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Presumptive drug screening enables timely procurement of search and arrest warrants and represents a
crucial first step in crime scene analysis. Screening also reduces the burden on forensic laboratories which
often face insurmountable backlogs. In most scenarios, on-site presumptive drug screening relies on
chemical field tests for initial identification. However, even when used appropriately, these test kits remain
limited to subjective colorimetric analysis, produce false positive or negative results with excessive sample
quantities, and are known to cross-react with numerous innocuous substances. Previous efforts to develop
microfluidic devices that incorporate these chromogenic indicator reagents address only a few of the many
challenges associated with these kits. This is especially true for samples where the drug of interest is
present as a lacing agent. This work describes the development of a centrifugal microfluidic device capable
of integrating facile sample preparation, by way of a 3D printed snap-on cartridge amenable to microwave
assisted extraction, followed by chromatographic separation and chromogenic detection on-disc. As
cannabis is among the most widely used controlled substance worldwide, and displays strong interference
with these indicator reagents, mock samples of laced marijuana are used for a proof-of-concept
demonstration. Post extraction, the microdevice completes high throughput metering just prior to
simultaneous reaction with four of the most commonly employed microchemical tests, followed by
objective image analysis in CIELAB (a device-independent color model). Separation and recovery of a
representative controlled substance with 93% efficiency is achieved. Correct identification, according to
hierarchical cluster analysis, of three illicit drugs (e.g., heroin, phencyclidine, and cocaine) in artificially laced
samples is also demonstrated on-disc. The cost effective microdevice is capable of complete automation
post-extraction, with a total analysis time (including extraction) of <8 min. Finally, sample consumption is
minimized, thereby preventing the complete destruction of forensic evidence.

Introduction

Cannabis sativa is not only the most consumed drug
worldwide, with an estimated 219 million users in 2021 alone,
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it is also the most frequent choice among polydrug users."?
Although cannabis is most often used in conjunction with
licit drugs such as tobacco and alcohol, illicit narcotic use
remains widespread. For example, 90-98% of people who take
3,4-methylenedioxymethamphetamine (MDMA), a synthetic
opioid colloquially referred to as ecstasy, also reported
concomitant use of cannabis.® This can be due to a desire to
enhance the hallucinatory effect of cannabis (e.g., using
lysergic acid or phencyclidine) or to use cannabis to modulate
the negative side effects of stimulants (e.g., cocaine,
methamphetamine, or Adderall). The health repercussions
associated with paring cannabis with additional drugs can be
serious. For instance, combining marijuana with
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hallucinogens can lead to memory impairment and increase
the risks associated with mood disorders,* while combining it
with stimulants raises the potential for heart attack and
stroke.* The psychobiological impact of long term polydrug
use are complex and not well understood. However, chronic
use has been implicated in cumulative neurobiological
impairments.  Although  nation-wide legalization  of
recreational marijuana appears imminent within the United
States and elsewhere, the popularity of intentional lacing
presents serious risks for inadvertent overdose and
accidents.” The manufacture and consumption of the top
lacing agents for cannabis, including cocaine, synthetic
opioids, and amphetamines remains in the tens of millions,
with qualitative assessments suggesting an increase in use.®®
Drug screening, either at the roadside, workplace, or in harm
reduction facilities is intended to minimize these risks by
preventing operation of potentially lethal machinery while
under the influence. Unfortunately, the unreliable nature of
the most commonly employed presumptive screening tests is
well-documented.’ ™"

There are several methods available for on-site screening
of illicit drugs of interest, ranging from portable analytical
instrumentation to more rudimentary chromatographic or
bio/chemical test kits. Portable instrumentation, although
highly discriminatory and capable of discerning new
substances of concern, are expensive (5-50000 USD) and
require substantial technical training to operate."® Beyond
the initial investment in acquisition are continuing expenses
for reagents and periodic servicing. For forensic laboratories
that do not have adequate funding or industry partnerships,
these devices (portable or not) may be entirely unattainable.
Alternatives include thin layer =~ chromatography,
immunoassays, and microchemical “spot” tests. Although
these tests are far more affordable (100-500 USD), require no
electricity, and involve minimal training, they are destructive
and incapable of identifying previously uncharacterized
substances with accuracy.

Despite these drawbacks, commercially available
colorimetric test Kkits remain well-established worldwide,
comprising the bulk of chemical evidence submitted to
investigative crime labs each year.'* Progress has been made
in addressing some of the inherent downsides to these tests,
mainly the subjectivity of assessing color responses.””™"” Yet,
despite advancements toward more objective measures of
chromogenic results, these techniques are not wholly capable
of addressing the inherent cross-reactivity of these indicator
reagents.'® Advanced software methods have attempted to
compensate for these scenarios with some success.'*
However, they perform best when there is some
preconception of sample composition (i.e., selection of the
correct testing agent) or when mixed samples result in only
slight changes relative to expected outcomes. However,
without objective analysis, actual color results observed by an
analyst can be influenced not only by differences in visual
perception  capabilities  (i.e., color blindness) or
environmental conditions (e.g., flashing police cruiser lights,
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inclement weather, or background landscape), but also by
drug concentration, drug salt or free base form, identity of
salt counterion, and contaminants.®

Previous narcotic detection microdevices have almost
exclusively targeted either liquid samples (e.g., body fluids or
wastewater) or dissolvable ‘unknown white powders’."”?°>*
Although highly relevant, these testing platforms are not
readily adaptable to more complex solid samples, such as
marijuana. The underlying choice for these sample matrices
is due, in part, to the limited sample preparation required
prior to analysis. However, there is an extensive array of solid
sample matrices (e.g., skeletal remains® or hair*®) within the
field of forensics which currently require extensive, complex
extraction procedures. In a variety of instances, closed vessel
microwave assisted extraction (MAE) has been demonstrated
to be a rapid, streamlined technique providing higher
extraction yields and greater sensitivity for target detection,
be it a synthetic or biological compound.””*® Despite the
numerous advantages of closed-vessel MAE compared to
conventional extraction procedures, including a reduced risk
of sample contamination and degradation, its integration
within microfluidic platforms remains limited.

Finally, aside from the health hazards associated with
combining illicit drugs, unambiguous identification is
parament for enaction of fair and equal justice under the
law. There are approximately 1.5 million drug-related arrests
per year in the United States alone, with many of those
arrested identifying as African American.'”?**° Even a small
error rate in test results equates to an enormous number of
false convictions annually.*" As a moratorium on the reliance
of these tests is unlikely to pass in the near future, a strategy
for addressing their key failure points is critical.*> These
deficiencies include the potential for cross reactions,
addition of inappropriate sample quantities, subjective color
analysis, and manual record keeping. Importantly, the
method of redress must maintain simplicity, rapidity, and
cost efficiency if it is to be realistically adopted. As will be
discussed further, although the microfluidic platform
designed for this application slightly increases the time-to-
result due to the additional sample preparation steps, the
massively parallel reaction procedure should not only make
up for this lost time, but also mitigate the potential for
compounding user error."”” New benefits, such as replicate
testing and partially non-destructive, high-throughput sample
extraction through MAE are also realized, in addition to
objective identification. Electronic recording of results also
simplifies evidence preservation and efficient data
cataloguing.

Materials and methods
Materials

3 mil ChemFilm fluorinated ethylene propylene type FS was
generously provided by Saint-Gobain (Worcester, MA, USA),
1.5 mm clear poly(methylmethacrylate) (PMMA) 8560K171
was purchased from McMaster-Carr (Aurora, OH, USA),

This journal is © The Royal Society of Chemistry 2024
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TRANS NS 4 MIL polyethylene terephthalate (PET) was
purchased from Film Source, Inc. (Maryland Heights, MO,
USA), Tokyo Film Service Co., LTD. 75 pm Lumirror X30
black PET was purchased from Toray Industries, Inc. (Tokyo,
JP), both 50.8 pm Arclad® 797039 heat activated adhesive
(HAA) and 141 pum Arcare® 90106 double-sided pressure
sensitive adhesive (PSA) were purchased from Adhesives
Research Inc. (Glen Rock, PA, USA), Thermal Seal TS-RT2RR-
100 single-sided pressure sensitive adhesive (ssPSA) was
purchased from Excel Scientific, Inc. (Victorville, CA, USA),
81158 Permatex Black Silicone Adhesive Sealant was
purchased from http://amazon.com (Bellevue, WA, USA), RS-
F2-HTAM-02 (High Temp Resin) was purchased from
FormLabs (Somerville, MA, USA), WHA1825047 glass
microfiber filter paper grade GF/F and WHA1001090
qualitative filter paper grade 1 were both purchased from
Whatman® GE Healthcare (Little Chalfont, UK), 66883-U 47
mm Empore™ SPE C;3 Disks were purchased from
MilliporeSigma (St. Louis, MO, USA), R12030B SiliaFlash
Irregular Silica Gel P60 were purchased from SiliCycle
(Quebec City, Quebec, Canada), polyethylene (PE) fast PCR
tube strips were purchased from Eppendorf (Hamburg, GE),
Lichen Cottage UFPT-F-10 polypropylene pipette tips were
purchased from http://amazon.com, Inc. (Bellevue, WA, USA),
15-45 um pore size porous PE was generously provided by
Porex Corporation (Fairburn, GA, USA).

