effect how long it will take a solution to fill a channel by capillary action. The greater
surface area introduced by the rough channel walls increased the channel length and
slightly decreased the channel diameter, hindering efficient movement of viscous HSA
via capillary action. To overcome this, a five-layer device design was used that
incorporated a smooth transparency film as the middle layer to promote back-filling for
mixing. The smooth transparency film permitted only one of the channel walls to be
comprised of the rough film.

The printer specifications for individual droplet size and resolution are 1.5 pL and

5760 x 1440 dpi, respectively. Using these values and dimensions of the designed
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printed reagent area, it was determined that nanoliters of reagent are deposited onto our
devices during the initial pass of the print head, or initial print event. To deposit more
volume of reagent, several successive print events were performed onto the same area.
The number of successive print events was optimized using TBPB by varying the number
of events and evaluating the printed area with image analysis. Increasing the volume of
TBPB deposited should produce an increasingly darker, or more intense, yellow-colored
area. Saturation, an image parameter of the HSB color model, referring to color intensity,
was chosen to analyze the printed area and is reported from O to 1 by dividing the
saturation values by 100%. Hue cannot be used for analysis because the shade of the
color will not change with an increased mass of printed reagent. Figure 3-6A shows that
the relationship between the number of print events and the magnitude of the saturation
was linear. The less-than-optimal fit is most likely a result of slight printer tray
misalignment during printing. Given that the printer was designed to print CD labels, the
manual repositioning of the tray after each print event, and prior to the next successive
print event, is outside the parameters of normal use for this hardware. This leads to shifts
in the tray position that causes variability in the location of printed reagent. As a result,
rather than successive prints over the same precise band locations, the end result was a
series of random reagent and reagent-free bands within the printed spot. After a given
number of printing events, the position of these individual ‘reagent bands’ varied
between each printed reagent spot causing variability in the overall color intensity, i.e.
saturation. Given that saturation can be significantly impacted by even the smallest
change in color intensity, variability in the location of the reagent bands would result in

larger error bars. This is in comparison to hue analysis where the hue value associated
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with a given color is not susceptible to changes color intensity, and would therefore be
unaffected by variability in reagent band location. A total of ten successive print events
was chosen because the saturation value was 17.5% greater than the average saturation
resulting from print events 5-8, overcoming affects from print tray misalignment. This is
most likely due to the decreased chance for reagent-free regions within the overall
reagent spot as the number of print events is increased. Reagents were simultaneously
printed onto the capping and bottom microdevice layers (Fig. 3-3A) to double the mass
of reagent incorporated into each device without doubling the fabrication time for printed

reagents.
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Figure 3-6. (A) TBPB was printed onto the reagent layers for polyester—toner device integration and
the printed reagent spots were analyzed for saturation to show an increase in amount of reagent
deposited. (B) Hue analysis for various concentrations of HSA in artificial plasma added to TBPB
printed devices. (C) Hue analysis for various concentrations of HSA in artificial plasma added to BCG
printed devices. Above the points on each graph shows the color associated with that point.

3.3.1.4 Human Serum Albumin Concentration Measurements

Printing total protein and albumin sensitive reagents were chosen as proof of
principle colorimetric reactions because the resulting color changes are well defined and
pertinent for point-of-care testing. Devices printed with TBPB and BCG were evaluated
over a range of relevant HSA concentrations and analyzed for the color change using hue
(three printed regions on three devices for n = 9). Figure 3-6B,C shows the color change

with addition of HSA on the printed TBPB and BCG devices. Results are reported from
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HSA, which has been seen Figure 3-7. TBPB-printed devices were stored at room
temperature and analyzed for hue over eight weeks with

. ) raph inset showing the initial three day stability.
previously.?® This range could be " ’ Y Y

expanded, where some reagent-limited results are observed, by more successive print
events or increasing reagent concentration.’” The calibration for printed BCG devices
resulted in a sigmoidal curve (R? = 0.9988), with increased sensitivity for HSA
concentrations between 50-75 mg/mL. No loss in activity from the transparency surface
coating or device bonding was seen for both assays. The good fit of each curve
demonstrates adequate mixing of reagent and standard. Efficient mixing, resulting in
homogenous color, was addressed by incorporating six mixing events using a spin
protocol that alternates the device between a spinning and stopped position.*? The device
architecture allows capillary action to move the solution back towards the center of the
device when spinning is stopped, while centrifugal force mobilizes the fluid into the

mixing domain when the device is spun.
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3.3.1.5 Printed Reagent Stability

Device stability was initially measured over three days and subsequently
expanded into a longer shelf life analysis (Fig. 3-7). It is critical for point-of-care
microfluidic devices to have stability over time for storage and transportation. The
devices utilized here had minimal storage requirements allowing printed TBPB devices to
be stored at room temperature and kept in a drawer, as indicated in the reagent MSDS.
Reagent exposure to lamination during fabrication and the microdevice material during
storage seemed to have no effect on stability. At each time point, the addition of HSA to
the devices resulted in a blue color change and quantitatively, minimal detection changes
occurred. Figure 3-7 shows a low percent relative standard deviation (%RSD) over 8

weeks, 0.652 %, indicating no loss in activity of the printed reagent

3.3.2 Simple Paper-Polyester Hybrid Devices for Reagent Storage

Reagent storage on paper is a simple and inexpensive method for integrating
reagents into microfluidic devices, and has been exploited extensively in paper-based
microfluidics. This approach is adapted here for centrifugal microfluidic devices,
providing a successful reagent storage method when integrated into polyester device

fabrication for polyester-paper hybrid devices.

3.3.2.1 Device Fabrication
A schematic illustration of the fabrication process for polyester-toner and paper
hybrid devices is shown in Figure 3-8. The reagent of interest is pipetted onto Whatman-

1 filter paper and then removed using an Acu-Punch disposable biopsy punch (2 mm
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diameter). The reagent punch was .
1. Pipet reagent

added to a designated reagent chamber Eilter
paper

(A) with reagent
in the device, enclosed by a capping

. 2. Punch
layer and sealed by thermal bonding

using lamination. If mass production ”
(B) - : 3.A55£nb|e Device with

and fabrication time are critical, the

¢

paper can be soaked with reagent,

allowed to dry, and then laser cut to the

Ready to use
device

©

desired reagent punch shape and size.

Figure 3-8D shows a sheet of filter (D)

paper (125 mm diameter) that has been P

soaked in BCG reagent, and then laser

cut into 380 reagent punches 2 mm in

diameter. ~
Figure 3-8. Schematic describing steps to
fabricate paper/PET hybrid devices. (A) Reagents
are pipetted onto filter paper and left to dry. Dried
reagent spots on filter paper are removed using
3.3.2.2 Colorimetric Analysis and Acu-Punch tool. (B) Device layers are assembled
without the top ‘cover layer’. Reagent filter paper

Reagent Stability punches are added to device and the toplayer is
combined. (C) Device is thermal bonded to

- . enclose reagent punches. (D) Filter paper soaked

The utility of this approach was in BCG reagent, dried, and laser cut into 380 2

mm diameter paper reagent punches to integrate

examined for colorimetric reactions of into microdevices.

different applications, including clinical, forensic, and environmental applications. The
ability to detect total serum protein, serum albumin, cocaine, TNT, and Fe**
colorimetrically was examined using TBPB, BCG, cobalt thiocyanate,

tetramethylammonium hydroxide, and hydroxylamine with 1,10-phenanthroline,
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respectively. The color changes associated in the presence or absence of each analyte
with reagents on 2 mm paper punches are also shown in Figure 3-9. All reactions were
successful, with the expected color changes observed for 50 mg/mL HSA, 1 mg/mL
cocaine, 1 mg/mL TNT, and 1 mg/mL FeCls. Color changes to blue-green for protein,
yellow-green for albumin, blue for cocaine, purple for TNT, and red-orange for Fe** were
observed. Adsorbed reagent to the paper matrix still undergoes a colorimetric reaction
when the sample solution is introduced. The color generated by the reagents in the
absence of each analyte is shown in Figure 3-9, with citrate buffer, ethanol, and water as

negative analyte solutions.
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=
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Figure 3-9. Images (Day 7) of the color change with, and without, total protein (TP), aloumin (Albu.),
cocaine, TNT, and Fe with TBPB, BCG, cobalt thiocyanate, tetramethylammonium hydroxide, and
hydroxylamine and 1,10-phenanthroline reagents, respectively.

With the goal of detecting Fe in either whole blood or in the environment, the
reaction of Fe®** with hydroxylamine and 1,10-phenanthroline colorimetric reagents
overlaid on a single paper punch is shown in Figure 3-10. In this study, each device with
multiple reagent chambers (for n = 9 using 3 devices) was stored to test the long-term
storage amenability for Fe** reagents. Since 1,10-phenanthroline is hygroscopic, the

effectiveness over time when the reagent is embedded in a polyester chamber having an
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Figure 3-10. (A) Images of FeClI3, and blank solutions, added to reagent paper punches with
hydroxylamine and 1,10-phenanthroline dried reagents at Day 1, 2, 3, 7, and re-imaging Day 7 after 24
h. (B) Image analysis using hue of FeCl3and blank solution added to reagent punches at Day 1, 2, 3, 7,
and 14 as well as re-imaging of the same punches >24 h after initial reaction. (C) Total protein,
albumin, cocaine, iron, and TNT reagents stored on paper punches over 10 weeks.

inlet port and air vent (1 mm diameter) needed to be evaluated. Fe(lll) is first reduced to
Fe(ll) using hydroxylamine and changes from colorless to a red/orange color in the
presence of 1,10-phenanthroline, upon formation of the ferroin complex.”” The expected
color change is observed on day 1 in the presence of 1 mg/mL FeCl;. Due to 1,10-
phenanthroline being hygroscopic, the resulting color change with the addition of FeCls;
differed over seven days, and the reagent punch failed to turn red for Fe** when used
after day 1. The reaction turned orange on day 2, and then turned a consistent brown

color from days 3-7. The reacted devices were left overnight, allowing the solvent to



106

evaporate from the chamber. The color change observed after 24 hr was consistently
pink, analogous to the expected red hue color. The resulting pink color (not expected red
color) was most likely due to the lack of solvent. When a negative (aqueous) solution
was added to each of the punches from days 1-7 and left to dry overnight, the resulting
color remained white (Fig. 3-10A). This demonstrated that the pink color change was not
due to the reagents alone, and only occurred when Fe** was present. Either color change,
immediate brown color or pink color observed upon re-analysis, can be used for Fe**
detection as both resulting hue values differ from a negative analyte solution. This
provided a possible alternate method for Fe®* detection, using hydroxylamine and 1,10-
phenanthroline reagents, with confirmatory analysis performed 24 hr later. The hue
results corresponding to each color change observed in Figure 3-10A with the re-analysis
after 24 hr for each is shown in Figure 3-10B. Image analysis to determine hue values
utilized a desktop scanner and analysis of color with ImageJ using the HSB color model.
To assess the long-term storage capabilities for TBPB, BCG, cobalt thiocyanate,
tetramethylammonium hydroxide, hydroxylamine and 1,10-phenanthroline for detection
of total serum protein, serum albumin, cocaine, TNT, and Fe, respectively, devices were
fabricated to store reagent punches in 2.3 mm diameter chambers with a vent and inlet
port. The dry reagent-saturated devices were stored at room temperature, and the
respective analytes for each added at days 1, 2, 3, 7, 14, 21, 28, 42, and 70 (for n = 9,
using 3 devices). Hue analysis was performed for each colorimetric reaction, with the
exception of cocaine where saturation was used due to methods described previously.>®
This is not a significant change in the detection protocol, as saturation is measured with

the same process used for hue analysis where the device is scanned and analyzed using
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Figure 3-11. Image analysis of the color change for various concentrations of (A) total protein and
albumin, (B) TNT, (C) FeCls, and (D) cocaine.

the HSB color model with ImageJ. Figure 3-10C shows that no loss in activity was
observed over 70 days for each of the reagents.

In addition to the qualitative color changes seen in Figure 3-9A and Figure 3-
10A, the reagent punches are also compatible for quantitative analysis. Figure 3-11
demonstrates the change in either hue or saturation upon image analysis, with each
colorimetric reaction over a range of analyte concentrations. All curve fits were
exponential, and show excellent R? values ranging from 0.9931 to 0.9999 for all five
analytes (protein, HSA, cocaine, TNT, and Fe). This reagent-paper method has the

potential for quantitative analysis by using calibration curves to relate known analyte



concentrations  to  specific
changes in hue/saturation, and
can be exploited for unknown
sample analysis. If a given
response is reagent-limited, the
spot/dry protocol for reagent
delivery can be repeated to

increase the mass of reagent

deposited onto a paper punch
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Figure 3-12. Increasing TBPB reagent for HSA analysis.
TBPB was spotted onto filter paper and dried an increasing
number of times to increase the mass of reagent deposited for
each paper punch. The punches were added to a device for
bonding and HSA was used to analyze the color change with
hue to show the difference in the color change.

(Fig. 3-12). This allows for commercial reagents purchased at a given concentration to

be easily concentrated within the paper matrix to improve (lower) limits of detection

(LOD) by increasing the mass of reagent.

For example, with cocaine, which is

commonly cut with other adulterants™, the LOD identified previously for pipetting

reagent (used in liquid form) and dry-depositing reagent directly onto a polyester layer
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Figure 3-13. Cocaine analyzed using saturation with

0.1 mg/mL defined as the
(exponential fit; R? = 0.9997).

limit of detection

(without a paper matrix) was 1 mg/mL
and 0.25 mg/mL, respectively.® The
LOD for cocaine using a polyester-
paper hybrid device was empirically
determined to be 0.1 mg/mL (Fig. 3-
13), thus representing a 2.5-fold
decrease in the LOD. This was defined
by a saturation value greater than 3X the
the

standard deviation (+3c) of
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saturation for 0 mg/mL cocaine (0.234 A.U.). The saturation of 0.1 mg/mL cocaine was

0.35 A.U. + 0.05, above the defined threshold value of 0.234 A.U.
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Figure 3-14. (A) Images of polyester-toner device at 0 and 10 min with a universal pH indicator added
to 5 different reagent storage wells holding filter papers with various dried pH solutions. (B)
Corresponding hues of the different reagent storage wells in (A) at 0 and 10 min. (C) Comparison of
hue values obtained from smartphone and desktop photo scanner images.

3.3.2.3 Multiplexed Reagent Analysis

It was essential to determine that a multiplexed device containing numerous

reagents for the detection of various different analytes could function without reaction

crosstalk. A microdevice was designed with a single sample inlet connected to five

different reaction chambers (Fig. 3-14A).

Solutions of varying pH were added to

Whatman-1 paper to simulate different reagents. A universal indicator containing methyl
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red, bromothymol blue, and phenolphthalein was added though a sample port, generating
a unique color change at each of the reagent punches. The resulting color change for
each reagent punch was associated with the original pH of the solutions added to the
punches. An image was taken immediately following addition of the indicator and after
10 min. Immediately after indicator was added, no color change was seen in the channels
connecting each reagent chamber to the inlet channel. Over the course of 10 min, color
change from each reagent punch had only diffused partially into the connecting channels
(see arrows in Fig. 3-14A). This indicated that the different pH solutions stored in
punches were not diffusing quickly enough into the channel to impact the color change at
any other pH punch. This was further validated by analyzing the hue values for each
reagent chamber, and, as shown in Figure 3-14B, the color was unaffected by the pH of
other reagent punches.

Finally, with a view to replacing the ImageJ image analysis on a scanner with that
on a smartphone, and utilizing a custom smartphone application (‘app’) to evaluate hue
and saturation, the image analysis results were compared from a scanned image and a
smartphone image (Fig. 3-14C). The correlation of data obtained with each analysis
method is excellent (slope of 1.11, R? = 0.9850), indicating that a smartphone camera,
despite having a lower resolution than a desktop scanner, is adequate for image analysis

in this case.

Table 3-3. The flow rate, thickness, and pore size for various Whatman filter papers tested for reagent
storage potential.

Flow Rate Brand Grade Thickness (um) Pore Size (um)
Slow Whatman 42 200 25
Medium Whatman 1 180 11
Medium Whatman 3 390 6

Fast Whatman 41 220 20-25




3.3.2.4 Volume Recovery from Paper Punches

While most

reactions are single step, two-step
colorimetric reactions exist, e.g., the
Simon’s Reagent with
methamphetamine’?, the Griess test with
nitrate’®, the bicinchoninic acid protein
assay’®, and the modified Lowry assay’”.
With two-step reactions, it is imperative
that an adequate volume of liquid from
the sample is recovered for the second
analytical step, or for sample recovery to
perform  other

confirmatory  or

comparative analyses.
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Figure 3-15. (A) Image of device after tartrazine
added to paper and spun down to recover volume
from paper punches. (B) Average number of pixels
associated with a particular volume of tartrazine.

In order to evaluate this, different Whatman filter papers with

varying thicknesses and pore sizes (Table 3-3) were embedded into a centrifugal

microdevice and the efficiency of volume recovery from the paper punch determined.

Known volumes between 0.5 and 2uL of tartrazine dye solution (n = 3) were added to

each paper punch chamber (without paper added) and spun into the detection chamber for

60 s at 2,000 RPM. A final scanned image of the device with tartrazine in the detection

chambers was taken (Fig. 3-15A), and a custom Mathematica algorithm was used to

count the number of pixels in the detection chamber that are of a particular color/hue

(yellow color of tartrazine). These results were used to generate a calibration curve

(linear, R? = 0.9940) to relate to unknown volume amounts (Fig. 3-15B).
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Once the calibration curve was generated, the various paper punches from Table
3-3 were added into the top circular chambers of the device, as seen in Figure 3-15A. A
hydrophobic valve® was printed at the base of the paper punch chamber to prevent fluid
flow after 2 pL of tartrazine was added. The device was spun for 2 min at 2,000 RPM to
draw tartrazine solution absorbed by the paper out of the paper punch, and transport it to
the lower detection chamber. Pixel counting in the detection chamber was used to
calculate the volume of tartrazine recovered, based on the calibration curve. Recovery
results are shown in Table 3-4, with Whatman-1 filter paper providing the most
consistent volume recovery from the punch (1.25 £ 0.07 pL), with Whatman-1 and 41

associated with the largest volume recovery (1.25 pL each).

Table 3-4. VVolume recovered from each paper was determined by relating the number of pixels associated
with tartrazine to a volume using the calibration fit equation.

Whatman Paper Grade Average Number of Pixels Calculated Volume (uL)
1 11965.25 + 578.03 1.25+0.07
3 9717.50 £ 1109.05 0.96 £0.14
41 11946.75 + 643.60 1.25+0.08
42 10142.50 + 1138.50 1.01+£0.15

3.3.3 Custom Capillary Ampules for Low-Volume Storage of Reagents

Glass ampules have been routinely used in conventional color tests for illicit
drugs as a chemically inert material for colorimetric reagent storage. Traditionally,
ampules are manufactured by melting the ends of glass tubing using a gas flame. For a
laboratory setting, empty glass ampules can be purchased, filled with the desired storage
solution, and sealed in a similar manner. Glass ampules have been adapted here for small

volumes using glass capillaries and non-thermal sealing methods.
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3.3.3.1 Capillary Ampule Fabrication

A schematic illustration of the fabrication process for custom capillary ampules
with images of completed ampules is shown in Figure 3-16. A glass capillary of 1.5-1.8
mm diameter is cut using a glass cutter tool. This capillary diameter was chosen as a
complimentary diameter to allow an extended length micropoint pipet tip (Fisher
Scientific, Waltham, MA) to be used for adding reagent to the ampule and to allow for air
displacement (~0.6 mm at pipet tip and ~1.25 mm at 1% marking). The capillary was cut
to the desired length, depending on the amount of volume needed for storage. A segment
of capillary ~6-8 mm in length was chosen for 4-6 pL of reagent to provide excess area to
seal the ends of the capillary.

¥

(A) (] 7] )
— Glass capillary

(B) (F)

Epoxy cap

PTFE Tape

© [ e (G)
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D) Ry (H)

(E) - PR 0)
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Figure 3-16. Schematic of custom ampule fabrication for PTFE-sealed ampules (B-E) and epoxy-
sealed ampules (F-1). (A) Glass capillary were cut for desired volume. (B) The cut capillary section
was filled with desired solution for storage. (C) Filled ampule was wrapped in PTFE seal tape. (D)
PTFE seal tape ends were twisted and excess was cut from the ends. (E) Image of PTFE-sealed
ampule. (F) One end of cut capillary section was sealed with epoxy. (G) Epoxy-sealed capillary was
filled with desired solution for storage. (H) The remaining open end of capillary was sealed with
epoxy to enclose solution. (1) Image of epoxy-sealed ampule with 3 pL enclosed.
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For corrosive reagents, i.e., concentrated sulfuric acid, polytetrafluoroethylene
(PTFE) thread tape was used to seal the capillary ampule after the reagent was added
(Fig. 3-16B-E). The PTFE tape was wrapped around the capillary to enclose the reagent.
For volatile reagents, i.e., acetaldehyde, an airtight method to seal the capillary ampule
was required. Quick-dry epoxy was used to seal one end of the cut capillary piece, prior

to adding reagent and sealing the other end of the capillary with epoxy (Fig. 3-16F-1).

Figure 3-17. Images of the centrifugal microfluidic spin system enclosure for controlling the device
rotation, laser valving, and imaging. (A) Image of open enclosure with center spin motor, linear
actuator for laser diode position, white LED strips on the lid for consistent lighting during image
capture. (B) Image of the device enclosure in the lid closed showing the laser-ablated hole for device
imaging with cell phone.

3.3.3.2 Volume Released from Capillary Ampules

The capillary ampules were crushed mechanically by applying force to the
capillary through the polyester capping layer of the 0.8 mm PMMA device chamber. The
released solution, tartrazine dye here for evaluation of volume recovery, remained in the
ampule chamber until centrifugal force was applied. The recovered volume from the
capillary ampule was measured after a centrifugal spin protocol of 60 s at 3000 RPM
using the spin system enclosure (Fig. 3-17). The channel at the base of the ampule

chamber was 0.7 mm, width, and prevented movement of the broken glass into the



subsequent chamber. After the spin
protocol, a scanned image of the
device was taken, with tartrazine in
the subsequent chamber for image
analysis. This process was performed
with known amounts of tartrazine
from 0-10 puL (n = 3) added to each
capillary ampule, released, and

scanned. Using the scanned images, a
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Figure 3-18. Calibration curve for determining
volume recovery from ampules. A calibration curve
was generated associating the number of pixels for a
given volume of tartrazine added to the microfluidic
device.

custom Mathematica algorithm was used to count the number of pixels in the detection

chamber that are of a particular color (yellow color of tartrazine), and compared to a

calibration curve (Fig. 3-18) generated without ampules, to determine the released

volume. Recovered volumes using both epoxy and PTFE ampule seal methods were

evaluated (Table 3-5). For both ampule seal methods, a higher volume recovery was

observed when more volume was added
to the ampules. Overall, the epoxy-seal
method allowed for higher recoveries
than the PTFE-seal method, aside for 2.5

UL where the PTFE method released
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o more volume. This is demonstrated

using the correlation plot in Figure 3-19,

Figure 3-19. Correlation plot for volume recovered

from ampules. A correlation plot for comparing the . .
amount of volume added to the amount of volume resulting in slopes of 1.06 and 1.19 for

recovered for both epoxy-sealed and PTFE-sealed

ampules, with relative slopes of 1.06 and 1.19.

epoxy and PTFE seals, respectively.
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This is likely due to the PTFE tape wrapped around the ampule, preventing a small
amount of the released solution after breaking the ampule from entering the subsequent

chamber for analysis.

Table 3-5. Volume Recovered from Ampules. Volume recovered from epoxy-sealed and PTFE-sealed
ampules was determined by relating the number of pixels associated with tartrazine to an unknown volume
using the calibration fit equation. Recovery values (%) were calculated using the average recovered
volumes.

Volume Added (uL) Epoxy Teflon
2.5 1.82+0.20 1.88+0.12
5.0 4.41+0.16 4.11+0.30
7.5 7.31+£0.27 6.27 £ 0.25
10.0 9.35+0.48 8.48 + 0.35

3.3.3.3 Colorimetric Analysis using Capillary Ampules

The utility of this reagent storage approach for colorimetric detection for the
possession of illicit drugs was evaluated using Simon’s and Marquis colorimetric
reagents commonly used in commercial field-testing kits. Colorimetric detection of
methamphetamine using the Simon’s reagent consists of a solution of sodium
nitroprusside and acetaldehyde (A), followed by reaction with sodium carbonate (B).
Due to the volatility of acetaldehyde, 4 puL of solution A was stored in capillary ampules
using the epoxy seal method. Sodium carbonate was stored using a paper reagent dry-
storage method previously described.” To assess the detection of methamphetamine
with the Simon’s reagent stored in capillary ampules, varying concentrations of
methamphetamine from 0-10 mg/mL (n = 3) were evaluated for the colorimetric response
using image analysis. The capillary ampule was crushed within the ampule chamber in
the microfluidic device and 4 pL of methamphetamine sample was added to the ampule
chamber. A centrifugal mixing protocol was then performed for 10 s at 1000 RPM,
followed by centrifugal mixing for 3 s each replicate rotation of clockwise and counter

clockwise spins at 3000 RPM and -3000 RPM, respectively, for 6 replicate spins. Once
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the spin protocol was complete, an image of the detection chamber was taken using a cell

phone and analyzed for hue with ImageJ.

The hue results for 08
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of illicit drugs to notify the Methamphetamine was detected using the Simon Reagent with the
organic reagent component stored in epoxy-sealed ampules. The
user that the drug of getection threshold defined by +3c was 0.142 A.U. (red dashed
line) with an empirically-determined detection limit of 0.75 mg/mL

interest is present. The  for (S)-methamphetamine and (+/-)-methamphetamine.

threshold value for detection of methamphetamine was defined as 0.142 A.U., a value
+3c of the negative response (0 mg/mL) for 99.7% confidence that methamphetamine is
present. Samples resulting in a hue value greater than this threshold are considered
positive for methamphetamine. The empirically derived limit of detection (LOD) for
methamphetamine was 0.75 mg/mL. These results were comparable to those reported
previously with reagents not stored, i.e., pipetted onto microfluidic devices.*®

In contrast to the Simon’s reagent, the Marquis reagent contains concentrated
sulfuric acid. The Marquis reagent has been recognized as a presumptive color test for
the detection of opioids.”” Colorimetric detection of opioids using the Marquis reagent
consists of a solution of concentrated sulfuric acid and formaldehyde. Due to the

incompatibility of sulfuric acid and the 5 min epoxy, PTFE tape was used to seal 6 puL of



stored Marquis reagent in capillary

ampules. To assess the utility of

the Marquis reagent stored in
capillary ampules and reacted
within a polyester-based

microfluidic device, various opioid

compounds were chosen. Codeine,
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Figure 3-21. Hue analysis for illicit drug detection with
evaluated using the Marquis the Marquis reagent. MDA, MDMA, codeine, and heroin
were detected colorimetrically using the Marquis Reagent
reagent for the colorimetric stored in PTFE-sealed ampules using hue analysis, with
exemplary images of the color changes above each

) ) . corresponding data point. The detection threshold defined
response on-chip using image  py .35 was 0.108 A.U. (red dashed line).

analysis. Each sample was added to the device (6 puL) and then the capillary ampule was
crushed within the ampule chamber. A centrifugal mixing protocol was then performed
for 10 s at 2000 RPM, followed by centrifugal mixing for 3 s each replicate rotation of
clockwise and counter clockwise spins at 3000 RPM and -3000 RPM, respectively, for 3
replicate spins. Once the spin protocol was complete, an image of the detection chamber
was taken using a cell phone and analyzed for hue with ImageJ.

