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Opioids collectively cause over 80,000 deaths in the United
States annually. The ability to rapidly identify these compounds in seized drug
samples on-site will be essential for curtailing trafficking and distribution.
Chemical reagent-based tests are fast and simple but also notorious for giving
false results due to poor specificity, whereas portable Raman spectrometers
have excellent selectivity but often face interference challenges with impure P —
drug samples. In this work, we develop on-site sensors for morphine and | &%rentamy ~ *

- + - + -
structurally related opioid compounds based on in vitro-selected oligonucleo- | Aptamer . . . - . - . . Heroin
heroin test specific

tide affinity reagents known as aptamers. We employ a parallel-and-serial

selection strategy to isolate aptamers that recognize heroin, morphine, | Abame . ...... - Fontamn

codeine, hydrocodone, and hydromorphone, along with a toggle-selection
approach to isolate aptamers that bind oxycodone and oxymorphone. We then | Marquis test . . . . . . . . speciic
utilize a new high-throughput sequencing-based approach to examine aptamer
growth patterns over the course of selection and a high-throughput
exonuclease-based screening assay to identify optimal aptamer candidates. Finally, we use two high-performance aptamers with
Kp of ~1 uM to develop colorimetric dye-displacement assays that can specifically detect opioids like heroin and oxycodone at
concentrations as low as 0.5 #M with a linear range of 0—16 yM. Importantly, our assays can detect opioids in complex chemical
matrices, including pharmaceutical tablets and drug mixtures; in contrast, the conventional Marquis test completely fails in this
context. These aptamer-based colorimetric assays enable the naked-eye identification of specific opioids within seconds and will play
an important role in combatting opioid abuse.
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conjugated purple-colored cation product.” The test, however,
is prone to false positives and negatives in response to cutting
agents, adulterants, and other drugs of abuse. For instance, the
test yields similar colors to those generated by opioids for
diverse substances such as acetylsalicylic acid, 3,4-methyl-
enedioxymethamphetamine (MDMA), and lysergic acid
diethylamide (LSD).*® When challenged with street drugs,
which are typically low in purity, these tests also suffer from
interference due to the mixing and/or masking of the color
produced by the drug with that arising from other substances
that generate their own distinct colors.”®’ Lateral-flow
immunoassays have recently emerged as a superior alternative
for drug detection in solid substances, particularly for fentanyl.
Although more specific than chemical tests, immunoassays
have also been shown to cross-react to interferents like
methamphetamine, MDMA, and diphenhydramine.® Recently,

Identifying and quantifying substances is crucial for a wide
variety of applications such as medical diagnostics, quality
control, and environmental monitoring.1 In the field of
forensics, advances in modern analytical techniques have
allowed for unprecedented insights into the crime scene, such
as through the detection of trace amounts of biological fluids,
drugs, genetic material, and explosives.” Most progress,
however, has been isolated to crime laboratories, while
tantamount advances in analytical technologies that can be
deployed on-site have severely lagged. For instance, the
identification of drugs in seized substances in the field is still
based on wet chemical techniques developed over a century
ago.” Although these approaches are quick and easy to
perform, they are notoriously prone to false results because the
reagents employed in these tests react with generic functional
groups that are shared by a broad range of compounds, such as
aromatic rings, amines, phenols, and indoles.* One common
chemical test is the Marquis test, which is often used to
identify morphine-like opioids and entails mixing a drug
sample with formaldehyde and sulfuric acid, where the
resulting reaction results in two opioid molecules being joined
together by formaldehyde to form a more extensively
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portable Raman spectrometers have been employed to identify
drugs like opioids based on inelastic scattering of light resulting
from vibrational transitions between ground and virtual excited
states.” This approach is potentially very powerful because
each molecule has its own unique Raman spectrum, which
makes it highly specific. Raman spectrometers excel at
identifying pure drugs; however, they face difficulties with
highly impure, heavily adulterated drug samples,'”'" and
generally have poor detection limits, precluding the detection
of drugs such as fentanyl, which may be present at only trace
amounts.'” Surface-enhanced Raman spectroscopy can over-
come some of these issues but entails extra costs for specialized
test kits and involves a more complex testing procedure.'”

Approaches based on bioreceptors could enable the specific
and sensitive detection of drug molecules because bioreceptors
recognize their target by interacting with multiple functional
groups of the target in space.”’ The most commonly employed
bioreceptors, antibodies, are generated via in vivo immune
processes, which enable little to no control over the binding
profile of the resulting antibody.'* As a result, they can
sometimes cross-react with molecules other than the target. In
addition, they are expensive and prone to batch-to-batch
variation, have short shelf lives, and denature at higher
temperatures or under harsh conditions."” Nucleic-acid-based
bioreceptors known as aptamers have the potential to
overcome current challenges associated with drug detection.
They are oligonucleotide receptors that bind to specific
molecules with high affinity and are isolated from randomized
libraries through a method termed systematic evolution of
ligands by exponential enrichment (SELEX).'*'” Since SELEX
is performed in vitro, the selection conditions and protocol can
be manipulated in order to obtain aptamers that have high
specificity toward one target'® or even a family of
compounds'® while not responding to interferents that are
commonly observed in many testing contexts. Aptamers also
have other advantages including low cost of production,
minimal batch-to-batch variation, and high stability.l" There
are several sensing platforms that are uniquely suited to
aptamers, such as electrochemical aptamer-based sensors™’ and
dye-displacement assays,”" which can enable the rapid and
simple detection of arbitrary analytes. For instance, we have
used recently isolated aptamers that bind to fentanyl and
several of its analogs to develop electrochemical and optical
sensors that can detect nanomolar quantities of these
drugs 2%

In this work, we utilized SELEX to isolate aptamers that
bind to morphine-like opioids and then used these aptamers to
develop colorimetric sensors for these targets. We first used the
parallel-and-serial selection'’ and toggle-selection®* strategies
to isolate two different sets of aptamers with differing binding
profiles. High-throughput sequencing (HTS) of the selection
pools revealed a variety of aptamer candidates, which we
subsequently screened for their binding properties using an
exonuclease digestion fluorescence assay.””® We determined
that one set of aptamers binds morphine, codeine, heroin,
hydrocodone, and hydromorphone, while another set binds
hydrocodone, hydromorphone, oxycodone, and oxymorphone.
We then characterized the binding affinity of these aptamers
using the gold-standard approach isothermal titration calorim-
etry (ITC) and utilized a set of high-quality aptamers to
develop dye-displacement assays. We observed that our
aptamer-based dye-displacement assay could detect heroin,
fentanyl, and pharmaceutical opioids by the naked eye via a
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color change that occurs within seconds, with no response to
structurally similar drug molecules dextromethorphan, cocaine,
methamphetamine, acetaminophen, and methadone. To
demonstrate the utility of our assay, we compared its sensing
performance to that of the Marquis test. Our aptamer assay
could identify minute quantities of fentanyl (8%) in heroin
samples and oxycodone directly in excipient-rich pharmaceut-
ical tablets. In contrast, the Marquis test completely failed
these tests. Finally, we simplified assay procedures to an extent
such that laypersons, such as law enforcement officials, can
easily perform opioid testing outside of laboratory settings.
Therefore, the aptamers and assays developed here will be of
great use for the screening of morphine-like opioids in seized
substances for forensic drug analysis.