Reagents

98% sulfuric acid (H,SO,) -certified ACS Plus, 38%
hydrochloric acid (HCI) certified ACS Plus, glacial acetic acid
(CH3COOH) certified ACS, citric acid monohydrate ACS
certified, 1-ascorbic acid reagent grade, 37% formaldehyde (v/
v formaldehyde/water) (CH,O) ACS certified, 100% acetone
(CH3),CO certified ACS, sodium hydroxide (NaOH), cobalt
thiocyanate and ammonium metavanadate were all purchased
from Thermo Fisher Scientific (Waltham, MA, USA), both Fast
Green FCF and tartrazine were purchased from
MilliporeSigma (St. Louis, MO, USA), electrophoresis grade
bromophenol blue (BPB) was purchased from Fisher Biotec
(Wembley, WA, AU), D9805 Fast Blue B was purchased from
MilliporeSigma (St. Louis, MO, USA). All NIK® Presumptive
Drug Test Pouch Kits were purchased from Arrowhead
Forensics (Lenexa, Kansas, USA). All controlled substances,
including: A-007 (+)-amphetamine (amphetamine), M-023 (+)-
methamphetamine methamphetamine), H-038
diacetylmorphine (heroin), C-006 Codeine, M-013 (+)-3,4-
methylenedioxymethamphetamine (MDMA), P-007
phencyclidine (PCP), C-008 cocaine, C-045 cannabidiol, C-046
cannabinol, and T-005 (-)-A’-Tetrahydrocannabinol (THC)
were purchased from Cerilliant Analytical Reference
Standards (Round Rock, TX). Unless stated otherwise, all
water used was Milli-Q Reference grade (MilliporeSigma,
Burlington, MA, USA). 10023-LL blackberry sage loose leaf tea
(blend of Sri Lankan black tea with blackberry flavor and
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organic sage) was purchased from Happy Lucky's Teahouse
(Fort Collins, CO, USA).

Software

Principal ~Component Analysis and  Agglomerative
Hierarchical Clustering were performed within XLSTAT
version 2022.4.1 for Windows, XLSTAT Statistical Software,
Addinsoft Inc., New York, NY USA, http://www.xlstat.com.
Surface Response Modelling was performed using Statistica
version 14.0.1 for Windows, Tibco, Palo Alto, CA, USA, http://
www.tibco.com. All image analysis was performed using the
open source software Fiji.>* All other statistical analysis,
including ANOVA and confidence interval calculations, were
performed using GraphPad Prism version 9.4.1 for Windows,
GraphPad Software, San Diego, California USA, http://www.
graphpad.com. Real time flow rate videos were analysed
within Adobe Premier Pro Version 22.6.2 (Build 2) for
Windows, Adobe Creative Cloud and Acrobat, San Jose,
California USA, http://www.adobe.com. Microdevice designs
were created within AutoCAD version 2018 for Windows,
AutoDesk Inc., San Francisco, CA, USA, http://www.autodesk.
com. 3D printed components were designed in SolidWorks
version 2022 for Windows, Velizy-Villacoublay, France, EU,
Dassault Systemes, http://www.3ds.com and prepared for 3D
printing using PreForm version 2.16.0 for Windows,
Somerville, Massachusetts USA, http://www.formlabs.com.

Preparation of chromogenic detection reagents

Chromogenic detection reagents were prepared according to
the National Institute of Justice (NIJ) Standard for Color Test
Reagents/Kits for Preliminary Identification of Drugs of
Abuse (Fig. S11).>* Briefly, the Marquis reagent was prepared
as a 1% (v/v) solution of 37% (v/v) formaldehyde in 98% (v/v)
H,S0,. The Mandelin reagent was prepared as a 1% (w/v)
solution of ammonium metavanadate in 98% (v/v) H,SO,.
The Mecke reagent was prepared as a 1% (w/v) solution of
selenious acid in 98% (v/v) H,SO,. The Scott reagent was
prepared as a 20% (w/v) solution of cobalt(m) thiocyanate in
10% acetic acid.

The optimal testing solution for Fast Blue B (FBB) salt was
found to be 0.2% (w/v) dissolved in CH3;OH added to
Whatman 1 filter paper pre-treated with [1 M] NaOH (Fig.
S10%).

Screening of illicit drugs of interest across all chromogenic
detection reagents

1 mg mL™" drug standards were vacufuged to remove storage
solvents, then reconstituted to 10 mg mL™" in CH;OH. 2.5
mm diameter GF/F microfiber filters were arranged on a
clean borosilicate glass slide then placed within a custom
photo studio box. The studio box was lined with reflective
material on all sides, with the exception of the bottom, which
provided a matte white background. Once assembled, the
photo box included only two slots: one allowing access for a
white light source and the second for placement of a
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smartphone camera for image capture. The imaging box
provided consistent lighting conditions and camera focal
distances throughout all imaging procedures. Immediately
prior to sample standard addition, 2.0 pL of the indicator
reagent was deposited per GF/F punch, followed by the
addition of 1.0 pL of either CH3;OH (negative control) or a
drug standard. Chromogenic responses recorded using a
smartphone and an image capture sequence of 30, 60, 120,
and 180 sec post drug standard addition. All images taken
after 180 sec were converted to a CIELAB stack within Fiji. A
standardized ROI selection across all replicates was used to
extract mean L*a*b* values, then organized within either a 3
x 27 matrix per indicator reagent (Fig. 1A-D), or a 12 x 27
matrix for the combined analysis (Fig. 1E). A Pearson's
correlation principal component analysis (PCA) was
separately performed for all five matrices using XLSTAT
statistical software. Qualitative supplementary variables were
provided for the calculation of 95% confidence ellipses
according to the six drug classes. All observations were
standardized prior to PCA performance to avoid variable
weighting between the different L*a*h* stack scales.

Dynamic micro solid phase extraction optimization of illicit
drugs of interest

A calibration curve of codeine drug standard reacted with the
Marquis reagent was performed according to the procedure

View Article Online
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outlined in the previous section (Fig. 2C). Codeine
concentrations ranging from 0-10 mg mL ™, in 2.5 mg mL™"
increments with an additional 1 mg mL™ test point, were
evaluated across four replicates. In contrast to the previous
procedure, image analysis was performed within the HSB
color model to quantify increasing mean saturation values.

All acidified extraction solvents were prepared on the day
of testing. The pH of each solution was verified using
Hydrion pH paper. The Marquis reagent and codeine
standards were prepared as previously described, with
codeine reconstituted in acidified extraction solvent to a final
concentration of 10 mg mL™'. Once reconstituted, samples
were placed within a 90 °C hot water bath for 5 min before
being removed and allowed to equilibrate back to room
temperature.

2.5 mg of Cjg-functionalized SPE microparticles were
distributed among separate PCR tubes, with the microparticle
mass matching the amount contained within the microdevice
PMMA pColumns (Fig. S4Ait). Prior to the introduction of
extracted drug standards, the SPE microparticles were
conditioned as follows: 40 puL of CH30H was added to the
microparticles and  briefly mixed. The dispersed
microparticles were then centrifuged at 3000 RPM for 10 sec,
followed by removal of the supernatant. This same process
was repeated with MQ H,O. A reconstituted codeine sample
was then transferred to the microparticles and mixed briefly
to ensure resuspension. Samples were then centrifuged at
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Fig. 1 Comparison of chromogenic response for pure vs. mixed illicit drug samples (n = 3). PCA analysis using pixel values from the CIELAB color
model for both pure drug standards of p-amphetamine (amphetamine), p-methamphetamine (methamphetamine), diacetylmorphine (heroin),
codeine, 3,4-methylenedioxymethamphetamine (MDMA), phencyclidine (PCP), cocaine, and A°-tetrahydrocannabinol (A°-THC) as well as 1:1
mixtures with A°-THC after reaction with the A. marquis, B. Mandelin, C. Mecke, and D. Scott commercial indicator reagents. E. PCA factor plane
combining all CIELAB chemometric results across all indicator reagents. Centroids represent the 95% confidence interval, according to chi-square
analysis, for specified drug classes. Insets display example images of actual spot test results used for subsequent image analysis. The top row “(-)”
are the results from pure standards while the bottom row “(+)” are with 1:1 mixtures with A°~THC. Blank samples contain only solvent.
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Fig. 2 Selection of pH adjusting excipient and optimal heating time for lacing agents (mean + SD). A. Plot of percent of ionized species expected
in a sample after pH adjustment, assuming a pK, of 8 (light green) or 10 (dark green), representing the lowest and highest pK, of the illicit drugs
evaluated. B. pK, value scale for all illicit drugs tested. Highlights within structure indicate location of positive charge for amine salt formation. The
log(P) coefficients for each molecule are provided below their individual pK, values (the pK, for amphetamine and MDMA are identical). C.
Calibration curve of saturation values measured in the HSB color model for codeine reacted with the Marquis reagent (R> = 0.9886). Shading
along the curve represents the 95% confidence interval around the line of best fit. Insets above the curve show example results used for
subsequent image analysis. D. Heatmap results of separation efficiency for codeine in various pH-modifying extraction solvents, after partitioning
with octyldecyl silane (C1g) modified silica particles. The concentration of codeine in the organic vs. aqueous phase was calculated according to
the previous calibration curve. A negative control containing only solvent was used as a reference for each liquid phase. A neutral pH positive
control, with no applied heat (room temperature “rt” versus heat “A”), was used as a reference for all codeine containing samples. E. A multiple
comparisons ANOVA was performed to assess whether any result (positive-negative) differed significantly from its respective negative control (« =
0.01). Numbers correspond accordingly: 1) H,O (rt), 2) 3% HCl in H,O (rt), 3) 3% HCl in H,O (A), 4) 3% HCl in (CH3),CO (A), 5) 10% citric in H,O (A),
6) 10% ascorbic in H,O (A), and 7) 10% acetic in H,O (A). The only two values which were found to not be significantly different from the negative
control are highlighted (light green) (p-values of 0.5962 and0.8238 for 3 and 4, respectively).

