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ABSTRACT: Opioid availability and use have expanded in recent years, leading
to a dramatic increase in overdose-related deaths and presenting occupational
hazards resulting from exposure to fentanyl and related agents. The high potency
of fentanyl is especially concerning given that it is often added to other illicit drugs
of abuse in poorly defined quantities; its presence may furthermore be unknown to
the user or other individuals encountering the drug substance. Supramolecular
macrocycles from the cucurbit[n]uril family are known to bind fentanyl and related
agents. Here, the selectivity of CB[7] to bind fentanyl in solution is demonstrated
by competitive NMR studies with 1 mol % fentanyl in complex drug mixtures of
either cocaine or diphenhydramine, which are common cutting agents. A thiolated
version of the CB[7] macrocycle is also synthesized for the first time, thereby enabling the direct attachment of CB[7] to the surface
of silver nanoparticles (AgNPs). The ability to modify nanoscale colloids with CB[7] has direct application as capture agents in
conjunction with the use of AgNPs for surface-enhanced Raman spectroscopy (SERS). When compared to unmodified CB[7], the
thiolated CB[7] offers a significant enhancement in fentanyl detection using AgNPs and SERS, with a limit of detection of 0.37 nM.
Despite these improvements, nonspecific binding of the fentanyl to the AgNPs surface remains, limiting the specificity and selectivity
of fentanyl capture in conjunction with SERS detection. However, the binding selectivity of CB[7] toward fentanyl suggests that it
could be leveraged in the design of nanomaterial sensor platforms for the measurement of fentanyl and related compounds in
complex mixtures of illicit drugs.
KEYWORDS: supramolecular chemistry, nanotechnology, spectroscopy, opioids, sensors

1. INTRODUCTION
A national emergency surrounds the present epidemic of
opioid abuse and overdose in the USA.1 Among opioid drugs
of abuse, fentanyl poses a particular threat due to its potency
and ease of illicit manufacture.2,3 The addition of small
quantities of fentanyl into common drugs, such as cocaine and
heroin, is one of the leading causes of opioid overdose and
death.2,3 Moreover, the exposure to even milligram quantities
of fentanyl presents a serious environmental threat to the safety
of first responders.3,4 Consequently, recent efforts have focused
on developing new methods and protocols capable of detecting
fentanyl at relevant low concentrations.5−10 While technologies
exist to reliably detect fentanyl at dilute concentrations, its
selective detection and quantification when in complex
mixtures of other drug substances present remaining
challenges.
Molecular containers of the cucurbit[n]uril (CB[n]) family

have shown promise as synthetic receptors capable of binding
drugs of abuse.11−13 CB[7] specifically has promise to
selectively bind phenethylamine motifs, as found in the
molecular structure of fentanyl; CB[7]-fentanyl affinity was
reported at 1.8 × 107 M−1.13 Unfortunately, due to the
extremely high potency of this drug, the binding affinity of

CB[7] is still below the threshold needed to enable
sequestration for fentanyl detoxification at lethal drug
concentrations occurring in blood,14 although nascent macro-
cycles have been reported in recent years that could achieve
such affinity.15 Toward the creation of sensors, CB[n] species
can be adsorbed to metal surfaces, affording synthetic receptors
that sequester small molecule guests of interest near the metal
surface; this feature is of particular relevance for surface-
specific techniques like surface-enhanced Raman spectroscopy
(SERS) using metal nanoparticle sensors.16−22 By predictably
and selectively sequestering guest molecules near a nano-
particle surface, this approach to detector design has the
possibility of significantly enhancing the detection limits of
otherwise elusive analytes in complicated matrices. In this
work, the selective binding of fentanyl-type drugs to CB[7] is
explored via competitive NMR studies on drug mixtures,
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followed by an assessment of the sensing application of a novel
thiolated CB[7] macrocycle for anchoring to a silver
nanoparticle (AgNPs) substrate for fentanyl detection using
SERS (Scheme 1). CB[7] is an excellent capture agent for

fentanyl, even in complex drug mixtures, yet SERS assays are
complicated by the direct adsorption of fentanyl to the
nanoparticle colloid surface.

