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Abstract

Tetrahydrocannabinol (THC), the primary psychoactive ingredient of cannabis, impairs cognitive
and motor function in a concentration-dependent fashion. Drug testing is commonly performed for
employment and law enforcement purposes; however, available tests produce low-sensitive binary
results (lateral flow assays) or have long turnaround (gas chromatography-mass spectrometry). To
enable on-site THC quantification in minutes, we developed a rapid assay for oral THC analysis
called EPOCH, express probe for on-site cannabis inhalation. EPOCH features distinctive sensor
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design such as a radial membrane and transmission optics, all contained in a compact cartridge.
This integrated approach permitted assay completion within 5 minutes with a detection limit of
0.17 ng/mL THC, which is below the regulatory guideline (1 ng/mL). As a proof of concept for
field testing, we applied EPOCH to assess oral fluid samples from cannabis users (n=43) and
controls (7= 43). EPOCH detected oral THC in all specimens from cannabis smokers (median
concentration, 478 ng/mL) and THC-infused food consumers. Longitudinal monitoring showed a
fast drop in THC concentrations within the first 6 hours of cannabis smoking (half-life, 1.4 hours).

One Sentence Summary:

The express probe for on-site cannabis inhalation (EPOCH) system is able to quantitates
tetrahydrocannabinol concentrations in oral fluid.

Introduction

Cannabis is a commonly utilized psychoactive drug, with an estimated 180 million users
worldwide. In the United States (US), more than 43 million people use cannabis (1), and
the proportion of daily or near-daily users (>40%) is rising due to the legalization of
cannabis for recreational and medicinal use. Although recognized for its therapeutic and
recreational benefits (2, 3), cannabis also raises public health concerns regarding users
operating machinery or driving under its influence. When inhaled through smoking or
vaping, the primary psychoactive ingredient of cannabis, A%-tetrahydrocannabinol (THC),
rapidly enters circulation and reaches the brain. Acute psychological effects set in within
minutes and last for two to four hours (4, 5). Driving motor vehicles during this period
should be avoided, as cognitive functions (for example, decision making and concentration)
and motor functions (for example, reaction time and coordination) are compromised (6-8).
In controlled road tests, drivers under the influence of cannabis exhibited impaired vehicle
control (8-10); several epidemiology studies found that cannabis users are at higher risk for
accidents (11-13). As such, an unmet need remains for rapid, accurate, and on-site THC
detection motivated by scenarios entailing public health safety.

Several currently available analytical tests can detect THC in human bodily fluids. The gold
standard, gas chromatography-mass spectrometry (GC-MS) of blood and urine samples, is
generally performed in specialized laboratories and could take days to process (14, 15).
Test results could also be ambiguous in determining the last time of cannabis consumption
(16, 17). Residual THC and its metabolites are often present in bodies weeks after cannabis
intake, and it is challenging to separate acute recent from chronic use (17-20). Conversely,
high THC concentrations in oral fluid have been shown to directly correlate with immediate
(<12 hours) cannabis use (21-23). Monitoring oral THC concentrations can thus enable

a range of safety applications: precautionary self-monitoring by cannabis users, roadside
testing by law enforcement, and drug screening in the public sector. Unfortunately, existing
commercial test kits have suboptimal analytical capacities including low sensitivity and
binary results, and laboratory-based tests require sophisticated instrumentation (see Table
S1), a drawback to routine, on-site THC detection (24-26).
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Here, we describe the development of a quantitative, dynamic oral fluid test, EPOCH
(express probe for on-site cannabis inhalation), capable of measuring THC concentrations
within 5 minutes. EPOCH quantitates oral THC concentrations down to 0.17 ng/mL,

which is below the recommended regulatory cutoff of 1 ng/mL (the European Driving

under the Influence of Drug, Alcohol, and Medicines; DRUID) and similar to results

from GC-MS analyses (27). Our method integrates several key engineering advances: i)

a radial-membrane flow strategy to enhance sensor kinetics, boosting both sensitivity and
speed; ii) a modular, injection-molded cartridge streamlining reliable, high-precision sample
processing for THC quantification; and iii) an optical sensing mechanism of transmission
that detects higher analytical signals than the conventional reflection mode. The EPOCH
test is unaffected by the consumption of coffee, alcohol, or tobacco and other confounding
factors. When applied to oral fluid samples from cannabis users (/7= 43) and controls
(n=43), EPOCH showed excellent detection accuracy. Our results also show that THC
concentrations fell below the DRUID guideline (1 ng/mL) within 12 hours of cannabis
smoking, supporting the use of oral THC tests as sensitive means to identify recent cannabis
intake.

EPOCH assay design

Figure 1 summarizes the EPOCH assay. The EPOCH test module (Figs. 1A, B) comprises
an oral fluid processing kit, a sensor cartridge, and an optical detection cradle. For
cost-effective mass production, we designed disposable parts, the processing unit and the
cartridge, to be compatible with plastic injection-molding production (see Methods for
details), and optimized their layouts to meet the machine tooling factors. We also developed
a smartphone app to provide a one-touch user interface for image acquisition, automated
image analysis, and data storage in a cloud server (Methods; Fig. S1).