Molecular biology grade water was purchased from Corning.
Ultrapure water with a resistivity of 18.2 MQ-cm was obtained
from a Milli-Q EQ 7000 water purification system. Exonuclease I
(Exo 1, E. coli; 20 U/uL) and TS exonuclease (TS Exo; 10 U/uL)
were purchased from New England Biolabs. Morphine sulfate hydrate,
codeine phosphate hydrate, heroin HCI, oxycodone HCI, oxy-
morphone HCI, hydrocodone HCI, hydromorphone HCI, acetyl
fentanyl HCI, fentanyl HCI, diazepam, alprazolam, clonazepam,
(+)-methamphetamine HCI, ethylone HCl polymorph B, and
methylnaltrexone bromide were purchased from Cayman Chemicals.
Acetaminophen, benzocaine HC], caffeine, cocaine HCI, chlorproma-
zine HCI, diphenhydramine HCI, lactose, mannitol, lidocaine HC],
naloxone HCI, naltrexone HCI, quinine hemisulfate monohydrate,
and sodium dodecyl sulfate were purchased from Sigma-Aldrich.
Noscapine HCI was purchased from the Tokyo Chemical Industry.
Papaverine HCI was purchased from Acros Organics. Levamisole and
xylazine HCI were purchased from MP Biomedicals. GoTaq Hot Start
Master Mix was purchased from Promega. The QIAquick PCR
purification kit was purchased from Qiagen. SYBR Gold, streptavidin-
coated agarose resin (capacity: 1—3 mg biotinylated BSA/mL resin),
0.5 M EDTA solution (pH 8.0), sulfuric acid (trace metals grade),
formaldehyde (37 wt %), and formamide were purchased from
Thermo Fisher Scientific. 3,3’-di(3-sulfopropyl)-4,5,4’,5'-dibenzo-9-
methyl-thiacarbocyanine (MTC) was synthesized in our laboratory.
All other chemicals were purchased from Sigma-Aldrich unless
otherwise specified.

Fentanyl is a potent opioid that could prove dangerous if mishandled,
and we followed precautions detailed in previous work to handle this
compound.”® Morphine-like opioids such as heroin, oxycodone, and
hydrocodone are less potent, and we therefore used standard personal
protective equipment (e.g., nitrile gloves, lab coat, long pants, and
closed-toe shoes) when handling these substances.

DNA oligonucleotides were purchased from Integrated DNA
Technologies with standard desalting purification. The random
library, PCR primers, and biotinylated 18-nt complementary DNA
(cDNA1S-bio) were HPLC purified. The random library was ordered
as machine-mixed. High-throughput sequencing data showed that the
nucleotides of the random region consisted of 22, 28, 22, and 28% of
A, T, C, and G, respectively (Figure S1). DNA was dissolved in
molecular biology grade water, and their concentrations were
determined using a NanoDrop 2000 Spectrophotometer (Thermo
Fisher Scientific). These oligonucleotide sequences can be found in
Table S1.

All experiments were performed in selection buffer [10 mM Tris—
HCl (pH 7.4), 20 mM NaCl, and 0.5 mM MgCL]. For dye
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displacement experiments, the selection buffer included 1% (v/v)
DMSO and 0.01% (w/v) SDS as a surfactant. Quenching solution for
exonuclease digestion assays contained 10 mM Tris—HCI (pH 7.4),
21 mM EDTA, 12.5% (v/v) formamide, and 1X SYBR Gold (final
concentrations).

A library-immobilized selection strategy was employed as previously
described.”” For each round, the library was mixed with a $-fold
excess of cDNA15-bio in selection buffer, heated to 90 °C for 10 min,
and slowly cooled to room temperature over 20 min in a water bath to
promote annealing. The library-cDNA complex was then immobilized
onto streptavidin-coated agarose beads loaded in a gravity column
(0.8 mL) and preconditioned with selection buffer. The library-bead
assembly was washed several times with the selection buffer to remove
nonspecifically eluting library strands. Counter-SELEX was performed
from round 2 onward to remove aptamers that bind to interferents.
Afterward, positive selection with the target was performed by adding
the target to the column and collecting all eluted library molecules.
These eluted strands were PCR-amplified under the following
reaction conditions: 2 min at 95 °C; 11 cycles of 95 °C for 15 s,
58 °C for 30 s, and 72 °C for 45 s; and finally, 5 min at 72 °C.
Successful PCR amplification of the library was confirmed using
agarose gel electrophoresis. The amplicons were then converted to
single-stranded DNA using streptavidin-coated agarose resin and
NaOH treatment.”” Finally, the pool was subjected to another round
of SELEX. Pool affinity and specificity were periodically assessed
using a previously reported gel-elution assay.”® Binding curves were
fitted with a modified one-site Langmuir equation:

n
X

y=8+(E S)x"+k"
where y is the percentage of pool elution, S represents pool elution at
a ligand concentration of zero, E represents the maximal value of pool
elution, « is the ligand concentration, k is the ligand concentration
producing half-maximal pool elution, and # is the Hill coefhicient.

Parallel-and-serial selection was employed to isolate cross-reactive
aptamers for heroin and morphine. First, parallel selection was
performed using heroin or morphine for six rounds to pre-enrich
individual pools, after which a gel elution assay*® was performed to
confirm target binding. To perform serial selection, 150 pmol of each
of the round 6 heroin and morphine pools were mixed and challenged
with heroin for one round, followed by morphine in the next round.
This selection was then repeated for rounds 3 and 4 of the serial
selection. A gel elution assay was used to determine the binding
affinity and specificity of the final pool. Details about the selection
conditions can be found in Tables S2—S4.

For the isolation of cross-reactive aptamers for oxycodone and
oxymorphone, a pool was first enriched using only oxycodone as the
target for six rounds. Then, a toggle selection strategy was applied,
such that in the seventh round, oxymorphone was used as the
selection target, followed by oxycodone during the eighth round. The
selection target was subsequently toggled between oxycodone or
oxymorphone for four additional rounds, after which the pool affinity
and specificity were confirmed using a gel elution assay. Details about
selection conditions can be found in Tables S5 and S6.

Serial selection rounds SO—4 for the morphine and heroin pools and
toggle selection rounds TO, T1, T2, T3, T4, and T6 for the oxycodone
and oxymorphone pools were subjected to Illumina-based HTS by
Azenta Life Sciences. Prior to submission, partial Illumina adapters
were added to each sequence via PCR amplification using customized
forward and reverse primers (Table S1, FP-HTS and RP-HTS).
Specifically, 100 nM of each pool was mixed with 1 gM FP-HTS and
RP-HTS and subjected to 10 PCR cycles under the following
conditions: 2 min at 95 °C; 9 cycles at 95 °C for 15 s, 58 °C for 30 s,
and 72 °C for 45 s; and finally, S min at 72 °C. The PCR product was
confirmed using polyacrylamide gel electrophoresis (PAGE) and then

1061

purified using the QIAquick PCR purification kit. A 20 ng/uL
solution of the purified pool was submitted for sequencing. For
analysis, the constant regions were removed from each pool using
cutadapt software.”” FASTAptamer’® was then used to obtain the
population of each unique sequence during SELEX as well as its
enrichment-fold between rounds.