3000 RPM for 10 sec, followed by collection of the aqueous
supernatant. Next, 5 puL of CH3;OH was added to the
microparticles, mixed briefly, centrifuged, and the organic
supernatant collected. The aqueous supernatant was
vacufuged to a 5 pL final volume in order to normalize the
comparison in saturation values between the organic and
aqueous phases. Samples were tested as described previously,
with image analysis performed in the HSB color model to
quantify differences in mean saturation values. These values
were then used to calculated codeine concentration in each
phase according to a previously generated calibration curve
(Fig. 2C).

Real time flow rate analysis

Simplified 12-plex microdevices with SPE pColumns were
fabricated according to the PCL method. Sample input
chambers were designed with equidistant rastered markings
to quantify mock aqueous sample drainage over time through
each pColumn. Real time monitoring of sample drainage was

This journal is © The Royal Society of Chemistry 2024

performed using a custom built stroboscopic spin system,
composed of a DC brushless motor (EFLM1400 890 kV E-flite
Park 450 Brushless Outrunner Motor; RC Visions,
Huntington Beach, CA, USA), high intensity white light LED
ring (Everbright 70 mm White 60 SMD COB LED Headlight;
Amazon, Bellevue, WA, USA), and high speed video camera
(MotionBLITZ EoSens® mini high-speed CMOS recording
camera; Mikrotron-GmbH, Unterschleif8heim, Germany), with
an attached telephoto lens (TV ZOOM LENS G6X16 16-100
mm 1:1.9 1”7 macro; Mikrotron-GmbH). A custom
breadboard (Propeller P8X32A-M44; Propeller Inc., Rockland,
CA, USA) and software program (Propeller 1 Software for
Windows; Parallax Inc. Rocklin, CA, USA) synced the motor
spin frequency with the LED stroboscope by way of a
photointerrupting optical switch (TT Electronics/Optek
Technology; Woking, UK) which provided programmable
system control through a simple user interface.

Spin frequencies ranging from 3000-5000 RPM, at
intervals of 500 RPM, were monitored in real time after the
addition of 100 pL of 0.1% (v/v) Allura Red Ac in MQ H,O.
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Fig. 3 Flow rate characterization of integrated pColumn (mean + SD).
Flow rates through the integrated pColumn were evaluated according to
high-speed video monitoring. A. The average flow rate per applied spin
frequency was fit on a semi-log plot with a linear regression curve (R? =
0.9982) across a frequency range of 3000-5000 RPM at 500 RPM
intervals. Shading around the curve represent the 95% confidence
interval around the line of best fit. B. The average calculated flow rate (uL
min™Y) per applied frequency is provided below. C. Real-time flow rate
results per spin frequency applied. Results are converted from the
average drain time per rastered demarcation to the corresponding mean
elapsed time and predicted volume. At a volume of O puL, the sample
input chamber has fully drained. D. Real time flow rate results were fit
with a linear regression curve, with the corresponding equations and R?
values per applied frequency, provided in the table below.

Flow rates were calculated based on correlating the fluid
draining behavior with the theoretical volume between each
rastered marking (calculated within AutoCAD) (Fig. 3A). Prior
to mock aqueous sample introduction, each SPE membrane
was conditioned with 80 pL of CH3;OH spun through the
uColumn at 4000 RPM for 50 sec. 100 uL of MQ H,O was
then spun through the pColumn at 4000 RPM for 95 sec. The
channel to the column conditioning waste chamber was then
closed via laser-based occlusion, and the main valve to the
sample collection chamber opened via laser ablation. All
video files were imported into Adobe Premier Pro for frame-
by-frame analysis.

Stereolithographic 3D printing of sample preparation
cartridges

Sample preparation cartridges (Fig. 4D) were fabricated using
a Formlabs Form 3B+ stereolithography (SLA) 3D printer with
Formlabs High Temp Resin 1. Components were printed in
adaptive mode at 25 um resolution using full support rafts.
Upon print completion, components are rinsed in an IPA
bath for 6 min, dried using compressed air, then cured for
120 min at 80 °C under UV exposure. A final cure step at 160
°C for 180 min, without UV exposure, ensured maximum heat
resistance (<238 °C), according to the manufacturer's
recommendations. The lid and sample holder were held
together using either a laser-cut PSA ring (room temperature
use) or a manually applied silicone adhesive sealant (high
temperature use). Solid samples were retained within the
sample holder using a laser-cut filter composed of heat-
resistant single-sided PSA. After addition of the extraction
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Fig. 4 Performance characterization of 3D printed sample preparation
cartridges. A. Calibration curve correlating the number of auto-
selected pixels to known volumes of dyed aqueous solution. Shading
along the curve represents the 95% confidence interval around the line
of best fit. B. Percent volume recovery from sample preparation
cartridges attached to a simplified microdevice. Recovered volumes
were calculated according to the previously established calibration
curve. Four distinct sample compositions and pre-treatment methods
were compared (all contained 140 pL of dyed aqueous solution),
including liquid-only “L”, liquid with a solid herbaceous component “S”
(no heat step), and their heated counterparts “AL> and “ALS”,
respectively. A multiple Comparison's ANOVA was performed to
determine whether the recovery from any sample composition or pre-
treatment method differed significantly from the liquid only domain («
= 0.01). C. Measured internal temperature immediately after exposure
to dielectric heating. D. SolidWorks rendering (top) of sample
preparation cartridge exposing internal features pertinent to the
strategy used for internal temperature measurements. Actual image
(bottom) of sample preparation cartridge used for internal temperature
studies. The removable PTFE membrane cover of the fluidic port
(added to prevent vapor escape during heating) is shown covering the
entrance to the thermocouple insertion point.

solvent, the fluidic port was transiently covered by an inert
(PTFE) membrane attached using a single-sided PSA ring.
PET tabs on either side of the membrane allowed for easy
removal post dielectric heating.

Characterization of the sample preparation cartridge

A calibration curve correlating pixel area to a known volume
of [100 mM] tartrazine solution, located within a recovery
chamber on-disc, was first generated with input volumes
ranging from 50-140 pL, in increments of 10 pL (Fig. 4A).
Tartrazine solution was first pipetted into a chamber located
26 mm away from the centre of disc rotation, matching the
distance of the sample preparation cartridge distance from
center. A laser valve between the input and recovery chamber

was included to account for the small volume loss

This journal is © The Royal Society of Chemistry 2024
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anticipated in the final microdevice design. After laser
ablation of the valve, the disc was spun at 3000 RPM for 30
sec to recover the volume, before finally scanning the disc on
a desktop scanner. Image analysis was carried out in Fiji,
according to a previously published method.***> This process
was repeated for sample preparation cartridges subjected to
four separate treatment methods (Fig. 4B). In the first
iteration, 140 pL of tartrazine solution was added to four
separate sample preparation cartridges, sealed, then affixed
to the recovery disc after a 100 sec waiting period. In the
second iteration, this procedure was repeated with the
addition of 30 mg of tea leaves prior to the addition of 140
uL of tartrazine solution. In the third iteration, no solid
sample was included. Instead, all four cartridges were placed
within the microwave (12 cm from the center of the rotating
glass tray). All cartridges were then heated at 1100 W for 100
sec before immediate removal and disc attachment. In the
final iteration, this process was repeated with the inclusion
of 30 mg of tea leaves. Microdevice operation and image
analysis was performed as previously outlined, using the
previously established calibration curve to calculate volume
recovery based on the measured pixel area (Fig. 4A). A
modification to the published thresholding values had to be
implemented for heated solid samples, as extracted
compounds from the tea darkened the recovered tartrazine
solution. The new optimal values were found to be Y: 50-255,
U: 0-100, and V: 130-255.

The internal temperature of the sample preparation
cartridges was measured using a type-T thermocouple
inserted through the fluidic exit port immediately after
irradiation for 100, 200 or 300 sec (Fig. 4C and D). As
described previously, 140 uL of MQ H,O was pipetted into
the cartridge, sealed, and the fluidic exit port transiently
protected using a PTFE membrane. All cartridges were placed
12 cm from the center of rotation.

Extraction optimization using response surface morphology

Simplified 3D printed sample preparation cartridges were
designed to mimic the finalized microdevice sample
preparation cartridges with regard to heat transfer and
volume capacity (Fig. S6At). Replicate samples were placed
within three identical, isolated chambers joined only by a
bottom plate. Lids with an identical fluidic port were
transiently sealed using a PTFE membrane and heat resistant
ssPSA. All heat-resistant simplified cartridges were 3D printed
and cured according to the previously described method. All
simplified cartridges were placed 12 mm from the center of
rotation within the microwave during dielectric heating.
Simulated SPE pColumns were prepared by laser-cutting the
Empore™ PLM at 4% power, 8% speed. The surface area
(8.03 mm?) of the PLM cut-outs matched the surface area of
the on-disc pColumns. Each PLM was then placed within a
pipette tip containing a 2.5 mm diameter porous PE frit to
support the membrane, then nested within a collection vial.
Prior to sample addition, each simulated pColumn was

This journal is © The Royal Society of Chemistry 2024
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conditioned with 80 uL of CH;0H followed by 100 uL of MQ
H,0.