The EPOCH test starts with oral fluid sampling using an oral swab. The swab is then
inserted into the processing kit for oral fluid extraction and mixing with gold nanoparticles
coated with THC antibodies (AuNP ap). The mixture is then dispensed onto the detection
cartridge housing membrane sensors, and the optical signal from captured AuNP ap, is read
out. EPOCH’s membrane sensor employs a competitive immunoassay scheme (Fig. 1C),
which is ideally suited to detecting small molecules. After the EPOCH assay is initiated,
AUNP pp, first capture THC molecules in oral fluid. The THC-AUNP 5, complexes then
pass through the membrane wherein THC competitors are spotted. We used THC haptens
attached to bovine serum albumin (BSA) carriers as the competitor (THCgga). With high
THC concentrations in oral fluid, most THC-binding sites on AuNP Ay, would be occupied.
This would lead to very few AuNP ap being captured by THCgsa, resulting in high light
transmission. The entire assay, from sample to answer, completes within 5 minutes and
requires <100 pL of oral fluid from a single swab.

Oral fluid processing

The processing kit performs multiple pre-analytical steps with a simple manual actuation
(Fig. 2A and Fig. S2). The first step actuates a plunger (P1) in an extraction cylinder (Fig.
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2B, left). In a single twist motion, oral fluid is drawn out from a swab, passes through

an inline filter (0.45 um pore), and collects in a metering reservoir with a fixed retention
volume (20 pL). At the end of the P1 actuation, the reservoir rotates 90° to make a fluidic
connection to a pumping chamber (Fig. 2B, right). The second twist motion (P2) through
the air chamber then combines the collected oral fluid with preloaded AuNP Ay, (50 pL)
and pushes them via a mixing channel. Finally, the mixture is dispensed as two aliquots
(~35 L each), one for control check and the other for THC detection; the sensor cartridge
aligns with the oral fluid processing kit’s outlets for seamless sample transfer. The modular
oral fluid kit not only expedites sample processing (1 min) but also facilitates reliable
sample preparation for robust measurements. The inline filtration clears debris from oral
fluid (Fig. 2C) to improve the sample’s flow-through in the membrane sensors, and the
metering mechanism ensures consistent stoichiometry, rendering the assay quantitative and
inter-comparable.

Membrane sensor construction

We optimized the membrane sensor both for assay speed and sensitivity. The sensor consists
of a membrane pad sandwiched between plastic sealing films for structural support (Fig.

3A and Fig. S3). AuNPap-oral fluid mixture is injected through a small inlet (diameter, d))
located at the membrane center; this structure confines the input sample to the small sensing
zone (Fig. 1C), intensifying the analytical signal. We mounted two membrane sensors in a
single cartridge: a test sensor to detect THC in oral fluid and a control sensor to validate
sample loading.

Assay kinetics inside the membrane was our first area of improvement. Securely
immobilizing binding competitor (THCgsp) at the membrane center was shown to enhance
overall AuNP 5p binding efficiency, thereby producing high optical signal. The conventional
approach of directly spotting THCgsa 0n a membrane, however, resulted in diffusive
smaller signal spots, likely due to the loss of THCgga during immobilization. Increasing
the effective molecular weight of THCgga was found to be effective: we mixed anti-
immunoglobulin G antibodies (1gGap) with anti-BSA antibodies (BSAap) and then added
THCpgsa (Fig. 3A inset and Table S2). This configuration produced the highest signal

(Fig. S4). As for a membrane type, we tested membranes of different materials, such as
nitrocellulose, polytetrafluoroethylene, polyvinylidene fluoride, and mixed cellulose ester,
evaluating their assay compatibility and product reliability. We chose to use mixed cellulose
ester (MCE) over the more commonly used nitrocellulose; MCE membranes produced
more consistent and higher signals (Fig. S5) and were available from multiple commercial
vendors.

Design optimization

To further guide our sensor design, we modeled the fluidic behavior in porous membranes
(see Supporting Note for details; Fig. S6). By comparing different geometries, we found
that a disk shape supports higher fluidic flow than conventional narrow strips (Fig. S7); the
wetting front, where the capillary force drives fluids, radially expands in the disk shape but
remains the same in a strip design. For a given disk, the overall flow rate (Qg) increased
with inlet size (). In addition, Qp was linearly proportional to membrane pore size (see
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Supporting Note for details), which matched experimental observations (Fig. 3B). These
results allowed us to define the minimal pore size required to meet the given assay speed.
For example, to achieve the assay time of <3 minutes (or Q> 6 pL/min), the minimum pore
size was 0.7 pm with d;= 0.35 mm (shaded region in Fig. 3B).