The exonuclease di%estion fluorescence assay was performed as
previously described.”’ The aptamer (final concentration: 0.5 yM)
was first diluted in Tris buffer (final concentration: 10 mM, pH 7.4),
heated to 95 °C for 10 min, and immediately cooled on ice for 1 min.
NaCl (final concentration: 20 mM), MgCl, (final concentration: 0.5
mM), and BSA (final concentration: 0. mg/mL) were then
immediately added. 5 uL of the aptamer solution was then added
to 20 uL of buffer, target, or interferent dissolved in selection buffer at
various concentrations. The mixture was incubated at 25 °C for 30
min, after which 25 uL of selection buffer containing TS and Exo I
(final concentrations: 0.2 and 0.015 U/uL, respectively) plus 0.1 mg/
mL BSA was added to begin the digestion reaction. 5 yuL of the
sample was collected at various time points and added to 30 uL of
quenching solution in the wells of a 384-well black microplate. SYBR
Gold fluorescence was recorded using a Tecan Spark plate reader with
an excitation wavelength of 495 nm and an emission wavelength of
537 nm. The fluorescence was plotted against each time point to
construct the time-course digestion plots of each sample. Enzymatic
inhibition was measured in terms of resistance value, which is
calculated using the formula (AUC,/AUC,) — 1, where AUC, and
AUC, are the areas under the curve of the time-course data with and
without the target, respectively. The integration time was customized
for each aptamer and chosen as the point at which fluorescence
reached 10% of its initial value for the blank sample. The fluorescence
of each sample was recorded 10 times, and average values were used
for analysis.

ITC experiments were performed in selection buffer at 23 °C using a
Malvern MicroCal iTC200 instrument. Aptamer and target
concentrations used for ITC experiments are described in Table S7
for heroin-binding (HM) aptamers and Table S8 for oxycodone-
binding (OM) aptamers. 320 uL of aptamer in 10 mM Tris buffer
(pH 7.4) was heated to 95 °C for 10 min and then cooled
immediately on ice for 1 min. 40 L of 10X NaCl and 40 uL of 10X
MgCl, were then added to reach the final selection buffer conditions.
300 uL of the solution was loaded into the cell, and the syringe was
loaded with a minimum of 38.4 uL of either morphine or oxycodone
dissolved in selection buffer. During ITC experiments, an initial purge
injection of 0.4 L was performed followed by 19 successive injections
of 2 uL with a spacing of 180 s between each injection. The data were
then fitted with a one-site binding model using the MicroCal analysis
kit integrated into Origin 7 software.

Each dye displacement sensor was first tested to identify the optimal
aptamer-to-dye ratio as previously described.®” First, a 99 uL solution
of HM20 or OM9 was prepared at various concentrations 0,1,2,3,
4,5,6,7,8,9,and 10 uM) in 1.01X selection buffer containing SDS
(final concentration: 0.01% w/v) and incubated at room temperature
for § min. 1 L of 250 uM MTC dissolved in DMSO was added
directly to the solution and rapidly mixed. 72 uL of this mixture was
then loaded into the wells of a transparent 384-well microplate, and
the absorbance spectra were recorded using a Tecan Spark microplate
reader from 400—800 nm with a S nm step size.

The optimal aptamer concentrations for our dye displacement sensors
were 6 and 4 uM for HM20 and OM9, respectively. Each aptamer was
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Figure 1. SELEX targets and selection strategy. (A) Structure of the opioid targets. All opioids share the 4,5-epoxymorphinan core structure (drawn
in black) and vary at the indicated R groups and bond orders between C7 and C8 (indicated in red). Atom positions are numbered in blue. (B)

Library design. (C) Working principle of library-immobilized SELEX.

diluted to a volume of 39.2 uL at their respective concentrations in
1.01X selection buffer containing SDS (final concentration: 0.01%
(w/v)) and incubated at room temperature for S min, after which 0.8
L of 250 uM MTC in DMSO was added and rapidly mixed. The
mixture was then added to 40 uL of SDS-containing buffer with or
without a target (heroin for HM20, oxycodone for OM9). Final target
concentrations were 0, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, and 512
uM. Finally, 72 uL of the sample was loaded into the wells of a
transparent 384-well microplate, and the absorbance spectra were
recorded, as described above.

For specificity testing, the aptamer-dye complexes were prepared
using the same protocol, after which the mixture was added to 40 uL
of buffer containing 0.01% SDS, 25 uM target (oxycodone for OM9
and heroin for HM20) in buffer containing 0.01% SDS, or 50 uM
interferent (lactose, mannitol, cocaine, benzocaine, naloxone,
methylnaltrexone, levamisole, lidocaine, fentanyl, procaine, (+)-pseu-
doephedrine, diphenhydramine, (+)-methamphetamine, acetamino-
phen, xylazine, ethylone, alprazolam, diazepam, clonazepam, papaver-
ine, noscapine, quinine, or caffeine) in buffer containing 0.01% SDS.
For binary mixture testing, the aptamer-dye complexes were prepared
using the same protocol, after which the mixture was added to 40 uL
of buffer containing 0.01% SDS, 25 uM target (oxycodone for OM9
and heroin for HM20) dissolved in buffer containing 0.01% SDS, or
25 uM target mixed with SO0 pM interferent (lactose, mannitol,
cocaine, benzocaine, naloxone, naltrexone, methylnaltrexone, levami-
sole, lidocaine, fentanyl, procaine, (+)-pseudoephedrine, diphenhydr-

1062

amine, (+)-methamphetamine, acetaminophen, xylazine, ethylone,
alprazolam, diazepam, clonazepam, papaverine, noscapine, quinine, or
caffeine) in buffer containing 0.01% SDS.

Pills tested include Advil (200 mg of ibuprofen), Claritin (10 mg of
loratadine), Benadryl (25 mg of diphenhydramine), Mucinex (60 mg
of dextromethorphan and 1200 mg of guaifenesin), Tylenol (325 mg
of acetaminophen), generic hydrocodone (Tris Pharma Inc., GO3S; S
mg of hydrocodone and 325 mg of acetaminophen), and generic
oxycodone (4839 V; S mg of oxycodone and 325 mg of
acetaminophen). Each pill was placed in its own Ziploc bag and
gently crushed into a fine powder. The bag contents were then
transferred into a 25 mL centrifugation tube after dissolving in 10 mL
of DI water containing 10% MeOH (v/v) and allowed to extract for
30 min at room temperature on an end-over-end rotator. The extract
was then centrifuged at 5000 rcf for 10 min, and the supernatant was
filtered using a 0.45-um MCE syringe filter.

OM9 was utilized for oxycodone detection using the optimal aptamer
concentration. The aptamer was diluted to a volume of 39.2 uL in
1.01X selection buffer containing SDS (final concentration: 0.01%
(w/v)) and allowed to sit at room temperature for S min, after which
0.8 uL of 250 pM MTC in DMSO was added and rapidly mixed. The
mixture was then added to 40 uL of pill extract diluted S-fold in
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selection buffer. Finally, 72 uL of the sample was loaded into the wells
of a transparent 384-well microplate, and the absorbance spectra were
recorded as described above.

The Marquis reagent was prepared freshly before use.® Briefly, 1 mL
of concentrated sulfuric acid was added to 50 uL of formaldehyde
(37%) to create the working solution. Then, 100 L of the working
solution was added to 0.5 mg of solid powder pure drug (heroin or
fentanyl), interferent (caffeine, lidocaine, mannitol, or lactose), binary
mixtures containing 33% heroin and 67% of one of the four
interferents, binary mixtures containing 8% fentanyl and 92% of one
of four interferents, or ternary mixtures containing 33% heroin, 8%
fentanyl, and 59% of one of four interferents (all percentages are
based on mole percent). The reaction was allowed to proceed for at
least 1 min, after which photographs were obtained with a Nikon
D750 camera.