2. MATERIALS AND METHODS
2.1. CB[7]-SH Synthesis. Monofunctionalized cucurbit[7]uril-

butylchloride (CB[7]-Cl) was synthesized according to previously
reported methods.23 Next, the CB[7]-Cl was combined with 15
equivalents of thiourea in water adjusted to pH 4 using hydrochloric
acid. This mixture was stirred for 7 days at 80 °C, with reaction
progress monitored using electrospray ionization mass spectrometry
(ESI-MS). The reaction was tracked by the evolution of the
metastable intermediate, cucurbit[7]uril-thiourea (CB[7]-TU, Figure
S1). Once CB[7]-TU was observed to be the most abundant species
in the reaction mixture, the reaction was adjusted to pH 12 using
ammonium hydroxide (NH4OH) and continued at 80 °C for an
additional 1 day. Finally, the reaction mixture was cooled and
subsequently precipitated dropwise into methanol, isolating the final
cucurbit[7]uril-butanethiol (CB[7]-SH) species. Analysis of the initial
and final samples was compared using 1H NMR (Figure S2).
2.2. NMR and Competition NMR. Two adulterants that are

typically combined with fentanyl in illicit drug formulations, cocaine
and diphenhydramine,24,25 were next assessed for CB[7] binding. To
assess the binding of CB[7] to each drug, 0.6 mM CB[7] was mixed
with 0.75 mM fentanyl, cocaine, or diphenhydramine in D2O to create
a sample of 1:1.25 stoichiometric ratio for 1H NMR. The preferential
binding (i.e., selectivity) of CB[7] to fentanyl over cocaine or
diphenhydramine was then evaluated using 1H NMR. To achieve this,

a series of samples were prepared at fixed concentrations of CB[7]
and adulterant, reducing the fentanyl concentration to allow for the
direct comparison of competitive binding between species. In this
case, 30 mM of either cocaine or diphenhydramine was premixed with
1.5 mM (5%), 0.6 mM (2%), or 0.3 mM (1%) fentanyl in D2O before
adding 4.145 mM CB[7] (all molarities are listed as final sample
concentrations). Notably, only the CB[7]-fentanyl interaction yielded
peaks within the 6.1−6.6 ppm range, enabling tracking of fentanyl
binding. By comparison of the integrals of these shifted (i.e., bound)
aromatic fentanyl peaks with the effectively immobile fentanyl methyl
peaks at 0.91 ppm, the extent of fentanyl binding to CB[7] was
quantified.

2.3. Synthesis of AgNPs. AgNPs were prepared using the Lee
and Meisel method.26 Briefly, 90.3 mg of silver nitrate in 530 mL of
water was brought to boiling under continuous stirring. Then, 10 mL
of 1% (w/v) sodium citrate was added dropwise, and the mixture was
boiled with stirring for 20 min. Upon cooling to room temperature,
the colloidal dispersion was diluted back up to 500 mL with ultrapure
water. Transmission electron microscopy (TEM) analysis of the
AgNPs revealed an average particle diameter of 48 ± 8 nm as
quantified from multiple TEM images, and UV−vis absorption
showed λmax = 405 nm (Figure S3).