In finalizing the sensor design, we carefully considered the balance between assay speed and
reaction time; using a large-pore membrane supports higher flow (faster assay) but increases
the risk of AUNPap’s exit before binding to THCgsa (lower sensitivity). Improving

AUNP ap-binding rates thus favored using a small-pore membrane, which was equivalent

to keeping low Péclet number (Pe = [diffusive transport time] / [advective transport time]).
We estimated Pe for different radial sensor candidates (Fig. 3C) and imposed the relatively
fast diffusion condition (Pe < 1, shaded region in Fig. 3C). Combining these criteria, namely,
Qr>6 uL/min and Pe< 1, determined the optimal pore range (0.7 to 1 um) for a given

inlet diameter. Among commercially available membranes, we chose a 0.8-um pore MCE
membrane and set @;= 0.35 mm for the lowest Pe. At a fixed assay time (3 min), the 0.8-um
membrane sensor indeed showed the highest signal intensity (Fig. 3D).

Detection optics

We next moved on to setting EPOCH?’s signal detection method. Light absorption by
immobilized AUNPap (Apeak = 525 nm) on a membrane could be detected through either
the reflection or the transmission optics. We estimated the signal intensity from each
mode by applying the Kubleka-Munk theory of light propagation in turbid media (see
Supporting Note for details; Fig. S8) (28, 29). The model predicted that the transmission
mode produces more substantial signal changes with varying AuNP concentrations (Fig.
3E), which is primarily due to the enhanced light transmittance through a wet membrane
(30). Experimental data confirmed this prediction with the transmission mode achieving
higher sensitivity and resolution (Fig. 3F). Based on these results, we designed the detection
cradle that housed transmission optics and had a docking site for a smartphone (Fig. S9).
The sensor cartridge was inserted to the cradle for optical alignment with a light-emitting
diode (LED), a macro lens, and a smartphone camera. A sensing spot was then imaged by
taking a close-up shot of transmission signals from the membrane sensor.

EPOCH assay characterization

We first determined the binding kinetics between AuNPp and its intended targets, THC
and THCggp, Via isothermal titration calorimetry (see Methods for details; Fig. S10). The
measured association constant (K7,) between THC and AuNPap, was 0.074 nM~L. A similar
value was observed (K;= 0.073 nM~1) between THCgga and AuNPap,. These results
support the use of THCgga as an equivalent competitor to THC in the assay design.

Under the EPOCH assay condition, temporal signal evolution with AuNP 5 binding on the
membrane showed first-order Langmuir adsorption kinetics (Fig. 4A). The assay approached
the equilibrium much more quickly than conventional enzyme-linked immunosorbent
assay (ELISA) does; using the porous membrane effectively enhanced AuNPap’s diffusive
transport to their binding sites, so that the assay was limited mainly by the binding reaction
alone. This reasoning was further supported by estimating the Damkoéhler (D) number,
which measures the ratio between reaction and mass-transport rates (31). For the EPOCH
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assay, D,was ~0.06 (see Supporting Note for details), indicating that diffusive transport was
not a limiting factor in AuNP ap, binding.

For a given sample, we measured two signals in the sensor cartridge, one from the THC test
spot and the other from a control spot. The control signal validates that the AUNP ap-oral
fluid mixture successfully loads on the membrane. We defined the EPOCH signal value
(/epoch) as the relative intensity change induced by membrane-bound AuNP ap, against the
membrane background (see Methods for details; Fig. S11). Time-course /gpocH revealed
that the assay’s resolving power reached its maximum around 3 minutes after the assay
began (Fig. 4B); accordingly, we set the detection window to 3 minutes after sample
injection. Applying these protocols, we analyzed the THC-dilution series both in pure buffer
and oral fluid (Fig. 4C). The EPOCH assay has detection limits of 0.12 ng/mL (buffer) and
0.17 ng/mL (oral fluid), both lower than the DRUID guideline of 1 ng/mL. The assay output
was quantitative, with a dynamic range spanning about 4 orders of magnitude. EPOCH’s
analytical results matched those of GC-MS, the gold standard (Fig. 4D). The EPOCH

assay, however, was faster (5 min vs. several hours), required no complex equipment,

and performed without extensive sample preparations (see Methods for GC-MS sample
preparation).

We further investigated how potential confounding variables such as drinking coffee,
smoking cigarettes, consuming beer, and rinsing with mouth-wash affect the EPOCH
signal. To compare samples, we asked non-cannabis users to complete these activities and
immediately provide oral fluid samples, and spiked them with two different THC doses
(1 and 10 ng/mL). The EPOCH tests were found to be robust in these different oral fluid
conditions (Fig. 4E). At a given THC concentration, we observed statistically identical
signal intensities among different oral fluid types (Fig. S12). Furthermore, the measured
signal was significantly higher (£ = 0.0005, one-sided #test) than background even at low
THC dose (1 ng/mL).