The hue results for each opioid are shown in Figure 3-21 with exemplary images
for each color change. No degradation of the microfluidic device from concentrated
sulfuric acid was observed with the Marquis reagent stored in ampules before use and
image capture <1 min after release of the reagent. The same approach for defining a
threshold value for methamphetamine detection with Simon’s reagent was used for

defining a threshold value for the qualitative detection of the presence of an opioid
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substance. The threshold value for detection of an opioid was defined as 0.108 A.U., a
value +3c of the negative response (0 mg/mL) for 99.7% confidence that an opioid is

present.

3.3.3.4 Fluid Movement Towards the Center of Rotation

The dominant centrifugal fluidic movement is outward from the center of rotation.
This presents a disadvantage for centrifugal microfluidics when sequential processing
steps are desired as the radial dimension of the microfluidic disc limits the number of
steps. Recent work has shown the exploitation of capillary action within polyester-based
centrifugal devices to move fluid inward towards the center of rotation for mixing.>

Additional work in centrifugal microfluidics has explored pneumatic pumping’™® ”,

passive centrifugal

Vent—>‘fk B)
pumping®™,  and  even U et
capillary  wicking  with Cshaan;]gjgr,;,\‘@;\mpule

™, Chamber

paper® for moving fluid

NaHCO,
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S~ vaive

inwards.

Here, we report on a

method for moving fluid
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0 25
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using CO, formation from a

Figure 3-22. Microfluidic device for moving fluid against
neutralization reaction. The  centrifugal force with CO, formation. (A) Microfluidic device
used for CO, forming neutralization reaction to move fluid
overall device design s towards the center of rotation. (B) Inset CAD design describing
the device architecture. (C) Colorimetric reaction used with

. . . neutralization reaction to show no inhibition from CO, released.
described in Figure 3-22. A
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capillary ampule containing 6 pl concentrated sulfuric acid was sealed with PTFE tape
and added to the PMMA ampule chamber. A subsequent 1.5 mm PMMA chamber was
used to contain 0.018+0.003 g sodium bicarbonate. A 10 mm diameter section of PTFE
was inserted into layer 3 within the open sodium bicarbonate chamber of the core
centrifugal device. The PTFE was used as a filter, to prevent the reaction solution from
contaminating the sample while allowing CO, gas to permeate through the membrane. A
laser valve was utilized to control acid movement into the sodium bicarbonate chamber
once the ampule was crushed. Once formation of CO, occurs in the sodium bicarbonate
channel, the gas then moved through the PTFE filter, into the PMMA gas transfer
channel (4 mm length, represented as dotted line in Figure 3-22B inset) connecting to
the sample chamber of the core polyester-based centrifugal device to move the sample
solution inward towards the center of rotation for detection in the colorimetric reaction

chamber.

(A)

Figure 3-23. Images showing fluid movement toward microdevice center of rotation with CO,
formation. (A) Image before performing the microdevice spin protocol with dye solution in the sample
chamber, concentrated sulfuric acid in a PTFE-sealed ampule, and sodium bicarbonate dried on the
microfluidic device. (B) Image after performing the spin protocol where the neutralization reaction
with sulfuric acid and sodium bicarbonate formed CO, gas that was used to move the dye solution from
the sample chamber into the colorimetric reaction chamber at the center of the disc. Insets showing
ampule without PTFE to demonstrate the state of the ampule sealed within the PTFE seal.
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Initial evaluation of the neutralization reaction to move fluid over a radial distance
of 50 mm was assessed using 10 puL of aqueous- and methanol-based dye solutions (Fig.
3-23). Successful fluid movement inward toward the center of rotation was determined
using methanol-based dye to visually see the simulated movement of drug sample. The
centrifugal spin protocol was performed for 10 s at 2000 RPM. Once the ampule was
crushed, the spin protocol began and acid was instantaneously moved from the ampule
chamber into the sodium bicarbonate chamber. Within 3 seconds the bulk solution was
moved from the sample chamber to the colorimetric reaction chamber during the initial
spin event. After validation of fluid movement with dye, the colorimetric detection of
cocaine with cobalt(ll) thiocyanate was used to show that no undesirable affects from
CO, formation were observed on the colorimetric reaction. Figure 3-22C shows the hue

response with exemplary images for cocaine colorimetric detection (n = 3).

3.4 Conclusions
3.4.1 Printed Reagent Devices

We have demonstrated the utility of depositing reagents with a modified
commercial inkjet printer onto polyester devices. Devices with printed reagents were
evaluated using total protein and albumin colorimetric assays. Device shelf life was
determined as at least eight weeks at room temperature after device fabrication, which
involves printed reagents subjected to heat during lamination, with no loss of activity.
Incorporating reagent printing into the fabrication process for polyester-toner
microdevices offers a unique advantage for mass production, storage and handling, cost,

and device simplicity of operation. Integrating reagent storage can allow these devices to
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be more compatible for various point-of-need diagnostics. In the future, direct
observations of droplet formation would be desirable, and in particular, confirmation that
a liquid bridge forms between the nozzle and the surface. This requires high speed
cameras integrated within the confines of the print system to directly observe the

formation of a droplet at the exit of the print nozzle.

3.4.2 Polyester-Paper Hybrid Devices

We have demonstrated the utility of depositing reagents onto filter paper and
integrating them into polyester-toner microfluidic devices fabricated using the PCL
method. Exploiting polyester-paper hybrid microfluidic devices offers an advantage for
reagent storage that is simple and inexpensive while also being amenable to centrifugally
driven fluid flow and control. Using numerous reagent/analyte combinations, the
robustness of the colorimetric assays on these devices was evaluated, both qualitatively
and quantitatively; no loss in color reactivity was seen over 10 weeks. Additionally, with
endpoint colorimetric detection or for a multi-step process, Whatman-1 filter paper
provided superior results. Incorporating dry reagent-soaked paper punches into
centrifugal or polyester-based devices is simple and inexpensive, presenting the
possibility for facile adoption with many applications. In the future, calibration curves
should be generated using real-world samples to better associate unknown results with a
curve for quantitative analysis. Overall, this technique offers a simple and inexpensive
means of integrating reagents for use with more complex device networks, thus, allowing

for increased device portability and automation.



123
3.4.3 Reagent Ampule Devices

We have demonstrated the utility of a simple custom capillary ampule fabrication
method for low-volume storage of volatile and corrosive chemical reagents. This liquid
storage method represents a simple approach to addressing the recognized challenge of

reagent storage for field-deployable and point-of-care devices®*

, outside of rehydration
and washing buffer storage made available by commercial blister packs and glass
ampules.

The described approach was used to address the limitations associated with
developing a centrifugal microfluidic device for the colorimetric detection of illicit drugs.
Common colorimetric reagents, i.e., Simon’s and Marquis reagents, used in the field for
presumptive drug detection were applied here. Methamphetamine detection with the
Simon’s reagent showed no loss in detection (0.75 mg/mL LOD) with reagent stored in
ampules compared with work previously described with pipetted reagents. Additionally,
the Marquis reagent was stored in ampules and used on a polyester-based device for the
detection of various opioids such as codeine, heroin, MDMA, and MDA. The utility of
this approach was additionally assessed for the enhancement of fluid movement within a
centrifugal device platform, allowing for more complex processing. Using the described
custom capillary ampules to store concentrated acids, a neutralization reaction was
performed, utilizing CO, formation for inward fluid displacement towards the center of
rotation. Fluid movement was achieved over a radial distance of 50 mm within 3 s for

cocaine colorimetric detection. In the future, this approach should be used to apply other

colorimetric reactions, such as the Mandelin reagent, for additional illicit drug detection.
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3.4.4 Comparison of Reagent Methods

Overall, three different simple and inexpensive means of integrating reagents,
complimentary to the PCL fabrication for polyester-based devices, were developed for
increased portability and automation of complex centrifugal microfluidic device
networks. All three methods were effective for colorimetric reagent storage with inherent
advantages and disadvantages for various device applications. The inkjet printing-based
reagent storage method is advantageous for an automated device fabrication protocol,
where reagents are incorporated using simple commercial instrumentation (office inkjet
printer). Inkjet printing provides a method for reagent deposition for volumes in the
picoliter range, however, this can be time consuming if microliter volumes of reagent are
required. In addition, corrosive reagents can damage components of the printer, making
this an ineffective method for many reagent storage applications, i.e., explosives and
narcotics detection. Print-based reagent storage is better suited for clinical colorimetric
assays where reagent composition has shown to be compatible. Paper and capillary
ampule-based reagent storage methods demonstrate a more simplistic fabrication
approach, where the required equipment consists of basic laboratory equipment (pipets)
and consumables (pipet tips, filter paper, glass capillaries). Where dry-storage of
reagents is possible, paper-polyester hybrid devices offer an enhanced method for stable
reagent storage with the ability to increase colorimetric response due to the reagent-
saturated paper format and ability for the color change to dye the paper for later analysis.
Where corrosive or volatile reagents prevent dry-storage, capillary ampules provide a

compatible method for integrating reagents into polyester-based microfluidic devices.
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4. Development of a Centrifugal Microfluidic Device with Objective

Image Analysis for On-Site Colorimetric Detection of Explosives

4.1 Introduction

Proper response to potential threats and hazards, including those relating to
explosives compounds, requires rapid, on-site analysis for applications ranging from
environmental remediation of decommissioned testing and manufacturing sites to
forensic and defense investigation of terrorist-related events*®.  Additionally, the
increased terrorist use of improvised explosives devices (IEDs)’ has led to the
investigation of portable sensing techniques for the detection of homemade explosives.
Some conventional analytical instrumentation has been made more portable and utilized
for the detection of explosives compounds in the field. Handheld Raman spectrometers
have been deployed for field use as a noncontact method for analyzing samples with an
internal spectral library for identification.? lon mobility spectrometry (IMS) instruments
are widely deployed for screening applications, however, IMS relies on analyte ionization
prior to analysis, which can lead to difficulties with competitive ionization.” Ultimately,
without reducing the cost of these portable systems, a barrier remains for implementing
these techniques as an ideal field test. An explosive detection platform that is rapid,
inexpensive, portable, and user-friendly is desired.

Color tests are a widely used method for field detection due to the low cost,
availability, and simplicity of these tests.’® The presence or absence of an analyte of
interest can be defined by a visual color change or color intensity, providing a qualitative

‘yes/no’ response. Associated drawbacks of this type of subjective analysis include
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variations in human color perception and differences in lighting that affect the perceived

color. 12

Quantitative analysis can also be achieved with colorimetry by circumventing
subjective visual interpretation and, instead, using objective color analysis based on
empirically defined calibration curves for color change or color intensity.

Colorimetry has been routinely used as a sensing mechanism in portable
microfluidic devices, with applications that range from on-site or at-home analysis, to
limited-resource testing. Microfluidic technologies offer advantages from the scaled-
down size of these devices that include portability, rapid analysis times, low cost
substrates, and low sample consumption. The centrifugal microfluidic platform offers
additional advantages for field analysis in which inexpensive instrumentation can be used
and easily automated, requiring only a single programmable motor for fluid movement
allowing for simple operating procedures for ease-of-use. Where current color tests used
in the field are not multiplexed'®, requiring additional time and sample for analyte
identification, centrifugal microfluidics can perform multiple fluidic processing steps or
colorimetric reactions in parallel about the center of rotation.

Objective imaging approaches, including the use of small cameras, can easily be
interfaced with microfluidic devices and used for spatial and temporal image capture
where chemistry-induced color changes have occurred.™® The resulting color change can
be quantified using a number of color ‘spaces’, or color models, and different research
groups have explored red/green/blue intensity and absorbance (RGB)*
hue/saturation/brightness (HSB, HSV or HSL)'® %’  and the International Commission on

18, 19

IHlumination (CIE) color space as useful approaches to detection. Performing

colorimetric analysis objectively from an image of a microfluidic device allows for a
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more automated device format, where the operating procedure and color analysis are
encoded. A fully automated procedure after the addition of sample provides a user-
friendly detection system requiring minimal training in the field for a rapid response to
potential explosive threats. The use of programmed threshold values associated with the
color analysis can provide definitive results regarding the presence of an explosive

compound without requiring on-site data interpretation by the user.

4.1.1. Objective Image Analysis and Color Adjustments

Scenarios arise with objective color analysis where it can be challenging to
discriminate between colors that are only subtly different and have similar numerical
color values, e.g., a change in color from yellow-to-orange. To address these limitations,

some researchers have developed components that reduce lighting influences* %,

16.21 "and generate more reliable calibration data.?

account for image-to-image variation
When altering lighting/background proves ineffective, however, other approaches to
color enhancement are needed.

Multispectral images, or images that contain a wide range of colors, are easily
enhanced digitally using contrast exaggeration or by expanding the highlight and shadow
areas. Color enhancement of a monochromatic image (image displaying similar colors)
often serves to only increase the range of saturation intensities instead of enhancing the
discrimination between the colors.?® While color enhancement can be performed by
altering the saturation and brightness®, this needs to be specifically customized for each

color change. Additionally, variations in the colorimetric reaction can result from

contamination when using field samples, e.g., soil, and thus, generate false positive
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results from unintended changes in the saturation and brightness of the color change.
Instead, similar to the manipulation of images as they are being perceived using polarized

lenses?

, color enhancement methods that manipulate, or alter, the perceived color can
provide front-end color interpretation rather than utilizing back-end processing. This can
be accomplished by introducing a colored component over or around the detection area to
create the appearance of an alternative color change, one that enhances the native color
change, provides more discrimination between colors, and improves detection. For
example, a yellow-to-red bitonal color change (difference in hue of ~60°) can be
manipulated to appear as a green-to-purple color change (difference in hue of ~180°) by
tinting the detection area blue or introducing external blue lighting on the detection
background.

Most devices capable of color detection (e.g., scanners, cameras, cell phones) use
the RGB color space, which represents color as an additive combination of red, green and
blue.?® Analysis with RGB can also be performed using individual R, G, or B channel
intensities to measure a color response independent of the other channels. Using
individual RGB intensities, however, does not account for the entire color spectrum, thus,
other image parameters need to be considered. The HSB color space (hue, saturation,
brightness) is derived from recasting RGB data from a Cartesian coordinate system into
spherical coordinates and can provide more robust parameters for color analysis. Hue is
an alternative image analysis parameter that is particularly useful, as color is represented
by a single numerical value more closely related to the perceived color, rather than the

sum of individual RGB values. Hue is typically reported as an angle that varies between
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0° and 360°, and can be converted to values between 0 and 1 in arbitrary units (A.U.);
both ranges cover the entire spectrum of colors.?®

Typically, a monotonal color change (i.e., colorless-to-colored) can present
significant challenges when using hue analysis because the hue spectrum does not contain
white as a color. This is problematic for situations where the background of an image
with a colorless solution would appear white, such as with paper microfluidics.”’
Manipulating the color of a natively white background, resulting in an overall bitonal
color change, would increase the ability to use hue to analyze monochromatic color
changes. With the goal of leveraging smartphones as COTS (commercial-off-the-shelf)
detectors, we present a method that involves the use of three different color
manipulation/tinting methods that can be used for heightened colorimetric detection for
hue analysis. Hybrid polyester-paper devices, fabricated via print-cut-laminate (PCL)*®
and paper utilized for reagent storage®® methods (described in Chapter 3), have
associated tinting advantages from both the paper and polyester substrates used. Both
fabrication-based and external tinting approaches were explored, with the former
involving ‘dyed’ reagent-saturated paper or print-based tinting of the device itself.
External tinting options involved the use of background LED-based color infusion from a
variety of sources during image capture. This approach to color manipulation provides a
simple technique to enhance colorimetric analysis with microfluidic devices of various
substrates. While the effectiveness of all explored tinting methods was assessed via
colorimetric hue analysis for detection of hydrogen peroxide (H,O,), a detectable

30-32

byproduct of IEDs”*, what is described here has broad applicability to any analyte-of-

interest where colorimetric chemistry exists.
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Overall, this chapter describes the optimization of colorimetric reactions for the
detection of eight different explosives compounds for the centrifugal microfluidic
platform. Each reaction was translated to the microfluidic devices, and the resultant color
change for each reaction within the device was then analyzed to determine the optimal
image analysis parameter, tinting methods for enhanced analysis, and threshold values for
objective detection with a cell phone. The microfluidic device design was later adapted
for multiplexed detection towards the goal of a sample-in-answer-out explosive
identification system that is portable and automated for on-site use with minimal training

for system operation.

4.2 Materials and Methods
4.2.1 Reagents

2,4,6-Trinitrotoluene  (TNT),  2,4-dinitrotoluene  (DNT),  methyl-2,4,6-
trinitrophenylnitramine (Tetryl), and urea nitrate (UN) were provided by Signature
Science (Austin, TX). Hydrogen peroxide (35%), phosphoric acid, and isopropyl alcohol
were purchased from Fisher Scientific (Waltham, MA). Nessler’s reagent was purchased
from La-Mar-Ka, Inc. (Baton Rouge, LA). Ammonium nitrate (AN), potassium nitrate,
sodium perchlorate, glycerol, acetonitrile, methanol, ethanol, acetone, water,
tetramethylammonium hydroxide (TMAH), methylene blue (MB), sulfanilamide, zinc
powder, ammonium titanyl oxalate (ATO), N-(1-naphthyl)ethylenediamene
dihydrochloride (NED), 4-(dimethylamino) cinnamaldehyde (p-DMAC), and

erioglaucine were purchased form Sigma-Aldrich (St. Louis, MO).
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Acetonitrile, methanol, ethanol, and water were purchased as high-performance
liquid chromatography grade solvents. Tetramethylammonium hydroxide, methylene
blue, and Nessler’s reagent were used as is. A 1M aqueous solution of ammonium titanyl
oxalate was prepared. For the Griess reaction, 8% sulfanilamide and 0.5% N-(1-
naphthyl)ethylenediamene were prepared in 8.5% phosphoric acid either separately or

combined. A 0.45 mM aqueous solution of erioglaucine was used for dye-based tinting.

4.2.2 Device Fabrication

Devices were fabricated using the PCL protocol?® from TRANSNS Copier/Laser
transparency sheets purchased from Film Source, Inc. (Maryland Heights, MO). Devices
were fabricated using five layers of polyester overhead transparency sheets, with layers 2
and 4 as toner-coated layers (act as adhesive for device bonding) fabricated with two
layers of black toner printed onto each side of the polyester film using an HP LaserJet
4000 printer. Color was printed onto the device layer 1 for print tinting using a Brother
HL-4570CDW printer. Device architecture was cut out of each device layer using a
VersaLASERVLS3.50 system (Scottsdale, AZ) with compatible CAD software.
Reagents stored on Whatman filter paper, or reagent-saturated paper, were added prior to
device bonding using a method previously described.”® Devices were laminated at >160
°C for device bonding using an office laminator (Akiles UltraLam 250B).

Devices fabricated using heat-sensitive adhesive (HSA) instead of printed toner
with the PCL method that has been described previously.*® HSA (EL-7970-39) was

purchased from Adhesives Research (Glen Rock, PA) and bonded to both sides of a
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polyester layer simply using lamination for HSA-coated layers in replace of toner-coated

layers 2 and 4. Subsequent PCL steps are the same as with toner devices.

4.2.3 Spin System

A Sanyo Denki Sanmotion series stepper motor controlled by a Pololu DRV8825
stepper motor driver in full step mode was utilized for the spin system. Motion control
profiles were generated using a Parallax Propeller microcontroller and a printed circuit
board was designed with EAGLE CAD software containing the microcontroller, motor
drivers, and associated components for power regulation, heat sinking, and serial
communication with an external computer terminal. A poly(methyl methacrylate)
(PMMA) three-arm custom support structure immobilized the motor during rotation for
initial analyses. A simple PMMA enclosure was laser-cut and assembled for all lighting
studies and tinting experiments using MakerCase (http://www.makercase.com), a web-
based application for designing laser-cut project cases.

The device centrifugal spin protocol for the one-step device design was as
follows: spin 500 RPM for 5 s, 0 RPM for 5 s, and 2000 RPM for 45 s. The device
protocol for the two-step design was the same as the one-step protocol with three
subsequent additional steps. The first subsequent step was a centrifugal mixing protocol
performed for 3 s each replicate rotation of clockwise and counterclockwise spins at 3000
RPM and -3,000 RPM, respectively, for 3 replicate spins. The next step involved
opening the laser valve used for additional fluidic control through laser valving as
described previously.** * Once the laser valve was opened, an additional spin step for 10

s at 3000 RPM followed by another centrifugal mixing protocol was performed.
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4.2.4 Lighting

White light was provided by a three LED Waterproof Flexi Strip (RadioShack)
powered by a benchtop DC voltage power supply. The intensity of the white light was
controlled by varying the voltage from 8-9 V with current up to 100 mA. RGB light was
provided by a three Pololu Addressable RGB LED strip powered by a 5V LM1085
voltage regulator using 15V, 2A AC to DC converter. The intensity of the RGB light was
controlled by a single 25 turn 10k ohm 0.5 watt potentiometer, wired as a variable
resistor. The red, green, and blue elements of the RGB LEDs were controlled by a
Parallax Propeller Mini. A custom Spin code program was written to control the
individual R, G, and B values. The input RGB values were 255, 0, 0 (red); 0, 255, 0

(green); 0, 0, 255 (blue); 0, 255, 255 (cyan).

4.2.5 Image Analysis

After device operation of each centrifugal spin protocol, the reaction chambers
within each device were imaged using an Android cell phone positioned above the
microdevice using a standalone PMMA phone holder or PMMA enclosure for consistent
image capture. Resulting color changes observed in each image were cropped and
analyzed with HSB or RGB color spaces using Imagel. Images of the microfluidic
device with an array of chambers for additional control over analysis parameters were

taken using an EPSON Perfection V100 Photo Scanner with 1200 dpi resolution.

4.3 Results and Discussion
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4.3.1 Microfluidic Device

An inexpensive microfluidic device capable of detecting a number of explosive
materials was designed and evaluated for rapid, objective colorimetric detection.
Microfluidic devices were fabricated using the previously described PCL fabrication
technique as an inexpensive centrifugal device platform.?® The five-layer device was
utilized for colorimetric assay optimization and was comprised of alternating layers of
uncoated and coated polyester film, or overhead transparency sheets. The coated
polyester layers were coated with either printer toner or heat-sensitive adhesive (HSA)
for defining the fluidic architecture and for device bonding. The overall toner-based
device design used for initial studies is shown in Figure 4-1 and allowed for sample to be
added to the inlet and distributed to various reaction chambers (one-step reaction format
used here). Paper substrate was utilized within each reagent chamber as a simple reagent

storage method compatible with polyester-based devices, as described previously.?

/ et Air Vents
i e
g8l T M
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[
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£ , Waste Chamber
(@)
Sample
Channel
+ Reagent Chamber anne
Laser Valve

Figure 4-1. Device design used to evaluate and optimize each colorimetric reaction. The inset describes
each feature of one domain (four total within one microfluidic device) for the complete design with the
upper fluidic level (blue) and bottom fluidic level (red).

The key feature of this device design was the implementation of a centrifugo-

pneumatic valve to allow for sample metering.*® This valve architecture included the
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sample channel (3 mm width, 8 mm height, 124 um depth), reagent chamber (3 mm
width, 4 mm height, 348 um depth), and narrow connecting channel (0.6 mm width, 124
um depth) between the two sample and reagent features (features labeled in Fig. 4-1).
Utilizing capillary action, sample solution added to the inlet filled the sample channels
from left to right, displacing air towards the center of rotation for filling. A meniscus was
formed at the narrow connecting channel preventing air from escaping the unvented
reagent chamber.*® The surface tension at the sudden 3D-expansion of the narrow
connecting channel to the reagent chamber, 90° expansion angle assumed, kept the
meniscus pinned. Once all sample channels were filled, excess sample solution within
the inlet channel was centrifugally driven to the waster chamber after opening the laser

valve as described previously.®* *

After excess sample was moved to the waste
chamber, an equal volume of sample solution (3 pL) remained in each of the identical
sample chambers. The metered sample volumes were released simultaneously into the
reagent chamber by increasing the rotational frequency to allow the trapped air in the
unvented reagent chamber to displace above the sample plug towards the center of
rotation. Unlike printed hydrophobic valves used previously with polyester-toner
devices®’, a centrifugo-pneumatic valve is based on surface tension of the solution and air

compression, making it a suitable candidate for metering organic solvents, which is less-

explored and otherwise challenging.

4.3.2 Translating Colorimetric Reactions to Microfluidic Devices
Each explosive of interest was broadly classified as either an inorganic or organic

explosive for partitioning the colorimetric assay optimization. Organic explosives



consisted of military explosives
including TNT and DNT, a
precursor to TNT, and Tetryl.
For detection purposes urea

nitrate (UN), considered an IED,

Cell I;hone
Holder

was evaluated with this group of

antrifu gal Device

Figure 4-2. Image of the imaging setup with cell phone, cell
phone holder (10 cm in height), device, spin system, and
laser for valving labeled.

explosives as a high explosive.
Inorganic explosives consisted of
common oxidizer material, i.e., nitrate (NOj’), perchlorate (CIO,), and ammonium
(NH4") (used to detect ammonium nitrate (AN), a common fertilizer based explosive).
For detection purposes, a colorimetric reaction for H,O,, a peroxide-based explosive
precursor, was evaluated with this group of explosives.

Initially, each colorimetric reaction was individually translated to the microfluidic
device format. Each of the resulting color changes were analyzed by imaging the
microfluidic device with a cell phone using a laser-cut PMMA holder for consistent
imaging (Fig. 4-2). The images were analyzed for the color change within the device
reagent chambers using ImageJ. Images were analyzed using both HSB and RGB color
spaces to determine a method for implementing an objective and automated analysis
scheme. The most appropriate image analysis parameter for detection was determined by
analyzing the color change for various concentrations of each explosive. Quantitatively
measuring the color response can be correlated to a qualitative “yes or no’ readout for
determining the presence of an explosive material and discriminating between each

explosive to provide additional information for safety of the user. Hue was the desired
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image analysis parameter for defining detection thresholds because color is represented
by a single numerical value more closely related to the perceived color. Saturation, also
within the HSB color model, was the desired secondary analysis parameter as it has
potential for generating quantitative information based on color intensities. Although
RGB was not the preferred analysis method, these results can be valuable for identifying
problems with the analysis, verifying that the color is being correctly represented with the
analysis, and for the detection of white and black colors. Since white contains all color,
and black is the absence of all color, neither of these is defined as a particular shade of

color and, therefore, not represented by any given hue value.

4.3.2.1 Organic Explosives
It is well-documented that polynitroaromatic compounds, i.e. TNT, DNT, and

Tetryl, produce colored Meisenheimer complexes in alkaline solutions.®®  These

Meisenheimer complexes are described (A)

o

I‘,
EmPN’

o —

0.5 mg/mL

as resonance-stabilized complexes and

the red-colored product of the reaction

between  1,3,5-trinitrobenzene  and (8) 1 mg/mL
sodium methoxide is shown in Figure 4-
4. A number of variations have been
used for the detection of nitroaromatic

Figure 4-3. (A) Image of colorimetric reaction for

explosives with changes in the alkali, 05 mg/mL TNT with tetramethylammonium

hydroxide in-tube with zoomed-in inset for the red

organic base and solvent  initial color (left) and yellow color after ~5 s (right).