2.4. SERS. Samples for the SERS analysis were prepared via a
standardized protocol. To 1 mL of AgNPs in water, 150 μL of 10 μM
CB[7]-SH was added in a volume of 350 μL of water giving a final
concentration of 1 μM CB[7]-SH in 1.5 mL of total solution volume.
This amount of CB[7]-SH was determined through optimization
studies (Figure S4) to result in surface saturation of the AgNPs. The
colloids were then washed several times through centrifugation,
removal of 1.4 mL of the supernatant, and redispersion in water.
Analytes of interest were then added to the washed CB[7]-modified
AgNPs at their stated final concentrations. For the competition
experiment between fentanyl and AdNH2, both analytes were
premixed and then added to the washed CB[7]-modified colloids
with water to achieve a final volume of 1.5 mL and a final
concentration of 1 μM analytes. The AgNPs were then aggregated
using 1 M NaBr. SERS spectra were acquired with a custom-built
Raman setup using a 633 nm HeNe laser (Thorlabs). The laser was
focused onto the sample using an inverted microscope objective
(Nikon, 20×, NA = 0.5) with 1 mW power, as measured at the
sample. The backscattered radiation was passed through a Rayleigh
rejection filter (Semrock) and then dispersed with a spectrometer
(Princeton Instruments Acton SP2300, grating = 1200 g/mm). The
light was detected using a back-illuminated, deep depletion CCD
camera (PIXIS, Spec-10, Princeton Instruments) and recorded using
Winspec32 software (Princeton Instruments) with a typical
acquisition time of 60 s. All samples were measured in the solution
phase, with each measured in triplicate, for a total of 9 spectra per
condition.

3. RESULTS AND DISCUSSION
3.1. CB[7]-Drug Interactions. To investigate the use of

CB[7] in the selective binding of fentanyl from complex drug
mixtures, the complexation of CB[7] and fentanyl was first
verified by 1H NMR spectroscopy (Figure 1). In this sample,
CB[7] was mixed with fentanyl at a 1:1.25 stoichiometric ratio
of CB[7] to the drug. The binding of fentanyl by CB[7] was
observed; notably, proton signals from the phenethylamine
ring were shifted upfield from the 7.0−7.4 ppm range to the
6.1−6.6 ppm range upon CB[7] binding. An upfield shift
commonly arises for protons located within the cavity of
CB[7] in the bound complex as a result of an anisotropic
shielding environment in the portal of the macrocycle.27

Importantly, the specific motif that is the key to interaction
with CB[7] is conserved across a wide range of fentanyl-like
agents, including nascent variants with potency >1000× that of
fentanyl itself (e.g., carfentanil, 4-methoxymethylfentanyl).

Scheme 1. Affinity between Cucurbit[7]uril (CB[7]) and
Fentanyl for Selective Binding and Detectiona

aThe affinity between CB[7] and fentanyl enables selective binding in
solution, even when the agent is diluted with an adulterant drug (top).
Endowing CB[7] with a thiol enables covalent display on the surface
of silver nanoparticle (AgNPs) colloids for capture and detection of
fentanyl using surface-enhanced Raman spectroscopy (SERS),
although this method cannot overcome the strong preference for
nonspecific fentanyl adsorption to AgNPs (bottom).
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Two common adulterants that are typically combined with
fentanyl in illicit drug formulations, cocaine and diphenhydr-
amine,24,25 were next assessed for CB[7] binding. Cocaine and
diphenhydramine were specifically chosen due to the presence
of both aromatics and tertiary amines in both species, similar
to the motifs on fentanyl that directly interact with CB[7], and
features that are generally predictive of a good guest for
CB[7].28 Subsequent 1H NMR evaluation with samples
prepared as above supported some interaction for both cocaine

(Figure S5) and diphenhydramine (Figure S6) with CB[7];
the broadening and slight upfield shift of aromatic signal peaks
suggests these to be weak interactions compared to the clear
shifts in aromatic peaks of fentanyl upon CB[7] binding.
Notably, only the CB[7]−fentanyl interaction resulted in peaks
within the 6.1−6.6 ppm range, thereby offering a clear
spectroscopic window to monitor CB[7] binding of fentanyl
in complex mixtures.