Detecting THC in cannabis users

Finally, we applied the EPOCH assay for on-site THC detection. We collected and tested
oral fluid samples from recreational cannabis users (40 cannabis smokers and three THC-
jelly users) within 10 minutes of product consumption. As a control, we also assessed oral
fluid samples from non-cannabis users (13 traditional tobacco smokers and 30 non-smokers)
without a history of cannabis use. In all cannabis-user samples, the EPOCH tests detected
oral THC in concentrations that far exceeded the recommended guideline of 1 ng/mL

(Fig. 5A); the average oral THC concentration was found to be 478 ng/mL for cannabis
smokers and 138 pg/mL for jelly consumers. Oral THC concentrations of cannabis users
were significantly higher than those of conventional tobacco smokers and non-smokers (all
P<0.001, Dunn’s multiple comparison test), whereas THC concentrations of the latter two
control groups were not significantly different (P> 0.99, Dunn’s multiple comparison test;
Fig. 5B). We observed no significant difference between male and female subjects in any of
the cohorts (P> 0.05, two-sided Mann-Whitney test; Fig. 5C and Fig. S13).

We also monitored how THC concentrations changed over time after cannabis smoking.
In this case, oral fluid samples were collected hourly after the inhalation and subjected to
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the EPOCH tests. We observed that oral THC concentrations rapidly decreased (Fig. 5D),
although the values were still >1 ng/mL six hours after the smoking. The estimated half-life
of THC in oral fluid was 1.4 hours (Fig. 5E), in agreement with GC-MS measurements (32,
33). Combined with the initial THC average concentration (478 ng/mL), the decay kinetics
indicated that oral THC concentrations likely stay above 1 ng/mL in the first 12 hours after
cannabis smoking.

Discussion

Cannabis is currently approved for medicinal purposes in 36 US states and for recreational
use in 15 (34). Given the legalization of THC consumption and the growing number of
shops selling a variety of merchandise, the number of cannabis users is on the rise. Easy
accessibility to THC containing products raises concerns regarding misuse (for example,
overuse/overindulgence and consumption by minors) and accidents under its influence. The
increasing potency of cannabis-related matters also poses threats to public safety (35).
Consequently, it would be desirable to have rapid quantitative tests to measure and monitor
THC concentrations in individuals. We developed the EPOCH system to help mitigate such
THC-associated risks. EPOCH has the following advantages: i) the assay is fast (3-min
sample-in-result-out) and robust to common interfering factors found in oral fluid; ii) it
produces quantitative data comparable to GC-MS; iii) the detection limit (0.17 ng/mL)

is below the regulatory guideline (1 ng/mL); and iv) the injection-molded cartridge and
compact detection system enable on-site testing. In a proof-of-concept study using oral
fluid samples from cannabis smokers and non-smokers, the EPOCH tests achieved excellent
accuracy.

Several engineering features resulted in the notable analytical capabilities of EPOCH. First,
we explored an advanced cartridge design, a disk-shaped MCE membrane with a small
orifice inlet. This geometry supported a higher flow rate (thereby faster assay) than a
conventional strip design, while at the same time concentrating input samples to a small
sensing area (high signal density). Based on an analytical model for the fluidic behavior,
we also optimized design parameters such as disk radius, inlet size, and membrane types,
to achieve fast assay speed (<3 min) and high sensitivity (<1 ng/mL). Second, the pre-
processing kit not only simplified sample handling but also kept the optimal stoichiometry
between oral fluid (20 pL) and reagents (AUNPap, 50 uL). This capacity promoted

assay reproducibility and enabled THC quantification and comparison among different
samples. Third, we adopted transmission optics for signal detection, exploiting the enhanced
light penetration in a wet membrane. Both theoretical calculations and experimental data
confirmed that the transmission mode generated larger signal changes than conventional
reflective detection. Together, these technical advances effectively transformed qualitative
lateral flow assays into fast, quantitative analytical tests, while using off-the-shelf raw
materials that are readily available.

The EPOCH approach has technical advantages over electrochemical sensing, an alternative
method for on-site THC testing (36) (see Table S3 for comparison). Since THC is a small

molecule, it is difficult to adapt conventional immunoassays that use a pair of antibodies for
THC capture and signal generation, respectively. Therefore, electrochemical sensors usually
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are based on intrinsic THC redox reaction (37, 38), indirect chemical reactions (39, 40),
or impedance spectroscopy (41) for signal generation; these methods tend to be sensitive
to media conditions, including electrolyte composition, presence of metabolites, and pH,
which can interfere with electrical measurements. The optics-based EPOCH is robust to
such interfering factors and maintains high specificity of an immunoassay. The binding
kinetics are also faster in EPOCH, as it confines target analyte in nanoscale pores and
thereby shortens the time for target capture (see Supporting Note for details; Fig. 3C).