’ (B) Image of colorimetric reaction with
tetramethylammonium hydroxide.

compositions.®** A 25% aqueous
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H OCH, solution of tetramethylammonium hydroxide (TMAH)

O,N : .
2 NO, was used here as the colorimetric reagent for TNT,
DNT, and Tetryl.** Figure 4-3 shows the color change

NO, for 0.5 mg/mL TNT with TMAH in-tube.  This

Figure 4-4. Resonance-stabilized

Meisenheimer complex. colorimetric reaction has been reported to have a fast

color change*® #

and is demonstrated in Figure 4-3A, where the red-colored product
changed to yellow within ~5 seconds. When the TMAH reagent was transferred to the
microfluidic device format using paper®, the color was further stabilized at low TNT
concentrations (Fig. 4-3B).

The polyester-paper device method (described in Chapter 3) was used to
incorporate TMAH into the design described in Figure 4-1. TNT was added to the

microfluidic device at various concentrations and analyzed using HSB and RGB color

models. Due to the rapid color change, immediate image capture of the reaction
0 mg/mL
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Figure 4-5. Image analysis results for R, G, B, hue, and saturation color responses of TNT and TMAH
at varying concentrations from 0 — 10 mg/mL TNT, with exemplary images (left) of a reagent chamber
for each color response.
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chambers was performed after the centrifugal spin protocol was completed. The sample
and reagent were mixed for 45 seconds during the device spin protocol before image
capture. The device design allowed for n = 3 to perform initial assay evaluations, and
Figure 4-5 shows the image analysis for the color response of TNT and TMAH at
varying concentrations from 0 — 10 mg/mL TNT with exemplary images for each color
response. As the TNT concentration increased, the color response became darker. This
was consistent with the decrease in RGB, each response <0.1 A.U., demonstrating that
the color was too dark, or black, to discern the specific reaction color. This was also
observed from the highly varied responses for hue and saturation that do not follow any
particular trend.

Since the analysis at

higher TNT concentrations was

problematic, lower 1
0.9 1
concentrations from 0 — 0.8 298]
<07 -
. 206 1
mg/mL TNT with TMAH were 5 /' |
. . . Foa
analyzed using a microfluidic 203
. . <02 1 EHue

device with an array of chambers 0.1 1 B Saturation

0 .
0 0.2 0.4 0.6 0.8

for controlled analysis with a
[TNT] (mg/mL)

desktop scanner. The hue and  Figure 4-6. (A) Images of the corresponding color changes for
TNT with TMAH at each concentration. (B) Image analysis

results for color analysis using hue and saturation for TNT with

saturation results are shown in 1y A at varying concentrations.

Figure 4-6 with exemplary images of each color response above the respective data
points. At lower concentrations of TNT, the saturation increased as expected with an

increase in TNT concentration. Additionally, the hue response in the presence of TNT
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consistently remained in the purple hue value range demonstrating the shade of color for
the reaction was similar at varying TNT concentrations. This was ideal for defining
threshold values for the detection of TNT, where a positive detection range can be
defined by +3c of the negative hue response for 99.7% confidence that TNT is present
based on hue analysis. This threshold value was found to be 0.521 A.U. using the
microarray device and scanner analysis. These results demonstrated that lower
concentrations of TNT, below 1 mg/mL, could be detected with color analysis while

higher concentrations near 10 mg/mL may be problematic.

0 mg/mL
D 0-9 1
o
~0.7
s S
<
~ 0.6
5 0.5 BGreen
>
© EBJlue
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s OHue
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Figure 4-7. Image analysis results for R, G, B, hue, and saturation color responses of Tetryl and TMAH
at varying concentrations from 0 — 10 mg/mL Tetryl, with exemplary images (left) of a reagent chamber
for each color response.

Tetryl is both a polynitroaromatic and a nitramine compound due to the presence
of a nitroamino group, and similar to TNT, a colored Meisenheimer complex is formed in
alkaline solutions.®® **  While TNT forms a red-purple colored product with TMAH,

Tetryl forms a red-orange color. As with initial TNT analysis, the described polyester-
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paper, toner-based device was used for evaluation of the color response with varying
Tetryl concentrations from 0 — 10 mg/mL for n = 3. Image capture was taken
immediately after the centrifugal spin protocol described, and the images were analyzed
using HSB and RGB color models. The image analysis is shown in Figure 4-7 with
exemplary images for each of the color responses. Since the resulting color change was
red in color, there was a greater red response in the presence of Tetryl than green or blue.
The green response decreased with increasing Tetryl concentration due to the color
changing from orange to red, and a high saturation response resulted for all Tetryl
concentrations analyzed, and the hue response decreased as the Tetryl concentration
increased due to an orange color response (~0.1 A.U.) at lower Tetryl concentrations and
a red color response (<0.05 A.U.) at higher concentrations. The resulting hue trend was
ideal for defining a threshold value for the qualitative detection of Tetryl, and a positive
detection range can be defined as any value below 0.129 A.U., from -3c of the negative
hue response.

As shown in
Figure 4-3 with TNT,
the color changed rapidly
over 35 seconds within a
microwell containing a

1:1 solution of TMAH

and DNT. The images in

. Figure 4-8. Images taken from a video showing the color change with
Figure 4-8 show the  DNT added to a chamber with TMAH (A) before the addition of
DNT, (B) upon the addition of DNT, (C) 2.27 s, (D) 5.01 s, (E) 8.41

observed color change S and (F) 33.25 s after the addition of DNT.
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from shades of blue to shades of purple colors and finally to a red color. Performing this
reaction with the microfluidic device, image capture was taken immediately after the
centrifugal spin protocol for evaluation of the color response. The DNT concentration
was varied from 0 — 10 mg/mL (n = 3) for initial image analysis using RGB and HSB
color models, and the image analysis results are shown in Figure 4-9 with exemplary
images for each of the DNT concentrations. Due to the blue-green color change for DNT
with TMAH, the blue and green color responses were greater than the red response at all
DNT concentrations. Additionally, as the concentration of DNT increased, the saturation
increased due to the darker color that was observed at concentrations near 10 mg/mL.
The hue response also increased from ~0.3 A.U. to ~0.5 A.U. with increasing DNT
concentration, as the color changed from blue-green to more blue colored. Based on the
hue results, a threshold value defined at 0.155 A.U. can be used for qualitative detection

of DNT.
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Figure 4-9. Image analysis results for R, G, B, hue, and saturation color responses of DNT and TMAH

at varying concentrations from 0 — 10 mg/mL DNT, with exemplary images (left) of a reagent chamber
for each color response.
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Since  the
hue response at 0.5
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Figure 4-10. Hue analysis results for 0 — 5 mg/mL DNT with TMAH with
image capture at 0, 0.5, 1, 2, 3, 4, 5, and 10 min time points for image

analysis.

assessed over time. The hue response from 0 — 5 mg/mL DNT over a number of time

points including 0, 0.5, 1, 2, 3, 4, 5, and 10 min are shown in Figure 4-10. The hue

response for 0.5 and 2 mg/mL DNT was still more varied, which is most likely due to

subtle variations in color between the individual reagent chambers. The overall trend of

increasing hue response with increasing time of the image capture was observed for each

DNT concentration. The largest change in hue response was observed from 0 — 2 min,

demonstrating that the color change was becoming a deep blue color (from an initial

Uronium
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H H
Red Color Complex

Figure 4-11. Reaction between uronium and para-dimethylaminocinnamaldehyde (p-DMAC) for a

yellow to red color change with urea nitrate present.
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blue-green color) over time. As a result of the negative hue response not changing over
time, only the 0 and 10 min time points are shown in Figure 4-10. At any time point, the
hue response did not fall below the defined threshold value (0.155 A.U.), allowing for

image capture to be taken immediately to implement the fastest protocol for rapid

detection.
Urea nitrate (UN) is o mg/mL
0.18
not sold commercially but D 0.16 A
0.14 A
can be manufactured as an
0.12 ~
IED from urea fertilizer and 2 011
. a3 $ 0.08 1
nitric acid. A D =
0.06 A
colorimetric reaction 0.04 4
D 0.02 |
between UN and para- v 0 . . . .
10 mg/mL 0 1 5 5 10
dimethylaminocinnamaldeh [UN] (mg/mL)

Figure 4-12. Initial hue analysis results for the reaction of 0.023 M
yde (p-DMAC) in ethanol p-DMAC with varying UN concentrations from 0 — 10 mg/mL.

produces a red-colored product. The hydrogen present with uronium (urea-like structure
with an —OH group replacing the carbonyl group) protonates p-DMAC and allows for
nucleophilic substitution in which uronium is added to p-DMAC with the loss of water
(Fig. 4-11).** Previous work by Peters et al. demonstrated the use of 0.023 M p-DMAC
for colorimetric detection of UN using a paper-based microfluidic device.”® Initial tests
using 0.023 M p-DMAC and varying UN concentrations from 0 — 10 mg/mL resulted in a
subtle color change that was not consistent with the expected red color change (Fig. 4-
12). The concentration of p-DMAC was increased to 0.046 and 0.069 M, with 0.069 M

reaching the maximum solubility of p-DMAC in ethanol. Due to solubility constraints,
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p-DMAC at 0.069 M was spotted and overlaid onto filter paper three times (3X) for

reagent storage to increase the amount of p-DMAC deposited onto the paper, rather than
the originally reported 2X spots for this method.?® The hue responses for the reaction of
10 mg/mL UN with each p-DMAC concentration over a number of time points including
0,05, 1,2, 3,4,5,and 10 min are shown in Figure 4-13, with exemplary images at each
p-DMAC concentration for 0 and 10 min. The hue response varied the most over time at
the lowest p-DMAC concentration (0.023 M) while the hue response varied the least at
the highest p-DMAC concentration (0.069 M, 3X). Based on these results, 0.069 M, 3X-

spotted p-DMAC was chosen as the optimal reagent concentration.

0.1
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0Omin 10 min 0.09 1
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Figure 4-13. Hue analysis results for the reaction of 10 mg/mL UN and varying p-DMAC
concentrations with image capture at 0, 0.5, 1, 2, 3, 4, 5, and 10 min time points for image analysis.

Image capture of the microfluidic device was taken immediately after the
centrifugal spin protocol for image analysis using RGB and HSB color models at varying
UN concentrations from 0 — 10 mg/mL (dilutions in methanol) for n = 3. The results
from image analysis are shown in Figure 4-14 with exemplary images for each UN

concentration. The color change from yellow to red resulted with an increased red
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response compared to blue and green. As the UN concentration increased, the color
change became more red-colored, resulting in a decreased green response at 5 and 10
mg/mL. Due to the natively yellow color of p-DMAC, the saturation at 0 mg/mL UN is
higher than those responses seen previously with 0 mg/mL TNT, DNT, and Tetryl with
TMAH. Although p-DMAC is colored, the saturation response still increased with UN
present. The hue response decreased from ~0.15 A.U., a hue value indicative of a yellow
color, to ~0.05 A.U. for a more red-colored product.

Hue analysis can be used for

detection with a threshold value defined at 0.149 A.U. for UN with p-DMAC.

.
L
»
9
-

N
10 mg/mL

-

>

u.)

o
o
.

Arbitrary Units (A.

o
w
.

o
(V)
.

©
-
.

o
o
.

o
I
)

0.9 1

0.8 A

©
\l

BRed
EBlue
B Saturation

B Green
OHue

1 2
[UN] (mg/mL)

10

Figure 4-14. Image analysis results for R, G, B, hue, and saturation color responses of UN and 0.069 M
(3X) p-DMAC at varying concentrations from 0 — 10 mg/mL UN, with exemplary images (left) of a
reagent chamber for each color response.
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4.3.2.2 Solvent Evaluation for Organic Explosives Detection

To

number

steps, a

chosen for the dissolution of

the organic explosives while

decrease  the

50% ACN

of sample processing

solvent needed to be
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Figure 4-15. Hue and saturation analysis results for the reaction

of 5 mg/mL DNT and TMAH with varying solvent compositions

maintaining a good  100% ACN 0
colorimetric response.
Figure 4-15 shows the hue

and saturation response for

including 50%, 60%, 70%, and 100% acetonitrile (ACN) in

methanol, with exemplary images (left) of a reagent chamber for

each color response.

TMAH and 5 mg/mL DNT diluted in 50, 60, 70, and 100% acetonitrile (ACN) with

methanol (MeOH). As the ACN concentration decreased, the saturation decreased due to

a less intense blue color change, while the hue response did not change with decreasing

ACN as the shade of the blue remained the same. Ideally, a solvent with the highest %

ACN content should be used, however, UN does not dissolve readily in ACN and more
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4-16. Initial hue analysis results for the
of 0.069 M (3X) p-DMAC with varying UN

concentrations from 0 — 3 mg/mL in 70% ACN.

readily dissolves in MeOH. To
compromise between requiring both
ACN and MeOH for analysis, a
solution of 70% ACN and 30% MeOH
was chosen (Fig. 4-16). The hue
response for UN with 70% ACN from
0 — 3 mg/mL (constraints on UN

concentrations used for analysis due to
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the purchased standard solution was in MeOH) resulted in a similar decrease in hue with

increased UN concentration as observed with 100% MeOH.
4.3.2.3 Inorganic Explosives

The same device setup used for

CHy CH, .
- I - I - d A s A+ CI
organic explosives analysis was use Hac/ \CH,
for the inorganic explosives. The N/

described toner-based polyester-paper Figure 4-17. Methylene blue compound used for the

blue to purple colorimetric reaction with perchlorate.
device (Fig. 4-1) was used for

evaluation of each colorimetric reaction for n = 3 with image capture taken immediately
after the centrifugal spin protocol was completed. The images were then analyzed using
HSB and RGB color models.

A simple color test for the detection of ClO4 has been reported utilizing dilute

methylene blue (MB).* MB is natively blue-colored and when CIO, is present it binds
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Figure 4-18. Image analysis results for R, G, B, hue, and saturation color responses for the reaction of
NaClO,4 with MB at varying concentrations from 0 — 10 mg/mL NaClO,4, with exemplary images (left)
of a reagent chamber for each color response.
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with the MB complex, precipitating out a purple-colored product (Fig. 4-17). A dilute

solution of 0.05% aqueous MB was used here for colorimetric detection of ClO,.
Varying concentrations of sodium perchlorate (NaClO,) were added to the device, from 0
— 10 mg/mL, and analyzed for the color response with MB. The image analysis is shown
in Figure 4-18 with exemplary images for each concentration. Overall, the blue response
was greater than red and green responses because blue was the predominant component
of both the native MB color and the resulting purple-colored product in the presence of
CIO4". As the color changed to purple with ClO,4, the red response increased and the
green response decreased. The native MB color resulted in a maximum saturation with a
decreasing saturation response as ClO, was added, and this was the only colorimetric
reaction analyzed with this saturation trend. The hue response increased as ClO4
concentration increased, as the hue values from ~0.6 — 0.7 A.U. are associated with
purple color. Hue analysis could be used for the qualitative detection of CIO,” with a

threshold value defined as 0.558 A.U.

+ 0.
NH4

Yellow Color Complex

Figure 4-19. Reaction between hydrogen peroxide (H,0,) and ammonium titanyl oxalate (ATO) for a
colorless to yellow colorimetric reaction.
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Hydrogen peroxide (H20;), a known constituent of peroxide-based IEDs, changes
from a colorless to a yellow-colored product upon peroxide complexation with the Ti(IV)
oxo moiety (Fig. 4-19) in the ammonium titanyl oxalate reagent (ATO).***" An aqueous
solution of 1 M ATO was used here, and varying concentrations of H,O, from 0 — 10
mg/mL were analyzed within the device. The image analysis is shown in Figure 4-20
with exemplary images for each concentration. As the concentration of H,O; increased,
the blue response decreased. Alternatively, the saturation response increased with
increasing concentrations due to the formation of a more saturated yellow color.
Challenges occurred when hue was considered for the sole analysis parameter as there is
no discrimination between the presence and absence of peroxide. This is due to all hue
responses falling within the hue value range associate with a yellow color (~0.15 A.U.)
requiring a different, or additional, image analysis parameter, i.e., saturation, for

0 mg/mL
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Figure 4-20. Image analysis results for R, G, B, hue, and saturation color responses for the reaction of

H,0, with ATO at varying concentrations from 0 — 10 mg/mL H,0,, with exemplary images (left) of a
reagent chamber for each color response.
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qualitative detection. This challenge results from the color white not able to be
represented with hue, and consequently, the white paper results in a yellow-type hue

value.

(C)

\\\\

/

/

o

Figure 4-21. Images of Nessler’s reagent stored within the microfluidic device on
paper with (A) 0 mg/mL and (B) 10 mg/mL AN added, and images of Nessler’s
reagent pipetted directly onto the polyester device for storage for reaction with (C)
2.5 mg/mL AN.

Ammonium nitrate (AN) is commercially available and commonly used as an
ammonium nitrate and fuel oil (ANFO) heterogeneous mixture IED.** For the
colorimetric detection of AN, an ammonium (NH,") test needed to first be implemented.
The Nessler’s reagent, containing potassium tetraiodomercurate (II) in an alkaline
solution of potassium hydroxide (KOH), has been widely used for the determination of
ammonium or ammonium nitrogen in different types of water (Fig. 4-22).***° NH," is
reduced to ammonia (NHs) with KOH, and NHj3 reacts with Nessler’s reagent (K;Hgl,) to
produce a brown color complex (NHzHg:l13).>>* Due to the alkalinity needed for the
Nessler’s reagent, no reaction occurred with the reagent dried on paper for integration
into the microfluidic device (Fig. 4-21A,B). Alternatively, when the reagent was pipetted

onto the bottom polyester layer of the microfluidic device for storage, the colorimetric

2K2Hgl4 + 2NH3 > NHzHg213 A NH4I + 4K1

Figure 4-22. Chemical equation for the colorimetric reaction of ammonium with Nessler’s reagent to
produce a brown colored precipitate. Ammonia is produced from the reduction of ammonium with
potassium hydroxide.
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reaction with 2.5 mg/mL AN resulted in the characteristic brown precipitate (Fig. 4-
21C,D). This was the only colorimetric reagent utilized that could not be stored in the
polyester-paper device format. From these initial results, a reagent integration method
was implemented where the reagent was added to the microfluidic device on the bottom
polyester layer as a liquid with device layers 2 — 5 aligned and allowed to dry for ~10
min. Then, the capping polyester layer was added to the device and the device was
bonded for use. Varying concentrations of AN from 0 — 10 mg/mL were added to this
device format for reaction with Nessler’s reagent, and the image analysis results are
shown in Figure 4-23 with exemplary images for each concentration. When AN was
added, the blue response decreased by ~0.1 — 0.2 A.U. Although the saturation response
increased with AN added, as the concentration of AN increased, the saturation response

did not. This is most likely due to sedimentation of the free brown reaction precipitate in

0 mg/mL
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Figure 4-23. Image analysis results for R, G, B, hue, and saturation color responses for the reaction of
AN and Nessler’s reagent with liquid reagent storage at varying concentrations from 0 — 10 mg/mL AN,
with exemplary images (left) of a reagent chamber for each color response.



161

solution to the bottom of the microfluidic reagent chamber during the centrifugal spin
protocol. Additionally, due to the yellow-like color with AN present, all hue responses at
each concentration resulted in ~0.15 A.U. providing no hue discrimination for qualitative
analysis. Similar to the results observed for the H,O, colorimetric reaction, ammonium
detection would require a different image analysis parameter, i.e., saturation, for
detection.

To facilitate detection of AN, and other explosives utilizing NO5™ as an oxidizer,
i.e., black powder, a colorimetric reaction for NOs™ detection was required. The well-
known Griess reaction was developed in 1879 and is used for the colorimetric detection
of NO3™ or nitrite (NO,).>® For this reaction, NO, reacts with sulfanilic acid to form a
diazonium cation which subsequently couples to 1-naphthylamine to produce a red-violet
colored azo dye.** Due to the significant use and impact of the Griess reaction since

development, a number of modifications to the original Griess assay have been made.>>>’

- Inlet - Air Vents
7/

| YUAD\e
Sample | Dy - @
Chamber B

Reagent Chamber-1
Reagent Chamber-2#*™  Laser Valve

Figure 4-24. Device design optimized for multiplexed analysis from a single sample input to
accommodate one- and two-step colorimetric reactions. The inset describes each feature of one domain
(four total within one microfluidic device) for the complete design with the upper fluidic level (blue)
and bottom fluidic level (red).
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A modification of notable importance was by Bratton and Marshall replacing the use of
carcinogenic 1-napthylamine with N-(1-naphthyl)ethylenediamine (NED) as a coupling
component for sulfanilamide (Fig. 4-25).>® This Griess reaction modification with NED
resulted in a number of advantages for reproducibility, reaction time, and sensitivity, and

has been the most commonly used Griess assay.>*

S To implement the modified
- Zn _ ©0O-N
0o Q Griess reaction described using
Sulfanilamide Qo _
©0-N —— HZNO—ﬁ—NEN: y Sulfanilamide and NED, the
(0] (o) /
H-O i . : .
l NED microfluidic device design needed to
o y incorporate  fluidic  architecture
I
af OO, et
o] O capable of a two-step colorimetric

Colored Azo Dye . . .
_ . _ _ o reaction. The updated design is
Figure 4-25. Modified Griess reaction for a colorimetric

reaction between nitrate with sulfanilamide and N-(1- . .
naphthyl)ethylenediamine (NED) reagents. Zinc powder shown in Figure 4-24 for the
was used to reduce nitrate to nitrite.

multiplexed analysis of each analyte

from a single sample input, and the design included three additional channels for
integration of the two-step modified Griess reaction for n = 3. Although the key features
of the device design remained the same as originally discussed in Figure 4-1, small
changes in the dimensions were made based on standard dye tests to assure precise fluidic
movement and included: the sample channel width (3.5 mm), reagent chamber-1 width to
allow for different sized paper punches to be evaluated when necessary (3.5 mm), and the
narrow connecting channel width between the sample channel and reagent chamber-1 to
allow for easier air displacement (0.7 mm). Changes in the air vent placement were made

to move the vents to a position higher than the sample chambers to assure no sample
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spinout through the air vents occurred. The air vent started on the same fluidic layer (top
layer) as the sample chambers (blue in Fig. 4-24) and was connected to the bottom fluidic
layer (red in Fig. 4-24) by a circular port cut through both device fluidic layers (cyan port
in Fig. 4-24). This allowed the vents to cross the fluidic architecture on alternate fluidic
levels for no contact with the inlet channel. The topmost position of the tilted S-shaped
channel used to connect the reagent chamber-1 to the reagent chamber-2 was utilized to
assure that the pressure from the solution in reagent chamber-1 would not move the
solution to the reagent chamber-2 until the device was spun. For additional fluidic
control, a laser valve was positioned at the air vent of the reagent chamber-2 to prevent

air displacement until the sample and reagent-1 were fully mixed.

Figure 4-26. Images of zinc and NED reagent stored within a microfluidic device spotted in reagent
chamber-1 and on paper in reagent chamber-2, respectively, without (A) and with (B-D) KNO; added.
Red arrows highlight positions where zinc blocked fluidic channels and blue arrows highlight fluid
menisci.

Once this integrated design was determined, the two-step architecture was

isolated and used to fabricate a simplified device for optimization of the modified Griess

reaction. Similar to initial tests for the one-step reactions, the device had four identical



sample channels to perform
replicate (n = 3) analyses
with an additional negative
control chamber with no
reagent added. To use the
modified Griess reaction for
NOj" detection, zinc powder
was required to reduce NO3’
to NO; before the Griess
reaction could proceed. A
suitable method for

integrating zinc powder into
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Zinc Method-1 Zinc Method-2
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Figure 4-27. Images of the reaction between (A) 5 mg/mL and
(B) 1 mg/mL KNO; with the modified Griess reagents stored
using the one-step device design using two different zinc storage
methods. (C) Hue and saturation analysis results for each
corresponding image with both zinc storage methods.

the microfluidic device was determined by using a 20% glycerol solution to control the

zinc placement within the microfluidic device. For initial tests, zinc was spotted into the

reagent chamber-1 (0.5 pL) and NED was added to the reagent chamber-2 using the

polyester-paper device method. Potassium nitrate (KNO3) was mixed with sulfanilamide

off-chip and pipetted into the device to initially evaluate the color change. The images in

Figure 4-26 demonstrate the inconsistent color changes observed both within a single

domain and within multiple domains (Fig. 4-26B-D). The hypothesis was that free zinc

in solution sedimented and blocked the tilted S-shaped channel connecting the two

reagent chambers during the centrifugal spin protocol. In many of the chambers where

zinc was sedimented, a meniscus at the top of the reagent chamber was observed,
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indicating that the fluid movement to the reagent chamber-2 could not occur (blue arrows

in Fig. 4-26).

To  prevent  the 1-Step Design 2-Step Design

) } A
sedimentation effects from ¢V o ® Q o) u

fluidic architecture, the one- (C) 1
0.9 { | Bi-Step
step device design was 08 4| ®m2-step

0.7

utilized. A mixture of g6
o 505 1
sulfanilamide and NED was 2, -

5 0.3

added to paper for integration <, |

0.1 1
into the microfluidic device 0 +-

0 mg/mL | 5 mg/mL 0 mg/mL | 5 mg/mL
in the same chamber as the Hue Saturation

; ; Figure 4-28. Images of the reaction between (A) 5 mg/mL and

Zinc.  As a simple test to (B) 0 mg/mL KNO; with the modified Griess reagents stored

over two weeks using the one-step and two-step device designs

evaluate effects from the ang zinc storage method-1. (C) Hue and saturation analysis
results for each corresponding image for both device designs.

placement of the zinc in the

chamber, two different zinc storage methods were implemented. Zinc method-1
incorporated zinc by spotting it on the bottom of the chamber (onto the polyester layer)
and placing the reagent paper punch on top of this spot. Alternatively, the zinc method-2
was implemented by adding the zinc to the backside of the reagent paper punch in an
attempt to stabilize the zinc placement in the chamber. It would be expected that when
zinc was added to the reagent paper punch in the zinc method-2, the zinc spot would not
sediment considerably. The comparison hue and saturation analysis from the two zinc

integration methods is shown in Figure 4-27. Although variations were seen in the hue
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results for both zinc methods, the saturation response was increased for the zinc method-1
with 1 and 5 mg/mL KNOg3 added. The more saturated color change was ideal and likely
due to increased reduction of NO3 to NO, with the free zinc in the chamber not
stabilized on paper. The zinc method-1 was applied for further studies comparing the
one-step reaction method to the two-step method. Devices for each method (one- and
two-step) were fabricated and stored at room temperature in the dark for two weeks.
After the initial storage time, 0 and 5 mg/mL KNO; were added to the devices, and the
hue and saturation results with exemplary images of the colorimetric reactions are shown
in Figure 4-28. Although the one-step device design was ideal to simplify the fluidics,
unfortunately, the reagents were not stable in this format when stored over time. The
two-step approach was chosen for implementation of the modified Griess reaction for
NOj3 detection with the centrifugal microfluidic platform. Although color analysis was
performed to evaluate the image analysis capabilities, future work optimizing the two-

step device design was still needed.
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Figure 4-29. Image analysis results for R, G, B, hue, and saturation color responses for the reaction of
KNO; with the zinc and the modified Griess reagents at varying concentrations from 0 — 10 mg/mL
KNOjs, with exemplary images (left) of a reagent chamber for each color response.