Several factors known to influence extraction were studied
using response surface morphology (RSM) Box-Wilson
central composite design (CCD) modelling (Table 1). These
factors included pH (0-2), temperature (0-40.5 °C), and total
incubation time (0-400 sec). One illicit drug of interest
(codeine) and indicator reagent (the Marquis reagent) were
used throughout the study. The CCD model included three
levels of factorial design: low (-1), medium (0), and high (+1).
The model was defined by the equation 2* + 2k + Cp, Where k
equates to the number of factors (3) and C|, the number of
center points (5). The CV for each level was set to +1.68 with
an associated p-value of 0.10. 19 individual experiments were
performed in triplicate. The microwave time required to
reach a specified temperature, based on a previous
calibration curve, was subtracted from the total incubation
time. Two experimental conditions could not be fully
accommodated with this design. For experiments 3 and 7,
the specified total incubation time was less than the time
required to heat to the target temperature. In these two
instances, the time difference was 19 sec, representing an 8%
error.

The Marquis reagent and acidified extraction solvents
were prepared just prior to use. Codeine standards were
prepared as described previously, then reconstituted to 1 mg
mL " in CH;0H. 57 GF/F microfiber filters (2.5 mm diameter)
were arranged on a clean borosilicate glass slide, pretreated
with the Marquis reagent, then placed within the photo
studio box. Chromogenic responses were recorded using a
smartphone 180 sec after drug standard addition. Image
analysis was performed within the HSB color model, to
provide mean saturation values for RSM modelling (Fig. 5).

Acidified extraction solvent and codeine standards were
combined in each replicate sample preparation cartridge,
covered with the 3D printed lid, heated, and incubated for
the allotted time before transferal to a previously conditioned

Table 1 Microwave Assisted Extraction Experimental Conditions. Factors
and levels of the orthogonal array. (C) refers to the central point within
the model. 57 individual samples were evaluated, based on 19 conditions,
each tested in triplicate. Remaining Incubation Times highlighted in bold
blue indicate instances where the microwave irradiation time required to
reach the specified temperature exceeded the specified total incubation
time. For these circumstances, the specified temperature was given
precedence, resulting in an extended total incubation time

Specified Dielectric
Time (s) Heat Time (s)

23 232 [

Remaining
Incubation Time (s)

Experiments pH  Temp(°C) Saturation

0
58 232 309

232
568
318
232
568
126
318
303
303
400
150
135
471
303
303
303
303
303

(SN S SN Y S RN
N
8
2
3
3
o

1
2
3
4
5
6
7
8
9
10
g
12
13
14
15(C)
16 (C)
17(C)
18(C)
(€)

19 ()
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Fig. 5 CCD for extraction yield optimization. Response surface plots
from a central composite design describe the ionization efficiency of a
codeine standard based on the interaction between A. temperature (A)
vs. pH, B. Time (0) vs. pH, and C. Time vs. temperature. D. Pareto chart
of standardized effects displays the impact of each screening factor (A,
6, and pH), modelled either linearly (L) or quadratically (Q), and their
significance. The individual extraction parameters for each of the 19
conditions are provided in Table 1.

SPE pColumn. Collected samples were vacufuged to
dryness then reconstituted to 10 mg mL™' in CH;OH
before deposition onto pretreated GF/F microfiber filters
for image capture. Samples with complex chromogenic
responses were eliminated from consideration within the
model (Fig. S6B-DT).

Characterization of on-disc metering and mixing

A calibration curve (Fig. 6A), for quantifying volume delivery
to the microdevice detection chambers, was established using
simplified fluidic architecture consisting of an inlet and
outlet channel on either side of a chamber matching the
diameter of the intended detection wells. Image analysis was
performed within the CIELAB color model in Fiji, with
threshold parameters optimized (L*: 0-176, a*: 44-110, b*: 0-
255) to select only green pixels.*® From this, a correlation
between the number of green pixels to known pipetted
volumes (ranging from 0.2-1.0 pL, in 0.1 pL increments) of
100% (v/v) Fast Green FCF dye was generated.

An evaluation of mixing potential, between reagents pre-
stored within each detection well and delivered sample
aliquots, was performed by way of image analysis with
aqueous dyes. 2 uL of either [100 mM] tartrazine solution or
100% (v/v) bromophenol blue (BPB) dye were added
separately to 12 detection wells containing 2.5 mm diameter
GF/F microfiber filters, affixed to the bottom layer of a
simplified microdevice, then scanned after 180 sec using a
desktop scanner. Next, 2 puL of [100 mM] tartrazine solution
was added to a new set of detection wells, as previously
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Fig. 6 Characterization of automated metering and sample mixing
(mean + SD). A. Calibration curve (R? = 0.9816) correlating the number
of pixels to known input volumes of dyed aqueous sample, with a
volume range between 0.2-1.0 uL in 0.2 pL intervals. Shading around
the curve represent the 95% confidence interval around the line of
best fit. Examples of auto-selection during image analysis are displayed
above the curve. B. Plot of average volume of metered and delivered
aqueous samples per domain, according to image analysis. Actual
volumes were calculated using the previously generated calibration
curve. A multiple comparisons ANOVA was performed to determine
whether any of the mean volumes differed significantly across domains
on the simplified centrifugal microdevice (o = 0.01). C. Assessment of
the mixing behavior between the metered aqueous sample with a
stored reagent. Detection wells containing either tartrazine (yellow) or
bromophenol blue (BPB) (blue) were measured according to their hue
values as a reference. Hue measurements were repeated after the
delivery of BPB to stored tartrazine (green). Insets display example
images of detection wells used for analysis. Histograms display the
mean pixel count per hue value across the surface of all replicate
detection wells. D. Measured effect of variable input volumes on
metering. Metered delivery volumes were compared after on-disc
recovery from sample preparation cartridges loaded with volumes
ranging from 50-125 plL. A multiple comparisons ANOVA was
performed to determine whether any of the mean volumes differed
significantly across input volumes (« = 0.01).

described, before the microdevice was attached to the custom
micromechanical control system. 100 pL of 100% (v/v) BPB
solution was then added to the sample inlet, followed by on-
disc metering and eventual delivery to the pretreated
detection wells. The microdevice was scanned 180 sec after
mock sample delivery and each detection well analysed for
hue within the HSB color model in Fiji.

Microdevice fabrication and operation

Print-cut-laminate (PCL) centrifugal microfluidic devices
layers and 2.5 mm  diameter reagent storage
microencapsulation wells were fabricated as described in
previous publications®”*® with three modifications. Prior to
lamination, both the laser-cut absorbent pad (Fig. 7A2.ii),
composed of Whatman 1 filter paper, and the laser-cut
functionalized membrane (Fig. 7A2.iii), composed of

This journal is © The Royal Society of Chemistry 2024
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Empore™ Cyg solid phase extraction (SPE) Disk material,
were placed within their allotted cavities after aligning the
main microdevice layers. Next, two additional passes through
the laminator were added (total of six passes), followed by
manually pressing on either edge of the SPE membrane
border with flathead forceps to ensure a tight seal. A 0.1 mm
overlap of the optically dense PET layer (Fig. 7AA4.iii)
accounted for the slight dimensional reduction of the SPE
membrane during laser ablation, while a 0.2 mm overlap of
the HSA layers (Fig. 7A4.ii and 4.iv) above and below the SPE
membrane served to prevent liquid penetration between the
interleaved microdevice layers throughout use. Fluid flow
within the device was actuated using a custom-built
micromechanical system with integrated laser valving, as
described in previous publications (Fig. S91).>**° Laser
valving was automated by entering the optimized control
parameters, including: laser power, laser exposure time, laser
z-height, laser distance from the center of rotation (CoR),
number of valves, and valve angles (Fig. S97).

Detection of laced illicit drugs of interest in contrived
marijuana samples on-disc

30 mg of loose-leaf tea were separately spiked with 6 mg of a
cannabinoid mixture containing a 1:2:0.5 ratio of A’
tetrahydrocannabinol, cannabidiol, and cannabinol (equating
to 1.71 mg A’-THC, 3.44 mg CBD, and 0.85 mg CBN) were
laced with either 5 mg heroin, phencyclidine, or cocaine
standard. Samples were allowed to dry, protected from light,
prior to the addition of either 5 mg heroin, cocaine, or PCP

View Article Online
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drug standard. An equivalent volume of CH;0H was added to
one sample as a negative control. All samples were dried,
protected from light, just prior to microwave assisted
extraction. Sample preparation cartridges, and PCL
microdevices with integrated SPE membranes,
fabricated according to the previously described methods. 2.5
mm diameter GF/F microfiber filters were loaded into acid
storage wells*® pretreated with either the Marquis, Mandelin,
Mecke, or Scott reagent. All wells were immediately attached
to the bottom of the microdevice via PSA rings. Device
operation proceeded as follows (Fig. 8): pColumns were pre-
conditioned using 80 pL of CH;OH followed by 100 uL of MQ
H,O at 4000 RPM for 50 and 95 sec, respectively. All
conditioning reagents were directed toward the conditioning
waste chamber. This chamber was closed off using laser-
based occlusion and the main valve opened using laser
ablation (Fig. S8f). Next, each contrived sample was loaded
into a sample preparation cartridge then sealed with a
silicone adhesive before the addition of 150 uL of 10% (v/v)
CH;COOH. The sample preparation cartridge fluidic port was
transiently sealed with a PTFE membrane prior to dielectric
heating at 1100 W for 137 sec. After heating, the cartridges
were immediately removed from the microwave, the PTFE
membrane peeled off, and the cartridge manually pressed
onto the microfluidic device top surface. Sample preparation
cartridges were automatically aligned using alignment pegs,
while PSA rings on the microdevice surface provided a water-
tight seal. The fully assembled microdevice was loaded onto
the micromechanical platform (Fig. S9f) and extracted
sample passed through the conditioned pColumn via