Oral fluid is an appealing alternative to urine as a drug-testing matrix. From the logistics
aspect, oral fluid can be collected at almost any location and under observation, minimizing
the chance of alteration. More importantly, THC concentrations in oral fluid reflect those

in blood after cannabis smoking or vaping (42, 43) but are not influenced by oral intake

of therapeutic capsules, for example dronabinol (44). Measuring THC in oral fluid is also
less prone to concentration-dependent effects occurring in urine. As such, high oral THC
concentrations can be a valid indicator of recent cannabis use and potential drug-induced
impairment (45, 46). Combined with EPOCH’s speed and simplicity, the oral THC test has
the potential to become a practical surveillance tool. We do, however, recognize the need for
further studies to obtain robust performance statistics. These include i) analyzing samples
from second-hand THC smokers (47, 48); ii) testing the effect of other THC analogs, for
example AB-THC, on EPOCH results (49, 50); and iii) monitoring more time-lapse samples
to refine drug’s half-life in saliva (32, 33). Moreover, although not tested here, the EPOCH
analysis could also be applied to other bodily fluids. For example, testing breast milk,
wherein lipophilic THC can accumulate at high concentrations (51), could prevent babies’
inadvertent exposure to THC. EPOCH could also be used to evaluate the THC content of
cannabis products to safeguard users against accidentally consuming highly concentrated
THC products.

The current study has the following limitations, and we envision a few future developments.
First, separate modules in the current prototype need to be integrated into a single automated
device, which will enhance assay throughput and reliability. We could also consider
augmenting EPOCH by incorporating on-screen cognitive function tests, such as the digit
symbol substitution test (DSST), which can be administered while the oral fluid assay is

in progress (52, 53). As in the case of alcohol testing, combining molecular and cognitive
tests would enable a more accurate assessment of drug-induced impairment. Second, we
need to expand our longitudinal study of cannabis smoking with more frequent sampling
and larger cohorts, which will produce robust statistical data on THC pharmacodynamics

in oral fluid. Third, the cybersecurity feature of the current app will have to be upgraded

to meet legal requirements, such as Health Insurance Portability and Accountability Act
(HIPAA). This can be achieved by adopting a managed database service for data transfer
and app distribution. Fourth, we may adopt signal-amplification approaches to further boost
assay sensitivity. For qualitative tests, we could deposit metallic silver over AuUNPs; this
process will lower the detection limit (about 10-fold) by intensifying optical density at the
detection spots (54). Using other types of engineered-nanomaterials, such as Au nanocages
(55) and multimeric Au complexes (56), would be an alternative way to intensify optical
signal while maintaining analytical resolution. These strategies would render the EPOCH
assay comparable to ELISA in sensitivity but much faster in assay turnaround (<5 min vs.
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1-3 hours). Finally, testing targets could be expanded to include a broader panel of drugs.
Besides THC, other psychoactive substances, including opiates, amphetamines, cocaine, and
benzodiazepines, have been shown to be present in oral fluid after their recent use (21). It is
thus conceivable to run on-site, multi-panel EPOCH tests from a single oral fluid specimen
to rapidly identify drug types and initiate treatment for overdoses, for example naloxone for
opiates. These developments will position EPOCH as a cost-effective, versatile analytical
platform with applications in roadside and emergency situations as well as workplaces,
sports, and laboratories.

Materials and methods

Study design

The goal of this study was to develop a rapid, quantitative method for detecting THC
concentrations in oral fluid, with the aim of providing on-site tests for cannabis smoking.
We hypothesized that adopting a filter membrane with a radial flow would improve the
assay speed and sensitivity compared to the conventional lateral flow design (a rectangular
strip). We collected oral fluid samples from adults (over the age of 21) cannabis smokers

in Massachusetts, US. Cannabis smokers were asked to collect oral fluid after their usual
cannabis consumption to get high or stoned. Each smoker used his or her own cannabis
supply, and the intake method was restricted to smoking only. For the screening experiment,
the oral fluid collection window was within 10 minutes after cannabis smoking. In case

of the serial monitoring, three participants hourly collected oral fluid after their initial
cannabis smoking. No additional consumption of cannabis nor food was requested. For
edible product users, we asked them to collect oral fluid within 10 minutes after consuming
one or two THC-containing jellies (THC concentration >5 mg/piece). The control groups
were healthy volunteers with no history of drug use or recent medication. Study participants,
who met eligibility criteria and gave informed consent, were recruited on a rolling basis
(randomization non-applicable). The samples were from cannabis users (7= 43) and
controls (n7= 43), to obtain confidence interval (Cl) for sensitivity (from cannabis users)
and specificity (from controls). The sample size of 240 per each cohort was calculated to
set 95% CI < 0.1. With 43 cannabis-user samples, the observed sensitivity was 100% and
the estimated CI 92-100%; with 43 controls, the observed specificity was 100% and the
estimated Cl 92-100% (Clopper-Pearson method). All samples were measured at least 3
times (technical replica), and the mean values were used for analyses. The sample source
and test results were blinded until the statistics analyses. No data were excluded. This study
was approved by the Institutional Review Board of Massachusetts General Hospital (IRB
number 2019P003472, P1: Hakho Lee), and the overall procedures followed institutional
guidelines.

Sample collection

Self-administering cannabis users with their own supply were asked to collect oral fluid
samples within 10 minutes after smoking or THC-jelly consumption. Specifically, the users
were instructed to take a disposable swab (diameter, 1 cm; length, 1.5 cm) into the mouth
and roll it around for about one minute. Control samples were collected in the same manner
from volunteers who self-declared no history of recent or prior cannabis consumption. For
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the time-course monitoring, three cannabis smokers collected oral fluid samples hourly after
their last smoking. We purchased cylindrical oral swabs (SalivaBio Oral Swab, Salimetrics).
These swabs were cut in the middle of their length to fit into the sample processing kit. Each
halved swab collected about 0.5 mL of oral fluid.