The Marquis reagent was prepared freshly before use, as explained
above. The tested pills included Advil (200 mg of ibuprofen), Claritin
(10 mg of loratadine), Benadryl (25 mg of diphenhydramine),
Mucinex (60 mg of dextromethorphan and 1200 mg of guaifenesin),
Tylenol (325 mg of acetaminophen), generic hydrocodone (Tris
Pharma Inc, GO035) (5 mg of hydrocodone and 325 mg of
acetaminophen), and generic oxycodone (4839 V) (5 mg of
oxycodone and 325 mg of acetaminophen). Samples were collected
by breaking each tablet into fourths and scraping off ~1 mg of tablet
material with a spatula. Then, 100 uL of the working solution was
added to the obtained solid powder and allowed to react for 1 min
before taking photographs.

For a field test for determining opioids in tablets, OM9 (final
concentration = 4 yM) was diluted to a volume of 89 uL in 1.1X
selection buffer containing SDS (final concentration: 0.01% (w/v)),
after which 1 uL of 250 uM MTC in DMSO was added and rapidly
mixed. The tablets mentioned above were broken into fourths, and
~1 mg of pill material was obtained by scraping its contents using a
spatula and adding it to a 0.2 mL tube. Subsequently, 20 uL of 10%
MeOH (v/v) in deionized water was added to the tube, and the
contents were vigorously shaken for 1 min, after which 10 uL of the
slurry was added to 90 uL of the aptamer dye solution. Samples were
then loaded into a 384-well white plate, and photographs were
obtained.

Opioids with structural similarity to morphine include the
opiate codeine and the semisynthetic opioids heroin, hydro-
codone, hydromorphone, oxycodone, and oxymorphone.
Morphine, codeine, heroin, hydrocodone, and hydromorphone
share the same N-methyl 4,5-epoxymorphinan core structure,
while oxycodone and oxymorphone contain a similar, yet
distinct, core that contains a hydroxyl group at carbon 14
(C14) in place of hydrogen (Figure 1A). We categorized these
seven targets into two groups based on the differences in their
core structure. Our goal was to isolate two different aptamers
that could recognize these two different core structures while
tolerating alterations at other substituent sites. Ideally, these
two aptamers combined should be cross-reactive to all seven
opioids with minimal false responses. Therefore, we performed
two independent selections using representative molecules
from each subfamily: one using morphine and heroin as targets
and the other using oxycodone and oxymorphone as targets.
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We performed library-immobilized SELEX with a 73-
nucleotide (nt) stem-loop-structured DNA library as pre-
viously reported.”” Each library molecule contains a 30-nt
random domain serving as the putative binding domain,
flanked by an 8-base-pair (bp) stem with two PCR primer-
binding sites at both termini. The library can hybridize to an
18-nt biotinylated complementary DNA, which we termed
cDNA1S5-bio because it forms a 15-bp duplex with the library
sequences, facilitating immobilization of the library-cDNA
complex onto streptavidin-coated agarose beads. Upon binding
of the selection target to a library strand, the aptamer
undergoes a conformational change, is displaced from the
cDNA, and is released into solution (Figure 1B). These target
binders are then collected and PCR-amplified to generate a
new single-stranded pool for another round of selection until
the pool displays high affinity for the target(s) (Figure 1C).
To enrich aptamers that can broadly recognize morphine-
related opioids, we utilized the parallel-and-serial selection
strategy that we employed previously to isolate class-specific
aptamers for the synthetic cathinone drug family.'® This
strategy includes two steps: the first step is to generate two
different pools, where each is enriched against an individual
target (i.e., parallel selection). The second step is to combine
these two pre-enriched pools and challenge the merged pool
with two targets sequentially (i.e., serial selection). Specifically,
we first performed two independent selections using morphine
and heroin as targets in parallel for six rounds to enrich target-
binding sequences (Figure S2A, rounds P1—P6). For rounds
P1-PS, we employed 500 uM target, reducing the target
concentration to 250 #M in round P6. Beginning from round
P2, counter-SELEX was performed to remove binders to
interferents commonly found in seized substances such as
cutting agents (caffeine, lactose, and mannitol), adulterants
(quinine, chlorpromazine, procaine, lidocaine, benzocaine,
diphenhydramine, levamisole, acetaminophen, and xylazine),
controlled substances (cocaine, diazepam, alprazolam, clona-
zepam, acetyl fentanyl, (+)-methamphetamine, (+)-pseudoe-
phedrine, and ethylone), endogenous compounds in the opium
plant (papaverine and noscapine), and opioid receptor
antagonists (naloxone, naltrexone, and methylnaltrexone)
(see Figure S3 for chemical structures). Counter-targets were
used at a concentration of 200—500 yM and were employed
individually or as a group; detailed selection conditions are
provided in Tables S2 and S3. During rounds P1-P6, the
proportion of pool eluted by the targets was relatively low,
even when adjusted per micromolar target concentration (0.3—
2%; Figure S2B). However, certain counter-targets such as
papaverine and noscapine eluted a sizable quantity of pool
during these rounds, ranging from 8-23%. This can be
attributed to the fact that these substances are capable of
nonspecifically binding double-stranded DNA.>*** We em-
ployed a gel elution assay to determine the target-binding
affinity of round PS5 and P6 heroin and morphine pools. For
both PS pools, we observed no binding to their respective
targets, indicating that these pools had not been sufficiently
enriched with target binders to be detectable by our gel-elution
assay (Figure S4A,B). However, the Round P6 heroin and
morphine pools displayed dissociation constants (Kp) of 50
uM (Figure S4C) and 30 uM (Figure S4D), respectively, with
maximum elution of ~14% for their respective targets.
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We then combined an equimolar quantity of the heroin and
morphine round P6 pools (Figure S2A, SO pool) and
performed two cycles of serial selection (Figure S2A, rounds
S1—54). Each cycle consisted of first challenging the pool with
heroin and PCR-amplifying binders and then challenging the
resultant pool with morphine. The rationale underlying this
strategy is that aptamers that can recognize both targets—and
perhaps target analogs like codeine, hydrocodone, and
hydromorphone—will be preferentially enriched relative to
those that bind only one target. In rounds S1 and S2, S0 uM
heroin and morphine were used, while 25 yM was used for
each target in rounds S3 and S4 (Table S4). For rounds S1 and
S2, heroin eluted 4.5% of the pool, while morphine eluted
12.1%. In rounds S3 and S4, the size of the eluted fraction rose
to 11.7% for heroin and 16.1% for morphine. The proportion
of pool eluted per micromolar concentration of the target
applied is shown in Figure S2B. We then characterized the
binding affinity and specificity of the resulting S4 pool by using
the gel-elution assay. The pool demonstrated a Ky, of 14 and 6
uM for heroin and morphine (Figure SS), respectively, and had
minimal response to most counter-targets at a 10-fold higher
concentration relative to the targets, including naloxone,
naltrexone, and methylnaltrexone; papaverine, noscapine,
diazepam, alprazolam, and clonazepam were used at 4-fold
higher concentration (Figure S2C). However, papaverine,
noscapine, and diazepam demonstrated cross-reactivities of
14.8, 9.2, and 10.6%, respectively. Nevertheless, since the pool
bound to the two selection targets with decent affinity, we
concluded this selection.