3.2. Selectivity of Fentanyl Binding. The pure
component 1H NMR studies supported the interaction of
CB[7] with fentanyl, cocaine, and diphenhydramine. A key
requirement of selectively detecting fentanyl within mixtures
would be the ability of CB[7] to preferentially bind fentanyl
over competing adulterants. Due to its potency and lethality,
fentanyl is typically in low abundance relative to other
adulterant drugs in these mixtures, further emphasizing the
need for good binding selectivity. A series of 1H NMR samples
were prepared at fixed concentrations of CB[7] and adulterant
while reducing the fentanyl concentration. In this case, samples
were prepared at final concentrations that consisted of 30 mM
of either cocaine or diphenhydramine by first mixing with 1.5
mM (5%), 0.6 mM (2%), or 0.3 mM (1%) fentanyl in D2O
before adding 4.145 mM CB[7]. All concentrations are given
in terms of their final values in the prepared samples. As is
typical with competitive binding experiments, the competing
guests were mixed together prior to the introduction of the
CB[7], reducing the equilibration time of the competing
species in the final solution. Moreover, the adulterant drug was
added in large excess to CB[7], increasing the stringency of the

Figure 1. 1H NMR spectroscopy in D2O of fentanyl alone (top,
black) and fentanyl mixed at a 1:1 ratio with CB[7] (bottom, red).
Arrows track peak shifts of fentanyl upon CB[7] binding, with proton
labels corresponding to those in the inset structure.

Figure 2. Structure of molecules used (top) to study competition and binding specificity of fentanyl to CB[7] in the presence of cocaine and
diphenhydramine. 1H NMR competition studies for fentanyl mixed at 1, 2, and 5% by mole with cocaine (left) or diphenhydramine (right),
tracking shifts in fentanyl protons (a, b, c) due to CB[7] binding relative to immobile fentanyl protons (d). Ratio of shifted protons was used to
quantify selective fentanyl capture.
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competition. As only the CB[7]−fentanyl interaction yielded
peaks within the 6.1−6.6 ppm range, the tracking of fentanyl
binding in the mixtures was simplified. By comparing the
integrals of these shifted (i.e., bound) aromatic fentanyl peaks
with the effectively immobile fentanyl methyl peaks at 0.91
ppm, the extent of fentanyl binding to CB[7] was quantified.
Accordingly, these competitive binding experiments revealed a
clear preference for the CB[7]−fentanyl interaction in complex
drug mixtures (Figures S7 and S8) that was further supported
upon quantification (Figure 2). These results confirmed the
ability of CB[7] to selectively bind fentanyl in all tested
concentrations with near-quantitative (∼100%) efficiency on
the basis of complete shifting of the specific fentanyl aromatic
signals. The binding affinities previously reported for fentanyl
(1.8 × 107 M−1)13 compared to that for cocaine (2.3 × 103
M−1)13 or measured here for diphenhydramine (1.3 × 103
M−1, Figure S9) further support the selectivity reported here
for complex mixtures analyzed by 1H NMR. Accordingly,
CB[7] offers promising features supporting its use for selective
detection of fentanyl in complex drug mixtures, even in
conditions of a high molar excess of a different drug species,
resembling the present use of fentanyl coformulated with other
drugs of abuse.
3.3. Surface-Reactive CB[7]-SH Variant. To translate the

selective binding properties of CB[7] to capture-based
detection of fentanyl via SERS, an approach was devised to
anchor CB[7] at the surface of silver nanoparticle colloids
(AgNPs). Previous reports leveraged the inherent ability of the
cucurbituril carbonyl portals to adsorb to metal surfaces by
favorable electrostatic interactions.16−19 This adsorption
mechanism leads to the macrocycle lying flat on the colloid
surface or fusing two colloids, sacrificing one or both of the
carbonyl portals in the process. This arrangement may thus
limit the guest-binding ability of the adsorbed macrocycle. In
particular, surface adsorption of the macrocycle may impact its
ability to capture larger guests that require threading through
both portals of the CB[n] macrocycle. A previous report fully
modified a related CB[6] macrocycle at all 12 of its equatorial
sites with thiol groups for covalent modification of AgNPs for
molecular capture in SERS detection.29 This current work
envisioned an alternative approach, appending a short linker
bearing a single reactive thiol for the covalent conjugation of
CB[7] to AgNPs. Accordingly, a new synthesis of cucurbit[7]-
uril-butanethiol (CB[7]-SH) was developed (Figures 3, S1,
and S2) that positioned a reactive thiol pendant from an
equatorial position on the CB[7] macrocycle. Beginning from a