167

Varying concentrations of KNO3; from 0 — 10 mg/mL were added to the two-step
device format for reaction with the modified Griess reagents. The image analysis results
are shown in Figure 4-29 with exemplary images for each concentration. The green and
blue responses decreased as the NO3™ concentration increased, due to the contribution of
red in the resultant color. As expected, the saturation response increased as the
concentration of NOjs increased. The hue response also increased in the presence of
NOgs’, but remained at ~0.95 A.U. as the shade of the color did not change over varying
concentrations. The significant increase in hue was ideal for using hue for qualitative
detection. A threshold value was defined as 0.157 A.U., but 0.5 mg/mL may result in a
false negative due to the significant variation between replicate analyses.

The hue histograms using ImageJ for each 0.5 mg/mL KNOs replicate are shown
in Figure 4-30A-C. A color bar representation was added to the bottom of the histogram
in Figure 4-30A, to demonstrate the color association with each pixel hue value along the

x-axis. Due to how the HSB color model is derived, a red color is associated with hue
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Figure 4-30. (A-C) Hue histograms using ImageJ for replicate 0.5 mg/mL KNOj; responses, with the
addition of a schematic color bar demonstrating the color representation for each pixel hue value. (D)
Hue and adjusted hue analysis for varying concentrations from 0 — 10 mg/mL KNO3.
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values at both ends of the x-axis, which was converted to A.U. and represents 0 and 1
A.U. values on the y-axis of the image analysis plots. The histogram in Figure 4-30B
has the majority of the pixel count at a pixel hue value of ~16, or 0.062 A.U.
Alternatively, the histograms in Figure 4-30A&C have identical pixel counts, but the
pixel hue values related to those counts result in two peaks at ~0 and 255, or 0 and 1 A.U.
When the average pixel hue value from each histogram was averaged, and then averaged
between three replicates, the result was significantly varied, as seen for 0.5 mg/mL in
Figure 4-29. This limitation can be accounted for during hue analysis by adjusting the
hue data. The pixel hue values from 0 — 255 were adjusted to 25 — 280, or 0.098 — 1.098
A.U. For example, a pixel count of 200 at the pixel hue value of 15 would be adjusted to
a pixel hue value of 271 instead. The described adjustment would result in a single peak
for each histogram in Figure 4-30 at ~1 A.U. Since all of the pixel hue values associated
with the pixel counts for the histogram in Figure 4-30B are between 13 — 20, this peak
will now be positioned at pixel hue values 269 — 276, or 1.054 — 1.082 A.U. A
comparison of the hue data and the adjusted hue is shown in Figure 4-30D. The adjusted

hue did not change for any NOs™ concentration other than 0.5 mg/mL because all of the
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Figure 4-31. (Left) Image of the enclosure with cell phone and power supply for adjusting LED
brightness. (Right) Image of the enclosure opened to show the device and three-LED strip positions.
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hue values for
concentrations from 1 —
10 mg/mL were above a

25 hue value, or 0.098

A.U. and, therefore, were  Figure 4-32. Image from the cell phone camera of the device without
(left) and with (right) focus, with LED brightness adjusted using the
not adjusted. power supply at 8.2 and 9 V, respectively.

4.3.3 Consistent Lighting for Image Analysis

The imaging setup described in Figure 4-2 was utilized for initial analyses of
each colorimetric reaction. Implementing a cell phone holder aided in imaging and
analysis by allowing the cell phone to be in a consistent position for each image capture
event. Once the initial analyses were performed, a new imaging setup was needed to
have additional lighting control for analysis optimization. A simple PMMA enclosure

was laser cut using a design generated with MakerCase (http://www.makercase.com/).

\\\\
I WSS

Figure 4-33. Replicate images from the cell phone camera of the device, with LED brightness adjusted
using the power supply at 8.2, 8.5, and 8.8 V (top row), respectively, and 9.0, 9.2, and 10.0 V (bottom
row), respectively.
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This box generator website provides an easy platform for generating an enclosure of
customizable size with finger-type edge joints. The assembled enclosure is shown in
Figure 4-31, and a three-LED strip and power supply with adjustable voltage was
implemented to control lighting. During initial optimization of the lighting position, the
LED strip was simply attached to the enclosure with scotch tape. The microfluidic
device was elevated off of the bottom of the enclosure using a PMMA stand to evaluate
lighting from underneath the device. The cell phone was positioned to be 2.5” above the
device for each device domain to be completely in view for imaging. Once an optimal
LED position was determined to be above the device, positioned 4 cm below the cell
phone camera hole for imaging, the LED strip was adhered to the lid using a more robust
pressure-sensitive adhesive.

Once the position of the LED strip was determined, the brightness of the LEDs,

controlled using voltage here, Ambient Enclosure
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. A Figure 4-34. Images of the reaction between (A) 0.5 mg/mL and
V resulted in lighting that gy 025 mg/mL DNT with TMAH using ambient and enclosure
lighting. (C) Hue and saturation analysis results for each

was not bright enough for the  corresponding image for both lighting formats.
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camera to acquire focus on the device. The effective range for lighting evaluation was
defined as 8.2 — 10 V (Fig. 4-33), as >10 V would wash out the resulting color within the
device reagent chambers. Initial attempts to optimize lighting further were comprised of
reproducing the ambient lighting results using the PMMA phone holder with image
analysis using the PMMA enclosure. Images were taken immediately after the
centrifugal spin protocol with both ambient (using the setup from Fig. 4-2) and the
enclosure lighting at 8.6 V for 0, 0.25, and 0.5 mg/mL concentrations of DNT and TNT.
The hue analysis for DNT at each concentration resulted in similar values; however, the
average hue results using the enclosure were slightly increased with DNT, indicating a
slightly more blue color compared to blue-green (Fig. 4-34). Alternatively, the average
hue results at 0 mg/mL DNT decreased slightly, resulting in a greater change in hue
between a positive and negative DNT sample. The saturation analysis with DNT was
varied with both ambient and Ambient Enclosure

enclosure analysis, and the ¢ ®

saturation response for 0.25
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Figure 4-35. Images of the reaction between (A) 0.5 mg/mL
consistently for TNT using the and (B) 0.25 mg/mL TNT with TMAH using ambient and
enclosure lighting. (C) Hue and saturation analysis results for

) each corresponding image for both lighting formats.
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4.3.4 Color Manipulation Through Microdevice Tinting
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most of the colorimetric reactions Figure 4-36. Schematic of the tinting method to

manipulate color change. Color association with the
described here, however, limitations Y-axis for hue in arbitrary units (A.U.) is correlated
with H,O, colorimetric reaction with ATO as
colorless to yellow (no tinting) and as cyan to
yellow (tinting). Inset images of H,O, reaction with
and without tinting are shown.

were observed for analyzing H,O, and
NH," colorimetric reactions. Since hue
analysis does not allow for the adequate detection of ‘white’, as it contains all colors
(and is not associated with a particular shade of color), the post-reaction color of a
reagent-saturated paper with sample without H,O, or AN present is white. In the absence
of “tinting’, a negative sample results in a hue value most closely associated with yellow,
and since a positive sample for H,O,, for example, turns yellow with ATO, the reaction is
essentially undetectable (Fig. 4-36). Fabricating devices from paper and polyester
substrates allows for a variety of opportunities for colorimetric manipulation tinting such
as dyeing paper, printing polyester, and applying colored light onto transparent detection
areas. In order to evaluate the impact that each form of tinting has on an interpreted color
change, the colorless-to-yellow color change from the reaction of H,O, with ATO was

utilized for development of each method.



4.3.4.1 Direct Dye Tinting of the Reagent-
Saturated Paper

The first form of tinting involved
altering the color of the paper substrate with
dye. In theory, the background color can be
tinted to shift the resultant color into a part of
the spectrum that ultimately is more detectable.
In Figure 4-36, without tinting, the negative

and positive hue value for the white-to-yellow

Hue (A.U.)
o
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Figure 4-37. Tinting reagent paper with dye.
(A) Images of paper tinted with erioglaucine
before ATO reagent was added (1-3) and
tinted without reagent added (4). (B) Hue
response for the dye tinted punches in (A)
with and without added reagent.

color change remain the same. If the background is then tinted cyan for the same white-

to-yellow color change, the change in hue is now detectable as the native color change is

combined with the tinted color, altering the overall color change to be cyan-to-green.

W Tinted

@ Not Tinted

0 0.1 0.5 1 2 5 10

H,0,] (mg/mL
Figure 4-38. Tinting r[eaggnflpéper with dye. (A)
H,0, colorimetric reaction with ATO reagent
punches, changing from colorless to yellow. (B)
H,0, colorimetric reaction with ATO reagent
punches tinted blue with dye, changing from blue to
green-yellow with increasing H,O, concentration.
(C) Hue data analysis (n = 3) for each color change
shown for punches in (A) and (B).

This was first trialled by pre-
dying the reagent-saturated paper
substrate containing ATO using a blue
dye (erioglaucine). Attempts to dye the
filter paper prior to reagent addition
resulted in irreproducible shades of blue
between paper punches with or without
reagent (Fig. 4-37). However, when
dying the paper following ATO addition,
the difference in color between tinted

and non-tinted paper was improved.
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This is shown in Figure 4-38 where, in the absence of tinting, the shade of yellow
resulting from the presence of H,O, over an order of magnitude concentration range (0 —
10 mg/mL) remained the same as indicated by no significant change in hue (Fig. 4-
38A&C). In contrast, tinted substrate (Fig. 4-38B) allowed for a strong H,O;
concentration-dependent color change from blue (negative) to green, with a lower limit of
detection (LOD) of 100 pg/mL (blue-green) and as high as 10 mg/mL H,O, (green).
With >2 mg/mL H,0,, the measured hue with tinted substrate tends to plateau as the
reaction becomes reagent-limited.  While this tinting method was simple for
incorporating into device fabrication, it could result in dye-sample interactions within the
detection chambers, affecting the colorimetric response. As a result, additional microchip

tinting methods were explored.

4.3.4.2 Print-based Tinting of the Microdevice
An alternative to dyeing the reaction substrate

was explored in the form of print-based tinting.

During the  fabrication of  polyester-toner _

microdevices using the PCL technique, there are Figure 4-39. Images of tinting with
dye on reagent paper punches.
several steps that require printing toner on the mages of H:O, reagent punches
tinted blue (top) and resulting

. . ) heterogeneous color change with 10
polyester surface for either bonding or valving. Asa  mg/mL H,0, added (bottom).

result, tinting select areas of the microdevice with colored printer toner is a process that
can be seamlessly integrated into the rapid PCL fabrication method. Additionally, a
distinct advantage of print-based tinting was that it circumvented problems associated

with chemical interference that may result from interaction between the dye and the
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sample. For example, if the dye used to tint the paper is water-soluble, the resulting color

of the paper punch can be heterogeneous in nature (Fig. 4-39).

0%

Increasing % TP (cyan)

100%

R Detection
Vv Reagent ~.chambers
punches

Figure 4-40. (Left) A schematic showing increasing % transparency (% TP) in a particular color (cyan
here) as a form of gray scale to manipulate the print-based tinting intensity. (Right) Schematic of the
device with print-tinting on layer 1 with paper punches added to device chambers below tinted regions.

In contrast, print-based tinting has remarkable bandwidth with respect to color
selection, intensity and/or transparency of the color that can be directly embedded onto
the polyester surface (Fig. 4-40). Additionally, other microfluidic devices utilize
printable substrates that can be laminated, (e.g., paper-based devices?), and these can be
tinted by printing onto the transparency sheet that is laminated. Printing colored toner is
a simple method that provides considerable spatial control over the tint location and has
flexibility in the tint color selection. This allows multiple tint colors, specific to different
colorimetric reactions in a multi-reagent device, to be printed onto a single device layer.
As a result, a LaserJet printer can be exploited to define architecture, print valves, and tint
the surface of detection zones for colorimetric reaction detection.

To determine the effectiveness of this approach, four tinting colors — red, green,

blue, and cyan — were printed above the detection zones, or reagent chambers of the one-
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Figure 4-41. Hue analysis for print-based tinting with various colors (n = 3) for tinting blue (A), green
(B), cyan (C), and red (D) over varying % TP for 0, 0.1, 1 and 10 mg/mL H,0,.

step device design, while varying the % transparency (% TP) values. Figure 4-41 shows
images for the H,O, reaction chamber with the printing of each of the four colors over a 0
—100% TP range; 100% TP indicates the complete absence of printed toner. The upper
portion of each figure represent images obtained with the negative control and an H,O;

concentration of 1 mg/mL. The lower plots show the hue response corresponding to the
images, with the inclusion of values for the 0.1 and 10 mg/mL H,O; concentrations. The

red solid line associated with the clustered hue values at each % TP setting represents the
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threshold value that explicitly distinguishes a sample positive or negative for H,O,, used
for qualitative detection of H,O,. As the % TP of a printed color changes, the threshold
value needs to be determined for that specific printed tint (Table 4-1). Depending on the
tint color, and where that color is represented by hue values, a threshold value that is
either plus or minus 3o of the average 0 mg/mL H,O, hue value can be defined for 99.7%
confidence. With the exception of red tint, as the concentration of H,O; increases, the
hue value decreases. As a result, no tint (100% TP) and colored tints of green, blue, and
cyan have defined threshold values of -3c of the average 0 mg/mL H,0,. Any hue value
below this threshold value can be considered as positive for the presence of H,O,. Red
tinting has a defined threshold value plus 3o of the average 0 mg/mL H,0,, and any hue

value above this threshold is considered positive H,O, detection.

Table 4-1. Threshold values for determining a positive sample of H,0, using print-based tinting. Cyan,
blue, and green thresholds are [0]-3c. Red thresholds are [0]+3oc.

% Transparency

0 50 75 80 85 90 95 100

Red 0.05 0.06 0.04 0.07 0.08 0.09 0.15 0.31

Green 0.21 0.23 0.25 0.23 0.19 0.22 0.19 0.11

Blue 0.65 0.63 0.62 0.57 0.58 0.58 0.48 0.11

Pe Tint
Color

Cyan 0.53 0.51 0.53 0.47 0.50 0.47 0.36 0.11

Using the defined thresholds, there is no discriminatory power between 0 mg/mL
H,0, and 10 mg/mL H,O, without tinting. Red, green, and blue tinting at the darkest
color (0% TP) is of limited value because the background is too dark to provide
discrimination at low H,O, concentrations. Additionally, red or green tinting in this
format, at any % TP, showed a LOD of 1 mg/mL H,0O, for qualitative analysis based on
the calculated threshold value. When tinting at 90 and 95% TP in blue and between 85 —
95% TP in cyan, the LOD was determined to be 0.1 mg/mL H,O,. These results indicate

that print tinting provides an effective method for detection of the monochromatic H,0,
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colorimetric reaction.

For each assay, potential tinting colors need to be defined. This often can be
determined based on the native color change associated with the assay. A tinting color
that is furthest from the native color represented on the hue scale (largest Ahue) can
provide enhanced color discrimination. Although red and yellow are both primary colors
that mix well, they have a lower Ahue than blue and yellow or blue and red. Once
potential tint colors are chosen, % TP can be altered to optimize the tint for the desired
LOD when using threshold values to unequivocally determine if the analyte of interest is
present. The darkest tint color, 0% TP, is generated by printing the most toner droplets
onto the polyester film. As the % TP increases, less toner droplets are printed resulting in
droplets that are increasingly more spread out. At the optimized tint % TP, the printed
toner droplets are sparse enough to allow the native color change to be detected at low
concentrations. For the exemplary H,O, reaction, optimized blue and cyan print-based
tints allow detection of the light yellow color at 0.1 mg/mL and the light blue/cyan color

when no analyte is present.

-
....

.
ﬁ'..
-

Figure 4-42. (Left) Image of PMMA enclosure with RGB and White LED strips on the lid ith the
microdevice for tinting; the inset shows the spin motor with no microdevice. (Right) Image of a cell
phone holder on the lid of the imaging enclosure.
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4.3.4.3 Tinting with External Light

Finally, background lighting was explored as a contactless form of tinting that
does not involve altering the device fabrication process. RGB-tuneable LEDs combine
red, green, and blue at individually set levels, by changing each RGB value, to produce a
wide range of colors. These RGB LEDs were installed in order to provide tinting via
selectively controlling background lighting during image capture. In this format, the

desired tint colors (red, green, blue, and cyan) could be obtained using the RGB values
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Figure 4-43. Hue analysis for external light tinting with various colors (n = 3) for tinting blue (A),
green (B), cyan (C), and red (D) over varying white LED voltages for 0, 0.1, 1 and 10 mg/mL H,O,.
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needed to generate each color, thus, defining a tinted environment for optical
interrogation.

In contrast to dye and print-based tinting, this form of tinting is implemented
during image analysis rather than during device fabrication. An RGB LED strip was
used in combination with a white LED strip (Fig. 4-42), because RGB LEDs alone
produced color that was too dark for colorimetric analysis. Figure 4-43 displays images
of the H,O; reaction with LED tinting in red, green, blue and cyan. As with an earlier
figure, H,O, concentrations of 0 mg/mL and 1 mg/mL H,O, were chosen for exemplary
images, with hue plots shown for 0, 0.1, 1, and 10 mg/mL H,O,. Instead of utilizing %
TP, the brightness of the white LED was varied using a bench top variable power supply
from 8.0 — 9.0 V to optimize the tint intensity. This voltage range was chosen because
7.0 — 7.9 V was not bright enough to detect the colorimetric reaction while >9.0 V was
too bright, washing out the image. The RGB LED brightness was kept constant, as the
greatest impact on the image was seen with altering the white LED brightness. As
described previously, the plotted red lines over clustered hue values at each voltage, and
with each tint color, shown in Figure 4-43 demonstrates the threshold value (99.7%
confidence) for qualitative detection of H,O,, as present or not present. Any hue value

either above (for red light-based tinting) or below (for green, blue, and cyan tinting) these

Table 4-2. Threshold values for determining a positive sample of H,0O, using external light tinting. Cyan,
blue, and green thresholds are [0]-3c. Red thresholds are [0]+3c. All hue values are in A.U.

Voltage
8.0 8.2 8.4 8.6 8.8 9.0
Red 0.04 0.02 0.03 0.03 0.06 0.08
0 g S Green 0.40 0.40 0.39 0.39 0.38 0.35
2F 38 Blue 0.61 0.60 0.59 0.59 0.59 0.59

Cyan 0.48 0.48 0.48 0.48 0.49 0.49
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threshold values explicitly distinguish a positive H,O, sample from a negative sample.
Each threshold is specific to the RGB LED tint color, and white LED voltage applied
(Table 4-2).

Light-based blue tinting had the worst sensitivity for H,O, (highest LOD at 10
mg/mL; all voltages), green and cyan tints provided the best H,O; sensitivity (LOD of 1
mg/mL; all voltages), and red tinting had LODs of 1 mg/mL H,0O; for 8.0 — 8.4 V and 8.8
—9.0 V and 0.1 mg/mL for 8.6 V. Light-based tinting red at 8.6 V had the lowest LOD

of 0.1 mg/mL H,Og, resulting in the most sensitive tinting parameter for H,O-, detection.

Table 4-3. Summary of advantages and disadvantages of each tinting method.

Tinting Methods

Dye Print Lighting
Advantages  Simple method, only Precise control over Tinting method is
needs dye and pipette  tinting with R,G,B independent of device
values fabrication
Minimal impact on Can use with more device
fabrication time types
Disadvantages Interaction with Need external Requires external
sample and reagent equipment (printer) equipment (power source
Possible heterogeneous Device needs to be and software for controlling
color change amenable for printing LEDs with R,G,B values)

4.3.4.4 Tinting Method Selection

All three tinting methods were effective for enhancing the colorimetric detection
of H,O, with hue analysis. Each tinting method has inherent advantages and
disadvantages and these are summarized in Table 4-3. Dye and print-based tinting
methods are advantageous because they can be implemented during microdevice
fabrication, while light-based tinting is invoked externally during image capture and is
independent of device fabrication. Despite the need for external hardware to power the
LEDs, light-based tinting is simple and provides flexibility with multiple device types.

This method also provides precise color control using RGB LEDs and voltage control.
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Dye tinting is the simplest of the three methods, as it only requires a pipet and dye for
drying the dye onto the device substrate prior to device use. This method is best used
when no interactions between the dye and the sample or reagent can occur. Print-based
tinting utilizes a commercial printer with precise color control using RGB values and is
easily applied when device fabrication includes a printing step. If the device fabrication
IS not amenable for printing, a sheet of polyester or overhead transparency with the
desired printed tint could be used as a cover layer during image capture. Here, each
tinting parameter for the methods summarized in Table 4-3 was optimized using the
exemplary H,O, colorimetric reaction. This reaction provides a benchmark for

optimizing the described tinting methods for additional colorimetric assays.

4.3.5 Transitioning from PET to HSA Devices

The PCL fabrication Toner Substrate HSA Substrate

(A) R N 2
(B)

C
device fabrication, ideal for rapid ©) 06
OPET
0.5 1
prototyping.  Additionally, this =HsA
0.4 A

S
fabrication technique has proved <03 |
Z

to be especially advantageous for 021
0.1 1
devices centered on centrifugal . "
0 0.5 1

fluidic control.  With a view [DNT] (mg/mL)
Figure 4-44. Images of the reaction between (A) 0 mg/mL
towards field use, the strength and (B) 1 mg/mL DNT with TMAH using toner- an_d
g HSA-based devices. (C) Hue and saturation analysis

.. ] results for each corresponding image for both device
and long-term stability of printed substrate formats.

7



183

toner for device bonding elicits concern.*® An alternative to printer toner that can prevent
delamination between the device layers and is stable over time is required. A number of
adhesives can be used as a replacement to toner; however, many of these substrates
complicate device assembly, negatively impacting the simplicity of PCL fabrication.
Commercial heat-sensitive adhesive (HSA) was implemented as an alternative to
printer toner for device fabrication as described previously.*®* Due to the proprietary
chemical composition of the HSA material used, inhibition of the colorimetric reactions
needed to be evaluated. Negative effects on the color changes for the described
colorimetric reactions for explosives detection did not occur for many of the reactions
used, however, undesirable effects from chemical interactions with the HSA were seen

for DNT and NH,".

4.3.5.1 Colorimetric Detection of DNT with HSA Devices
Generally, the negative color observed (no explosive present) using an HSA-

fabricated device with TMAH reagent

070% ACN

was yellow in color rather than white-

0.5 1| ®90% ACN
colored due to the filter paper as o4 |
>
observed previously (Fig. 4-44A). o3 1
z
Since white is not represented with 92 ]
hue, this effect from HSA is not  °*] "
0 T T T
0 0.1 0.5 1

problematic as the negative response

[DNT] (mg/mL)

already resulted in a yellow hue value  Figure 4-45. Hue and saturation analysis results for 0
— 1 mg/mL DNT with TMAH with 70% and 90%

(~0.15 A.U.). When DNT was added ~ACN solvent compositions.
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to the device the color change was green in color rather than the expected blue color with
toner-based devices (Fig. 4-44B). Figure 4-44C demonstrates that this color change has
an overall negative effect on the ability to detect DNT colorimetrically with hue analysis.
Although the change in hue values (Ahue) for a green and yellow color is lower than the
change in hue values for blue and yellow, the hue response should still have a sufficient
Ahue for qualitative analysis. The measured hue values reported in Figure 4-44C were
not expected for a green color, i.e., ~0.3 A.U., making hue analysis problematic.

To address this analysis

0.16
0.14 1 limitation caused by the HSA substrate,
0.12 A
~ o1 - the dissolution solvent was altered from
5 0
< .
5 0-08 1 70% to 90% ACN to increase the color
T 0.06 A
0.04 response with DNT added. This change
0.02 1 in solvent composition was based on
O -
0 0.3 3 initial  solvent analysis with toner
[UN] (mg/mL)

Figure 4-46. Hue analysis results for 0 — 3 mg/mL  devices, where an increase in ACN
UN and p-DMAC with 90% ACN in methanol

solvent. content increased the reaction color
intensity. Figure 4-45 shows a significant increase in the hue response, resulting in a hue
value more associated with blue (~0.5 A.U.). Additionally, the saturation response
increased with increasing DNT concentration in 90% ACN, as expected for DNT
analysis. To implement 90% ACN as the organic explosive solvent, subsequent

evaluation of UN detection with 90% ACN was required. The hue analysis in Figure 4-

46 shows that UN was still detected qualitatively using 90% ACN, allowing for this
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solvent composition to be used with all organic explosives. The new threshold value was

defined as 0.141 A.U. for UN detection.
Toner — Liquid  Toner - Paper 5HSA Paper PET-HSA Hybrid
mnnni-'

Figure 4-47. Images of the reaction between (A) 0 mg/mL (negatlve) and (B) positive NH," with
Nessler’s reagent using toner- and HSA-based devices.

4.3.5.2 Colorimetric Detection of NH4" with HSA Devices

During initial analysis, the NH," colorimetric reaction with Nessler’s reagent was
the only reagent stored within the microfluidic device as a liquid and not using paper.
Due to concerns with the stability of the liquid reagent for long-term storage, the reaction
was optimized for use with paper, as follows. Since filter paper is slightly acidic (pH 5),
a small amount of sodium hydroxide (0.5 pL, 2.5M NaOH) was added to the sample

channel of the device to allow the sample solution to become alkaline before introduction
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Figure 4-48. Image analysis results for hue, saturation (sat), brightness (bright), R, G, and B color

responses for evaluation of each response for the reaction of NH,* with the Nessler’s reagent at varying
concentrations from 0 — 10 mg/mL AN.
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to the Nessler’s reagent stored on paper within the reagent chamber. Figure 4-47 shows
a more homogenous color response on paper than without paper for printed toner devices.

Transitioning to an HSA device resulted in a change in the color for a negative
sample without NH," present. The color change for 0 mg/mL AN using a toner device
was white from a colorless solution on filter paper, however, the color change was now a
brown color for HSA devices (Fig. 4-47). To address this limitation, a modular toner
device was fabricated for storage of the Nessler’s reagent while the rest of the device was
fabricated using HSA. The sample solution could travel from the HSA device to the
modular toner device using an access port on the top of the toner section and bottom of
the HSA device. Unfortunately, this device arrangement had no positive effect on the 0

mg/mL NH," color change as shown in Figure 4-47.

0.7
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5 ‘} ‘} 0.4
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Figure 4-49. Image analysis results for hue, saturation (sat), brightness (bright), R, G, and B color
responses for evaluation of each response for the reaction of NH," with the Nessler’s reagent at varying
concentrations from 0 — 10 mg/mL AN using print-based tinting in cyan at 75% TP.

Because this assay is inhibited by the HSA substrate, analysis with all image
parameters was performed to see if an alternative analysis parameter to hue could be used

for qualitative detection and threshold determination. The image analysis results are
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shown in Figure 4-48 for AN concentrations from 0 — 10 mg/mL, and the saturation
(HSB) and blue (RGB) responses changed with increasing NH," concentrations,
however, the error bars were larger than those seen with hue analysis resulting in neither
of these parameters being ideal for defining a threshold value. Alternatively, image
analysis was performed with print tinting cyan at 75% TP, and the results are shown in
Figure 4-49. Tinting with image analysis was also unable to provide an analysis scheme

for defining a threshold value for detection.
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Figure 4-50. Images of 0 mg/mL AN reaction with Nessler’s reagent with HSA-based devices after
solvent-pretreatment with (A) ethanol, (B) isopropyl alcohol, and (C) acetone. (D) Image of Nessler’s
reagent pipetted into the sampling channels to show interaction at the laser-cut device architecture. (E)
Image analysis results for hue, saturation (sat), brightness (bright), R, G, and B color responses for 0
mg/mL AN with Nessler’s reagent to evaluate solvent pre-treatment with no wash (none), ethanol
(EtOH), isopropyl alcohol (IPA), and acetone.