Preparing gold nanoparticles conjugated with THC antibodies

We tested three THC antibodies (10-1388, Fitzgerald; 10-T43G, Fitzgerald; MBS568010,
MyBioSource) and chose the one (10-1388) that showed the highest sensitivity in the
EPOCH assay. 10 uL of 1 mg/mL THC antibody was added to a mixture of 1 mL of

gold nanoparticles (diameter, 20 nm; BBI solutions) and 100 pL of 0.1 M borate buffer
(ThermoFisher Scientific). After incubation at 20 °C for an hour, 10 pL of 10% protein saver
(Toyobo) was added to the mixture to block the unreacted gold nanoparticle surface. The
mixture was again incubated at 20 °C for an hour and then centrifuged (8000 x g) at 10

°C for 15 minutes. The supernatant was discarded, and the pellets were re-suspended in 10
mM borate buffer. The centrifugation and re-suspension were repeated two more times. The
final AUNP 5, solution was prepared with 1% polyvinylpyrrolidone (MilliporeSigma), 0.5
% surfactant 10G (Fitzgerald), and 1% dimethyl sulfoxide (MilliporeSigma) in phosphate-
buffered saline (PBS) buffer. About seven THC antibodies were adsorbed on a single
particle, and the conjugated particles were stable for at least 2 weeks at ambient storage
conditions (Fig. S14).

Sample processing kit

The device was designed to be injection-molded for mass production. For fast prototyping,
we fabricated mockup devices via mechanical machining. Polycarbonate, which is one of
the plastic materials for injection-molding, was used as a structural material and machined
via micro-milling (100 um micro-end mill). The sample processing kit is divided into four
parts: two inner halves for sample processing and two outer halves for sample storage. The
assembled kit (24 x 60 x 65 mm3) has two chambers, one for the oral swab and the other
for pumping. Each chamber is fitted with a plunger that can be manually actuated through
twisting motions. Other key design features are: (i) the swab chamber includes an inline
filter (pore size, 0.45 pm; HAWP02500, MilliporeSigma) to remove debris from natural
oral fluid; (ii) the oral fluid reservoir has overflow openings to collect a fixed volume of
oral fluid (20 pL). The collected oral fluid then mixes with AuNPap (50 L) that were
preloaded into the device. AUNPy, are retained under the oral fluid reservoir with off-axis
flow alignment with the reservoir outlet (see Fig. S2 for details); (iii) the fluidic channel has
a beehive-like expansion structure to enhance the mixing efficiency between oral fluid and
AUNP 4, (57-59); and (iv) the two processing kit outlets line up with the sensor cartridge
inlets for seamless sample delivery.

EPOCH sensor cartridge

The cartridge has two parts, a bottom tray and a cover plate, that were produced via injection
molding. These parts interlock mechanically by snap-fit (Fig. 3A) for easy assembly and
uniform contact between membrane sensors and plastic parts. Each cartridge contains two
membrane sensors, one as control and the other to test THC. The control assay membrane

is spotted with 1 pL of anti-mouse 1gG antibody (M8642, MilliporeSigma) to capture
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AUNPs conjugated with THC antibodies. The test membrane is spotted with a mixture of
anti-mouse 1gG antibody (M8642, MilliporeSigma), anti-BSA antibody (ab3781, Abcam,
UK), and THCgga (80-1051, Fitzgerald). The ratio between antibodies and hapten was
experimentally optimized (see Table S2). Each sensor is made of a 0.8-um MCE membrane
(diameter, 20 mm; AAWP02500, MilliporeSigma) sandwiched between two plastic films
(SealPlate® film, MilliporeSigma). A 0.35-mm inlet hole was punched at the center of the
top film before the lamination. A pair of sensors (control and THC test) was placed on an
additional film (41 x 20 mm?; SealPlate®) to fix their relative spacing. The assembly was
installed in the cartridge, keeping the sensor inlets aligned with the cartridge openings. The
cartridge was then put in a convection oven at 37 °C for an hour for drying.

Optical detection device

The cradle (80 x 85 x 65 mm?3) houses a printed circuit board for a 525-nm LED (XPEBGR,
Cree Inc.), a convex lens (LB1844-A, Thorlabs), a push-button switch for an LED on-off
control, and a 9 V battery (Fig. S9). The cradle was also designed to function as a base
stand for signal measurements; it docks with a smartphone (Galaxy S5, Samsung), has

an insert for the sensor cartridge, and provides a lightproof dark environment. When the
system is fully installed, the rear-facing phone camera, the lens, the THC detection spot

in the sensor cartridge, and the LED are aligned to get the transmission sensing image.
Using the lens (focal length, 5 cm) allows the camera to take a close-up of the detection
spot simultaneously, shortening the working distance between the camera and the sensor
cartridge (3.5 cm). The phone is inserted into the cradle upside-down, which decreases the
overall cradle size.