were

A. Exploded View of Microdevice Construction

1. Attachable Components
i.  PET coverslip
i. PMMA chamber

2. Inserted Components
i. FEP protectors

3. Sample Preparation Cartridge
i. Lid

i. Adhesive

iii. Filter

iv. Sample holder

v. Adhesive

. Main Microdevice Layers
i. PET
. HSA
ii. Optically dense PET

. Reagent Storage Detection Wells

i. PSA
ii. Glass microfiber insert
ii. Microencapsulation well

Fig. 7 Centrifugal microfluidic device construction. A. SolidWorks rendering of four domain microdevice (exploded isometric view). 4. Each disc is
composed of five main layers, fabricated according to the print, cut, and laminate (PCL) method. i. Layer 1 seals the underlying layers while also
containing fluidic access ports and vents. ii. Layers 2 and iv. 4 accommodate the fluidic architecture in addition to bonding all other layers in direct
contact. iii. Layer 3 acts as a programmable barrier, whereby brief laser irradiation allows for either highly localized laser ablation of layer 3 or
channel occlusion in layers 2 and 4. Ablation results in a new access portal for fluid to traverse between the encompassing layers. v. Layer 5 acts
as the final sealing layer of the adjoining fluidic architecture, as well as providing the fluidic exit ports. All internal layers, namely layers 2-4, contain
the 2. insertable components including the PTFE corrosive vapor protective covers, the absorbent pad for organic solvent waste, and particle
loaded membrane (PLM) micro-column (uColumn) for uSPE. 1. Attachable components provide additional volume capacity for select chambers
within the device. 3. Initial sample preparation is performed in the attachable 3D printed cartridge, capable of holding up to 30 mg of solid
herbaceous material and 100 pL of extraction solvent. Chambers are resistant to elevated temperatures for dielectric heating, easily attachable to
each microdevice domain for a one-step sample interface and allow efficient passage of liquid extract while retaining solid matter. 5. Highly
corrosive chromogenic reagents are stored within the detection wells according to a previously defined method. Each domain on the disc
incorporates twelve detection wells. B. Top and bottom SolidWorks rendering (left) and scanned images (right) of fully fabricated 132 mm diameter
centrifugal microdevice.
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Fig. 8 Centrifugal microdevice protocol A. Schematic of single
domain design, with major architectural features labelled. B. Sequence
for on-disc sample processing. Initially, the uColumn is conditioned
with the column conditioning (CC) reagents: i. a methanol wash
followed by aqueous equilibration with ii. Water. Excess CC reagents
flow to the designated CC waste chamber. iii. The channel to CC waste
is then closed, and the main valve opened, via laser irradiation. iv. The
solubilized sample, which has separately undergone MAE within the
sample preparation (SP) cartridge is manually loaded onto the disc. v.
The sample is subsequently passed through the pColumn, removing
interfering cannabinoids, and metered into twelve 1 pL aliquots. Any
excess sample is localized within the sample recovery chamber. vi. All
valves leading from the metering chambers are opened, followed by a
final spin step which delivers the extract into the detection chambers.
vii. Any illicit drug present is reacted with the stored detection reagents
(Marquis, Mandelin, Mecke, and Scott, n = 3). Finally, an image of the
detection chambers is captured and any chromogenic response is
noted via objective image analysis.

spinning at 5000 RPM for 80 sec. During this stage, solid
sample components remained within the sample preparation
cartridge while any extracted cannabinoids were retained
within the pColumn. Sample eluent was metered across
twelve separate chambers, while excess extract directed
toward a secondary containment chamber. Valves below each
metering chamber opened upon executing a
programmable laser valving sequence. A final spin step at
4000 RPM for 30 sec transferred all metered aliquots to the
detection chambers containing pre-loaded indicator reagents.
After 180 sec, the disc was scanned using a desktop scanner.
Images of the detection wells were converted to a L*a*h*
stack in the CIELAB color model within Fiji. A standardized
ROI across all wells was used to extract mean L*a*b* values,
then organized within a 12 x 39 matrix for combined reagent
analysis in comparison to the previously established
chemometric database. A Pearson's correlation principal
component analysis (PCA) was performed using XLSTAT
statistical software. Qualitative supplementary variables were
provided for the calculation of 95% confidence ellipses
according to the six drug classes. All observations were
standardized prior to PCA performance to avoid variable
weighting between the different L*a*b* stack scales. Finally,
agglomerative hierarchical clustering (AHC) analysis was
performed in XLSTAT, whereby the similarity index was

were
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calculated according to the Pearson correlation coefficients,
and the agglomeration method based on weighted pair-group
averages.

Results and discussion

Among the indicator reagents available in the Narcotics
Identification Kit (NIK®) polytesting system, both the
Marquis and Scott reagents (Fig. S1T) are employed to a far
greater extent than any other. This, according to an
independent analysis performed by the United Nations Office
on Drugs and Crime (UNODC) International Collaborative
Exercise (ICE) of 181 laboratories in 67 countries.’’ The
reagents for these tests are provided in sealed glass ampoules
contained within plastic pouches. To perform a test, the
sample is dropped within a pouch, resealed, and the glass
ampoule manually shattered. Some tests require consecutive
breakages of multiple ampoules within the pouch, followed
by intermittent shaking, before review of the final color
change, if any. Some compounds must be tested further,
sample amount allowing, in a cascade of tests to narrow
down its presumed identity. The results from these tests have
been standardized for use within the National Institutes of
Justice (NIJ) Standard 0604.018 (ref. 34) as well as United
Nations (UN) Manual.** The Optical Society of America (OSA)
also provides specifications for nuanced color interpretation
based on the differentiation of more than 1600 Munsell
colors.” Given the difficulty in consulting the Munsell color
chart in practice, in-field identification is more commonly
made in reference to pre-printed swatches on the disposable
pouches."® Chemical interference from mixed samples during
testing can result in several outcomes, either a false negative,
false positive, or an inconclusive response is possible. False
negatives occur most often when illicit material is disguised
to mask detection, thereby facilitate trafficking. A prime
example of this is black cocaine.”” More concerningly
however, is the occurrence of false positives. Numerous
examples have now been documented demonstrating
incorrect identification with the commercially available NIK®
test kits in the presence of innocuous substances.'>***> A
study of the Duquenois-Levine field test kit, marketed for the
identification of marijuana, found that patchouli, spearmint,
and eucalyptus all resulted in a positive test result. Finally,
chromogenic responses that do not match any anticipated
result may indicate one or both of two possibilities: a new
synthetic compound or a mixed sample.

Compounding the inherent limitations of these chemical
reactions, actual color results observed by an analyst may
also be influenced by differences in visual perception
capabilities (i.e., color blindness) or through environmental
contributions (e.g., street lighting compared to sunlight). In
comparison to visual inspection, digital image analysis can
offer a sensitive and objective alternative for chemical
identification, assuming images are taken under consistent
conditions. However, standard practices are not in place for
automated, objective image analysis. Custom software has

This journal is © The Royal Society of Chemistry 2024
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been developed, in the form of smartphone applications such
as ColorAssist® and Colorimeter®, to capture and evaluate
image data within the red green blue (RGB) color model, with
one study demonstrating good correlation across applications
relative to the Munsell color chart.** However, it was found
that changes in the camera model, focusing distance,
enablement of flash, or unintended tinting limited full
correlation between results. Although the RGB color model is
perhaps the most well-known, neither the values within each
channel nor the combination of all channels translate
intuitively to human perception. The Munsell color chart was
the first color model to separate perceived color into the
three properties of hue, intensity, and brightness (HSB) in
order to map them into perceptually uniform, independent
dimensions.”® Yet critically, both RGB and HSB are device
dependent color models.”” Whereby separate devices will
detect or reproduce a given RGB or HSB value differently.
Therefore, without the use of a device independent model, the
variances observed between applications would only serve to
exacerbate the challenges faced from chromogenic
abnormalities due to mixed composition samples.

Finally, whether or not an indicator reagent possesses an
intrinsic color prior to any reaction (e.g., the Scott and
Mandelin reagents) may also confound straightforward
detection strategies across reagents when relying upon
single-channel image analysis*® (Fig. S$2f). Therefore,
simultaneous detection across reagents and drug classes,
assuming no preconception of the illicit drug of interest,
necessitates an agnostic yet robust identification method.
Two approaches in combination showed promise for
attaining this objective. The first was the use of a device
independent color model, CIELAB, which is defined relative
to the Commission Internationale de I'Eclairage (CIE)
standard observer in place of any particular monitor or
printer.”® As with RGB and HSB, CIELAB is quantized using
three values, with a* and b* representing chromaticity in the
green-red and blue-yellow opponent systems respectively, and

L* representing luminosity. Although all smartphone
photodetectors  employ three-channel RGB  sensors,
necessitating camera model and ambient lighting

consistency, translation of these RGB indices to their
corresponding CIELAB coordinates enables precise color
communication across devices for accurate analysis, evidence
preservation, and image reproduction. Second, in order to
effectively navigate the differences attributed to indicator
reagents with or without an inherent color, a combinatorial
approach across channels was employed using principal
component analysis (PCA). Importantly, unlike direct 3D
scatter plots of raw data values,"® PCA provides non-
correlated factors that can be used for logistic regression
modelling or discriminant analysis.*’