reported monofunctional cucurbit[7]uril-butylchloride
(CB[7]-Cl),23 the chloride was reacted with excess thiourea
in pH 4 water at 80 °C for 7 days to generate a cucurbit[7]uril-
thiourea (CB[7]-TU, Figure S1). The reaction mixture was
adjusted to pH 12 to convert the thiourea intermediate to the
free thiol of CB[7]-SH before precipitation in methanol and
confirmation via 1H NMR (Figure 3). An overall yield of 70%
CB[7]-SH was achieved by this procedure, determined by
integrating protons “D” and “E” relative to “A” as an internal
standard. The remainder of CB[7]-Cl was converted to CB[7]-
OH in the final base treatment step.
AgNPs were synthesized according to the Lee and Meisel

method26 and subsequently characterized by TEM and UV−
vis (Figure S3). These AgNPs were surface-saturated with
sodium citrate to minimize nanoparticle self-aggregation. This
alternate mode of macrocycle attachment to the surface of
AgNPs using CB[7]-SH was expected to preserve the ability of
CB[7] to sequester larger guests at the colloid surface. UV/vis
measurements indicated that the colloids aggregated upon the
addition of unmodified CB[7] (Figure S10), evidenced by the
loss of the characteristic plasmon signature upon CB[7]
addition. However, limited aggregation was observed and a
sustained plasmon signature was retained in the CB[7]-SH
samples for the duration of the experimentation. This finding is
consistent with prior work showing the fusion of colloids
through interactions with the portal of the CB[7] macrocycle
acting in an adhesive role.16 Meanwhile, the addition of CB[7]-
SH to AgNPs only partially aggregated and destabilized the
colloids through the displacement of the citrate layer. These
differential outcomes in colloid fusion suggest differences in
the orientation of CB[7] when adsorption of the unmodified
macrocycle is compared to the covalent attachment of this new
thiolated version developed here.

3.4. Integrating CB[7]-SH for SERS. Upon successful
synthesis of CB[7]-SH, the ability of this synthetic receptor to
enhance analyte detection by SERS on AgNPs was evaluated.
AgNPs were exposed to either unmodified CB[7] or CB[7]-
SH for 30 min to enable exchange with surface-adsorbed
ligands, followed by incubation with analytes for 1 h and
subsequent aggregation by sodium bromide. After functional-
ization with either CB[7] or CB[7]-SH, the SERS-assay
potential of CB[7]-modified AgNPs was assessed by detecting
1-adamantanamine (AdNH2), which is ordinarily silent in
SERS. AdNH2 has a weak affinity for the AgNPs surface that is
orders of magnitude weaker than that of more traditional SERS
probes. Yet, the high-affinity binding of AdNH2 with CB[7]
(Keq of 4.2 × 1012 M−1)30 makes it an excellent candidate to
assess capture-mediated enrichment.
Raman spectroscopy of AdNH2 at 1 μM in water showed

weak signals at 721 and 779 cm−1 (Figure 4). Meanwhile,
SERS analysis of AdNH2 alone displayed no quantifiable
detection of this analyte. However, when CB[7]-SH was
introduced onto the surface of the AgNPs prior to exposure to
1 μM AdNH2, clear peaks of 721 and 779 cm−1 were
observable in the SERS spectra. These data suggest that
CB[7]-SH can act as a synthetic receptor to sequester the
AdNH2 analyte near the surface of AgNPs, thereby enhancing
SERS detection. As AdNH2 does not need to fully thread the
CB[7] macrocycle to achieve its optimal binding position,30

the expected benefits of the alternate orientation of covalently
tethered CB[7]-SH are less relevant in this context. Indeed, the
capture of AdNH2 using CB[7]-SH here for SERS detection