We then performed a separate SELEX to isolate cross-reactive
aptamers for oxycodone and oxymorphone. First, we pre-
enriched a pool using oxycodone (Figure S2D, rounds R1—
R6). We used 500 M oxycodone for rounds R1 and RS,
reducing this to 250 uM for R6. Oxycodone eluted a relatively
low proportion of library during these rounds (0.4—1.2%;
percentage of pool eluted per micromolar of the target is
shown in Figure S2E). Starting from round R2, we performed
counter-SELEX similar to the morphine-heroin selection
(Table SS). Papaverine, noscapine, diazepam, and a combina-
tion of cocaine, lidocaine, and benzocaine eluted ~20% of the
pool in rounds R2—4. In rounds R4 and R6, chlorpromazine,
acetyl fentanyl, and naloxone also demonstrated increased pool
elution relative to earlier rounds. We determined the binding
affinity of the round RS and R6 pools using a gel-elution assay.
Although the RS pool did not have any affinity for oxycodone
(Figure S6A), the R6 pool had a K, of 81 yM and maximum
pool elution of 12% (Figure S6B).

To enrich aptamers that cross-react to oxycodone and
oxymorphone from the R6 pool (Figure S2D, TO pool), we
applied a previously reported toggle SELEX strategy which
uses different targets during alternating rounds of selection.”*
Specifically, we first applied oxymorphone as a target followed
by oxycodone in the next round, alternating targets every
round for a total of six rounds (Figure S2D, rounds T1-T6).
Detailed selection conditions are shown in Table S6. For
rounds T1 and T2, 100 uM target was used, achieving 6 and
10% pool elution, respectively. However, when target
concentration was reduced to 25 yM in rounds T3 and T4,
pool elution, respectively, decreased to 3.8 and 5.6%.
Nevertheless, the pools from these rounds exhibited greater
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elution when adjusted per micromolar concentration of the
target relative to rounds T1—2 (Figure S2E). When target
concentrations were further reduced to 10 yM in rounds T35
and T6, absolute pool elution rose again to 11.3 and 11.8%,
respectively, indicating that cross-reactive aptamers were
successfully being enriched. Throughout the toggle rounds,
we noticed that papaverine, noscapine, and diazepam
consistently eluted a considerable amount of the library.
More importantly, the structurally similar counter-targets
naloxone and naltrexone were responsible for the highest
levels of pool elution, with an average of 5% for naloxone. After
round T6, we performed the gel-elution assay to characterize
the pool’s binding properties and determined Kps of 8.7 and
10.1 uM for oxycodone and oxymorphone, respectively
(Figure S7). This pool also demonstrated high specificity,
with no response observed against 10-fold higher concen-
trations of most interferents, even naloxone (Figure S2F).
Therefore, the toggle selection was successful in isolating cross-
reactive aptamers for oxycodone and oxymorphone.

Previous studies have shown that early pools from SELEX
comprise a high percentage of unique sequences, making
identification of aptamers challenging among the noise of
nonbinding sequences.”> We therefore submitted four serial
selection pools from the heroin-morphine (HM) SELEX and
five toggle selection pools from the oxycodone-oxymorphone
(OM) SELEX for HTS. From the HM pools, we sequenced
pools S0—4, obtaining 403,306,198,943, 189,690, 231,111, and
257,228 reads, respectively. For the OM pools, we sequenced
TO0—4 and T6, obtaining 493,257, 189,685, 219,578, 184,110,
185,984, and 159,168 reads, respectively. The diversity of
sequences in the pool decreased considerably during selection,
with the percentage of unique sequences in the serial selection
HM pools decreasing from 28.4% in SO to 1.1% in the final
round and from 32.3% in TO to 4.0% in T6 for the toggle-
selection OM pools (Figure S8). Overall, the OM pool was less
enriched in every round relative to the HM pool. Aptamer
candidates were chosen from each pool based on their
enrichment behavior. Specifically, candidates were separated
into four categories based on evolutionary trends, in which
sequence abundance: (1) continuously increased with an
exponential or linear growth rate (Figure 2A,B), (2)
consistently increased with a gradually diminishing growth
rate (Figure 2C,D), (3) peaked at some point (Figure 2E,F),
or (4) always decreased between rounds (Figure 2G,H). We
hypothesized that aptamers from category 1 most likely had
the highest target-binding affinities, whereas those from
categories 2 and 3 would possess moderate binding affinity.
For the final HM S4 pool, 41% of the pool was classified as
category 1, 3.4% was in category 2, 30% was in category 3,
0.8% was in category 4, and 25% did not meet the criteria for
any category (Figure S9). For the final OM T6 pool, 47% of
the pool was classified as category 1, 15.5% was in category 2,
15.5% was in category 3, 3.5% was in category 4, and ~18% did
not meet the criteria for any category (Figure S10).

We selected the top 10 candidates from category 1 (five
linear and five exponential), the top 10 candidates from
category 2, and the top five candidates from category 3 from
both the HM and OM pools for further affinity character-
ization. No sequences were selected from category 4, as these
may have had weak affinity to the selection target or strong
binding to a counter-target. For further characterization, we
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Figure 2. HTS analysis of enriched aptamer pools and binding affinity
characterization of isolated aptamers. Four categories of aptamers
were defined based on their growth pattern during SELEX: (A, B)
exponential or linear growth (Category 1), (C, D) gradually reducing
growth rate (Category 2), (E, F) peaked (Category 3), and (G, H)
declining between rounds (Category 4). ITC-derived binding affinity
of the 25 aptamers from categories 1, 2, and 3 isolated from (I) HM
(for morphine) and (J) OM (for oxycodone) SELEX.

synthesized these aptamers as 46-nt constructs with 8-bp
constant double-stranded stems and 30-nt loops, without PCR
primer-binding sites (Tables S9 and S10). Based on our
experience, this modification does not meaningfully affect
aptamer affinity. We used the gold-standard method ITC* to
determine the Ky, of these 50 candidates against morphine for
the HM aptamers (Figures S11—15) or oxycodone for the OM
aptamers (Figures S16—520). Ky, values ranged from 0.84 to
6.49 yM and 0.41 to 6.30 uM for HM and OM aptamers,
respectively (Figure 2I,] and Tables S7 and S8). On average,
aptamers from category 1 had higher affinity than those in
category 2 and 3. For example, the Ky, values of HM aptamers
from category 1 ranged from 0.84 to 4.52 uM, while those
from category 2 ranged from 2.18 to 5.61 M and category 3
ranged from 3.31 to 6.49 uM. A similar pattern held for the
OM aptamers. Unexpectedly, while HM383 and HM54 were
promising category 1 and 2 sequences, respectively, ITC
indicated that they did not bind the target. Since these
aptamers had very low read counts (473 and 38.8 reads per
million, respectively), the use of enrichment-fold as a metric to
assess aptamer quality might have been unreliable. These HTS
data indicate that selecting aptamer candidates based on their
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growth rate throughout multiple later SELEX rounds, where
the abundance of such sequences is sufficiently high that HTS
could reliably quantify them,” might be a promising positive
predictor of aptamer quality.