Chemometric image analysis of illicit drugs of interest

To determine whether a multivariate approach would enable
discernment between separate drugs or drug classes, an
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initial screening across four indicator reagents (Marquis,
Mandelin, Mecke, and Scott) against seven controlled

substances (p-amphetamine, p-methamphetamine,
diacetylmorphine (heroin), codeine,
3,4-methylenedioxymethamphetamine (MDMA),

phencyclidine (PCP), cocaine, and A’ THC) was performed
(Fig. 1A). Alongside each of the pure drug standards, a
negative control containing only solvent was included. Mixed
samples containing A’-tetrahydrocannabinol (A’-THC), the
main psychoactive component in Cannabis sativa, were also
assessed to determine the cannabinoid's potential to cross
react with each indicator reagent. The results from these tests
were analysed using the CIELAB color model, and the values
for L*, a*, and b* used for PCA according to a Pearson's
correlation matrix. Factors for the observation plane were
selected to maximize the descriptive potential of the data,
with a cumulative variability of at least 85%. Scatter plots of
the chosen factors were then plotted with the inclusion of
95% confidence ellipses per supplementary variable (ie.,
drug classification) (Fig. 1A-D, top row). This process was
repeated for the 1:1 mixed samples with A’-THC (Fig. 1A-
D, bottom row). Finally, all observations across the four
reagents were combined into a single matrix for PCA
(Fig. 1E). From these results, clear groupings between the
separate drug classes, and in many cases individual drugs,
were observable for each indicator reagent. As not all
compounds react with a unique color, or at all, to each
indicator, some degree of overlap between individual drugs
(according to class) or with the negative control was
anticipated. For example, neither cocaine nor PCP is expected
to provide any chromogenic response with the Marquis
reagent (Fig. S1f). As such, the tight grouping of the factor
coordinates for these two compounds around the negative
control values match expectation (Fig. 1A, top row). The
combination of all four reagents in the final PCA
demonstrated the additive discriminatory capabilities
attainable with multivariate analysis. Conspicuously, only A®-
THC was observed to partially overlap a 95% confidence
ellipse outside of its drug class, partially mimicking the
responses of amphetamines. Further, upon the addition of
A°-THC to each standard, discrimination between the tested
compounds essentially failed across all reagents. For those
compounds that did remain distinct, their response was
altered and no longer aligned with the originally calculated
centroid, precluding accurate identification of the correct
drug class. Notably, interference from A’-THC did not result
in uniform masking of the original color. Instead, unique
color combinations prevented identification of even the
interfering agent itself. It is worth noting that these
chromogenic responses were the result of 1:1 mixtures.
However, in a more realistic scenario, the illicit drug of
interest would be present in much lower quantities as a
lacing agent. From these results, it was apparent that a widely
inclusive sample preparation method, capable of removing
marijuana and its associated cannabinoids, was necessary
prior to presumptive screening with these reagents.
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HSPE for cannabinoid removal. As the current colorimetric
reagents offered no reliable means of detecting potentially
dangerous lacing agents added directly to Cannabis sativa,
extraction was required for unambiguous identification.
Possible lacing agents could include hallucinogens,
ketamine, and synthetic cannabinoids, each of which pose
serious health hazards and are classified as schedule I
substances, according to both the US Centers for disease
control and prevention (CDC) and the US Drug Enforcement
Agency (DEA).>™> To the best of our knowledge, no on-site
extraction method compatible with these indicator reagents
for mixed marijuana samples is currently available. Due to
the wide range of possible chemical compounds that would
be of interest for detection, and the emphasis placed upon
speed, cost, and simplicity, micro-Solid phase extraction
(uSPE) was selected as the ideal extraction strategy.

Due to the high lipophilicity of cannabinoids, (octyl)decyl
(Cyg) silane bonded silica would provide a method for high-
capacity entrapment and removal within an aqueous mobile
phase. However, as many of the illicit compounds of interest
are present in neutral form (i.e., weak bases), their solubility
within water alone would be inadequate for efficient
recovery.”>>* Salt formation is commonly employed to
enhance aqueous solubility as well as the dissolution rate of
pharmaceutical type compounds. Although solution pH has
been previously determined to be the most critical factor
determining ionization status, particularly with regard to
avoiding disproportionation,®® the influence of raised
temperature and distinctive acidic excipients in extraction
efficiency have also been found to promote the conversion to
free acid form.’®*>® Much of this effect may be attributable to
the reduction in solvent surface tension and viscosity at
elevated temperatures, which improve both wetting
behaviour and solid matrix penetration. The specific pK, and
log P values for the various compounds under investigation
are provided in Fig. 2B. Among the possible cannabinoid
constituents within a sample of marijuana, A>THC is known
to degrade readily in acidic solutions according to first-order
kinetics. Both A®-THC and cannabinol (CBN) represent the
primary degradation products in this process, alongside
lower quantities of other less well-characterized
compounds.®”®®  Critically, each of these degradation
products remain highly lipophilic>® (Fig. 2B). Even A’-THC
metabolites, such as A>~THC-COOH, remain best extracted
with a C,g-functionalized sorbent.®*

To determine the ability to effectively ionize the various
primary  (amphetamine),  secondary = (MDMA  and
methamphetamine), and tertiary amines (remaining
compounds, excluding A’~THC), an initial proof-of-concept
screening of several acidic excipients was performed to assess
their relative impact on the separation efficiency of codeine
from an organic (methanol) to an aqueous phase. Codeine
was chosen as a representative molecule given the abundance
of tertiary amines among the illicit drugs, alongside its
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uncomplicated image analysis for the creation of a standard
curve (Fig. 2C). Samples of a codeine drug standard were
rehydrated in five separate acidic solvents followed by the
addition of Cyg particles for dispersive uSPE. Prior to uSPE, a
subset of these samples were subjected to elevated
temperature. After brief dispersive mixing with the
functionalized particles, the aqueous supernatant was
removed and tested in reference to an organic supernatant.
The effect of each acidic excipient was compared to a sample
at neutral pH, while the effect of heat was compared between
two otherwise identical preparations of 3% (v/v) hydrochloric
acid (HCl). One extraction solution was prepared with
acetone. A heatmap, comparing the calculated concentration
of partitioned codeine for each set of conditions, is shown in
Fig. 2D. A Multiple Comparisons ANOVA was performed to
assess whether any result differed significantly from its
respective negative control (« = 0.01) (Fig. 2E). From this, the
effect of lowering the pH was immediately evident between
water and 3% (v/v) HCI at 22 °C. For water alone, close to
90% of codeine remained within the organic phase,
compared to less than 25% at a pH of 1-2. Without heat, the
recovery of codeine in either phase remained markedly low.
This is surmised to be due to ineffectual recovery from the
polyethylene tube walls, later tested by adding Marquis
reagent directly to the emptied tube and observing a strong
color in response. Heating of the same solution raised the
partition of codeine to the aqueous phase from <30% to
>70%. As anticipated, the inclusion of a small percentage of
acetone improved partitioning to the aqueous phase to
~100%. The greater than 100% recovery is attributed to the
removal of residual codeine from the polyethylene tube
walls, a phenomenon present even for the calibration curve.
Of the weak organic acids tested, separate effects from each
counterion were discernible, as recovery between equal
concentrations of ascorbic (pH 6-7), citric (pH 1), and acetic
acid (pH 2) did not correlate well with pH, while the >90%
recovery with acetic acid outperformed that of HCI despite
identical pH values. This may be due, in part, to the relative
abundance and solubility between the dissociated and
undissociated forms of weak acids.®> From the ANOVA test
between means, only two conditions, 3% (v/v) HCl at
elevated temperature with and without acetone, were found
to display codeine concentrations within the organic phase
that were not significantly different from the negative
control, implying highly efficient removal from this phase
(p-values of 0.5962 and 0.8238, respectively, a-level: 0.01). Of
the other conditions evaluated, only 10% (v/v) acetic acid
came close to this efficiency, with a barely significant
difference between means (p-value: 0.0410, o-level: 0.01).
Based on these results, 10% (v/v) acetic acid was chosen for
its superior ionization capabilities as well as its widespread
compatibility across indicator reagents.®® Despite its even
higher recovery, 3% (v/v) HCl with acetone was not selected
due to its lower stability as a reagent and the
incompatibility of acetone with many of the materials used
for microfluidic device construction.

This journal is © The Royal Society of Chemistry 2024
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Integration of PLM pColumns for pSPE. In place of
dispersive uSPE, which would require either manual mixing
or additional external hardware to automate, a high-density
(HD) endcapped particle loaded membrane (PLM) was
selected for performing pSPE within the centrifugal
microdevice. Each PLM contains 12 pum diameter Cig-
functionalized particles embedded within a mesh of inert
PTFE fibrils. In comparison to either dispersive or packed
bed formats, PLM pColumns offer facile integration
strategies (Fig. S31) and exhibit higher analyte capacity (Fig.
S4t), without increasing flow impedance or risking
compaction over time.** These capabilities explain why
previous studies have validated the independence of highly
efficient analyte recovery, despite flow rate ranges spanning
30-100 mL min ".**"® However, proper functioning of the
microdevice architecture downstream of the PLM puColumn,
namely metering, remained flow rate dependent. Therefore,
characterization of flow rate predictability and consistency
though the PLM on-disc was warranted in order to both
automate and integrate sample extraction.