Smartphone app

We developed a smartphone app for image acquisition and data analyses (Fig. S1). For
image analyses, the program automatically defines five regions of interest (ROIS) in a
grayscale image: one ROl aynp for the detection spot where AuNP 5 are bound and the
other four ROIRgr as a background reference (Fig. S11). The area of the ROlIaynp IS the
same as the area sum of the four ROIggg. For each ROI, the total pixel intensity is obtained,
Ingnp from ROIpyNp, and /irer from four ROIRgg. As an analytical metric, the EPOCH
signal value (/epocn) is calculated as /epocH = (IRer - /aunp)/ lRer- The app has an internal
lookup table to convert /epocn to an estimated THC concentration in oral fluid. For each
test, the app stored raw images, ROI information, and geolocation data in a cloud server
using the phone’s wireless connection. For encrypted communications between clients and
servers, we used the transport layer security (TLS) functions. The app was written in a
programming language, Java, using Android Studio.

Binding kinetics

We used isothermal titration calorimetry (ITC) to measure binding interactions in the
following pairs: i) THC and AuNPap,; ii) THCgsa and AuUNPay; and iii) THCgga and
AUNP pp, complexed with THC. Prior to ITC, buffers of THC, THCgga and AuUNP pp, were
changed into 5% dimethyl sulfoxide (DMSO) in 1x PBS. THC (1 mg/mL) in methanol
was heated to 45 °C (2 hours) to evaporate methanol, and DMSO was added to make 4
mM THC solution. The solution was diluted in 1x PBS to obtain 200 uM [THC] in 5%
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DMSO. THCgsa (17.03 mg/mL) was buffer-exchanged and made to 300 pM THCgga in
5% DMSO. AuNP 4, solution was prepared as described above, and the buffer was changed
to 5% DMSO in 1x PBS. For ITC measurements, we used MicroCal PEAQ-ITC (Malvern).
The injection syringe was filled with either THC or THCggpa; the sample cell was filed

with AuNP ap solution or AUNP 4y, pre-complexed with THC. Titrant was injected from the
syringe to the sample cell, with one initial injection of 0.4 pL followed by 11 injections of 2
pL (THC to AUNPap, THCgsa to THC-AUNPap complex) or 1.5 L (THCgsa to AUNPap).
The sample cell was continuously stirred at 750 rpm. The obtained data were analyzed by
MicroCal PEAQ-ITC Analysis Software (Malvern).

Gas chromatography—mass spectrometry

Statistics.

Due to a regulatory restriction, we used tetrahydrocannabivarin (THCV; T-094, Cerilliant),
an analog of THC, as a standard material for GC-MS (7890B-5977A, Agilent Technologies,
US). The initial THCV (1.0 mg/mL) was two-fold serially diluted with methanol
(MilliporeSigma) to 1.0 ng/mL. The dilute THCV samples were injected into GC-MS
using an auto-sampler system (PAL, Agilent Technologies) with a 10 pL syringe at an
injection volume of 2 pL. About 80% of the syringe volume was filled with methanol for
the pre-cleaning process before measurement, followed by sample injection at a speed of
50 uL/s. The pre- and post-injection delays were each 500 ms. Initial GC temperature was
set to 30 °C, and the temperature gradually rose at a rate of 30 °C/min until it reached 325
°C. GC column (19091S-433, Agilent Technologies) was utilized with 6.4845 psi pressure,
1 mL/min phase moving speed (average speed of 36.074 cm/sec), resulting in 1.386 min
holding time. The acquisition mode was set to SIM/scan method. For comparison, we also
designed the membrane sensor for THCV and obtained a dose-dependent titration curve
(Fig. S15).

Statistical analysis was performed using GraphPad Prism version 9.0 (GraphPad Software
Inc.) or R version 3.6.1. For all statistical tests, Pvalues < 0.05 were considered significant.
We used Student #test to compare two groups. Multiple (=3) groups were compared via
analysis of variance (ANOVA), followed by Dunn’s multiple comparison test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. EPOCH assay overview.

[THC]
Signal detection

(A) The EPOCH system has three modules for on-site THC assay: i) a sample processing kit
for extracting oral fluid and labeling with AuNP ap,; ii) an injection-molded cartridge housing
membrane sensors; and iii) a detection cradle for optical signal detection. The processing

kit, paired with the sensor cartridge, delivers AUNP ap-oral fluid mixture to test and control
sites. The sample-spotted cartridge is inserted into the cradle and imaged by a smartphone
camera. (B) A photo of a compact prototype system. (C) 5-min THC detection. (Left) An
oral-fluid sample is collected using a swab. (Middle) oral fluid is extracted and mixed with
AUNP ap. The mixture is then spotted on a radial membrane sensor that has immobilized
THC competitors (THC haptens conjugated to BSA carriers; THCgsa). (Right) AUNPap
differentially binds to THCggpa according to oral THC concentration. Transmission through