It was observed that the interaction between the HSA and Nessler’s reagent
occurred along the channel walls where the architecture was laser ablated during

fabrication. To reduce the brown color formation with 0 mg/mL AN added, a number of
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washing protocols for the laser cut 05
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Figure 4-51. Hue and saturation (sat) analysis results for 0

mg/mL AN with Nessler’s reagent to evaluate solvent pre-
harsh solvent. Care was taken treatment with no wash (none), ethanol (EtOH), isopropyl
alcohol (IPA), and acetone using print-based tinting in

when washing with acetone to not  cyanat 75% TP for ananlysis.

remove the HSA coating. Each wash had positive effects on the color response seen with
0 mg/mL AN, with acetone having the biggest impact on the color. Image analysis
results in Figure 4-50 show that although acetone analysis results generally provided the
largest change in response compared to no wash step, no significant differences in hue
were observed for any solvent wash method. Image analysis was then performed with
print-based tinting cyan (75% TP) and the results for hue and saturation are shown in
Figure 4-51. Considering any change in response compared to no wash, tinting with a
solvent wash potentially provided a platform for NH," analysis with HSA devices.
Acetone had the biggest change in hue and saturation for 0 mg/mL AN than without
washing, however, the addition of an acetone wash to the fabrication process would be
labor-intensive to assure the integrity of the device was not compromised during
washing. Alternatively, IPA shows the next largest change in response compared to no

wash and may be a viable option moving forward.
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Figure 4-52. Image analysis results for hue, saturation (sat), brightness (bright), R, G, and B color
responses for 0 mg/mL AN with Nessler’s reagent to evaluate device without pre-treatment (control)
and with pre-treatment using heat (oven and excess lamination, labeled 15X lam.), purging with inert
gas (N,), and solvent wash (IPA and acetone).

Additional approaches were also evaluated for treating the HSA device before
use. The image analysis results for 0 mg/mL AN with each approach is shown in Figure
4-52, with the acetone and IPA wash from the previous results (labeled with “prev.” in
Fig. 4-52) utilized as ideal and comparative data. Applying additional heating time
through baking the fabricated devices in an oven at >120 °C and using additional
lamination steps was performed to assure that the HSA chemical reaction involved in
device bonding was completed before use. Purging the device with N, was also
performed as an alternative device treatment to heat. Since acetone solvent wash
provided the best image analysis results, after the HSA layers were cut, the architecture
was wiped down with acetone using a cotton swab along the edges (labeled ‘acetone
wash; edges’ in Fig. 4-52) as a gentle method for acetone pre-treatment. The results in
Figure 4-52 demonstrate that heat and N, purge did not result in enhanced analysis. An
IPA or acetone solvent wash still provided the greatest change in response compared to

the control (no device treatment), however, the acetone wash along the edges of the
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architecture did not produce similar results to a complete acetone wash of the HSA

layers.

IPA was chosen as a milder solvent pre-treatment method compared to acetone
and was optimized for 70% IPA, providing improved results compared to 100% IPA
(Fig. 4-53). A 70% IPA pre-treatment was evaluated with a positive AN sample,
resulting in a large change in response compared to 0 mg/mL results and the control (no
pre-treatment). Figure 4-53 inset shows 0 mg/mL responses (labeled “[0]’) with and

without 70% IPA treatment and for the 10 mg/mL response with 70% IPA treatment.
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Figure 4-53. Image analysis results for hue, saturation (sat), brightness (bright), R, G, and B color
responses for mostly 0 mg/mL AN with Nessler’s reagent to evaluate device without IPA pre-treatment
and with IPA pre-treatment using 100% (prev.) and 70% IPA content.

After the optimization of DNT and NH," detection using HSA, the LODs for each
colorimetric reaction was empirically defined for the HSA-based devices. The LOD
results are outlined in Table 4-4, including a comparison of these empirically-defined
results to the LOD requirements defined for each explosive analyte by the funding source

of this work through calculating the mass of analyte added based on the concentration
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and volume used. Each of the reported LODs using HSA devices exceeded the outlined

specifications.

Table 4-4. Empirically defined detection limits for each explosive analyte, and a comparison to the
detection limit specifications outlined. H,O, and NH," results are based on tinting cyan with 75%
transparency.

i i LOD
I,E\Z(Ztlg?gf Co?ﬁg}git)lon VOIUT;deed Mass LOD (ug) Reqléiurg)ment
TNT 0.01 16 0.16 5
Tetryl 0.05 16 0.8 5
DNT 0.05 16 0.8 5
UN 0.3 16 4.8 30
clo, 15 16 24 100
HO, 0.05 16 0.8 50
NH, 0.1 16 16 30
NO, 0.4 16 6.4 30

4.4 Conclusions

An enhanced method for presumptive colorimetric detection of multiple
explosives for field-testing was developed using a centrifugal microfluidic device. First,
colorimetric reactions for the detection of TNT, DNT, Tetryl, UN, NH4", NOs’, ClOy,
and H,O, were translated to the microfluidic device format with a reagent integration
method that was advantageous for field use. Evaluation of each color change using a
number of image analysis parameters for objective analysis with a cell phone was
performed and optimized for hue analysis of all color reactions. Hue image analysis was
advantageous for defining threshold values towards qualitative detection of explosives as
color is represented by a single numerical value, rather than the sum of individual RGB

values, providing a robust method for detection.
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Three different tinting methods were developed for enhanced hue analysis
through manipulating the color change from colorimetric reactions that result in subtle or
monotonal color changes. Exploiting paper for reagent storage and polyester substrates
for fabrication allowed for simple and inexpensive microfluidic devices. Additionally,
each substrate allowed for inherent advantages for tinting that were complementary to the
device fabrication. Dye tinting was used to change the paper substrate color and print-
based tinting was used to color the cover polyester device layer. If a tinting method that
was independent of device fabrication was desired, a light-based tinting method using
RGB LEDs was applied. To demonstrate the effectiveness of each tinting method, the
same H,0O, colorless-to-yellow color change with all three tinting methods was evaluated.
After optimizing the tinting parameters, each method resulted in comparable LODs of 0.1
mg/mL. This demonstrates that each of these tinting methods was a viable solution for
detecting a monochromatic color change. Overall, this technique allows for front-end
color enhancement of colorimetric reactions on microfluidic devices using a method that
integrates into fabrication techniques and offers advantages for various in situ analyses.

Towards a complete on-site analysis system, a device enclosure was fabricated for
consistent, controllable lighting during image capture. Additionally, a device design for
multiplexed analysis from a single sample input was developed for future use with

additional studies towards complete device integration.
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5. An Integrated Microfluidic Device for Sample-In-Answer-Out

Explosives On-Site Detection

5.1 Introduction

The widespread use of explosives by terrorist groups has lead to an increased
interest for developing portable sensing techniques for the detection and identification of
explosives material.' It is imperative to evaluate contaminations, or residual material,
transferred to the clothing, body, and surrounding surfaces from the handling or
manufacturing of an improvised explosives device (IED) for rapid on-site screening.>>
IEDs can be broadly categorized as fertilizers, inorganic oxidizers, and peroxides. A
major cause of casualties from terrorist attacks derives from bombing events, with a
number of incidents involving the use of IEDs. Previous incidents included the use of
flash powder containing potassium chlorate during attacks on a popular Bali nightclub in
2002, fertilizer-based explosives containing urea nitrate were used in the first attack on
the World Trade Center in 1993% and peroxide-based explosives were cause for
bombings on public transportation in London during 2005°. To facilitate a rapid response
to an explosives-related incident by first responders, a detection platform that is portable
and automated, for ease-of-use, is needed.

Microfluidic technologies offer many potential advantages from the scaled-down
size of devices including rapid analysis capabilities, low cost substrates and
instrumentation, low reagent and sample consumption, automated sample processing,
closed systems, and simple operating procedures. While there is a growing interest in

microfluidics for forensics, considerable exploration is needed to equal the efforts
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reported for clinical and point-of-care applications. Early uses of microfluidics for
explosives detection, through electrophoresis® 7, electrochemical® °, and color based

. 10-13
devices

, have shown great promise for field analysis. Many of these reported
devices, however, are plagued by the lack of multiplexed analysis for inorganic and
organic explosive types, relevant real-world sampling methods, on-board sample
processing, automation and portability for adaptation of a microfluidic device as an
enhanced on-site screening technique.

The development of a fully-integrated, sample in-answer out microfluidic
technology for explosives identification on-site requires integration of the following
processes for automation and ease-of-use without basic laboratory equipment and
consumables: sampling, sample processing, fluidic control, chemical reagent use,
colorimetric analysis, and reporting results. Although certain microfluidic technologies
are well-suited to address the issues of portability and automation, i.e. paper-based
devices, there still remains a major challenge relating to the implementation of lab-on-a-
chip devices from the requirement of external equipment for device operation, making
commercialization problematic.'*  The centrifugal microfluidic platform offers
advantages in portability and automation as a simple motor with programmable
parameters such as rotation speed, direction, and duration is all that is needed to drive

fluid flow and sample interrogation.'> '®

External equipment including pneumatic pumps
for fluid flow and signal acquisition devices are not required with the addition of a

smartphone to the centrifugal microfluidic platform for analysis. Significant challenges

for microfluidic devices that were initially overlooked relating to sample preparation, the
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lack of a relevant world-to-chip interface, and fully integrated, autonomous systems has
more recently gained attention,'* """

There are a variety of different approaches used in the field for interrogating
surfaces for explosive residue collection. Handheld Raman spectrometers are an example
of a noncontact sensing technique for analyzing explosives samples where a surface swab
is not required for collection of sample before analysis is performed.”” The majority of
analysis techniques, however, utilize an indirect analysis technique where sample needs
to be collected from the desired surface for explosive screening, followed by a
subsequent analysis procedure.”' Indirect analysis techniques are widely used in forensic
analysis applications, and each analysis technique requires the use of relevant sample
collection material, i.e., sexual assault evidence from buccal swabs* or crime scene
analysis from collected fabric material®.

Although reagent storage and colorimetric analysis have been thoroughly
described in previous chapters, the development of a sampling platform that can interface
with the small dimension of the microfluidic device platform is critical for on-site device
use. A complete sampling method includes the swab material, swabbing protocol, swab-
to-device interface, sample elution, and sample cleanup. Implementing a single,
universal swab with the ability to process the presence of either organic or inorganic
explosive residue from a surface is ideal for unknown analysis. The optimal swab-
wetting and elution solvents differ for organic and inorganic explosives®*, similarly the

solvents also differ for sample cleanup, i.e., extraction, purification and concentration, for

both explosives types.”> Centrifugal devices offer advantages with sampling processing
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by providing a method to centrifuge or filter contaminants, concentrate the sample, and
perform extraction protocols.

This chapter describes the integration of techniques discussed in previous chapters
with methods developed here for sampling, sample processing, and multiplexing for the
detection of eight different explosive materials from a single surface swab. All
developed methods remain compatible with the laser print, cut and laminate device
fabrication method previously described.”® First, the surface swab material was defined
for optimal collection of sample from a surface with the capability for elevated sample
recovery from the swab once added to the microfluidic device (on-chip elution). After
the surface swab was implemented, limits of detection (LOD) for each explosive analyte
of interest were empirically-define and the threshold values originally identified in
Chapter 4 were updated for detection. Once the fully integrated device design was
defined, modifications were made to additional device processes for seamless automation
of the device protocol. Additionally, the device enclosure system and Android cell phone
application were adapted for use with the fully integrated devices. Finally, evaluation of
the complete detection system with eight different explosive materials and thirteen
contaminants was performed in the laboratory setting and additionally off-site with a

participating agency.

5.2 Materials and Methods
5.2.1 Reagents
2,4,6-Trinitrotoluene ~ (TNT),  2,4-dinitrotoluene  (DNT),  methyl-2,4,6-

trinitrophenylnitramine (Tetryl), and urea nitrate (UN) were provided by Signature
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Science (Austin, TX). Hydrogen peroxide (35%), phosphoric acid, sodium chloride, and

isopropyl alcohol were purchased from Fisher Scientific (Waltham, MA). Nessler’s
reagent was purchased from La-Mar-Ka, Inc. (Baton Rouge, LA). Ammonium nitrate
(AN), potassium nitrate, sodium perchlorate, glycerol, acetonitrile, methanol, ethanol,
water, tetramethylammonium hydroxide (TMAH), methylene blue (MB), sulfanilamide,
zinc powder, ammonium titanyl oxalate (ATO), N-(I-naphthyl)ethylenediamene
dihydrochloride (NED), and 4-(dimethylamino) cinnamaldehyde (p-DMAC) were
purchased form Sigma-Aldrich (St. Louis, MO).

Acetonitrile, methanol, ethanol, and water were purchased as high-performance
liquid chromatography grade solvents. Tetramethylammonium hydroxide, methylene
blue, and Nessler’s reagent were used as is. A 1M aqueous solution of ammonium titanyl
oxalate was prepared. For the Griess reaction, 8% sulfanilamide and 0.5% N-(1-
naphthyl)ethylenediamene were prepared in 8.5% phosphoric acid either separately or

combined.

5.2.2 Device Fabrication

Devices were fabricated using a method adapted from the laser print, cut, and
laminate (PCL) protocol for devices generated from TRANSNS Copier/Laser
transparency sheets purchased from Film Source, Inc. (Maryland Heights, MO) and heat-
sensitive adhesive (EL-7970-39) from Adhesives Research (Glen Rock, PA)2% *
Devices were fabricated using five layers of polyester overhead transparency sheets, with
adhesive-coated layers 2 and 4 for device bonding. Heat-sensitive adhesive (HSA) was

bonded to both sides of a polyester layer simply using lamination for HSA-coated layers
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(layers 2 and 4). Patches of printed toner for laser valving”™ * were generated by printing
two layers of black toner onto each side of the device layer 3 using an HP LaserJet 4000
printer. Device architecture was cut out of each device layer using a
VersaLASERVLS3.50 system (Scottsdale, AZ) with compatible CAD software.
Reagents stored on Whatman filter paper, or reagent-saturated paper, were added prior to
device bonding using a method previously described.’® Devices were laminated at >160

°C for device bonding using an office laminator (Akiles UltraLam 250B).

5.2.3 Spin System Enclosures

The three spin system enclosures utilized for this chapter for microfluidic device
operation had the following commonalities: the rotation system was composed of a
FAULHABER Coreless Technology series 2232 SR motor controlled by a Pololu
DRV8801 Single Brushed DC Motor Driver Carrier and aligned by a TT Electronics
wide gap slotted optical switch. The lighting system was composed of a RadioShack
three-light emitting diode (LED) Waterproof Flexi Strip.

The custom-made printed circuit boards (PBCs) were designed in Easily
Applicable Graphical Layout Editor (EAGLE) and were comprised of the multicore
microcontroller, motor drivers, laser diode drivers, N-Channel metal-oxide-
semiconductor field-effect transistors (MOSFETs), high efficiency linear voltage
regulators, and various passive electronic components and connectors. Control of the
multipurpose microfluidic spin system was accomplished through the Parallax Serial

Terminal (PST) program running on a Microsoft Windows based personal computer that
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was connected to the Parallax Propeller multicore microcontroller by a universal serial
bus (USB) cable. The PST allowed the user to manually control all aspects of the system.

The spin system enclosures used for initial sampling optimizations and for initial
integrated analysis contained the following variable laser system for valving: the laser
system was composed of a Thorlabs 638nm red laser diode, a Thorlabs LT230260P-B
laser diode focusing tube, a Thorlabs SRIF electrostatic discharge (ESD) protection and
strain relief cable, a Thorlabs MTS50-Z8 motorized translation stage, and two
Wavelength Electronics FL500 laser diode drivers. The simplified spin system used for
sampling optimization was enclosed utilizing a custom PMMA support structure and spin
system enclosure to immobilize the motor during rotation and permitted consistent
imaging. The spin system used for analysis with the integrated microfluidic device was
enclosed and operated within a custom-made 3D printed polylactic acid (PLA) support
structure and permitted consistent imaging.

The final assembled spin system enclosure contained the following fixed laser
diode system for valving: the laser system was composed of four Thorlabs 638nm red
laser diodes, four Thorlabs LT230260P-B laser diode focusing tubes, four Zener diodes,
four Schottky diodes, four N-Channel MOSFETs, and two Wavelength Electronics
FL500 laser diode drivers. The final assembled spin system was enclosed and operated
within a custom-made 3D printed acrylonitrile butadiene styrene (ABS) support structure
and permitted consistent imaging. Additionally, two-way communication between the
multicore microcontroller and the Huawei P9 Android phone was accomplished with this
system through the Huawei P9 3.5mm Tip-Ring-Ring-Sleeve (TRRS) connector. This

two-way communication allowed the user to start and stop fully automated runs and to
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conduct an automated system check directly from the Huawei P9 Android phone’s

capacitive touch screen.

5.2.4 Laser Valve Actuation

Two layers of black toner patches were printed onto the middle transparency layer
prior to use. Briefly, these toner patches were used as a physical barrier between two
channels for valving purposes, a method described previously by Garcia-Cordero et al. **
A 700 mW, 638 nm laser diode (Thorlabs, Inc., Newton, NJ) below the microfluidic

device was used to open each valve after 0.5 — 2 seconds of exposure.

5.2.5 Image Analysis

The reagent chambers within each microfluidic device were imaged using an
Android cell phone positioned above the microdevice either on top of or incorporated
into a spin system enclosure for consistent image capture. Resulting color changes
observed in each image were cropped and analyzed with HSB or RGB color spaces in

Imagel, or using the developed Android cell phone application.

5.3 Results and Discussion
5.3.1 Determining a Surface Swab Material
Although studies have been performed previously on the evaluation of sampling

21,31-33
’ , cotton-based swabs

material for efficient explosives recovery from a given surface
still remain one of the most widely used material for forensic laboratories due to the low

cost, availability, and ease of use for the material.”* Swab materials of similar cost and
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availability to cotton were explored here, using
commercial and household materials to determine
a compatible swab for the microfluidic device
platform described in Chapter 4. Initially, swab
materials most resembling cotton swabs (Fig. 5-
1A-F) were evaluated for the ability to collect
both granular and powdered material from a given
surface. Challenges with sampling using cotton
swab-type material were that sample would

oftentimes be collected onto the handle of the

swab and the collected material would easily fall ~ Figure 5-1. Images of various swab
materials used to collect granular and

. powdered material. A cotton buccal

off when the swab was moved. Scotch-Brite  gwap used to collect (A) granular and

(B) powdered material, a long-bristle

microfiber household cleaning cloth was then  swab used to collect (C) granular and

(D) powdered material, a short-bristle

swab used to collect (E) granular and (F)

powdered material, and a Scotch-brite

microfiber cloth used to collect (G)
cloth fibers, similar to bristles, for trapping granular and (H) powdered material.

chosen as a material without a handle that had

collected particles (Fig. 5-1E,H). The household microfiber cloth was cut into 1 cm?
pieces for use and was able to completely collect 10 mg of both granular and powdered
material without releasing the material during handling. This was advantageous as a
collection material, and additional quantitative tests needed to be performed to determine
the sample collection and elution (within the microfluidic device) efficiencies.

Although colorimetry has been used previously as a method for quantitative
analysis, the dynamic range can be limited leading to challenges with utilizing this

method for overall evaluation of swab performance. An alternative, simple method for
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determining collection and elution

12000 1
efficiencies for the swab material was 10000 2
£

. & 8000 -
needed.  Conductivity measures the £
>
. £ 6000 -
ability of a solution to pass electrical 38
T
g 4000 ;
flow based on the concentration of ions, 2000 4 [
and a Vernier conductivity probe was o0& . . . . .
0 1 2 3 4 5
[NaCl] (mg/mL)

used as a simple method for quantitation
Figure 5-2. Standard curve for determining sample

recovery from swab materials. A standard curve was
generated associating the conductivity with the
concentration for a given solution of NaCl.

of the amount of ions collected or eluted
from a specific swab material. Sodium
chloride (NaCl) was utilized as a non-hazardous reference standard to determine the swab
collection and elution efficiencies by comparing the resultant conductivity values to a
standard curve. The advantage of using a non-hazardous standard was that safety
considerations were not required during evaluation and optimization of swab
performance; however, the disadvantage was the physical differences in NaCl crystals
relative to explosive materials. The standard curve (linear, R> = 0.9987) for a range of
concentrations including 0, 0.05, 0.1, 0.5, 1, and 5 mg/mL NaCl is shown in Figure 5-2.
The concentrations could also be related to a mass amount of collected material for a
more relevant understanding of the sampling capabilities.

The generated standard curve was used to determine the amount of sample
collected with the household microfiber cloth by depositing 10 mg NaCl to a surface, a
section of poly(methyl methacrylate) (PMMA) was used as the surface, and collection
using 1 cm® laser cut microfiber pieces (Fig. 5-3A,B). Identical steps were used to

determine the elution capabilities of the swab material within the microfluidic device by
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collecting 10 mg NaCl

onto the swab material
with subsequent

addition of the swab to

. .. ) c
a microfluidic device (1())
chamber. The device T s
.8
used for evaluation Z 6]
s
) ) 3 4
contained a series of 3
2
chambers (sized to 1
0 4

Collection On-Chip Elution Control

2 . .
cem’), reinforced with Figure 5-3. Scotch-brite household microfiber cloth used as a swab

material. (A) Image of 10 mg NaCl deposited onto PMMA for
PMMA (1.5 mm  collection using the Scotch-brite microfiber cloth. (B) Image of the
PMMA surface with remaining NaCl not collected. (C) Results for
calculated NaCl recovered from collection and on-chip elution using the
Scotch-brite microfiber cloth. The cloth, with no sample added, was
. measured as a control. (D) Image of the overall microfluidic device
the swab with a yeq for on-chip elution studies with additional images (E,F)

highlighting NaCl sample that was not eluted (red arrows).

thickness), to enclose

polyester cover layer

(Figure 5-3D). Water was used as the solvent (100 pL) to elute NaCl from the swab
material with a simple centrifugal mixing protocol consisting of rotation in the clockwise
and then counterclockwise direction for multiple replicate rotations. Once mixing was
performed for dissolution of the sample, a laser valve was opened as previously

d***%3 to allow the sample solution to be centrifuged from the swab chamber

describe
into a subsequent chamber. The sample solution was removed from the subsequent
chamber and measured for the conductivity. Additionally, a control swab with no sample

was measured for the background conductivity. Collection and elution results for

replicate swabs (n = 4) are shown in Figure 5-3C, and collection resulted in a greater
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amount of NaCl recovered than the elution, demonstrating a loss of sample during elution

within the microfluidic device. The red arrows in Figure 5-3E,F show sample loss to the
chamber seal within the adhesive (between the cover polyester layer and swab PMMA
chamber) from addition of the swab to the microfluidic device that could account for the
lower elution results.

Further consideration of the 140 -

. . 120
relevant sampling environment for

100 1

collecting explosives residue, and the 80

1 . . . 60
heightened interest in trace detection® ¢,

40

Conductivity (uS/cm)
©

led to lower amounts of sample were 20

utilized for additional swab analyses. To 0 50 100 150 200
NaCl (pg)

perform analyses of lower sample Figure 5-4. Standard curve for determining
sample recovery from swab materials for trace

amounts of sample. A standard curve was
generated associating the conductivity with the
concentration for a given solution of NaCl.

amounts, a new standard curve was
generated (linear, R* = 0.9989) and is
shown in Figure 5-4. The household microfiber cloth and additional materials including
an electronics microfiber cloth, cotton swab (Q-tip), and filter paper (Whatman Grade 1)
were evaluated for use as swab material. Difficulties occurred when collecting sample

using dry swab material, especially with the cotton swab and filter paper (Table 5-1).

Table 5-1. Collection capabilities for 100 ug NaCl using various swab materials dry and with glycerol
applied.

Collected (ng)
Swab Material Dry Glycerol
Microfiber cloth (electronics) 42.7 73.8
Microfiber c.loth 325 76.2
(housecleaning)
Cotton swab - 134.0

Whatman 1 filter paper -- 60.1
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Previous studies discuss the

0.2
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use of both organic solvents and water
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~0.17 1 . .
5 on swab material for collection of
<016
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solvents were previously optimized
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0.12 . . . : for the broadly categorized organic
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% MeOH . . . . .
Figure 5-5. Varying solvent concentration with and inorganic explosives colorimetric
detection of DNT. The colorimetric detection of DNT

with tetramethylammonium hydroxide was used to  reactions to be used (Chapter 4).
evaluate the use of methanol as a swab-wetting solvent.
A 0 mg/mL solution was compared to the results for

. o
0.05 mg/mL DNT with methanol between 10 — 20%. The two optimized solvents were 90%

acetonitrile and 90% water solutions for the defined organic and inorganic groups,
respectively. The only possible solvent component that could be compatible to wet the
swab prior to sample collection was methanol, however, additional amounts of methanol
resulted in negative effects on the colorimetric analyses. Figure 5-5 demonstrates an
example colorimetric reaction for DNT and tetramethylammonium hydroxide (TMAH),
where an increase in methanol concentration resulted in a decrease in hue response with
0.05 mg/mL DNT (predefined limit of detection in Chapter 4). Additionally, the use of
an organic solvent for wetting the swab prior to sample collection would require manual
application of the solvent after the swab is opened from the packaging to avoid solvent

evaporation.

Table 5-2. Evaluation of the background conductivities for various swab materials over time.

Conductivity (uS/cm)
Swab Material 0 min 15 min 30 min
Water (Control) 11.0 11.1 -
Microfiber Cloth (electronics) 11.3 11.0 --
Microfiber Cloth 13.1 131 _
(housecleaning)
Cotton Q-tip 42.8 64.4 79.6

Whatman 1 filter paper 13.0 13.2 --
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90 A
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70 1
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Measured NaCl (pg)

30 A
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Whatman #1 Gel blot paper

Household Electronics Buccal swab
microfiber cloth  microfiber cloth

Swab Material

Figure 5-6. Comparison of various swab materials for collecting 100 pg NaCl from two microfiber cloths,
a buccal swab, gel bot paper and filter paper (Whatman Grade 1).

An alternative swab-wetting solution was chosen as glycerol for the low volatility,

allowing the swab material to be packaged with the glycerol already applied to the swab

prior to use. The various swab materials were evaluated with glycerol applied to the

surface of the swab for improved sample collection, and Table 5-1 shows initial results

of both dry and glycerol collection of 100 pg NaCl for two microfiber cloths, cotton

swab, and filter paper. The amount of sample collected increased for both microfiber

cloths coated in glycerol compared to
dry.  Additionally, both microfiber
cloths resulted in more sample
collected than the filter paper while the
cotton swab, however, measured more
sample collected than the amount
deposited. Additional tests evaluating

the background conductivity for each

100

90 1

80 A

70 A1

60 1

50 A1

40 1

Measured NaCl (pg)

30 A1

20 A1

100 50 25
NaCl Added (pg)

Figure 5-7. Recovery results for the collection of
various amounts of NaCl using gel blot paper.
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material confirmed that the conductivity from the cotton swab, with no sample, increased
overtime due to the dissolution of the glue used to apply the cotton in solution (Table 5-
2). A commercial cotton swab (Q-tip) was not considered further as a potential swab
material, however, a cotton buccal swab and gel blot paper were evaluated as an
alternative swab material due to the increased thickness of the woven cellulose fibers (0.8
mm) compared to the filter paper (11 pm). Results are shown in Figure 5-6 from further
evaluation of each swab material for the collection of 100 pg NaCl. Although the
household microfiber cloth was able to collect the highest amount of NaCl, gel blot paper
was the easiest to use and to customize the geometry with the laser cutter. Additional
collection studies using the gel blot paper were performed for various amounts of sample

including 25, 50, and 100 pg NaCl for n = 3, and resulted in a relatively linear

100 relationship (R*> = 0.9396), as

90 A

80 1 expected (Figure 5-7).
;2, 07 Frequently, evaluation of the gel
e 60 -
Z 50 - blot paper for collecting 25 g
[
5 40 .
© NaCl resulted in a measured
S 30 A

20 1 mass >25 ug due to the

10 ~

0 - sensitivity of the Vernier

Collection In-Tube Elution  On-Chip Elution

Figure 5-8. Comparison of the measured NaCl recovered conductivity ~probe at this

from collection, in-tube elution, and on-chip elution of 100 )
ng NaCl deposited using gel blot paper. concentration range.