Ultimately, the flow rate through the PLM is influenced by
several factors, including the applied external pressure head
of the incoming fluid,*® the radius of the membrane's largest
pores (rmay), the resistive pressure due to the surface tension
of the mobile phase (y.), and the interfacial surface tension
between the mobile and stationary phases (y1). The resistance
to flow can be determined based on the required liquid entry
pressure (LEP) calculated according to eqn (1),°%7°

LEP = = (5,~3}) @
rmax

From this, the required spin frequency needed to overcome
the LEP could be predicted. However, a complication to this
prediction arises with column conditioning, which
introduces a stagnant liquid phase within the PLM prior to
the introduction of the mobile phase. For a PTFE membrane,
an organic solvent (with a typical surface tension of <32
dynes per ¢cm?) will spontaneously wet the porous surface
without any additional applied pressure.”* However, even for
a hydrophilic membrane, some pressure is required to allow
the intrusion of water (surface tension of 72 dynes per cm?)
into the membrane pores. In order for a hydrophobic PLM to
be used for a solvent that will not wet the surface, the
membrane needs to be pre-wetted with an alcohol, then
rinsed, to overcome hydrophobicity. Otherwise, flow through
the pColumn becomes prohibitively time-consuming. On-disc
pColumn conditioning and rinsing steps were therefore
necessary to ensure a reproducible maximal flow rate,
suspend the C;g chains away from the silica surface for
adequate analyte interaction, and clean the membrane of any
remaining contaminants derived from manufacture and
fabrication.

Real time monitoring of a 100 uL mock aqueous sample
was performed using a high-speed video camera and custom
stroboscope. From an analysis of the fluid draining behavior
(Fig. S51), a correlation between the average flow rate for a
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given spin frequency (ranging between 3000-5000 RPM, in
increments of 500 RPM) was determined (Fig. 3A), with the
calculated flow rates provided in the accompanying table
(Fig. 3B). The average flow rate was found to be highly
predictable based on the applied spin frequency, with an R”
value of 0.9982. The decline in the real time flow rate
observed over time (Fig. 3C and D), per frequency, was also
found to be highly consistent. This decline is due to the
decreasing pressure head applied by the shrinking liquid
column above the membrane. In contrast to previous studies
with larger volumes and swellable fibers,”” the decline in real
time flow rate was best fit according to a linear regression
curve in place of an exponential decay function. If necessary,
this behaviour allows for the facile prediction of flow rate
decay over time at a specific frequency, offering a means of
maintaining an optimal flow rate through linear, real-time
adjustment in the applied spin frequency.

Design and characterization of MAE sample preparation
cartridges. An  important consideration for the
microextraction procedure was the risk of target analyte
degradation due to exposure to either the extraction solvent,
light, air, elevated temperature, or some combination thereof.
MAE is considered a highly efficient extraction method,
partially due to the protection of thermolabile species,
consequently reducing analyte loss.”® Previously, phenolic
compounds have been found to remain stable at
temperatures <100 °C for 20 min.”* However, highly efficient
extraction of drugs of abuse from vitreous humor has been
demonstrated using even lower temperatures and incubation
periods (80 °C for 8 min).”> For our purposes, a balance
needed to be achieved that would promote the conversion
and solubilization of lacing agents (localized primarily on the
solid sample surface), yet also avoided excessive penetration
within the solid sample matrix (leading to solvent loss and
over-extraction of interfering cannabinoids).”® Although MAE
has been previously demonstrated for extraction of drugs of
abuse in human urine, it has so far remained unapplied
toward solid sample formats.”®

Unfortunately, integrated microextraction strategies, for
solid samples that are not readily dissolvable, remain
particularly challenging within the field of microfluidics.
Given the vast range of possible solid samples derived from
the environmental, clinical, forensic, and agricultural
industries, this represents an enormous loss in potential for
providing timely, point-of-need analysis. However, dielectric
heating (i.e., microwave irradiation) is uniquely situated to
help address the challenges associated with heating distinct
states of matter for microdevice processing. This is due, in
part, to forgoing the requirement for physical contact with a
heating element, enabling flexible microdevice construction.
Capitalizing on this, 3D printed sample preparation
cartridges were designed to accept and retain 30 mg of an
herbaceous sample, along with 50-150 upL of aqueous
extraction solvent. The cartridge structure was engineered for
high volumetric recovery and facile attachment to the
centrifugal microdevice surface, using only a pressure
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sensitive adhesive. Small pegs enabled automatic alignment
with the fluidic port entrance, preventing leaking. Beyond
removal of the adhesive coverings and simply pressing the
cartridges to the disc, no other steps were necessary for a
robust world-to-chip interface. Furthermore, single or
multiple cartridges may be simultaneously heated using a
conventional microwave oven. By separating sample
processing from the main microdevice structure, avoidance
of heating thermally labile on-board reagents was achieved.*®

Volumetric recovery from the 3D printed cartridges was
first assessed by correlating known input volumes of a
colored solution to pixel count, in reference to a calibration
curve (Fig. 4A), according to a previously published method.**
Mock aqueous samples were then deposited within replicate
sample cartridges (Fig. 4D), followed by centrifugal recovery
on-disc. Several mock sample processing procedures were
then compared: either with or without the inclusion of an
herbaceous solid sample, as well as with or without
microwave irradiation (Fig. 4B). No significant difference in
recovery was observed from an unheated, liquid-only mock
sample except for instances where heat facilitated liquid
absorption into the porous solid material (ANOVA
comparison of means, p-values: 0.9715, 0.9715, and 0.0079,
o-level: 0.01). Despite this, under the conditions tested,
volume recovery dropped by less than 10%. As temperature
was expected to play a crucial role in microextraction
efficiency®” based on prior assessments (Fig. 2), a correlation
between irradiation time at constant power versus liquid
temperature was measured (Fig. 4C). A linear response (R*
value of 0.9993) between microwave exposure and measured
temperature was observed, implying tight control over the
applied temperature was possible.

Extraction optimization using surface response modelling.
A central composite design (CCD) model was applied toward
a realistic mixed sample preparation format, which made use
of MAE within 3D printed cartridges, followed by on-disc
separation via an integrated PLM pColumn. To simplify
comparison to initial work (Fig. 2C), a single drug standard
(codeine) and chromogenic reagent (Marquis) were used in
conjunction with surface response modelling for optimizing
sample microextraction. A second consideration for this
choice was the dramatically different response for pure
codeine standards relative to 1:1 mixtures with A’-THC
(Fig. 1A). Several parameters and their interactions were
studied, including pH, temperature, and incubation time
(Table 1). HCI was used for pH modulation in this study in
order to test a larger range of pH values, some of which were
not achievable using acetic acid. The CCD model included
three levels of factorial design: low (-1), medium (0) and high
(+1), which were useful for obtaining response surfaces and
desirability functions. The model was defined by the
equation 2F + 2k + Cp, where k represented the number of
factors and C;, is the number of center points. In this case, k
and C,, were set to 3 and 5, respectively. 19 experiments (n =
3) were performed, with 5 experiments in the center of the
design. The control variables within the model were selected
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to ensure the experimental conditions fell within the
previously tested temperature and time studies performed
using the 3D-printed sample preparation cartridges (Fig. 4C).
One caveat to this study was the dynamic temperature profile
throughout the incubation period, due to the dielectric
heating method. In order to achieve the specified
temperature, microwave irradiation was applied according to
the previously generated calibration curve (Fig. 4C).
Microwave irradiation also initiated the start of the
incubation period. Once the target temperature was attained,
dielectric heating ceased. Any additional incubation time
remaining for the experimental condition took place in the
absence of active heating. Therefore, in order to mimic the
temperature decay curve within a sample cartridge,
simplified 3D printed containers were designed to closely
mimic the relevant cartridge dimensions (Fig. S67), in place
of standard laboratory containers. In spite of these efforts,
two experimental conditions could not be fully
accommodated with this design (Table 1, highlighted in
blue). For 2 out of the 19 experiments, the specified total
incubation period was less than the time required to heat to
the target temperature. In these two instances, the time
difference was 19 sec, representing an 8% error. This error
level was considered an acceptable compromise in favour of
reaching the target temperature.

The response surfaces obtained for codeine extraction
revealed that higher saturation values, and therefore more
efficient sample extraction, were obtained for pH values of
~2. Furthermore, neither the incubation time, temperature,
or combination thereof were found to significantly influence
the extraction efficiency (based on an ANOVA, the R>
obtained was only 0.6092) (Fig. 5A-C). This finding was
reiterated according to the Pareto chart of standardized
effects (Fig. 5D), where only the pH reached a significance
factor of p < 0.05. Altogether, these results implied that the
pH-modulated MAE extraction method was highly robust and
essentially insensitive to changes in incubation time and
temperature. This is highly advantageous for in-field
operation, where exact temperature and incubation periods
may be more difficult to apply precisely, in contrast to the
use of a standardized extraction solvent. According to the
predicted values and desirability model (Fig. S77), the
maximum response (i.e., highest extraction efficiency) was
reached using a pH of 2 at 40 °C for 400 seconds. These
optimized conditions were later applied for extraction of
contrived, laced marijuana samples on-disc.

Centrifugal microdevice design and operation

Characterization of on-disc metering and mixing. Outside
of sample preparation, several additional fluidic operations
required integration downstream of the PLM pColumn.
These included replicate sample metering for multiple
indicator reagents, storage of the highly corrosive detection
agents, mixing of the prepared sample with the stored
reagents, followed ultimately by image capture for objective

This journal is © The Royal Society of Chemistry 2024
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analysis. Corrosive reagent storage, compatible with sample
mixing and digital image recording, used a previously
demonstrated method.®® In brief, glass microfiber
membranes held within microencapsulation wells were
saturated with indicator reagents of a defined volume, before
attachment to the lowest disc surface via a pressure sensitive
adhesive ring. Laser valving on disc® enabled highly precise
fluidic manipulation, a requirement for small volume
aliquoting, as well as programmable automation of each
operation. The significant relevance of accurate metering
stems from the substantial source of error derived from
incorrect sample quantity in reaction with the various
indicator reagents. One striking example is the Scott reagent,
where the addition of greater than 1 mg of pure cocaine HCI
was shown to yield false negative results."> Conversely, excess
quantities of heroin or dibucaine gave precisely the same
response as the appropriate amount of cocaine.