We then characterized the binding properties of each aptamer
candidate using a fluorescence assay based on the 5'-3" DNA
exonuclease, TS Exonuclease (TS Exo), and the 3’-5' single-
stranded DNA exonuclease, Exonuclease 1 (Exo I1).*' TS Exo
and Exo I digest DNA aptamers into mononucleotides in the
absence of ligand, but digestion is inhibited when the aptamer
is bound to a ligand in a manner dependent on ligand
concentration and aptamer-ligand affinity (Figure 3A).
Monitoring the digestion process over time (for instance,
with a DNA-binding fluorescent stain like SYBR Gold) can
provide a measure of ligand binding affinity and specificity.””
We quantify this interaction using the metric resistance value
(Ryaie), which is equal to the ratio of the area under the curve
(AUC) of the digestion time-course plot with versus without
target minus 1. We began by digesting each candidate with TS
Exo and Exo I in the absence or presence of 100 M heroin for
HM aptamers and 100 yM oxycodone for OM aptamers. In
total, 22 HM candidates (Figure 3B) and 14 OM candidates
demonstrated moderate to high enzymatic inhibition (R, >
0.2) (Figure 3C). All other aptamers had little to no inhibition
(Ryaiwe < 0.2). We next assessed the cross-reactivity of the 22
HM aptamers and 14 OM aptamers to seven opioid analogs
(heroin, morphine, codeine, oxycodone, hydrocodone, oxy-
morphone, and hydromorphone) at a concentration of 100 yM
using the TS/Exo I assay. Except for HM2S, most HM
aptamers demonstrated the ability to bind heroin, morphine,
codeine, hydrocodone, and hydromorphone with similar levels
of enzymatic inhibition. Only five aptamers (HM1 HMOY,
HM16, HM20, and HM24) also responded to oxycodone and
oxymorphone with cross-reactivity of 40—60% (Figure 3D).
All OM aptamers were able to bind oxycodone and
oxymorphone with high cross-reactivity (80—112%), but
these also had differing cross-reactivity for the other opioids.
In particular, OM3, OM4, and OMS also cross-reacted to
hydrocodone and hydromorphone at a level of 80—130%, but
these aptamers had a significantly weaker response to
morphine, heroin, and codeine (<25% cross-reactivity) (Figure
3E).

We then assessed the specificity of these aptamers against
the counter-targets at a concentration of 250 uM (100 uM for
papaverine, noscapine, alprazolam, diazepam, clonazepam)
relative to 100 uM target using the TS Exo/Exo I assay. Most
HM aptamers did not respond to the synthetic opioids fentanyl
and acetyl fentanyl (Figure 3D), which is imperative for the
practical use of these aptamers given that seized drugs and
counterfeit medications are often adulterated with such
substances.””*® HM2, HM4, HM20, HM29, HM30, and
HM31 were the most specific aptamers, with cross-reactivities
<10% to all tested interferents. The remaining HM aptamers
had moderate to severe cross-reactivity to various counter-
targets. Notably, although papaverine consistently eluted a
large quantity of the pool during counter-SELEX, all aptamers
had minimal cross-reactivity to this compound except for HM1
and HM31.2 (20—22% cross-reactivity). For the OM
aptamers, OM3, OM4, OM9, OM14, OM16, and OM19
had high specificity against all interferents, even naloxone, with
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Figure 3. Use of exonuclease digestion fluorescence assays to determine the binding profile of opioid aptamers. (A) Scheme for the TS Exo/Exo I
fluorescence assay. (B, C) Resistance values for HM and OM aptamers in the presence of 100 M heroin and 100 uM oxycodone, respectively. (D,
E) Specificity of HM and OM aptamers for various opioids and interferents as determined using the TS Exo/Exo I fluorescence assay. Heroin,
morphine, codeine, hydrocodone, hydromorphone, oxycodone, and oxymorphone were tested at 100 yM. Interferents were tested at a
concentration of 250 uM, except for alprazolam, diazepam, clonazepam, papaverine, and noscapine, which were tested at 100 M in solution
containing 1% MeOH. Data are presented as heat maps, with each square representing one aptamer and color intensity corresponding to resistance
value. Increasing color intensity indicates higher resistance values and hence tighter aptamer-ligand binding. We performed two independent trials,

and the data represented here represent the average from all trials.

<15% cross-reactivity. Among these, OM4, OM9, OM14,
OM16, and OM19 had zero cross-reactivity to naloxone, which
is impressive given the high degree of structural similarity

between oxycodone/oxymorphone and naloxone. Other OM
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aptamers had poorer specificity, particularly against naloxone

(Figure 3E).

Based on these data, we identified three different types of

cross-reactive aptamers with a particular pattern of preference
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Figure 4. Detection of heroin and fentanyl using aptamer-based dye-displacement assays. (A) Secondary structures of HM20 and F17 based on
NUPACK predictions. (B) Scheme of the dye-displacement assay using HM20, F17, and MTC (purple bars indicate monomeric/dimeric forms of
the dye; blue bars indicate J-aggregates). (C) Photographs taken S min after addition of various concentrations of heroin to solutions of MTC alone
(—HM20) or HM20-MTC complexes (+HM20). (D) Signal gain and cross-reactivity of the displacement assay to various interferents relative to
the response to heroin. Photographs of samples were taken S min after adding mixtures of 25 uM heroin and 50 yM interferent to HM20-MTC
complexes. (E) Detection of heroin in binary mixtures of 25 uM heroin (~33%) with 50 uM interferent (~67%). (F) Absorbance spectra of
HM20-MTC complexes in the presence of a 33:8:59 mixture of heroin, fentanyl, and an interferent (caffeine, lidocaine, lactose, or mannitol) as well
as each interferent alone. These spectra overlap for all four drug mixtures and all four interferent samples. (G) Photographs of the dye-displacement
assays analyzed in panel F (top) as well as equivalent assays performed with the fentanyl-specific aptamer F17 (bottom). (H) Photographs of
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for the opioid targets. The first, which includes most HM
aptamers (of which HM20 was the best performing), binds to
opioids containing hydrogen at Cl14, such as morphine,
codeine, hydrocodone, and hydromorphone with >90%
cross-reactivity relative to heroin. However, they do not
recognize opioids with a hydroxyl group at C14, such as
oxycodone and oxymorphone, or the opioid antagonists
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naloxone, naltrexone, and methylnaltrexone. This information,
along with the fact that the aptamers tolerate substitutions at
C3 and C6 and have no preference for the double bond
between C7 and C8, indicates that most HM aptamers interact
with the A, B, and D rings of opioids, where substituents at C3
and C6 most likely face away from the aptamer and toward the
solution. The second type, of which OM9 has the best affinity
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and specificity, recognizes opioids with a C14 hydroxyl group,
such as oxycodone and oxymorphone, with similar levels of
affinity and exhibits less cross-reactivity (<50%) to hydro-
codone and hydromorphone, which lack the hydroxyl group at
C14 but retain the C6 ketone group. However, these aptamers
did not bind morphine, heroin, or codeine, which lacked both
of these groups. The moderate cross-reactivity of OM9 to
naloxone demonstrates that the hydroxyl group at Cl14 is
important for binding, whereas bulky substituents at the amino
group decrease the affinity. The intolerance of the aptamer for
such substituents is further evidenced by the complete lack of
affinity for naltrexone and methylnaltrexone, which feature a
methyl cyclopropyl substituent. The third aptamer type, of
which OM4 was the best performer, bound oxymorphone,
hydrocodone, and hydromorphone with >90% cross-reactivity
relative to oxycodone, but had no affinity to morphine, heroin,
or codeine, which all lack the C6 ketone. This indicates that
the keto moiety on the C ring is an essential interaction point
for this aptamer, and its tolerance to variation at C6 and C14
suggests that it primarily interacts with the C and D ring
systems of opioid molecules.