Figure 3. Reaction scheme for the conversion of CB[7]-Cl to CB[7]-
SH (top). 1H NMR in D2O with labeled peaks of interest, confirming
synthesis of the desired product (bottom).
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was comparable to that from a prior report using unmodified
CB[7].22

3.5. Enhancing Fentanyl Limit of Detection. Next, the
capture of fentanyl by CB[7] and CB[7]-SH was evaluated to
translate the binding observed in 1H NMR analysis to SERS
detection. First, SERS of fentanyl on pristine AgNPs was
performed where a characteristic fentanyl peak of 1002 cm−1

was observed (Figure S11). Limit of detection (LOD) studies
were then performed using AgNPs surface-functionalized with
either CB[7] or CB[7]-SH and exposed to varying
concentrations of fentanyl. With this experimental design, the
LOD is inversely correlated to the signal attenuation of the
fentanyl characteristic peak as the fentanyl concentration
decreases. When AgNPs were modified with adsorbed CB[7],
the fentanyl signal at 1002 cm−1 reduced quickly as fentanyl
concentration was decreased, with this characteristic signal
being indistinguishable at fentanyl concentrations below 0.5
nM (Figure 5). This result still compares favorably to a

previously published report performing SERS on AgNPs, in
which the fentanyl limit of detection was estimated to be ∼14.8
nM.31 However, when AgNPs were instead functionalized with
CB[7]-SH, the characteristic fentanyl peak at 1002 cm−1

remained the dominant peak in the SERS spectra for a
fentanyl concentration of at least 0.5 nM (Figure 5). The limit
of detection for CB[7]-SH was calculated to be 0.37 nM
(Figure S12), a dramatic improvement over the value of ∼14.8
nM that has previously been reported for the detection of
fentanyl by SERS on AgNPs.31 The limits of detection using
SERS on AgNPs with or without CB[7]-based capture are an
improvement over antibody-based lateral flow assays, which
can detect fentanyl down to 20 ng/mL (∼59 nM) but are
susceptible to false positives from other drugs of abuse.32

These results also support a difference in fentanyl detection
sensitivity between AgNPs functionalized with CB[7] vs
CB[7]-SH, with the latter having an improved LOD for
fentanyl. It can be inferred that this difference in sensitivity
arises from a difference in the orientation or mode of
presentation of the CB[7]-SH on the AgNPs surface, especially
given the larger size of the fentanyl guest and its likely binding
position within the CB[7] portal evident by proton shifts in 1H
NMR studies (Figure 1). These initial observations thus
support a hypothesis that surface-adsorbed CB[7] is more
limited in its ability to bind guests due to one carbonyl portal
lying flat on the colloid surface, whereas the covalent
attachment of CB[7]-SH through its equatorial side chain
preserves access to both sides of the macrocycle.

3.6. Limitations from Nonspecific Fentanyl Binding.
Additional experiments were performed to assess if enhanced
fentanyl detection is due specifically to fentanyl bound by
CB[7]-SH. Nanoparticles with CB[7]-SH were exposed to 1
μM fentanyl and 1 μM AdNH2 simultaneously, selected to be
1:1:1 by mole with the CB[7]-SH on the colloid surface. With
fentanyl reported to bind to CB[7] with an affinity (Keq) of 1.8
× 107 M−1,13 and AdNH2 binding CB[7] with a reported Keq
of 4.2 × 1012 M−1,30 the AdNH2 would be expected to out-
compete fentanyl within the CB[7] portal at equimolar
concentrations. Thus, if fentanyl was detected only on the
AgNPs surface through its binding to CB[7]-SH, then the
introduction of AdNH2 into the analyte mixture should
significantly reduce the characteristic fentanyl 1002 cm−1