A comparison of the collection, in-tube elution, and on-chip elution results for the
gel blot paper as a swab material is shown in Figure 5-8. A significant decrease in the

recovery of NaCl was observed between collection and on-chip elution, with in-tube
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elution providing increased recovery
100 4

compared to on-chip. This revealed that

@
o
!

an optimized on-chip elution method

was required. Gel blot paper was used

Measured NaCl (ug)
B [e2]
o o

to collect 100 pg NaCl and the

conductivity was measured prior to and

0 -4
immediately following a 5-second mix No Vortexing Same Samples, Vortexed

Figure 5-9. Results for the collection of 100 pg NaCl
using a benchtop vortex. Figure 5-9  using gel blot paper with and without mixing the
solution using a benchtop vortex before measuring

shows that there was a ~2X increase in  the conductivity.

the response after the solution was mixed using the vortex. Implementing an enhanced

mixing protocol on-chip should increase the on-chip elution results.

5.3.2 Surface Swab Fabrication and Use

A surface swab
0.8 mm Gel Blot Paper
compatible with the microfluidic 0.5 mm PMMA
2 mm PMMA
| S
device was developed to optimize q—) —ﬁ
p p remove x X % remove

i i
1 1
a microfluidic mixing protocol for %

improving the on-chip elution. | ¥ ¥ -
remove remove

The gel blot paper was adhered to

PMMA (0.5 mm thickness) to

cx remove

fully extend the swab into the remove

*

device chamber for complete
Figure 5-10. Schematic of the fabrication process for the

. single-swab compatible with the microfluidic device.
submersion of the swab surface & P
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into the elution solvent (Fig. 5-10). An additional piece of PMMA (2.0 mm thickness)

was adhered to the 0.5 mm PMMA piece for use as a rigid backing support for handling
the swab. The three materials were adhered and then laser cut to remove unnecessary
material around the swab area, and a schematic of the fabrication process is shown in
Figure 5-10. Once the swab was fabricated, it was inserted into the swab chamber on the
underside of layer five of the device (Fig. 5-11). A pressure-sensitive adhesive seal on
the outside of the chamber allowed for attachment of the swab using the rigid PMMA
backing piece, enclosing the gel blot paper within the device. After the swab was sealed,

the device was rotated (vertically, 180°) for use (Fig. 5-11D).

(A)
1) Swab
2) Standoff

3) Support (Rigid)

| 0.8 mm Gel Blot Paper
0.5 mm PMMA

| 2 mm PMMA

(B) /
PSA (seal) %

ﬁ ‘ ﬁ PMMA swab chamber

HSA (Chip)

Figure 5-11. Schematic describing application of the single-swab to the microfluidic device with
images. (A) A schematic of the fabricated single-swab for use. (B) Schematic describing the
application of the surface swab to the microfluidic device using a complimentary device chamber.
Image of the swab (C) before and (D) after Insertion into the microfluidic device.

To simulate a vortex mixing motion on-chip, the sample chamber was pushed on
manually to move the solvent in the z-direction, or vertically, within the chamber.
Additionally, the amount of elution solvent needed to be defined to get an optimal vortex
motion within the ~1.5 mm (height) swab chamber, and ideally, would be the minimum

amount of solvent necessary to elute all sample collected from the swab to reduce sample



dilution prior to detection.
Solvent amounts from 50 to 70
puL (n = 3), water used in
Figure 5-12, were utilized with
manual mixing for elution of
the sample. After the sample
was collected onto the swab
and eluted on-chip, the sample

solution was removed from the
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Recovered Amount
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0 -

50 60 70

Solvent Added (uL)
Figure 5-12. Results for the volume recovered and the amount
of NaCl that was eluted using manual mixing from the
microfluidic device with various amounts of solvent added.

device for conductivity analysis. The amount of volume and sample recovered from the

device are shown in Figure 5-12, and as the amount of solvent increased, the amount of

NaCl recovered also increased.

The NaCl recovery with manual and centrifugal mixing was compared using 70

uL (n = 4) and the results are shown in Figure 5-13. The amount of NaCl recovered

using 70 pL with both manual and centrifugal mixing was an improvement from the

100

B Centrifugal Mix

OManual Mix

90 A

80 1
70 A
60 -
50
40 A

Recovered Amount

30 1
20 A
10

0 -

initial on-chip elution analysis shown in
Figure 5-8, however, there was still a
significant improvement using manual
mixing compared to centrifugal mixing.

Applying a manual mixing step to the

final device protocol would negatively

NaCl Recovered (ug)

Figure 5-13. Comparison of the recovered amounts

affect the ability to fully automate the

of NaCl using manual and centrifugal mixing for .
on-chip elution with 100 ug NaCl deposited. device protocol.  Although manual
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mixing provided a significant improvement to the sample recovery, an additional elution
protocol was considered to determine a potential automated mixing protocol. The
integration of a sonication event after the swab was added to the device would agitate the
collected sample particles on the swab surface and readily dissolve the collected sample
into the elution solvent. Sonication was applied to the device chamber by touching the
top of the device swab chamber to the edge of a beaker within the sonication bath (Fig. 5-
14A). Various mixing protocols including sonication only, sonication with manual
mixing, and all mixing options (sonication, manual, and centrifugal) were applied to the
device (n = 3) using 70 pL elution solvent and results are shown in Figure 5-14B.

Sonication provided the most

(A) Chip
varied response and was not a Swab
Beaker
significant increase compared to
centrifugal mixing with 70 pL
solvent (Fig. 5-13), however, Sonication Bath
. o ) (B) 100 1| ®Sonication
additional mixing using manual 90 1 | BSonication; Manual Mix
B Sonication; Manual Mix; Centrifugal Mix
. . : 80
and centrifugal combined with =
é 70 1
sonication provided consistent < ©0]
e 50
g
and improved sample 8 401
m 30 -
recoveries. Unfortunately, 20 -
‘ 10
concerns for the overall device 0 -

NaCl Recovered (ug)

system during sonication and ) _ _
Figure 5-14. Effects from various methods on the on-chip

elution recovery from 100 pg NaCl deposited. (A) A
schematic describing the device setup used for sonication of
the swab chamber. (B) Comparison of the various methods
piezo for sonication with on the on-chip elution recovery.

limitations for incorporating a
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elastomeric polyester material prevented the use of sonication for on-chip sample elution.

For continued sampling 0.8 mm Gel Blot Paper
0.5 mm PMMA

studies, a new swab design and
¥k KK XX

complimentary fabrication = = 1
i I E— — —

technique were utilized to account L1 L1 1

for the sampling of both inorganic s'mf’t::g; o j’e

and organic explosives material.

. Negative Piece
Two different solvents were (connected)

optimized for the organic and

Swab
Manifold %HPM MA

inorganic explosives colorimetric

reactions, and a split-swab was
Figure 5-15. Schematic of the fabrication process for the

determined as the optimal swab split-swab and swab mold used for fabrication.

design for the implementation of both elution solvents. This allows a single swab to be
used for sampling instead of requiring two separate sampling events and individual
swabs. A simple fabrication procedure described in Figure 5-15 was applied; where the
two swab pieces for the split-swab were laser cut from gel blot paper adhered to PMMA.
A manifold for swab assembly was generated using the complementary cut pieces
reinforced with PMMA. The split-swab assembly is shown in Figure 5-16 where the two
swab pieces were added to the manifold with pressure-sensitive adhesive facing upwards.
The cover layer for the adhesive was removed to apply a rigid PMMA backing piece,
similar to the single-swab fabrication described in Figure 5-11. An image of the
assembled swab and manifold are shown in Figure 5-16, displaying the split-swab with

two half circle-type swab pieces. A pressure-sensitive adhesive seal on the device swab
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chamber allowed for attachment of the swab using the rigid PMMA backing, enclosing

the two gel blot paper swab pieces within two divided sections (completely separated) of
the device chamber. After the swab was sealed, the device was rotated (vertically, 180°)

for use.

Defining a  swabbing

Swa.b PSA (seal)
protocol for a split-swab was Bac‘ﬂng‘

.- . 2 Swabs [
critical for assuring an equal (Organic & Aqueous)

$ &

p—

amount of sample was collected on Swab
wa

Manifold

each swab half. Various swabbing

protocols including swabbing to

the right, to the left, in a zig-zag - - ‘femove
motion, and in a swirl motion were %

evaluated with each motion PSA (seal)\_\ﬁﬁ

PMMA swab chamber l @

Device

described in Figure 5-17. Initial

results in Table 5-3 show the Figure 5-16. Schematic describing application of the split-
swab to the microfluidic device with images. (A)
Schematic of the swab mold used for the final swab
fabrication step. (B) Schematic showing the completed
. . swab with image of the swab and swab mold (blue). (C)
on-chip elution, from 100 ug NaCl  schematic describing the application of the split-swab to

the microfluidic device using a complimentary partitioned
deposited and swabbed from the chamber.

amount of NaCl recovered after

PMMA surface using each of the described motions. As expected, a swabbing motion to
the right and to the left collected the majority of the sample on the leading swab half

(denoted by an asterisk symbol ‘*’ in Table 5-3). The leading swab was opposite of the



9000

Zig-zag Right Left Swirl

Figure 5-17. Schematic describing the various swabbing protocols evaluated using the split-swab,
including swabbing to the right, to the left, in a zig-zag motion, and in a swirl motion.

swab motion applied due to the orientation of the swab when added to the microfluidic
device from the bottom before use. The zig-zag swab motion provided the most even
amount of sample collected onto both swab halves, although initial results show the swirl
motion collected more sample overall. Since the desired motion would have an equal
distribution of sample to both swab halves, the zig-zag motion was chosen for the defined

swabbing protocol.

Table 5-3. Results for the amounts of NaCl collected using the various swabbing motions for the split-
swab after on-chip elution. The leading swab half is denoted by an asterisk ‘*’ symbol.

Sample # Amount NaCl (ug) Combining Left and Right

Swab Halves (pg)

Zig-zag (L) 30.5
Zig-zag (R) 37.0 64.9
Right (L)* 50.2 575

Right (R) 9.3 '

Left (L) 9.9

Left (R)* 49.0 569

Swirl (L) 56.7

Swirl (R) 16.1 69.9

5.3.3 Modification of the Device Design for Integration

The device design originally proposed in Chapter 4 for multiplexed analysis
from a single sample input, with inclusion of both the one-step and two-step colorimetric
reactions, was optimized for integration of the split-swab. Fluidic movement using the

updated design is demonstrated with dye in Figure 5-18. The design required a chamber



for each swab half with a

laser valve below the

chamber to allow fluid
movement once the sample
was completely dissolved
from the swab. After the

valves were opened, the

sample solution would move
from the swab chambers into
channel

separate inlet
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Swab Chamber
Laser Valve
Inlet Channel
Air Vent
Sample Channel
Reagent Chamber

W:st\eChamher

Figure 5-18. Images showing fluidic movement with dye. (A)
Image with no dye. (B) Movement of dye from swab chambers
into separate inlet and sample channels using capillary action.
Inset describes each design feature. (C) Excess dye in the inlet
channel was centrifugally moved to waste. (D) Metered sample
solution was centrifugally moved into each reagent chamber.

Figure 5-19. Device design and
split-swab utilized with explosives.
(A) Modified device design to

conserve device size. Split-swab
was used to collect (B) KNO; and
(C) NaClO4 explosive samples.

architecture using capillary action (Fig. 5-18B). Once
the sample channels were filled, a laser valve was
opened to allow centrifugal movement of excess
sample in the inlet channel to a waste chamber for
consistent metering of the sample solution (Fig. 5-
18C).  Finally, the sample solution could be
centrifugally moved to the reaction chambers for
colorimetric detection (Fig. 5-18D). The two sides of
the fluidic architecture demonstrate the organic and
inorganic explosives groups identified in Chapter 4.
Before the device design was evaluated using

explosive standards, the inlet channel was altered to

conserve the device size (Fig. 5-19A). After replicate



dye studies to evaluate the fluidic

architecture, this design was utilized for
initial tests with sampling explosive
material. The split-swab was used to collect
0.8 mg KNO; and 0.8 mg NaClO4 deposited
for two different surface sampling events
(Fig. 5-19B,0C). Moving  towards
integration of all device processes, the inlet
of the device was altered for incorporating
blister pouches to replace manual pipetting
of solvent, and the inorganic explosives
architecture (right portion of the design)
was updated to include the two-step
modified Griess reaction (Fig. 5-20). The
commercial blister pouches were sized for

100 and 50 pL volumes with less than 100%
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(A)  Organic Blister ~ _ Inorganic Blister
S
V¢ ) N Two-Step
O 4 Re Reaction

Figure 5-20. Integration of blister pouches
for solvent delivery. (A) Modified device
design for complete integration of sampling.
Images of the microfluidic device with
blisters (B) unused and (C) wused for
delivering solvent to the swab chambers.

Blister Chamber
Overflow Chamber
Metering Chamber

Laser Valve
Swab Chamber

Figure 5-21. Image of the microfluidic
device, with labeled features, for dye added
to the blister chambers to demonstrate
solvent metering.

volume recovery (~80% recoveries reported®’). To account for these reported recoveries,

a metering chamber was utilized within the device design for consistent delivery of 50 pL.

of solvent from a 100 pL blister pouch (Figure 5-21). Due to the split-swab use, an

elution solvent volume of 50 pL. was utilized for one swab half instead of 70 pL. The

metering chambers were positioned below each blister chamber, and utilized an overflow

waste chamber for the excess solvent volume. Once the volume was metered from the

blister pouches, a laser valve was opened to allow the metered solvent to enter into each
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swab-half chamber for sample elution. Figure 5-21 demonstrates the metering design
using dye, where 80 puL of dye was pipetted into the blister chamber to simulate the use
of a blister pouch. The fluidic architecture needed to be fully evaluated before utilizing
purchased blister pouches. The overall multiplexed device design with blister and
metering architecture is shown in Figure 5-22 for one half of the centrifugal device. A

duplicate design of the multiplexed architecture was added to the other half of the device,

Waste

Griess

Nessler’s
B

=/

Blank,
Tinted

Blank

Figure 5-22. Device design modified for metering of solvent released from the blister pouches,
describing each reagent chamber use.

to perform two replicates on a single centrifugal device. The described design also
included all of the colorimetric reactions and a sample cleanup chamber to centrifugally
sediment environmental contaminants.

It was critical to determine an initial, fully integrated design (blister, swab, sample
preparation, and colorimetric detection) to understand the limitations of the design for
making design optimizations. To fully integrate sampling into the microfluidic device,
manual application of the swab to the device needed to be capable of straightforward

operation for decreased user error. A swab handle and a handle adapter were 3D-printed
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Q y y

Attach Swab
to Handle

microfluidic device adapter for alignment of the swab.

for use of the swab and for alignment of the swab to the microfluidic device chamber.
Figure 5-23 describes the stepwise procedure for using the handle and adapter. After the
surface is sampled using the swab added to the handle through a pressure-fit seal, the
adapter is added to the device for alignment of the swab to the microfluidic device
chamber. The 3D-printed adapter has a complimentary geometry to the PMMA piece
adhered to the bottom of the microfluidic device for correct alignment of the adapter to
the device. The swab handle is inserted into the adapter to guide each swab half into a
device swab chamber. The swab handle can only rotate 180° to fit within the adapter,
and either orientation will allow for correct insertion of the swab. A pressure-sensitive
adhesive on the outside of the device swab chamber is used to seal the swab to the
microfluidic device, enclosing the swab. The end of the swab handle is then manually
triggered to eject the swab from the handle to generate the final device with sample

added.
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The ability of the fully integrated device described in Figure 5-22 for sample

preparation was evaluated using the developed swab protocol. The surface swab was
utilized to collect the maximum amount of environmental contaminant, dirt used here,
and evaluate the sample cleanup protocol within the device (Fig. 5-24A). Figure 5-24B
shows an image of the swab applied to the device with dirt collected prior to operation of
the device centrifugal protocol. Once the sample was eluted from the right swab-half
using the aqueous-based solvent for the inorganic explosives defined in Chapter 4, a
laser valve was opened to allow movement of the sample solution into the sample
preparation chamber. The diameter of the laser valve hole (80 um) was sufficient for
filtering a majority of the contaminant from the sample solution as observed in Figure 5-
24C. After the sample solution was centrifuged from the swab chamber and filtered, the

contaminant that remained in the solution was centrifugally sedimented to the bottom of

contaminant

_,l
! \ -l F . o
Collection Swab Chamber Filter Sample Sample Prep.

Figure 5-24. Images describing sample cleanup of environmental contaminants within the microfluidic
device. (A) A significant amount of dirt was collected onto the swab for demonstration of the sample
cleanup method. (B) The swab with contaminant was added to the microfluidic device and solvent was
delivered for sample dissolution. (C) The laser valve filtered a majority of the contaminant and the
remaining dirt was centrifugally sedimented in the sample preparation chamber. (D) Clean sample was
siphoned from the top of the sample preparation chamber, device architecture shown in (E), for
downstream analysis.

Rer;moved ﬂ

&

the chamber. The placement of the subsequent laser valve and device channel was
utilized to siphon the clean sample from the top of the chamber, leaving a layer of the

sedimented contaminant at the bottom of the sample preparation chamber (Fig. 5-24D,E).
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5.3.4 System Enclosure for Automated Analysis

Collaborators at TeGrex Technologies (Charlottesville, VA) generated a system
enclosure for automated device operation (Fig. 5-25), and a number of spin functions
could be performed in an automated manner using this system, including: homing the
device (‘H’), returning to the home position (‘R’), open laser valves (‘Z’), single manual
spin step (‘M’), series of automated spin steps (‘A’), and centrifugal mixing protocol
(‘X’). The alignment functions, homing and return to home, were critical for aligning the
device to open laser valves and for device imaging. The device position in which the
alignment marking, or patch of printed toner at the edge of the device, is at the left edge
between the optical switch (Fig. 5-25C inset) is considered ‘home’ for the device, and all
other positions are relative to this ‘home’ position. When the alignment mark passes the
optical switch it impedes the light from passing through the device to the receiving end of

the sensor, denoting the device ‘home’ position.

(B)

Alignment
Sensor

Red Laser

Figure 5-25. Images of the device enclosure system used for device operation. (A) Image of the closed
device system with cell phone for analysis. Image of the device opened showing features for device
operation (B) without and (C) with a microfluidic device added.

This alignment systems allows for consistent opening of laser valves, where each

valve is opened two times, separated by 1° for the angular position on the device to
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account for any random error that could result in unsuccessful opening of a laser valve.
The laser diode used for opening these valves is placed on a linear actuator that
controlled the radial position of the laser, or distance from the center. There were four
different laser valve positions (radial from the center) that needed to be actuated, or
opened. This linear actuator allowed for minor adjustments during device prototyping in
the position of the laser valves and would later be replaced by a fixed laser system (four
different individual laser diodes at different radial positions rather than one laser diode on
a linear actuator). The device protocol for the fully integrated device described is shown
in Table 5-4. The overall device spin protocol time was ~4.5 min (aqueous protocol), not
including the time for imaging, to home the device before moving to specific angular
positions, and move the laser diode on the linear actuator for valving, while the complete

protocol time from start to finish was 8.5 min.

Table 5-4. The complete device protocol for the fully integrated device described.

Centrifugal Protocol Centrifugal Protocol Valve Protocol
(Aqueous-based Solvent) (Organic-based Solvent)
Protocol Step F%nocézm ;SRPS'?A(; Time (s) Re?)E?ate (SREJF?:A(; Time (s) Re?)E::nate Distggg;a(lcm) Aaglr(:.:( g)l:st:;/igr:o
Solvent Metering M 2000 15 2000 5
Home device H
Return to Home Position R
Open Metering Valves (Domain 1) Z=4 25 235185 2351%
Open Metering Valves (Domain 2) Z=4 25 1275" 71%6
Spin Solvent to Sampling Chambers M 2500 15 2500 5
Centrifugal Mix for Sample Dissolution X 3000 1 3 3000 1 3
Open Sampl?ng Valves z=4 30 279, 280;
(Domain 1) 291, 292
O o) z=4 2 Tz
Elute Sample Solution M 2500 15 2500 5
Centrifuge Sample Solution M 3300 120 3300 10
Open Sample Preparation 7=4 42 272, 273;
Valves (Domain 1) 299, 300
Open Sample Preparation 7=4 42 92, 93;
Valves (Domain 2) 119, 120
Fill Sampling Channels M 700 20 700 10
Fill Reagent Chambers M 2500 35 2500 15
Centrifugal Mix for Reagent Chamber-2 X 3000 1 3
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5.3.5 Image Capture and Analysis using Smartphone Application

The cell phone utilized for image capture in Chapter 4 was the discontinued LG
Optimus F3 (LG Electronics) and consisted of small size and relatively inexpensive cost.
This cell phone was compared to other models in Table 5-5 to determine a potential
benefit for sacrificing the size and cost to upgrade to a newer phone model with
additional functionalities and better quality images. The most expensive cell phone
model considered was the Huawei P9 (HUAWEI Technologies), however, this model
was reported to have excellent image quality and a small focal distance. The smallest
focal distance was desired for imaging as the closer the phone could be to the
microfluidic device, the smaller the height requirement would be for the entire portable
system. The LG G2 (LG Electronics) was a compromise between the LG Optimus F3
and the Huawei P9 with respect to quality and cost. Ultimately, the Huawei P9 was
chosen for further development of the image analysis and Android application with the
potential for an alternative cell phone to be used in the future, if necessary, after initial

development of the completed system.

Table 5-5. Comparison of the specifications for different cell phones to use with colorimetric analysis.

Specifications LG Optimus F3 Huawei P9 LG G2
MP 5 12 (x2) 13
Size 116.1 x62x 10.1 mm 145x70.9x6.95mm 138.5x 70.9 x 8.9 mm
Display 4.0” 5.2” 5.2”
RAM 1 GB 4 GB 2 GB
Price $50 $450 $190
Other -- 2 cameras --

An initial comparison between an image taken with both the LG Optimus F3 and
Huawei P9 cell phones for colorimetric reaction of 10 mg/mL H,O, and ammonium
titanyl oxalate (ATO), with and without tinting is shown in Figure 5-26, and

demonstrates differences between the two photos through the analysis. The Huawei P9



228

cell phone was able to better differentiate between a positive and negative result without
tinting, for the yellow and white color responses, respectively. Additionally, the tinting
response for a negative sample from an image taken with the Huawei P9 phone had an
increased hue value compared to the LG Optimus F3. This result is advantageous as a
hue result between 0.4 — 0.45 A.U. is more indicative of a cyan color, which was the

chosen tint color used here.

An Android cell phone
application, compatible with

the Huawei P9 cell phone, was

developed in collaboration (C) 045

0.4 apPos

with the Department of 035 | L ®NEG
. - 0.3 1
Computer Science at the 3 025 1
_ g 029
University of  Virginia * .|
0.1

(Charlottesville, VA).  The 0.05 - |_—I |__.

0

initial cell phone application LG Phone Huawei LG Huawei
No Tint 75% Cyan Tint

used for colorimetric detection Figure 5-26. Analysis comparison of the LG Optimus F3 and

Huawei P9 cell phones for the colorimetric reaction of
of cocaine and hydrogen peroxide with ammonium titanyl oxalate. Images of
the device for the colorimetric detection of H,O; using the (A)
LG Optimus F3 and (B) Huawei P9 cell phones. (C)
Comparison of the hue results for a positive and negative H,O,
sample with and without tinting applied.

methamphetamine with the LG
Otimus F3 cell phone
(discussed in Chapter 2) required significant user operation. Although the simplicity of
this application was ideal for straightforward use, the user was required to align the cell
phone with the device, capture an image of the device within the application, crop the

area for analysis, and select the correct threshold value to apply (labeled as ‘cocaine’ or
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‘methamphetamine’). Ultimately, image capture, cropping of the image, and applying
threshold values would all be programmed for automation of the analysis protocol
without user intervention.

Each imaging event would be programmed during assembly of the final device
enclosure system to automate positioning the device and image capture. Cropping or
isolating the reaction chambers for color analysis within the image can be performed
using pixel coordinates or detection markings. Although the device should be in the
same position during each image capture event, subtle variations in the device position or
the use of a different cell phone in the future would limit the ability for pixel locations to
define analysis regions within the images. Alternatively, detection markings were
implemented to locate each of the detection regions, or reagent chambers, for performing
the colorimetric analysis. Since printing is inherent in the laser print, cut, and laminate
(PCL) fabrication process, detection markings were printed onto the cover layer of the
device to locate the detection regions using the Android application. The detection

chambers were ordered, or numbered, from the top of the image to the bottom of the
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Figure 5-27. Step-wise images of the microfluidic device image analysis process using the Android
application. (A) Image of the device is taken within the Android application (‘app.’). (B) The reagent
chambers are detected and labeled within the app. for automated analysis. (C) Threshold values are
applied for detection at each labeled location, and (D) thresholds can be modified easily within the app.
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image for determining which threshold values to apply for each analysis location. Figure
5-27 describes the stepwise operation of the Android application where the image is first
captured and the detection markers around each reaction chamber are instantaneously
identified (green circles in Fig. 5-27B) and numbered. The image analysis is then
performed within the detection region (small red circles in Figure 5-27B) and the image
analysis results are reported for each numbered detection region (Fig. 5-27C). The
number of pixels used for averaging can be defined within the application by changing
the radius setting to increase or decrease the radius from the center of the detection circle
to perform the analysis within (Fig. 5-28A). Initial evaluation of the size of the analysis
region is shown in Figure 5-28B and resulted in no change in hue analysis based on the
number of pixels averaged. The radius setting of 0.2, associated with ~729 pixels, was

chosen for analysis to account for (a)

Circle Detection i Circle i Circle Detection i Circle Detection

any variations within the device
fabrication that could affect the

analysis regions, i.e., misalignment

of the top device layer. B) oo
Radius Pixel
. ey Setting Count

For initial use of the 055 1
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. . . $ 051
Android application, the user is 2 or | et
0.45 4 0.2 729
only required to capture the photo 03 | 16057

04 -

0.05 0.1 0.2 0.3
Radius Setting

to perform the analysis. The steps . . o
Figure 5-28. Choosing a pixel count to use within the

Android application for analysis. (A) The number of pixels
analyzed can be readily changed within the Android
application. (B) Increasing the number of pixels averaged
automated by the Android  for analysis did not affect the hue results. (C) Correlation
between the arbitrary radius setting and the number of
pixels used for analysis.

following the image capture are

application and the user can scroll
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down on the screen to see the results. Threshold values can be programmed for analysis
of each explosive material by selecting the toggle at the top right within the application

(Fig. 5-27D) and inputting the predefined upper and lower threshold values.
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Figure 5-29. Reevaluation of the detection limits and threshold values used for detection with TNT and
DNT as exemplary colorimetric reactions with tetramethylammonium hydroxide. Initial analyses for
determining the detection limit for (A) TNT and (B) DNT colorimetric analysis. Final analyses of the
detection limit for threshold determination to use for detection of (C) TNT and (D) DNT. Threshold
values are shown as red dashed lines.