Reagent to sample ratios were separately evaluated, with a
ratio of either 1:2 or 1:3 found to give consistent results
with the appropriate color changes across all reagents. A
sample volume of 1.0 pL was selected for each on-disc
reaction, minimizing the total required extracted sample
volume to 12 pL (3 replicates for each indicator reagent),
orders of magnitude below the minimum recoverable volume
(Fig. 6B). Any remaining extract was retained within a
separate collection chamber, making later recovery possible
for confirmatory analysis. According to a recent method,*®
small volume metering chambers were integrated within the
fluidic architecture and evaluated wusing a simplified
centrifugal microdevice for both accuracy and consistency. A
calibration curve of known input volumes (between 0.2-1.0
uL) to pixel count was first generated (Fig. 6A), according to a
previously published method.** Delivered sample volumes to
the on-disc detection chambers (Fig. 6B), across three
separate domains, were next assessed and found to be both
highly accurate to the intended volume as well as self-
consistent according to a multiple comparisons ANOVA
(p-values of 0.8997, 0.7699, and 0.7699, a-level: 0.01).
However, delivery of the correct sample volume, while
essential, does not account for one of the major challenges
associated with microfluidics: adequate mixing. A secondary
study was performed to determine the extent to which an
ultra-low volume sample would interact with a stored reagent
contained inside a microencapsulation well (Fig. 6C). Image
analysis of detection chambers loaded with glass microfiber
membranes, containing either yellow or blue dye, were used
to establish reference hue values for either a simulated
indicator reagent alone (yellow) with on-disc metered and
delivered mock sample (blue). Both the average hue values,
as well as their homogeneity across the detection chamber,
led to the conclusion that even mixing was occurring despite
the low volumes due to the interplay between centrifugal
actuation and capillary wicking throughout the membrane.
The skew of the mixed reagent hue values toward the yellow
end of the spectrum was anticipated given the sample to
stored reagent volume ratio (1:3). Finally, the sensitivity of

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

the metering consistency was challenged across several
sample input volumes, ranging from 50-125 pL (Fig. 6D).
This was intended to simulate the likely possibility of
variable volume recovery from a solid sample during
extraction. Despite the nearly 3-fold difference in sample
volume, the metered and delivered volume was not found to
appreciably alter, according to an ANOVA comparison of
means (p-values of 0.8666, 0.3196, and 0.8143 for 75, 100,
and 125 pL relative to 50 pL, a-level: 0.01). From this, it was
concluded that both the microdevice fluid dynamics, in
addition to the sample preparation method, represented
robust strategies for use in-field.

Detection of laced illicit drugs in contrived marijuana
samples on-disc. A fully integrated disc architecture (Fig. 7)
and optimized protocol (Fig. 8) were used in the
identification of three illicit drugs of interest from samples
of simulated marijuana composed of loose-leaf tea spiked
with a mixture of cannabinoid drug standards.®® Disc
operation was largely pre-programmed (Fig. S8f) using a
custom micromechanical platform (Fig. S9t) capable of
centrifugal fluid actuation as well as laser valving, according
to a previously published method.*® Tea leaves were chosen
as a representative mock solid sample for marijuana, both
chemical and structural purposes. Earlier studies involving
A’-THC detection in oral fluid (Fig. S101) displayed a high
degree of false positive potential with polyphenol
phytochemicals derived solely from tea consumption, while
dried leaves provide a structurally similar proxy for fluidic
behaviour on-disc. Finally, the choice of tea as a contrived
sample holds important implications for future applications
in seized samples of false marijuana intentionally laced with
synthetic cannabinoids.”””®

Contrived marijuana samples containing 6 mg of A°~THC,
cannabidiol (CBD), and CBN’® (at a 1:2:0.5 ratio,
respectively) were previously laced with either methanol (as a
negative control) or 5 mg of cocaine, PCP, or heroin®*"** and
extracted via the optimized MAE parameters within separate
3D printed sample preparation cartridges. Each cartridge was
attached to one of four domains on the otherwise fully
assembled centrifugal microdevice, then subjected to a
partially automated protocol (Fig. S81) for sample metering
and reaction with the pre-stored indicator reagents. The
microdevice was then scanned using a desktop scanner, and
the CIELAB values measured in Fiji. All results were compiled
in a 39 x 12 matrix alongside the CIELAB values from Fig. 1,
which acted as a chemometric reference database. PCA,
according to a Pearson's correlation matrix, was performed
with factors for the observation plane selected for maximal
cumulative variance (at least 68%). Scatter plots of the chosen
factors were then plotted with the inclusion of 95%
confidence ellipses per supplementary variable (i.e., drug
classification) (Fig. 9A). Additionally, agglomerative
hierarchal clustering (AHC), based on Pearson's correlation
coefficient for similarity, was also performed (Fig. 9B). From
these results, each replicate within the four contrived
samples mapped within the 95% confidence ellipse of the
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anticipated drug class. From the AHC, five clusters were
identified, which aligned closely with the PCA clusters. Two
differences between the analysis methods were observed,
whereby A’ THC was placed within a cluster separate from
the psychostimulant drug class (containing amphetamine
and methamphetamine) and MDMA was included with the
opiates cluster containing heroin and codeine (Fig. S117).

Conclusions

The combination of a 3D printed sample preparation
cartridge, fully integrated centrifugal microfluidic disc, and
objective image analysis using a device-independent color
model allowed for rapid (<8 min) processing of a
traditionally challenging forensic sample (i.e., mixed
composition solid sample) in a facile manner. Total sample
consumption was minimized and sample extraction largely
non-destructive, with both the original sample as well as
excess extracted sample reserved for later confirmatory
testing (e.g., HPLC-MS or HPLC-GC). Identification of an
illicit drug using microchemical detection reagents, which
remain decidedly favoured by law enforcement officers, was
improved through several mechanisms, the most important
of which was accuracy via the removal of known interferents
coupled to objective image analysis. In addition,
simultaneous testing with multiple screening reagents
removed the possibility for compounding error during
standard hierarchical testing strategies. In a proof-of-concept
illustration, the correct identification of three separate illicit
drugs of interest (or their drug class) on-disc was
demonstrated from contrived forensic samples, relative to a
chemometric database of pure standards.

The explosive growth of the legal marijuana industry still
faces significant challenges with contamination from a wide

A. PCA of Laced Samples B. Met Dendrogram of Laced Samples
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Fig. 9 Identification of lacing agents. Contrived marijuana samples

(composed of loose-leaf tea spiked with a cannabinoid mixture at a 1:
2:0.5 ratio of A°-THC, CBN, and CBN, respectively) were laced with
either 5 mg heroin, phencyclidine, or cocaine standard. One contrived
sample was laced only with solvent to serve as a negative control. A.
PCA factor plane, pooling all CIELAB results across all four indicator
reagents (n = 3), relative to the chemometric database of pure illicit
drug standards (Fig. 1). Centroids represent the 95% confidence
interval, according to chi-square analysis, for specified drug classes. B.
AHC analysis of all contrived samples, including negative controls
(negative), cocaine (C), PCP (P), and heroin (H) laced samples (bolded)
alongside the chemometric database F; and F; values. Clusters 1-5 are
color coded according to the PCA drug classes.
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range of compounds,”® including heavy metals,5"%
pesticides,®*>®” and mycotoxins.®® In 2023 alone, federal

health authorities received thousands of reports of heavy
metal poisonings and fungal infections due to marijuana
use.®” The integration of a unique MAE compatible sample
preparation cartridge, coupled to functionalized membranes
integrated within a centrifugal microfluidic device, offers an
intentionally adaptable format for processing traditionally
challenging samples. With respect to marijuana alone, the
microdevice may be tailored for applications in the realm of
consumer safety in place of law enforcement. Adaptation for
these various targets should be achievable through selection
of the appropriate SPE membrane, with many options
available commercially, and the substitution of pertinent
detection reagents.”® Screening of several compounds
simultaneously is also possible within a single domain, just
as the four colorimetric detection reagents were incorporated
side-by-side. Another prospect is segmenting one domain per
target class, offering advanced parallelization and greatly
limiting sample consumption. Likewise, detection of drugs of
abuse from solid samples, such as hair and nails, are
essential for toxicological analysis in clarifying the cause of
death related to overdoses, addictions, accidents, or
injuries.”> The customized detection wells employed within
this microdevice are only necessary for instances where 1)
microdevice materials are incompatible with the desired
indicator reagents, 2) the reagents are thermally sensitive and
incompatible with the lamination procedure, 3) retention of
liquid reagents is preferred, or 4) high volume -capacity
(either for preconcentration of detection reagents or for
reception of larger processed sample volumes) is needed.*®
Otherwise, cellulose microfiber filters with desiccated
reagents, previously demonstrated with this microdevice
format,"” may be directly incorporated within the main
microdevice layers and sealed via lamination.

Although both the sample cartridges and microdevice
offer serious potential for portability, in-field operation of
MAE in particular would require the use of a portable
microwave,'®°" in addition to a custom micromechanical
system combining fluid actuation and laser valving. Although
portable and fully automated centrifugal microfluidic
platforms have been previously demonstrated, dedicated
engineering would be required to achieve portable MAE. In
this proof-of-concept demonstration, the assay may be readily
performed within a laboratory, requiring minimal bench
space and only a household microwave.
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