peak. This same effect was observed previously when using
AdNH2 to block CB[7] capture-based SERS detection of
phenylalanine-terminated peptides, with the higher affinity
guest successfully preventing SERS detection.22 Unfortunately,
this was not observed (Figure S13). When fentanyl and
AdNH2 were simultaneously introduced to AgNPs modified
with CB[7]-SH, the fentanyl 1002 cm−1 peak and the AdNH2
779 cm−1 peak were both present in the resultant spectrum.
These results indicate that fentanyl is likely interacting with the
AgNPs surface through at least one alternative route beyond
being bound to the CB[7]-SH portal. As fentanyl is known to
be both very surface active and highly visible by SERS,
including on bare colloids,31 even low-level incorporation in
the course of AgNP aggregation may be expected to yield
nonspecific signal by a CB[7]-independent mechanism. In
LOD studies, the fentanyl signal was saturated at concen-
trations of ∼10 nM (Figure S12); accordingly adsorption of
<1% of fentanyl added in these studies may still yield a
significant signal. Further evaluation also revealed a substantial
SERS signal for fentanyl alone on bare AgNPs, even at
concentrations of 0.5 nM (Figure S14). This finding represents

Figure 4. Raman spectra of AdNH2 powder (bottom) and SERS of
CB[7]-SH (top, black dashed trace) and CB[7]-SH + 1 μM AdNH2
(top, red trace) on AgNPs. The appearance of characteristic AdNH2
peaks at ∼720 and 780 cm−1 in the red trace support CB[7]-SH
binding AdNH2 close to the AgNP surface.

Figure 5. SERS of CB[7] + 0.5 nM fentanyl (blue trace) and CB[7]-
SH + 0.5 nM fentanyl (red trace) on AgNPs. The characteristic peak
for fentanyl at ∼1002 cm−1 is highly prevalent when CB[7]-SH is
present but limited when CB[7] is present. CB[7] trace (blue) is
displayed at 5× its actual signal for ease in visualization.
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a notable improvement over previously published work that
showed an LOD of ∼14.8 nM for the detection of fentanyl by
SERS on AgNPs.31 Several surface-blocking strategies were
employed to mitigate surface-binding in order to probe
selective capture using CB[7]-modified surfaces, but none
were found that could eliminate nonspecific fentanyl binding
without displacing the CB[7]-SH macrocycle. Accordingly,
while CB[7]-SH modification offers capture-mediated en-
hancement in detecting surface-silent guests like AdNH2, its
utility for the detection of highly surface-active analytes like
fentanyl remains limited.

4. CONCLUSIONS
The increased prevalence of opioids presents a significant risk
of lethal overdose for drug users, many of whom unknowingly
consume drugs laced with poorly defined quantities of fentanyl.
First responders and military personnel likewise encounter
occupational risks from fentanyl in drug products or as a
chemical agent. Herein, the CB[7] macrocycle is shown to
afford selectivity in binding fentanyl, even at only 1 mol % in a
complex mixture with adulterants of illicit drugs cocaine and
diphenhydramine. In order to expand the use of CB[7] capture
into a sensor platform, a novel CB[7]-SH variant was
developed for covalent integration of silver nanoparticle
colloids in conjunction with SERS detection. An improvement
in the limit of detection was evident for covalent presentation
of CB[7]-SH on the AgNPs substrate relative to adsorbed
CB[7] or fentanyl alone, enabling clear detection of fentanyl
down to at least 0.5 nM. However, the highly surface-active
nature of fentanyl on AgNPs limits the utility of its selective
capture on the surface of these nanoscale colloids for
integration with SERS; when all CB[7] portals should be
blocked by a model AdNH2 adulterant with much higher
binding affinity, fentanyl SERS signatures were still clearly
evident indicating a preference for adsorption to the AgNPs
surface on its own.
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