We used HM20, the aptamer with the highest affinity and
specificity from our selections (Figure 4A), to develop
colorimetric aptamer-based dye-displacement assays”' for on-
site detection of opioids in seized substances and counterfeit
pills. Based on our previous work, we employed the DNA-
binding cyanine dye 3,3’-di(3-sulfopropyl)-4,5,4',5'-dibenzo-9-
methyl-thiacarbocyanine (MTC),””*° which binds aptamers as
monomers and dimers in the absence of target. When the
target is added to the aptamer-dye complex, the dye is liberated
into solution and forms J-aggregates, resulting in a purple-to-
blue color change (Figure 4B). To detect heroin, we first
optimized the concentration of HM20 required to deplete
MTC aggregates and form aptamer-dye complexes by mixing
2.5 uM MTC with various concentrations of the aptamer (0—
10 M) in aqueous buffer. We observed an increase in
monomer and dimer absorbance at 585 and 550 nm,
respectively, and a decrease in J-aggregates that absorb
maximally at 650 nm as a function of aptamer concentration,
with nearly 90% bound to the aptamer at ~6 yuM aptamer
(Figure S21). Notably, unlike other aptamers we have tested
with MTC previously,”> HM20 prefers to bind MTC dimers as
opposed to monomers. Since the dimer has an absorbance
peak that is farther from the J-aggregate absorbance peak, this
potentially increases the assay color contrast to allow for more
confident identification of a color change with the naked eye.

We then challenged the aptamer-dye complexes with varying
concentrations of heroin (0—512 M) and observed a target-
concentration-dependent increase in J-aggregate absorbance
and decreases in dimer and monomer absorbance (Figure
S22A). To quantify the signal change, we calculated the ratio
between the AUC of the absorbance spectra between 590—680
nm (for J-aggregates) and S00—590 nm (for monomers/
dimers). Using this ratio, we calculated signal gains and plotted
these values as a function of target concentration to construct a
calibration curve (Figure S22B). Based on these data, the assay
had an instrumental limit of detection of 0.5 yM with a linear
range from 0—16 uM (Figure S22C). A control experiment
performed by mixing the dye with varying concentrations of
heroin demonstrated that the target itself does not perturb the
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dye aggregation state or absorbance spectra (Figure S22D).
Notably, the presence of heroin can be clearly identified at
concentrations as low as 8 M with the naked eye via a purple-
to-blue-green color change (Figure 4C), which is sufficiently
sensitive for detecting opioids in seized drug samples. We then
determined the specificity of the assay against a variety of
ligands commonly found in illicit drug samples. Since the
purity of heroin is often 30—350%,"""* we assessed the
specificity of our assay by challenging aptamer-dye complexes
with 25 uM heroin or 50 uM interferent. The assay did not
have any meaningful cross-reactivity to any of these
interferents, and only the heroin sample induced a purple-to-
blue-green color change that was visible to the naked eye
(Figure 4D). We then challenged the assay with binary
mixtures of 25 uM heroin (~33%) and 50 uM interferent
(~67%) and did not observe that any of these interferents
altered the signal produced by heroin, demonstrating the
excellent specificity of the assay (Figure 4E).

Heroin, among other drugs, is increasingly being laced with
fentanyl.*" To determine if our assay could specifically detect
heroin in drug mixtures, we combined heroin (33%; 25 uM)
with fentanyl (8%; 6 M) and one of four common cutting
agents, caffeine, lidocaine, lactose, or mannitol (59%; 45 uM).
We challenged the HM20-based dye-displacement assay with
these mixtures and found that the assay could specifically and
accurately detect heroin, even in the presence of cutting agents
and fentanyl (Figure 4F). More impressively, the color
produced in fentanyl-containing samples (Figure 4G, heroin
specific) was almost identical to fentanyl-free samples (Figure
S23). To determine if our assay could detect both heroin and
fentanyl, we utilized our recently isolated aptamer F17, which
binds fentanyl with nanomolar affinity, to detect this drug in
these drug mixtures.””>’ The F17-based MTC-displacement
assay could detect fentanyl via a purple-to-blue-green color
change despite its low quantity in the drug mixture regardless
of the absence (Figure S24) or presence of heroin (Figures S25
and 4G, fentanyl specific), without any response to other
interferents. These results are consistent with ITC data
indicating that HM20 does not bind to fentanyl (Figure
S26A) and F17 does not bind heroin (Figure S26B). Our
aptamer-based dye-displacement assays thus enable visual
detection of heroin and fentanyl in a specific and sensitive
manner, even in complex mixtures containing both drugs and
other interferents.

Our aptamer-based dye-displacement assays are much more
specific and selective for drug testing relative to the widely
used Marquis test for opioids.”®” To demonstrate this, we
detected heroin and fentanyl alone or in a binary mixture
together with one other interferent (lactose, lidocaine, caffeine,
or mannitol) as well as each interferent alone. When
challenged with the Marquis reagent, the interferents yielded
a nearly colorless solution, except for lidocaine, which
produced a brown color, (Figure 4H). Binary mixtures
containing 33% heroin and 67% interferent yielded a dark
purple color (Figure 4H), which matches the characteristic
color heroin produces in the Marquis test (Figure S27). Binary
mixtures containing 8% fentanyl and 92% interferent turned
dark brown (Figure 4H), which is the signature color of
fentanyl for this test (Figure S27). However, given that
fentanyl and lidocaine yield similar colors, it is not possible to
differentiate between drug-positive and drug-negative results
with this interferent. In ternary mixtures containing 8%
fentanyl, 33% heroin, and 59% interferent, the dark purple
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Figure S. Utilizing the dye-displacement assay and OM9 to detect oxycodone. (A) Secondary structure of OM9 based on NUPACK prediction.
(B) Absorbance spectra of OM9-MTC complexes in the presence of various concentrations of oxycodone, with the purple-to-blue-green color

gradient representing increasing concentrations. (C) Calibration curve for

oxycodone detection. (D) Photographs taken S min after addition of

various concentrations of oxycodone to solutions of MTC alone (—OM9) or OM9-MTC complexes (+OM9). (E) Assay specificity against 25 uM

oxycodone or 50 uM interferent, with cross-reactivity shown relative to oxyc

odone. (F) Assay response to binary mixtures of 25 4uM oxycodone and

S0 uM interferent. (G) Absorbance spectra of OM9-MTC complexes challenged with oxycodone tablet extract as well as extracts of six other
prescription or over-the-counter drugs. (H) Quantified assay response to these extracts, and (I) photographs of the aptamer-based MTC-

displacement assay results for both extensively processed pill extracts (top)

and minimally processed pill powders (middle), as well as Marquis test

results for each pill powder. In panels H and I, numbered tablets are (1) Advil, (2) Claritin, (3) Benadryl, (4) Mucinex, (5) Tylenol, (6) generic
hydrocodone/acetaminophen, and (7) generic oxycodone/acetaminophen. Error bars represent the standard deviation of three independent

experiments.

color produced by heroin completely masked the color
produced by fentanyl, resulting in a true positive for heroin
but a false negative for fentanyl. These results highlight the
insufficiencies of this standard chemical test for forensic drug
testing and demonstrate the added value that aptamer-based
tests can bring to the field.
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We next developed an MTC displacement assay using OM9
(Figure SA) for the detection of oxycodone. Aptamer
optimization experiments indicated that 85% of the dye was
bound to the aptamer at 4 uM OM9 (Figure S28). We then
challenged the aptamer-dye complexes with various concen-
trations of oxycodone (0—512 uM) (Figure SB,C) and were
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able to observe a color change with the naked eye at 8 uM
oxycodone (Figure SD), with an instrumental detection limit
of 0.5 uM and a linear range from 0 to 16 uM (Figure S29).
Control experiments confirmed that oxycodone itself does not
perturb the aggregation state or absorbance spectrum of the
dye in the absence of aptamer OM9 (Figure S30). We also
determined the specificity of the assay by challenging MTC-
OM9 complexes with 25 yM oxycodone or S0 yM of a wide
range of interferents. OM9 demonstrated excellent specificity,
with little to no response to any of the interferent molecules
and only oxycodone produced a visible purple-to-blue-green
color change (Figure SE). Finally, we challenged the assay with
binary mixtures of 25 yM oxycodone and 50 uM interferent
and observed identical color changes and signal response from
oxycodone, whether or not interferents were present (Figure
SF).