5.3.6 Defining Limits of Detection and Threshold Values

The limit of detection (LOD) and threshold values for each explosive analyte
using the colorimetric reaction defined in Chapter 4 was reevaluated using the updated
device design, developed surface swab, and new detection scheme with the Android
application and Huawei P9 cell phone. It was expected that the LODs determined using

the surface swab would be higher than those defined previously in Chapter 4, due to the
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loss of sample to the swab during on-chip elution. To assure a consistent amount of
analyte would be added to the swab, each explosive standard solution was pipetted onto
the surface of the swab for analysis instead of swabbing solid material from a given
surface. The mass of explosive analyte deposited onto the swab could be calculated from
the explosive concentration used and the on-chip elution volume. First, a range of
concentrations was evaluated for each analyte to empirically determine the LOD, and
Figure 5-29A,B shows an example of this analysis for TNT and DNT. Once the LOD
was determined, additional analysis of a sample without explosive (0 mg/mL), the
defined LOD, and a concentration slightly higher than the LOD were analyzed with
additional replicates to define threshold values to use for detection (Fig. 5-29C,D). Each
threshold value was then defined by +/-

(A)
36 (dependent on the color change for

each reaction) of the negative hue

response for 99.7% confidence in the (B) 0.2

BNo membrane
detection of each explosive analyte, and 0-61 11 @0 min
0.6 1 | ®3 min
this process was repeated for all of the ~059 -
2
< 058 -
target explosives analytes. g
T 057 -
Two of the target explosives 0.56 -
0.55
analytes, perchlorate (ClO4) and urea 054 -
. - ' 0 15
nitrate  (UN), needed  additional [CIO,] (mg/mL)

C e Figure 5-30. Pre-concentration of perchlorate
optimization before threshold values  yimin the reagent chamber for enhanced

colorimetric analysis. (A) Image of reagent
could be defined. The required LOD for  chambers sealed with PTFE. (B) Hue results for
perchlorate with methylene blue with and without

ClOs specified by the Department of the PTFE, and analyzed overtime with PTFE.
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Defense was 100 pg, and this detection limit was not met using the updated device

design, developed surface swab, and new detection scheme. A method for concentrating
the sample within the reagent chamber was implemented to allow for increased detection
of ClO4 at low concentrations. This method minimally altered the device fabrication and
consisted of sealing the MB reagent chamber from underneath the device using a PTFE
membrane filters (0.2 um pore size) allowing for the solvent to evaporate (aqueous-based
solvent consisting of 10% methanol). As the solvent evaporates, the sample becomes
more concentrated within the reagent chamber, resulting in a more purple color change
indicative of increased ClO4 concentration. An image of PTFE-sealed MB reagent
chambers with ClO4™ present is shown in Figure 5-30A, and immediate image capture
after the device protocol was completed resulted in an increased hue response compared

to no membrane (PTFE) sealed chambers (Fig. 5-30B).
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Figure 5-31. Comparison hue results for perchlorate with methylene blue using lighting on the top and
side of the device enclosure system. The threshold value is shown as a red dashed line.

Although the PTFE-sealed membrane concentrated ClO4 within the reagent

chamber, a method to further enhance the detection of ClO4” was explored. Each of the
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colorimetric reactions were
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Figure 5-32. Reevaluation of urea nitrate reaction with p-DMAC
for detection limit and threshold value determination. Images of
sides of the system for (A) 0 mg/mL, (B) 0.3 mg/mL, (C) 0.3 mg/mL imaged 2 min.
later, and (D) 0.6 mg/mL imaged 2 min. later for urea nitrate
detection. (E) Hue analysis for each corresponding image with
results from images taken 2 min. later denoted with an asterisk

improved with lighting on the

imaging (side lighting shown
in Fig. 5-25). The advantage of a fully automated system is that the lighting can be
customized for each individual colorimetric reaction, if necessary. An additional image
capture event can be simply programmed into the device protocol where the side LEDs
turn on as the top LEDs turn off to image for the detection of ClO4. Then, the data from
multiple images throughout the device protocol can be compiled before reporting the
final results to the user. The results in Figure 5-31 demonstrate the increased detection
capability with a side LED strip for imaging the reaction of C1O4” with MB.

Analyzing the reaction of UN and para-dimethylaminocinnamaldehyde (p-
DMAC) with the updated device, detection scheme, and surface swab, resulted in
difficulties for detection as the previously defined LOD in Chapter 4 and 2X the
previously defined LOD could not be detected. Each of the color changes looked
identical (Fig. 5-32A-D) and the resulting hue values were indistinguishable between
varying concentrations (Fig. 5-32E). From previous evaluation of this reaction, the color

change should become darker red-colored over time, and this was not observed for 0.3 or
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Figure 5-33. Evaluation of urea nitrate reaction with p-DMAC using
method used to  PTFE-sealed reagent chambers. Images of (A) 3 mg/mL, (B) 0.3
mg/mL imaged 5 min. later, (C) 0.6 mg/mL and (D) 0.6 mg/mL
imaged 5 min. later for urea nitrate detection. (E) Hue analysis for
each corresponding image with results from images taken 5 min. later
denoted with ‘later*.

concentrate ClO4  within
the reagent chamber with
a PTFE-sealed chamber was also applied for UN detection. It was expected that PTFE-
sealed chamber would be advantageous for UN detection because the organic solvent
used for elution would evaporate more readily. Both 0.3 and 0.6 mg/mL UN
concentrations were analyzed with PTFE-sealed chambers for images taken immediately
(Fig. 5-33A, C) and 5 min after (Fig. 5-33B,D) the device protocol. The hue results from
these images are shown in Figure 5-33E with the subsequent images (5 min) denoted as
‘later’. Although the hue response for 0.6 mg/mL UN could be differentiated from the 0
mg/mL response immediately, the subsequent images for both 0.3 and 0.6 mg/mL
resulted in enhanced UN detection.

Since 0.3 mg/mL UN detection required image capture 5 min after the device
protocol was complete, doubling the overall protocol time, additional studies were
performed without the PTFE-sealed chambers to determine the source for the increased
LOD using the updated device design, detection scheme, and swab. A concentration of

0.3 mg/mL UN (or 15 pg) was evaluated without the swab, with the swab (no glycerol on
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Figure 5-34. Reaction of urea nitrate with p-DMAC
for detection limit and threshold value
determination. (A) Evaluation of 15 pg urea nitrate
an additional 30 second centrifugal  without a swab, with the swab (no glycerol), and

with the swab (including glycerol). (B) Comparison
mixing protocol was implemented (as of hue results from an ima_gg taken_immediately and
after 30 seconds of mixing with PTFE-sealed

. . . chambers, red dashed line denotes threshold value
an alternative to image capture 5 min g time point 0 min.

covered chamber for UN detection with

later). The hue results for 0, 9, and 15 pg of UN are shown in Figure 5-34B with
analysis performed immediately after the device protocol, and with the additional 30
second mix prior to image capture. Because the hue response for 0 mg/mL UN was more
varied with the additional mixing step, this step was not added to the device protocol.
Using the PTFE-covered chambers, the LOD was defined as 15 pg UN and the threshold
values could be determined for hue analysis.

Table 5-6 shows the empirically defined LOD for each explosive analyte, the
amount of standard solution added to the swab, and the threshold values defined from the

hue results for 99.7% confidence in the detection. These threshold values were included
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in the Android application for future studies. A different LOD requirement was defined

for each of the explosive analytes of interest by the funding source of this work

(Department of Defense), and each of the defined LODs met these specifications.

Table 5-6. Empirically defined detection limits for each explosive analyte, the amount of standard solution
added to the swab, and the defined threshold values for hue analysis. H,O, and NH," results are based on
tinting cyan with 75% transparency.

Explosive Empirical LQD Lower Upper
Material LOD Added to Swab  Requirement  Threshold Threshold
(ng) (ng) Value (A.U.) Value (A.U.)
TNT 1 1 pL, 1 mg/mL 5 0 0.123
Tetryl 2.5 2.5 uL, 1 mg/mL 5 0 0.123
DNT 2.5 2.5 uL, 1 mg/mL 5 0.140 0
UN 15 1.5 pL, 10 mg/mL 30 0 0.130
C104- 100 10 puL, 10 mg/mL 100 0.592 1
HO, 2.5 2.5 pL, 1 mg/mL 50 0 0.419
NH, 20 2 uL, 10 mg/mL 30 0 0.357
NO, 20 2 uL, 10 mg/mL 30 0.427 1

5.3.7 Multistep Image Analysis for TNT and Tetryl Discrimination

The defined threshold value both for TNT and Tetryl
was 0.123 A.U., and all hue values below this are considered
Circle Detection g

positive for either TNT or Tetryl. Alternatively, the threshold

value defined for DNT was 0.140 A.U., and all hue values

Results (Using Group 3 Settings)
above this are considered positive for DNT. Although the e

Pixel Count: 793
Saturation result: 0.225
Hue result: 0.119

color changes for TNT, Tetryl, and DNT with Chamber 2

Pixel Count: 889
Saturation result: 0.509
Hue result: 0.056

tetramethylammonium hydroxide (TMAH) differ, red-purple,

Figure 5-35. Cannot
discriminate TNT and

. Tetryl with TMAH using
values cannot discern between the presence of TNT and  pye analysis and threshold

values 0 — 0.123 A.U., and
Tetryl (Fig. 5-35). To explicitly identify the presence of  TNT was added here.

red-orange, and blue, respectively, the defined threshold
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either TNT or Tetryl, additional analysis was explored.

The hue values between 0 —

0.123 A.U. could potentially be

partitioned further to define a range

. . B
of hue values associated with the B) 014
012 -
different color changes for TNT and 01
Tetryl over a range of concentrations 20-08
. S 0.06
(Fig. 5-36A).  Unfortunately, the * J
0.04 1 oo
_ TNT I
color response for both high and low 002 { | =e=Tetryl
. O T T
concentrations of TNT and Tetryl ] 10 100
Explosive (ug)

vary, making it difficult for defining Figure 5-36. Hue analysis of TNT and Tetryl for various

concentrations. (A) Images of TNT and Tetryl
an explicit range for each analyte. colorimetric reactions with TMAH from 2.5 — 100 pg of
analyte. (B) Hue analysis results corresponding each of

the images for various TNT and Tetryl concentrations.
The hue responses from a range of g try

concentrations including 2.5, 5, 10, and 100 pg for both TNT and Tetryl were plotted in
Figure 5-36B, and although the hue response at the same concentration of TNT and
Tetryl never resulted in identical hue values, significant sections of the plotted data
overlap limiting analysis for an unknown sample of unknown concentration.

Hue was not an ideal image analysis parameter for identifying either TNT or
Tetryl; however, a different image analysis parameter could be sufficient. After
evaluating additional image analysis parameters (RGB and HSB color models), red
analysis from RGB was chosen as the most advantageous parameter, and the red
responses for TNT and Tetryl over a range of concentrations from 0 — 100 pg are shown

in Figure 5-37. Although the red responses overlap for a low concentration of TNT and



239

a high concentration of Tetryl, the majority of the red responses do not overlap at any
given concentration. Overall, a red response below 0.480 A.U. is indicative of TNT and
a red response above 0.520 A.U. is indicative of Tetryl. This information can be used in
combination with hue, to determine a multi-level analysis protocol for discriminating
between a sample of either TNT or Tetryl. An overview of the proposed analysis
protocol is described in Table 5-7. The first step of the analysis for the TMAH reaction
would be to determine if the sample is negative, contains DNT, or contains either TNT or
Tetryl using hue analysis. The TNT/Tetryl threshold value was adjusted from 0.123 A.U.
to 0.120 A.U. based on the additional analyses performed here. If the hue value is above
0.140 A.U., the sample is positive for DNT and the analysis is completed, however, if the
hue value is between 0.120 — 0.140 A.U., then the sample is negative for TNT, Tetryl,
and DNT and the analysis is completed for this reaction chamber. Alternatively, if the
hue response is less than 0.120 A.U. then either TNT or Tetryl is present and an
additional analysis step is required for identification. The second form of analysis is the

red response associated with the same reaction chamber (TMAH). As described, a red

response less than 0.480 A.U. 0.7
be sued to indicate th ° !
can be sued to indicate the
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Figure 5-37. Red analysis for varying concentrations of TNT
identified using the second and Tetryl from 0— 100 pg.
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analysis parameter, and if the red response is between 0.480 — 0.520 A.U. then the result

is inconclusive for either TNT or Tetryl and a third analysis step is needed. The third
analysis can use hue analysis again, because any red response between 0.480 — 0.520
A.U. can only be from a low concentration of TNT or a high concentration of Tetryl.
Using the hue analysis results in Figure 5-36, a low TNT concentration corresponds to a
hue value of ~0.1 A.U. and a high Tetryl concentration corresponds to ~ 0.06 A.U. The
third analysis would be defined as a hue value above 0.060 A.U. indicates TNT present
and a hue value below 0.060 A.U. indicates the presence of Tetryl. For either of these
results the analysis is completed using the third analysis step and the explosive is

identified.

Table 5-7. Multilevel analysis protocol for the identification of TNT or Tetryl with TMAH.

Alsltaelg:ls Analysis Parameter Result Analysis Protocol

Hue > 0.140 DNT Complete

1 0.140 > Hue > 0.120 NEG Complete
Hue <0.120 TNT and/or Tetryl ~ Continue to Red (R, RGB) Analysis

R <0.480 TNT Complete

2 R >0.520 Tetryl Complete
0.520 > R > 0.480 TNT and/or Tetryl  Continue to Secondary Hue Analysis

3 Hue < 0.060 Tetryl Complete

Hue > 0.060 TNT Complete

5.3.8 Analysis of TNT and DNT at High Concentrations

Significant effort was spent analyzing low concentrations of each explosive
material to account for the common scenario where residual material, from handling bulk
explosives, is used for detection. Oftentimes, the source bulk material is not sampled
directly for the identification of an explosive, however, evaluation of the developed
system (swab, device, and analysis) was performed with the intent of sampling bulk
sample incase this scenario is encountered in the field. Difficulties did not occur for the

majority of explosive analytes evaluated at high concentrations (maximum concentration
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that could be obtained was 10 mg/mL), with the
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exception of TNT and DNT. At high concentrations of

TNT and DNT, the resultant color change was a very
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dark, near black color change creating a challenge for 23
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analysis. Figure 5-38 shows an example of the color

changes for TNT at a low concentration and a high
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. . Figure 5-38. Exemplary hue
(using ImageJ). The histogram for TNT at a high histograms for TNT at a low and
high concentration, with
concentration does not display an expected distribution ~ associated images (insets).
of pixels compared to the histogram for a low concentration, although both histograms

have identical pixel counts. Since black is not a color represented with hue analysis, the

results are inconsistent for a higher concentration.
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Figure 5-39. Analysis of TNT and DNT with 25% and 75% tetramethylammonium hydroxide,
respectively, with associated hue analyses. Threshold values are denoted using red dashed lines.

Analysis utilizing various TMAH dilutions was performed to account for high
concentrations of TNT and DNT, and a 25% TMAH solution (diluted with methanol)

produced a purple color change with a high concentration of TNT, instead of a black



color change. Consequently, a 25%
TMAH solution was too dilute for
detecting DNT and an additional
solution of 75% TMAH was required
for analysis of both TNT and DNT (Fig.
5-39). For high concentrations of TNT,
an additional centrifugal mixing step
resulted in a lighter color change (pink-

colored) that produces a more consistent
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Figure 5-40. Device design for detection of the
organic explosives group with additional reagent
chambers for inclusion of tetramethylammonium
hydroxide reagent dilutions.

hue response. However, to implement a method

for the detection of TNT and DNT at high concentrations, additional reactions chambers

were required. Figure 5-40 describes

the device design for detection of the organic

explosives group with additional reagent chambers for additional TMAH analysis. The

C®®®0
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0.25 ~

Arbitrary Units (A.U

100 75 25
TMAH (%)
Figure 5-41. Analysis of a high
concentration of TNT after an additional
centrifugal mixing step with associated
image labeled for 100%, 75%, and 25%
TMAH as 2, 3, and 4, respectively.

100% TMAH solution was still required for
Tetryl analysis and detection of TNT and DNT
at low concentrations. Although the device
design was modified, a method for determining
when to perform analysis at subsequent 75%
and 25% TMAH chambers was needed.
Although black color is not represented
using hue, black is represented by the RGB
color model and these parameters were explored

for identifying a high concentration of TNT or

DNT. The image in Figure 5-41 is labeled for 100%, 75%, and 25% TMAH with 2, 3,
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and 4, respectively, and analysis was performed after an additional centrifugal mixing

step for a high concentration of TNT added. The hue results for 100% and 75% TMAH
are not indicative of TNT and would result in a false positive result for DNT if analysis
was performed in this manner. Alternatively, the hue result for 25% TMAH is indicative
of a positive result for TNT, with a hue value less than 0.120 A.U. To assure that the
analysis is performed at reaction chamber-4 in this scenario, RGB can be used to
determine a color that is too dark for analysis (inconclusive) that needs to be analyzed
using an alternative method (TMAH dilution). If RGB is considered ‘too low’ for
analysis, or below 0.050 A.U., the analysis will be performed at the subsequent chamber
(reaction chamber-3 here). Moreover, if the RGB response is too low at chamber-3 as
well, then the analysis will be performed at reaction chamber-4 for TNT detection. If the
RGB response is not below 0.050 A.U. at chamber-3, then the analysis will be performed

at chamber-3 for DNT detection and subsequent analysis at chamber-4 is not required.
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Figure 5-42. Evaluation of the analysis methods for detecting a negative sample, the presence of DNT,
or the presence of either TNT or Tetryl with hue analysis.
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Figure 5-43. Evaluation of the red analysis for discriminating between TNT and Tetryl. A result between
0.480 — 0.520 A.U. would require additional analysis.

The Android application was updated with the described analysis changes and
threshold value modifications for TNT, Tetryl, and DNT. To verify these new analysis
methods, a series of sample solutions were evaluated. The first evaluation was for the
ability to detect a negative sample, the presence of DNT, or the presence of either TNT or
Tetryl with hue analysis. The main component of this analysis was comprised of first
evaluating the TMAH reaction chambers for an RGB response below 0.050 A.U., to
either perform the analysis with the 100%, 75%, or 25% TMAH chamber. There was a
95% success rate (21/22 samples correctly identified) and the hue results are shown in
Figure 5-42. Samples 1, 2, 7, and 8 contained DNT and were correctly identified in
addition to samples 3 — 6 and 9 — 15 for containing either TNT or Tetryl using hue.
Samples 16 — 23 were negative samples containing a blank solution (no explosive) or a
UN sample. Sample 19 was the only incorrect call, with a false positive result for 15 ug

UN added (previously defined LOD). The red responses for samples 3 — 6 and 9 — 15
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shown in Figure 5-43 resulted in 100% success for identifying each sample as either

TNT or Tetryl, and none of the responses were between 0.480 — 0.520 A.U. requiring
additional hue analysis. Samples 4, 5,9, 11, 13, and 15 were correctly identified as TNT
and samples 3, 6, 10, 12, and 14 were correctly identified as Tetryl. Due to the incorrect
call for sample 19, additional samples containing either a blank solution (no explosive) or
UN were analyzed using hue with the p-DMAC reaction chamber (Fig. 5-44). Analysis
for the detection of UN resulted in a 72% success rate (8/11 samples correctly called).
Although samples 16 — 18 and 20 — 22 were correctly identified during analysis at the
TMAH reaction chambers, only 5 of the 6 samples were correctly identified and sample
19, which was incorrect during TMAH analysis, was also incorrect during analysis with
p-DMAC. Samples 17, 20, 21, 24, and 26 were blank solutions with no explosive present

and samples 16, 18, 19, 22, 23, 25 contained UN. All samples that contained 15 pug UN
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Figure 5-44. Additional samples containing either a blank solution (no explosive) or urea nitrate were
analyzed using hue with the p-DMAC reaction chamber. The three incorrect identification results
leading to false negative responses (denoted by asterisk symbol ‘*’) were the lowest urea nitrate
concentrations analyzed at 15 pg (detection limit).
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(LOD), samples 16, 19, and 25, were incorrectly called as a blank sample with no

explosive present. The number of incorrect calls concerning UN detection were a result
of the additional reaction chambers added to the device design for 75% and 25% TMAH,
negatively effecting the ability for the sample solution to fill the last reaction chamber in
the series (the p-DMAC reagent chamber). The metering chamber for the blister pouch
containing organic solvent for the elution of sample was modified to meter 55 pL volume
instead of 50 pL (each additional sample channels holds 3 pL sample). This resulted in

consistent filling of the p-DMAC reaction chamber with sample.

5.3.9 Integration of Capillary Ampules for Reagent Storage

The detection of NH,  with the Nessler’s reagent for partial identification of
ammonium nitrate (AN), with inclusion of NO; detection for complete AN
identification, was optimized in Chapter 4 for incorporation into the microfluidic device.
Initial reagent storage tests determined that the Nessler’s reagent was not stable within
the device prior to use over a short period of time. The custom capillary ampule method
described in Chapter 3, however, demonstrated the potential for on-chip liquid reagent
storage. The ampules containing Nessler’s reagent were sealed with PTFE to provide a
faster method for device fabrication than epoxy-sealed ampules, and these ampules were
integrated into the final microfluidic device. Once the reaction chambers were each filled
with metered sample containing 10 mg/mL AN, a color change within the Nessler’s
reagent chamber was indicative of NH;" present (Fig. 5-45A). After the sequential
centrifugal mixing protocol was completed, the precipitate brown-colored complex

(NH,Hg»I5) indicative of NH4" present had sedimented to the bottom of the chamber (Fig.



5-45B). The laser valves were
then opened to move sample
solution into the second reagent
chamber for NO;3™ detection prior

to a final centrifugal mixing

protocol. At this point, a color

Figure 5-45. Images for the detection of ammonium nitrate
with the Nessler’s reagent integrated using capillary ampules.
Images for 10 mg/mL ammonium nitrate with sample (A)
. . . initially added to reagent chambers, (B) centrifugally mixed
present with the modified Griess  jith reagent, and (C) at the end of the completed device

protocol. (D) Image at the end of the completed protocol for

reaction was produced, however, 0.5 mg/mL ammonium nitrate.

change indicative of NOj

the brown colored product from reaction of NH;" with Nessler’s reagent was no longer
visible (Fig. 5-45C). Alternatively, when the identical procedure was performed with a
lower concentration of NH;" (0.5 mg/mL), the brown-colored product was observed after
the final centrifugal mixing protocol (Fig. 5-45D). To account for analysis of both high
and low concentrations of NH,", two images were incorporated into the final device
protocol for detecting NH;". The first image was used to detect higher concentrations of
NH," from bulk sample from image capture before the NO;™ laser valves are actuated
(opened). If there was no NH, present or NH,;  was present at low concentrations, the
brown-colored product would not be present in the image. The additional image would
be used to detect lower concentrations of NH4  after the overall device protocol was
completed as shown with Figure 5-45D. The compilation of these two images would

provide complete detection of NH," for both a high and low concentration scenario.
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fabricated microfluidic
devices containing the PTFE-
with

sealed ampules

Nessler’s ~ reagent  were
ineffective after storage over
one week. Additional storage
tests were attempted with
epoxy-sealed ampules

containing Nessler’s reagent

and the results shown in
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Figure 5-46. Image analysis for storage of Nessler’s reagent
within epoxy-sealed ampules over 1 week with varying
ammonium concentrations. Exemplary images for each data point
are shown above, with an inset image of the ampule broken
within the storage test device.

Figure 5-46 demonstrate the potential for an improved reagent storage method after one

week of device storage prior to use. Following three weeks of device storage with epoxy-

sealed ampules containing Nessler’s

(C) o5

reagent, the ampules were still effective for NH,"

detection (Fig. 4-47). Of the

0.45 A1

TETA. eight ampules that were

stored over three weeks, six
ampules remained viable for

use (Fig. 5-47A) and two

Figure 5-47. Analysis of Nessler’s reagent stored within epoxy-

15 contained degraded reagent,
INH*] (ug)

observed by the yellow-

sealed ampules over 3 weeks. Images of ampules after storage

that were either (A) viable or (B) degraded. (C) Hue analysis with
tinting for 0 and 15 pg ammonium using stored ampules

colored Nessler’s reagent

containing Nessler’s reagent, with the threshold value shown by a

red dashed line.

enclosed (Fig. 5-47B). The
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six viable ampules were used to evaluate 0 and 15 pg NH,™ for n = 3 and the results are
shown in Figure 5-47C with the previously defined threshold value in red, demonstrating
successful use of the stored Nessler’s reagent. The two reagents that had degraded were
likely from error during fabrication or breakage of the ampule within the chamber during
storage.

A simple method to activate, or break, the Nessler’s reagent-filled capillary
ampule that is user-friendly and seamlessly incorporated into the device operation was
needed. A ~2 cm diameter circle was laser cut into the top piece of the device holder,
used to secure the device during transportation, to guide the user to the location of the
capillary ampules (Fig. 5-48A). Additionally, a section of PMMA was added to the

bottom piece of the device holder to allow a flat surface to rest against the bottom of the

ampule during the breaking
event (Fig. 5-48B). An
extrusion was added to the
back of the swab handle to use

for consistent capillary

ampule breakage (Fig. S5-

48C), and the diameter of the

circle added to the top holder

piece was the same diameter

as the swab handle (Fig. 5-

Figure 5-48. Method for integration and use of Nessler’s reagent

48D). The dimension of the ampules. Images of the (A) bottom and (B) top device holder
) pieces, modified for application of the ampules by the user. (C)

. . Image of the swab handle with the extrusion on the end for
extrusion was varied between breaking the ampule with image of using the swab handle (D).
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1 — 3 mm in length (consistently 3 mm in diameter), with 1.25 mm in length chosen for

optimal use.

5.3.10 Integration of Blister Pouches for Aqueous and Organic Solvents

Blister pouches are a commercial method for storing liquid reagents within foil
packets, and puncturing the pack mechanically releases the contents.’® >’ Blisters are an
ideal method for storing dissolution solvents, where the pouches prevent solvent
evaporation during storage and can accommodate volumes between 50 pL and 0.5 mL
from microfluidic ChipShop GmbH (Jena, Germany). Although blisters have been
reported previously for use with microfluidic in point-of-care and forensic DNA-based

.. 40,41
applications™*”

, the use of organic solvent blisters for microfluidics is less explored.
Due to the low surface tension of organic solvents, fluidic control was difficult for

blisters containing the 90% acetonitrile (ACN) solvent, optimized in Chapter 4, for use

with the identified organic
explosives. A pressure
sensitive  adhesive  (IS-

7876-84) from Adhesives

Research (Glen Rock, PA)

was chosen for use with

organic solvents due to

. ? 2 ‘ v ], £
Figure 5-49. Integration of blister pouches for both the aqueous and
organic solvents. (A) Device design used for the blister chambers.
(B) Image of an ideal release of solvent from the blister pouch into

the blister chamber within the device. (C) unused and (D) used
to the device without blister pouch images.

initial difficulties adhering

the organic solvent blisters
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removal during release of the solvent. Additionally, PTFE membrane filters (0.2 pm pore
size) were added to each air vent outlet within the fluidic architecture to prevent the
organic solvent from leaking due to the pressure applied when releasing the blister
contents and to create a completely closed system once the swab is added.