the sensing spot is digitized for THC quantification.
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Fig. 2. EPOCH oral fluid processing.
(A) A sample processing kit designed to extract oral fluid and mix it with AUNPp. The

kit has two screw-type actuators (P1, P2) for pumping. The metering reservoir (right inset)
removes oral debris thorough an inline filter (0.45 pm cut-off) and collects a fixed volume
(20 pL) of oral fluid. (B) Two-step sample processing. Step 1, left: A user advances P1
through a twisting motion, which squeezes the oral swab and collects oral fluid in the
reservoir. Excess fluid exits through the overflow window; paths to other fluidic channels are
initially blocked. At the end of P1 twisting, the reservoir rotates 90° and makes a connection
to the AuNP ay, chamber. Step 2, right: Twisting P2 transports oral fluid to AuNP Ay, and
pushes the mixture through the stirring channel. The final sample is divided and delivered to
the detection cartridge. The operation time is 1 minute. (C) Oral fluid samples purified by
the processing kit flowed through porous membranes faster than centrifuged or native oral
fluid samples. The bar represents mean £+ SD from technical triplicates.
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Fig. 3. Engineering the EPOCH membrane sensor.
(A) Schematic of a cartridge. Two sensors, one for the loading control (C) and the other

for THC quantification (T), are assembled into a cartridge. Each sensor consists of a radial
membrane laminated with plastic films. The small inlet (diameter, @) confines samples

to pass through the region (red circle) where capture reagents are immaobilized. (B) Flow
rate (Q@g) in a radial sensor as a function of the membrane-pore diameter (aj). The solid
lines are from fluidic modeling, and solid dots from experimental observations (mean *

SD from quadruplicate measurements). The orange-shaded region indicates the required

Q@r (>6 UL/min) to meet the assay time of <3 min. (C) Péclet number of AuNPpy, inside

the membrane sensor. The blue-shaded region indicates low AP, (<1). Solid dots are from
experimental data (mean + SD from quadruplicates). (D) Membrane sensors with different
a)p. were configured (dj= 0.35 mm) to capture AUNP 5y, and optical signal was compared.
Data are shown as mean + SD from quadruple measurements. (E) EPOCH signal from

two detection modes (reflection and transmission) was simulated according to the Kubelka—
Munk (KM) theory. Under the 525-nm illumination, light transmittance ( 74 is higher than
reflectance (Rxuy). (F) Comparison of signal intensities from the transmission and reflection
modes. The input samples contained varying amounts of THC mixed with AUNPp. The
transmission mode produced higher analytical signals. Solid dots represent mean + SD from
technical triplicates; dashed lines are from KM simulation.
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Fig. 4. EPOCH assay characterization.
(A) Temporal signal changes measured at different THC concentrations. The assay followed

first-order Langmuir Kinetics. The inset (right) shows raw images of AuNP ay, binging

spots. (B) Net signal differences between THC-positive and control (no THC) samples.

(C) EPOCH measurements with THC spiked in phosphate-buffered saline (PBS) buffer

or oral fluid. The limits of detection were 0.12 (in PBS) and 0.17 (in oral fluid) ng/mL,

and the dynamic ranges spanned about 4 orders of magnitude. (D) EPOCH results were
compared with gas chromatography-mass spectrometry (GC-MS) and found to match well
(A% =0.987). (E) EPOCH measurements with oral fluid samples collected after activities
that affect the oral cavity environment: consuming coffee, smoking cigarettes, drinking beer,
and rinsing with mouthwash. Even at [THC] = 1 ng/mL, the signal was significantly higher
than background in all oral fluid types (P = 0.0005, one-sided #test). All data were obtained

from technical triplicate measurements and are displayed as mean + SD.
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Fig. 5. In-field EPOCH tests of oral fluid samples.
(A) The waterfall plot shows THC concentrations in oral fluid samples from 43 cannabis

users (40 cannabis smokers and three THC-infused jelly consumers) and 43 volunteers
with no history of cannabis use (13 tobacco smokers and 30 non-smokers). All cannabis-
user samples showed high THC concentration above the regulatory guideline (1 ng/mL
[THC]). Data are displayed as mean £ SD from triplicate measurements. (B) The oral

THC concentration was significantly higher in cannabis users than in controls (****P <
0.001, Dunn’s multiple comparison test). 71, non-significant. (C) Between male (M) and
female (F) cannabis smokers, the oral THC concentrations showed no significant difference
(P=0.086; two-sided #test). Each data point represents a mean value from triplicate
measurements. (D) Oral fluid samples from three cannabis users were serially monitored.
THC concentrations decreased over time and were expected to fall below the DRUID
threshold (dotted line) within 12 hours of cannabis smoking. (E) Temporal changes in THC
concentrations displayed a single-phase exponential decay (#2 = 0.995) with a half-life of
1.4 hours. The shaded area indicates a 95% confidence band. THC concentrations were
normalized against the initial value for each user. Data from three users are displayed as
mean = SD.
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