Diversion and counterfeiting of prescription opioid pills
containing oxycodone and hydrocodone have been major
contributors to the opioid epidemic. We assessed whether the
OM9 dye-displacement assay could accurately differentiate
legitimate opioid-containing prescription medicines from other
pharmaceutical tablets. Specifically, we tested the response of
the assays to a 5 mg hydrocodone tablet containing 325 mg
acetaminophen and a 5 mg oxycodone tablet with 325 mg
acetaminophen, as well as other common over-the-counter
drugs including Advil (200 mg ibuprofen), Claritin (10 mg
loratadine), Benadryl (25 mg diphenhydramine), Mucinex (60
mg dextromethorphan and 1200 mg guaifenesin), and Tylenol
(325 mg acetaminophen). First, as a proof of concept, we
performed a standardized laboratory-based extraction protocol
to assess whether our assay could positively detect oxycodone
from tablet extract solutions. The assay yielded a positive
response to the oxycodone tablets, with a clear purple-to-blue-
green color change, and little to no response to the other
tablets (Figure SG—I). This is impressive as dextromethor-
phan, the active ingredient in Mucinex, has a high degree of
structural similarity to oxycodone. Another advantage of the
dye-displacement assay is that, due to its high sensitivity, we
could heavily dilute colored interferences (e.g, in Advil,
Benadryl, and Mucinex tablets) while still being able to detect
the target via the naked eye (Figure SI).

Having established that our assay could detect extracted
oxycodone from a tablet, we next established a facile dye
displacement protocol that can be used in field settings by
laypersons. The tablets were first cut in half and then mixed
with 10% methanol in water, shaking vigorously for 1 min,
effectively breaking the pill down into a slurry. Then, the
solution was mixed with an aptamer dye solution, which
caused an instantaneous change in color from purple to blue
(Figure SI, pill powder). In contrast, we observed no color
change for the pharmaceutical tablets that did not contain
oxycodone. With Benadryl, we did note a slight red hue in the
solution, which can be attributed to the coloring agents from
the pink tablet itself, but the result was nevertheless
unambiguously negative. We also performed the Marquis test
on the same panel of tablets (Figure SI, Marquis test). Advil
and Bendaryl, which respectively contain ibuprofen and
diphenhydramine, yielded orange-brown colors that could be
easily mistaken for the readout produced by fentanyl,
highlighting the test’s lack of specificity. In addition, Mucinex
produced a black color, mainly due to the presence of
dextromethorphan, which could be confused with a positive
readout for heroin. Finally, the Tylenol tablet and oxycodone
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tablet both yielded the same purple-brown color, indicating
that the two tablets cannot be distinguished from each other or
other licit tablets. Clearly, our aptamer-based dye displacement
assays offer a superior on-site screening test for differentiating
actual opioid-containing tablets from other over-the-counter or
prescription medicines.

We performed in vitro selection to isolate DNA aptamers that
bind to morphine-related opioids. Our aptamers bind to these
targets with submicromolar to micromolar affinity and have
excellent specificity. Based on our previous experience
obtaining nanomolar-affinity aptamers for small-molecule
targets, we expected that we would obtain opioid-binding
aptamers with Kp < 100 nM due to the abundance of
functional groups contained by morphine-like opioids
including aromatic rings, amines, hydroxyls, and carbonyls.
However, the aptamers we isolated here only had an average
Kp of 1 yM. The Smolke group previously isolated RNA
aptamers for codeine with K, of 2.5—4.0 uM," which suggests
that aptamers may generally face difficulty binding to bulky
molecules like morphinan opioids. This may not be strictly
true, however, since aptamers have been reported recently that
bind oxycodone and hydrocodone with nanomolar affinity.**
Unfortunately, the sequences of these aptamers—as well as
their specificity against a diverse range of interferents—were
not reported. Notably, both our selections and those
performed by the Smolke group entailed counter-SELEX
against nontargets that were very structurally similar to the
selection targets. In this work, we used naloxone, naltrexone,
and methylnaltrexone, whereas the Smolke group performed
counterselection against morphine. We hypothesize that the
use of counter-targets with a high degree of structural similarity
to the target can eliminate high-affinity aptamers from the
library that happen to recognize functional groups shared by
the target and counter-targets. This hypothesis is also
supported by our experience with the isolation of highly
specific aptamers for the stimulant 4-methylmethcathinone, in
which we performed counter-SELEX against numerous
structurally similar molecules such as 4-methoxymethcathi-
none; the resulting aptamers only had micromolar affinity.”’
Since we focus on the detection of opioids in seized
substances, the specificity of the aptamer assay becomes much
more significant relative to its LOD given that the drug will
almost always be present at fairly considerable concentrations
in a true-positive scenario involving actual contraband or
prescription medications. Here, we were able to successfully
utilize the newly isolated HM20 and OM9 aptamers and the
organic dye MTC to develop dye displacement assays for
detecting opioids. In general, these assays are not only sensitive
and specific but also rapid—requiring only seconds for a color
change—and easy to perform onsite. We demonstrated that
these assays could detect oxycodone, heroin, and fentanyl in
complex mixtures with a purple-to-blue-green color change
without meaningful interference or matrix effects. For instance,
using HM20 and the fentanyl-binding aptamer F17, we could
accurately detect the presence of 33% heroin and 8% fentanyl,
respectively, in the presence of ~60% interferent without any
crosstalk. We also showcased the ability of our assay to identify
oxycodone in prescription tablets without any false positives to
commonly used over-the-counter medications, including
ibuprofen, loratadine, diphenhydramine, acetaminophen, and
dextromethorphan/guaifenesin. These results highlight both
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the excellent specificity of our aptamers and the robustness of
the dye-displacement assay platform. These assays are superior
for on-site drug testing relative to conventional chemical drug
tests such as the Marquis test for several reasons. First, and
most importantly, chemical tests can yield similar color
responses to nontarget compounds, resulting in false
positives—including from legal, commonly used medications
like Tylenol. Second, when drugs are heavily cut with other
illicit drugs, cutting agents, or adulterants, the color produced
by the target in question can be masked or mixed with colors
produced by other substances in the mixture, resulting in false
negatives. Our assay is therefore significant because it has
solved a long-standing problem that no other in-field analytical
approaches could address. We also demonstrated that our test
can be performed by simply mixing the aptamer-dye solution
with a crushed and dissolved drug sample and observing an
immediate color change by the naked eye. We believe that this
assay is therefore feasible for first responders and law
enforcement personnel to augment drug interdiction efforts
and prevent harm associated with the consumption of opioid-
adulterated substances.

High-throughput DNA sequencing data can be found online at
the NIH Sequencing Read Archive by using the name of this

paper.
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