Manual pressure was used to pierce the bottom of the blister with a PMMA piece
(that comes to a sharp point) within the blister chamber to release the solvents. The
majority of the solvent volume stored within the blister was released into the blister

chamber below when the foil was flattened against the device (Fig. 5-49). For

preferential movement of the organic solvent towards the solvent metering chamber as

Alignment
marking

chamber

opposed to movement towards the
air vents at the center of the
device, an open waster chamber
sealed with PTFE was applied to
the excess solvent chamber (for
waste) attached to the metering
chamber. The open chamber acts

as an additional air vent for air § Sample

prep. ;
. hamb
displacement from the |mmm—

Detection
chambers

microfluidic architecture once the

Figure 5-50. Image of the final, fully integrated

centrifugal microfluidic device for sampling (surface swab,

sample elution, and sample cleanup) and multiplexed

o . analysis of a single sample for eight different explosive

chamber design is not required for  materials. Each critical reagent chamber is labeled for
ATO (1), modified Griess reaction (2), MB (3), Nessler’s
p-DMAC (8). All other unlabeled chambers were either
controls or waste chambers.

blister is opened. This open waste

tension of the solvent is higher
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resulting in filling of the blister chamber due to pressure generated when puncturing the
blister. The remaining solvent within the blister that was not released during the blister

puncture event is removed using centrifugal force during the device protocol.

Figure 5-51. Expanded view of the final device design comprised of five polyester layers, six adhesive
layers, two PMMA layers, and three PTFE membrane layers.

5.3.11 Validation of the Fully-Integrated Device and Portable Systems

An image of the final, fully integrated centrifugal microfluidic device for
sampling (surface swab, sample elution, and sample cleanup) and multiplexed analysis of
a sample for eight different explosive materials is shown in Figure 5-50. The final
device was comprised of five polyester layers, six adhesive layers, two PMMA layers,
and three PTFE membrane layers (Fig. 5-51). Once a sample was added to the device
using the protocol described in Figure 5-23, the user manually applied pressure on both
blister pouches (aqueous and organic) to release the solvents in addition to using the swab
handle to break the capillary ampule containing Nessler’s reagent. Once this procedure
was complete, the user added the device to the device enclosure system, closed the lid,

and locked the lid into place so it cannot be opened during the device procedure. In
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addition to a mechanical lock on
the outside of the system for
assuring the lid remains closed
during operation, a magnetic safety
interlock was also added to the
system (Figure 5-52). If the lid
was opened during the device

procedure, the procedure stopped e

. Red Laser &

to assure that the user could not be ,
Figure 5-52. Images of the final device enclosure system

used for device operation. (A) Image of the closed device
system with cell phone integrated for analysis, and (B)
image of the device opened showing features used for
during operation of the laser device operation.

harmed by the laser diodes used

valves.

Once the device was added to the enclosure and the lid was closed, the user chose
to operate either ‘Side A’ or ‘Side B’ on cell phone interface (Fig. 5-52A). At this point,
the user had no further interaction with the system as the device centrifugal spin protocol,
imaging protocol, and analysis protocol were programmed and automated. The overall
(final) device procedure was completed in ~ 7 min with a total of 17 spin steps, 7 laser
valves, and 6 image capture events. The final device protocol is outlined in Table 5-8,
and the associated image analysis protocol is described in Table 5-9.

Three replicate device system enclosures were fabricated by TeGrex
Technologies (Charlottesville, VA) in accordance with the specifications outlined by the
Department of Defense. At the conclusion of the grant timeline these systems, with 45

microfluidic devices for processing 90 samples, were brought to collaborators at the
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Defense Forensic Science Center (DFSC) for evaluation with relevant explosive samples.

Table 5-8. The final device protocol used with the final assembled system with optimized angular valve
positions each of the three systems for use with the fixed laser diodes. Before every ‘go to angle’ step, the
device home position was found to assure correct alignment.

Centrifugal Protocol Angle Relative toHome Position (°)
Protocol Step Speed (RPM) Time (s) Replicates| System 1 System 2 System 3
Solvent Metering 3000 5
Go to Angle and Activate Laser 1 g?de A 121.25,177.75 S?de A 123.16, 179.75 S.ide A 122.71, 179.68
ide B: 301.50, 358.00 Side B: 302.99, 359.94 Side B: 302.58, 359.21
Spin Solvent into Swab Chambers 3000 4
Centrifugal Mix for Sample Dissolution 3000, -3000 1 3
Go to Angle and Activate Laser 2 S.Side A 55.00, 66.50 _Side A 55.11, 66.83 $ide A 54.38, 66.00
ide B: 234.25, 246.00  Side B: 235.25, 246.69  Side B:234.38, 245.92
Spin Sample into Prep. Chamber 2500 3
Centrifuge Sample from Swab Chamber 3000 3 2
Goto Angle and Acvate Laser 3 Sdcn2ses0  Sues2orss S 28008
Fill Sampling Channels (Organic) 700 5
Fill Sampling Channels — Additional Spin 900 5
Fill Reagent Chambers 2500 5
Fill Reagent Chambers — Additional Spin 3300 5
Go to Angle For Picture-1 and Capture Photo (Top LED) Side A (Organic): 202.00; Side B (Organic): 22.00
Centrifugal Mix Sample and Reagent 3000, -3000 1 3
Go to Angle For Picture-2 and Capture Photo (Top LED) Side A (Organic): 202.00; Side B (Organic): 22.00
Goto Angle and Actvate Laser 3 SaeB31e7s  SueBsusT  Sdesaises
Fill Sampling Channels (Aqueous) 700 15
Go to Angle For Picture-3 and Capture Photo (Top LED) Side A (Aqueous): 279.00; Side B (Aqueous): 99.00
Fill Sampling Channels — Additional Spin 900 15
Fill Reagent Chambers 2500 20
Fill Reagent Chambers — Additional Spin 3300 15
Gotorglans v Loser Seplmn seapm o geamn
Fill Reagent Chamber-2 2500 5
Centrifugal Mix Sample and Reagent 3000, -3000 1 3
Go to Angle For Picture-4 and Capture Photo Photo (Top LED) Side A (Aqueous): 279.00; Side B (Aqueous): 99.00
Centrifugal Mix Sample and Reagent 3000, -3000 1 3
Go to Angle For Picture-5 and Capture Photo (Top LED) Side A (Aqueous): 279.00; Side B (Aqueous): 99.00
Capture Photo Additional Photo, Picture-6 (Side LED)

Before the systems were transported, an in-house validation of each system was required
in a laboratory setting for defining success rates in a controlled environment using
explosive standards. The final detection limits were reported as the Department of
Defense requirements, which were intentionally more conservative than the LODs
reported in Table 5-6. A concentration 2X greater than the detection limit reported for
each explosive analyte were used for evaluation of the three device enclosure systems,
and the final detection threshold values implemented into the Android application are

outlined in Table Table 5-10.
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Table 5-9. Overview of the final imaging protocol with explosive and reagent listed for each image for
compiled analysis. Only picture-6 was taken with side lighting, all other images were taken with lighting
from the top. In the final protocol, picture-5 was not utilized but still taken during the protocol.

Chamber #
PICLUFG 1 5 3 4 s 6
TNT, Tetryl, DNT; DNT;
Organic T Control  "400% TMAH ~ 75% TMAH
Solvent 5 INT UN:
25% TMAH p-DMAC
3 Control High ,[N H'T;
Nessler’s reagent
4 Low [NH,*T; NO;; H,0,;
Agueous Nessler's reagent Modified Griess ~ ATO
Solvent
CIOg;
6 MB

Systems 1 and 2 were each evaluated with 20 samples and system 3 was evaluated
with only 11 samples due to complications encountered during evaluation. Evaluation of
systems 1 and 2 included n = 3 analysis for each explosive analyte and 13 different
negatives or contaminants of interest (outlined with collaborators) including sugar (n =
2), Equal commercial sweetener, Sweet n” Low commercial sweetener, an environmental
contaminant (dirt), ethanol, methanol, isopropanol, water, salt (NaCl), and a true blank (n
= 3). An outline of the samples and results for each system evaluation are shown in

Tables 5-11, 5-12, and 5-13 for systems 1, 2, and 3, respectively.

Table 5-10. Conservative detection limits reported for each explosive analyte with 2X the detection limit
concentrations recommended for evaluation of final device system enclosures. Defined threshold values for
hue analysis are also reported with H,0, and NH," results based on tinting cyan with 75% transparency.

Explosive Demonstrated Recommended for Lower Threshold Upper Threshold
Material LOD (pg) System Evaluation (ug) Value (A.U)) Value (A.U))

TNT 5 10 0 0.116

Tetryl 5 10 0 0.116

DNT 5 50 0.144 0

UN 30 60 0 0.130

Clo, 100 200 0.625 1

HO, 50 50 0 0.419

NH, 30 200 0 0.300

NO3- 30 60 0.427 1
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Table 5-11. Outline of the samples and results for evaluation of system 1.

System 1
Sample # ]13\/)[(2:2:::1‘} Aﬁ(l;:;u(l:ltg) Experimental Readout Ccogif?Ct
1 None N/A All Clear Yes
2 Sugar 5000 DNT Detected No
3 Equal (Sweetener) 4800 All Clear Yes
4 Dirt 4900 All Clear Yes
5 HZO2 50 H202 Detected Yes
6 NaClO, 200 ClO, Detected Yes
7 KNO, 60 NO3- Detected Yes
8 NH,NO, 200 NH, , NO, Detected Yes
9 TNT 10 TNT Detected Yes
10 Tetryl 10 Tetryl, UN, NH, Detected No
11 DNT 50 DNT Detected Yes
12 UN 60 UN, NOB- Detected Yes
13 NH,NO, 200 NO, Detected No (Partial)
14 Ethanol (15 ul) All Clear Yes
15 NaClO, 200 ClO, Detected Yes
16 UN 60 UN, NO, Detected Yes
17 NH,NO, 200 NH, , NO, Detected Yes
18 Isopropanol (15 uL) All Clear Yes
19 None N/A All Clear Yes
20 Sugar 5300 All Clear Yes

From the 20 samples evaluated using system 1, three samples had incorrect results
during the evaluation including samples 2, 10, and 13. For sample 2, sugar was added
and the expected result was ‘all clear’, however, the experimental readout resulted in
‘DNT detected’. The threshold range predefined for the detection of DNT using hue
analysis at the 100% TMAH reagent chamber was 0.144 — 1 A.U. Unfortunately, the hue

result from the sugar added was 0.145 A.U., a value just within the positive detection
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range for DNT. Because this was strictly an analysis error likely due to an outlier data

point, all samples were reevaluated using a new DNT threshold range for detection
(0.146 — 1 A.U.) after complete analysis of each system. This change in the threshold for
a positive DNT result (+0.002 A.U.) did not result in any false negative results from a
positive DNT sample with a hue value that was within 0.144 — 0.145 A.U. that would be
incorrectly identified using the new threshold values. Since all of the data was
reevaluated using the updated threshold, this in correct call could be considered a correct
call for the overall system evaluation, resulting in an overall success rate of 90% (18/20
samples correctly identified) for system 1. The source of the incorrect call from sample
10 was not clear, leaving this sample as a truly negative call. Alternatively, sample 13
was correctly identified for NO;™ present, but did not identify the presence of NH4". This
was likely due to a fabrication error incorporating the capillary ampules that contain
Nessler’s reagent as previously observed. Unfortunately, the fragile nature of the
ampules for easy release of the reagent contents can impart challenges for sealing the
ampules within the device chambers without breakage that can result in reagent
degradation.

System 2 performed similarly to system 1, resulting in three samples that were
incorrectly identified from the 20 samples evaluated, and included samples 7, 10, and 17.
Sample 7 resulted in an incorrect call due to no solvent entering the organic explosive
analysis portion of the device from a blister pouch manufacturing error, where the
organic solvent blister added to the device was empty from a hole in the pouch, allowing
solvent to leak or evaporate prior to use. Since this error was from the blister pouch

manufacturer, we chose to not take this sample into consideration for the overall
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Table 5-12. Outline of the samples and results for evaluation of system 2.

System 2
Sample # ]13\/)[(2:2:::1‘} Aﬁ(l;:;u(l:ltg) Experimental Readout Ccogif?Ct

1 None N/A All Clear Yes
2 HZO2 50 H202 Detected No

3 NaClO, 200 ClO, Detected Yes
4 KNO, 60 NO3- Detected Yes
5 NH NO, 200 NH, , NO_ Detected Yes
6 TNT 10 TNT Detected Yes
7 DNT 50 All Clear No

8 DNT 50 DNT Detected Yes
9 Tetryl 10 Tetryl Detected Yes
10 Tetryl 10 Tetryl, UN Detected No

11 UN 60 UN, NOB- Detected Yes
12 HO (15 uL) All Clear Yes
13 HZO2 50 H202 Detected Yes
14 KNO, 60 NO3- Detected Yes
15 NaCl 5000 All Clear Yes
16 Sweet n’ Low 5200 All Clear Yes
17 TNT 10 Tetryl, UN, NH4+ Detected No
18 Methanol (15 ul) All Clear Yes
19 TNT 10 TNT Detected Yes
20 DNT 50 DNT Detected Yes

evaluation of our developed systems and methods, resulting in an overall success rate of
~90% (17/19 samples correctly identified) for system 2. The incorrect call for sample 10
was perceived as a fluidic error, where some of the resultant orange color for a positive
Tetryl sample was carried into the UN detection chamber, altering the hue value within
the positive detection range for UN (0.127 A.U.). The incorrect call for sample 17,

however, was relatively unclear and the presence of a device fabrication error could have
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potentially been the cause. Centrifugal spinout residue of the sample solution from the
swab chamber was observed along the device, which could result in loss of sample or not
enough sample solution to enter each reagent chamber and negatively impact the results.
System 3 did not perform as well as systems 2 and 3, however; only 11 samples
were evaluated using this system due to timing towards the end of the evaluation studies.
Although all three systems were assembled to be identical, the laser power outputs (used
for laser valving) were individually optimized for each system as 505, 408, and 432 mW
for systems 1, 2, and 3, respectively. System 3 required to most amount of time to
optimize the laser power output, as a setting too high would easily burn a hole through
the device allowing a lose of sample solution through the hole and a setting too low
would not open the valve at all. Once the laser power was finally optimized to product
no valve failures during trial tests, there was limited time left in the project before the
systems needed to be delivered to DFSC. Of the 11 samples that were evaluated using
system 3 with the remaining time left in the research grant, samples 6 and 8 were
incorrectly identified. All of the reagent chambers for the inorganic explosives portion of
the device for sample 6 were not filled, however, the source of the sample loss was
unclear. Without sample in the reagent chamber for NOs;  detection, the result
consistently provides a false positive reading. Sample 8 also resulted in partial
identification of the sample as NO;™ was detected and UN was not. This error was due to
a hole in the organic solvent metering valve that caused a loss of sample solution during
the centrifugal spin protocol, resulting in only reagent chambers 1-3 were filled with
sample on the organic explosive side (associated with a control, 100% TMAH, and 75%

TMAH reagent chambers).
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Table 5-13. Outline of the samples and results for evaluation of system 3.

System 3
Sample # ]13\/)[(2:2:::1‘} Aﬁ(l;:;u(l:ltg) Experimental Readout Ccogif?Ct
1 None N/A All Clear Yes
2 NaClO, 200 ClO, Detected No
3 HzOz 50 H202 Detected Yes
4 KNO, 60 NO3- Detected Yes
5 NH NO, 200 NH, , NO_ Detected Yes
6 DNT 30 DNT, NO_ Detected No (Partial)
7 TNT 10 TNT Detected Yes
8 UN 60 NO, Detected No (Partial)
9 UN 60 UN, NO, Detected Yes
10 Tetryl 10 Tetryl Detected No
11 Dirt 5200 All Clear Yes

Overall, only systems 1 and 2 were given to DFSC with 45 devices for off-site
evaluation using relevant explosives samples. The success rate of these systems in a
laboratory setting was ~90%, from 35 out of 39 samples correctly identified, which met
the success rate requirement outlined by the Department of Defense. The errors
associated with the incorrectly identified samples were as follows: one fluidic error, two
device fabrication errors, and one unclear error that could have also been fluidic-based.
Additionally, during the evaluation of systems 1 and 2, a total of 156 blisters were
manually actuated (punctured to release contents) without solvent leaking, a total of 273
laser valves were opened automatically during the device procedure without any valve
failures, and a total of 78 ampules were manually actuated (using the swab handle to
release the contents). After an hour of training at DFSC with the three device enclosure
systems, system 3 was returned to the Landers Lab to use for assessment of any potential

challenges that may be encountered during off-site testing with systems 1 and 2.
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5.4 Conclusions

A simple method was determined for the development of a custom, laser-ablated
surface swab for the collection of explosive residues from surfaces for integration into a
microfluidic device. Initially, different commercial materials were assessed for the
ability to collect material from a given surface, including cotton buccal swabs, microfiber
cloths, filter paper, and blotting paper. Overall collection efficiencies were determined
for each potential swab material using conductivity detection of a nonhazardous reference
standard. Gel blot paper was chosen for further studies due to the ability for both trace
and macro sample collection and the ability to easily integrate this material into the PCL
fabrication method and interface with the microfluidic device. Different microfluidic
mixing protocols were assessed to increase sample elution efficiencies once added to the
microdevice, however, the centrifugal mixing protocol compatible with automation only
resulted in ~50% recoveries. A final split-swab was developed for explosives screening
using the blotting paper.

Final spin system enclosures were assembled and evaluated with the fully-
integrated microfluidic device for determining success rates of each system. Two of the
three assembled systems resulted in ~90% success rates for a total of 39 samples. Of the
incorrectly identified samples, one was a fluidic error, two were device fabrication-based,
and the source of the last error was inconclusive. In the future, the errors resulting from
the device fabrication process could be addressed by considering additional methods for
reinforcing the ampule chambers to assure no breakage of the capillary ampules.
Additionally, if the described fully integrated device were to be commercialized and mass

manufactured, inconsistencies in fabrication could be monitored and a method for quality
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control could be assessed. Although system 3 required additional evaluation due to time

constraints for this project, the incorrect sample identification resulting from samples 6

and 8 both produced a partial correct result that could still be used to identify the

presence of an explosive material.
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6. Final Remarks

6.1 Conclusions

This dissertation has focused on the development of portable sample-in-answer-
out microfluidic systems for on-site colorimetric detection of target analytes, i.e.,
explosives and illicit drugs. The work described in Chapter 2 demonstrated the
evaluation of an objective colorimetric analysis method for use with a cell phone
application towards presumptive on-site testing of illicit drugs using inexpensive
centrifugal microfluidic  devices. Colorimetric  detection of cocaine and
methamphetamine were utilized for optimization of the image analysis method, and
resulted in empirically determined detection limits of 0.25 and 0.75 mg/mL for cocaine
and methamphetamine, respectively, when analyzed using a smartphone. Using the
defined analysis method, a total of 30 unknown samples were correctly identified for the
presence of cocaine and methamphetamine in the presence of other uncontrolled
substances using developed microfluidic device and analysis.

The implementation of various chemical reagent storage methods compatible with
polyester-based centrifugal microfluidic devices were performed in Chapter 3 to aid in
complete device integration. The reagent storage methods utilized inkjet printing, custom
glass capillary ampules, and hybrid device substrates for the addition of the reagents
necessary to perform various proof-of-principle colorimetric reactions for clinical,
forensic, and environmental applications. All three methods were effective for
colorimetric reagent storage with inherent advantages and disadvantages for different
device applications. The inkjet printing-based reagent storage method was advantageous

for an automated device fabrication protocol, where reagents are incorporated using a
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commercial office inkjet printer, however, corrosive reagents can damage components of
the printer. Paper- and capillary ampule-based reagent storage methods demonstrated a
more simplistic fabrication approach for storing reagents in either dry (paper) or liquid
form (ampules), where the only requirement is basic laboratory equipment.

The described reagent storage techniques in Chapter 3 were utilized in Chapters
4 and 5 for developing a centrifugal microfluidic system to colorimetrically detect
explosives using single-use, disposable, and inexpensive devices with on-board reagent
storage. The focus of Chapter 4 was the evaluation and optimization of the resultant
color changes within microfluidic devices for the detection of 8 different explosive
compounds, including TNT, DNT, Tetryl, UN, NH,", NO5, ClO4, and H,O,. Hue image
analysis was advantageous for defining threshold values towards qualitative detection of
explosives for implementation into a cell phone application as color is represented by a
single numerical value, providing a robust method for detection of various color changes.
Additionally, three different tinting methods complimentary to the microfluidic device
format were developed for enhanced analysis of subtle color changes.

The focus of Chapter 5 was to fully integrate the initial developments in
Chapter 4 for a more portable and automated device format to perform analysis of the 8
different explosives from a single sample input. A split-swab with 3D-printed handle and
microdevice adapter was developed for sampling residue from a given surface and to
facilitate both organic and aqueous based chemistries. Additional analysis optimizations
were performed for complete automation of the detection method using a cell phone
application for different sampling scenarios, i.e., bulk and trace sampling. The final fully

integrated systems exhibited 90% success rates for 39 samples, utilizing a ~7 min
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automated protocol (per sample) with a total of 17 spin steps, 7 laser valves, and 6 image

capture events.

6.2 Future Directions

Many of the experiments and results presented in this dissertation demonstrate the
development of an on-site analysis platform incorporating centrifugal microfluidic
devices to perform colorimetric assays for detection and spin system enclosures for
device operation. A sampling split-swab and method was developed for integration into
the microfluidic device to account for real-world application and sampling environments
for explosives residues. At the end of this initial work, the sampling method only
resulted in a ~50% on-chip elution recovery of sample collected onto the swab.
Additional work would be advantageous to increase the sample recovery by altering the
swab material or exploring additional microfluidic mixing methods. Grumann, et al.
presented a method for utilizing the batch-mode centrifugal mixing protocol with the
addition of magnetic beads into the mixing chamber within the device for a 6X decrease
in the necessary mixing time." The beads were easily pulled through the mixing chamber
using a set of external permanent magnets to attract the beads radially inward and
outward, which is the opposite direction of the centrifugal mixing. In this proposed
format, once the sample was thoroughly mixed with dissolution solvent using magnetic
beads in combination with centrifugal mixing, the laser valve below the swab chamber
could be used to filter the beads from the sample as demonstrated in Chapter 5 with
collected environmental contaminants. Additionally, evaluation of the radial position of

the swab chamber would impact the sample elution efficiencies, as increasing the radial
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position of the chamber radially outward, towards the perimeter of the device, would
increase the centrifugal force on the solution.”

The requirement of sample dissolution from the developed swab contributed to
the overall protocol time for the fully-integrated device design. A method for enhanced
sample recovery from the swab once added to the microfluidic device would decrease the
amount of centrifugal mixing utilized within the spin protocol. Overall, there are two
separate spin protocols for the organic and aqueous solvents used. Once the initial
protocol diverges for the two separate protocols (at ~ 30 sec) the organic spin protocol is
~ 30 sec and the aqueous protocol is 1.5 min. Various aspects of the automated protocol
generate the remainder of the sample processing time including: spin deceleration, image
capture, ‘homing’ the device, and actuating the laser valves. The reduction in any of
these steps would contribute to lowering the overall analysis time. Additionally,
modifications to the image capture protocol would allow for the separate organic and
aqueous centrifugal spin protocols to be performed simultaneously.

For complete unknown sample screening with the described portable microfluidic
system, the implementation of colorimetric reactions for both explosives and illicit drugs
within a single centrifugal device would be advantageous. A proof-of-concept
microfluidic device was demonstrated for the detection of cocaine and methamphetamine
analytes. Later, a reagent storage method capable of integrating harsh acids and volatile
reagents was developed and proof-of-principle reactions were performed, however, to
generate a fully integrated detection system, as demonstrated for explosives, additional
colorimetric assays need to be implemented for complete drug screening. Other

colorimetric reagents for future evaluation would include Duquenois-Levine and Fast
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blue B, Mecke, and Mandeline’s reagents for detection of cannabinoids in cannabis,
opium alkaloids, and amphetamines, respectively.” Additional evaluation of the Marquis
reagent to empirically determine detection limits for the various opium alkaloids and
amphetamines with the reagent stored using the described capillary ampule method
would be needed. Both the paper and capillary ampule reagent storage methods
described in this dissertation are currently the best options for complete reagent storage
and can be altered for enhanced use, i.e., altering the paper material used for reagent
storage.

Finally, while the core of the PCL fabrication technique provides a simple and
inexpensive method for rapid prototyping, the complexity of the final fully-integrated
centrifugal device for explosives detection resulted in additional time necessary for
device fabrication. The overall fabrication time for a single microfluidic device including
preparing the polyester and coated-polyester layers, laser ablating all device layers and
materials, adding the reagents for each colorimetric assay, and assembling all device
components totaled 116 minutes. The final device was comprised of five polyester
layers, six adhesive layers, two PMMA layers, and three PTFE layers and required a
significant amount of hands-on assembly. With considerations of manufacturing and
mass production of these developed devices, the number of layers and individual
components will need to be reduced to eliminate the hands-on nature of the device
assembly. If laser-assisted wax valves were implemented into the device design, only
one fluidic layer would be necessary for the described device design, which would
simplify the complexity of the current device and allow other device fabrication options

to be considered towards mass production, i.e., injection molding and embossing.
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An alternative method for decreasing the fabrication time contribution would be
to modify the design for processing more than two samples on a given device. By
decreasing the microfluidic design dimensions to allow for decreased sample metering
volumes, additional space within the device would become unused to apply replicate
architecture for additional sample processing. For example, the channel widths could be
decreased from 3 mm to 1.5 mm to meter half of the volume of sample (1.5 puL). Since
there are 13 individual metering chambers within the device, this change in channel
dimensions would conserve at least 20 mm. Overall the microfluidic design uses 10.5 cm
of the circumference of the device for processing one sample and 21 cm for two samples,
however, 13 cm of the circumference of the device remains unused. If the current device
design could be altered to generate an additional unused 4 cm of the device
circumference, then there should be enough space within the microfluidic device (14.5
cm in diameter) for processing four separate samples.

Alternatively, if processing more than four samples were desired on a single
device, or the application of additional colorimetric reactions, a more significant change
in the device design would be required. Current commercial colorimetric kits utilize a
sequential reaction-processing scheme, and adopting this method would conserve a
significant amount of the circumference of the design by adding radially to the design.
Adapting this format would also allow for the implementation of additional colorimetric
tests within the described device, i.e., sample could be introduced to reagent for detecting
nitroaromatic compounds (TNT, DNT, and Tetryl), once the color change is evaluated
with the described image analysis platform a laser valve could be activated to move the

reacted sample radially into an additional reagent chamber. At this second reagent
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chamber position, the sample can be introduced to reagent used for detecting nitrate
esters (nitroglycerin), and after that resultant color change is evaluated, the sample would
be reduced and the Griess reaction can be performed for nitrate compounds in sequential
chambers. The proposed reagent storage methods would be amenable for this sequential-

type sample processing scheme utilizing a single aliquot of sample.

6.3 Summation

Microfluidic devices used in the field, whether for clinical or forensic
applications, offer many advantages for translating conventional instrumentation to a
portable, field-deployable platform. The scaled-down size of these devices offer
advantages for rapid analysis, low cost substrates and instrumentation, low reagent and
sample consumption, automated sample processing, and simple operating procedures. A
core requirement of field technology is that the analysis technique can be performed with
minimal training by the user and independently of a centralized facility. With continued
study of the methods described in this dissertation, the developed microfluidic platform

could be utilized for on-site, sample-in-answer-out screening for analytes of interest.
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