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Anthracene-Walled Acyclic CB[n] Receptors: in vitro and
in vivo Binding Properties toward Drugs of Abuse
Delaney DiMaggio,[a] Adam T. Brockett,[b] Michael Shuster,[c] Steven Murkli,[a] Canjia Zhai,[a]

David King,[a] Brona O’Dowd,[a] Ming Cheng,[a] Kimberly Brady,[a] Volker Briken,[c]

Matthew R. Roesch,[b] and Lyle Isaacs*[a]

We report studies of the interaction of six acyclic CB[n]-type
receptors toward a panel of drugs of abuse by a combination of
isothermal titration calorimetry and 1H NMR spectroscopy.
Anthracene walled acyclic CB[n] host (M3) displays highest
binding affinity toward methamphetamine (Kd=15 nM) and
fentanyl (Kd=4 nM). Host M3 is well tolerated by Hep G2 and
HEK 293 cells up to 100 μM according to MTS metabolic and
adenylate kinase release assays. An in vivo maximum tolerated

dose study with Swiss Webster mice showed no adverse effects
at the highest dose studied (44.7 mgkg� 1). Host M3 is not
mutagenic based on the Ames fluctuation test and does not
inhibit the hERG ion channel. In vivo efficacy studies showed
that pretreatment of mice with M3 significantly reduces the
hyperlocomotion after treatment with methamphetamine, but
M3 does not function similarly when administered 30 seconds
after methamphetamine.

Introduction

Prescription and illicit drugs were implicated in 70,630 drug
overdose deaths in the United States in 2019.[1] The drug abuse
epidemic has been declared a national emergency by the
federal government.[2] The economic costs attributed to drug
abuse exceeded $271 billion in 2011 when considering health-
care costs and decreased work productivity.[3] In particular,
death due to overdose with opioids (e.g. fentanyl and synthetic
analogues) and non-opioids (e.g. methamphetamine and
cocaine) have rapidly increased in recent years which highlights
the pressing need to develop new and improved therapeutics
to counteract the full range of opioids and non-opioids.[4]

Currently, overdose with opioids can be treated with Naloxone
which exerts a pharmacodynamic effect by binding to the
opioid receptor.[5] Unfortunately, Naloxone is less effective at
treating patients poisoned by high potency opioids like

carfentanil and is ineffective at treating overdose with non-
opioids (e.g. methamphetamine, PCP, cocaine, ketamine).[6]

Accordingly, researchers have been exploring different strat-
egies to counteract the effects of drugs of abuse. One approach
is the pharmacokinetic strategy which relies on a reduction of
the concentration of unmodified drug in circulation.[5] For
example, the catalytic transformation of cocaine into ecgonine
methyl ester by human butyrylcholine esterase has been
explored as a treatment for intoxication with cocaine.[7] An
alternative pharmacokinetic strategy is based on antibody
therapeutics which bind tightly to a specified drug (e.g.
cocaine, methamphetamine, fentanyl, carfentanil)[8] in the
bloodstream and thereby prevent their passage across the
blood brain barrier. As part of an ongoing line of inquiry, we are
exploring whether high affinity supramolecular hosts (Figure 1)
are capable of in vitro and in vivo sequestration[9] of drugs of
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abuse, especially methamphetamine, as their host ·drug com-
plexes to combat death due to drug overdose.[10]

Over the past 50 years, supramolecular chemists have
gained a deep understanding of non-covalent interactions and
the principles for macrocyclic host design, and increasingly seek
to create host ·guest complexes that are tailored to specific
chemical and biological applications.[11] Macrocyclic host sys-
tems are most popular because they typically display good
levels of preorganization which results in high binding affinity
and selectivity.[11a] Crown ethers, cyclodextrins, cavitands, calix-
arenes, cucurbiturils, cyclophanes, and most recently pillarar-
enes constitute the most widely studied macrocyclic hosts.[11a,12]

The chemical, physical, optical, and even biological properties
of host ·guest complexes can be very different than those of the
uncomplexed guest which enables a range of applications
including molecular machines,[11d,13] chiral stationary phases,[14]

sensing ensembles,[15] supramolecular catalysts,[16] and house-
hold deodorizing products.[17] For macrocycles that are water
soluble, biocompatible, and display good binding affinity,
in vitro and in vivo applications can be envisioned. For example,
the Smith group encapsulates fluorophores within tetralactam
macrocycles for in vivo imaging applications.[18] The Liu group
showed that administration of sulfonated calixarene could be
used to ameliorate the toxicity of methyl viologen in mice.[19] Of
highest societal impact are the cyclodextrin derivatives HP-β-
CD, SBE-β-CD, and Sugammadex (Figure 1) which are used in
household deodorizing products, to formulate insoluble drugs
for parenteral administration, and as a post-operative reversal
agent for the lingering effects of rocuronium and
vecuronium.[17a,20]

We, and others, have been interested in macrocyclic CB[n]
(n=5, 6, 7, 8, 10; Figure 1)[12g,21] which display remarkably high
binding affinity toward hydrophobic (di)cations in water (Ka up
to 1017 M� 1 in special cases) driven by a combination of ion-
dipole interactions and the hydrophobic effect.[22] CB[7] has
been most studied because of its decent water solubility (>
5 mM), high biocompatibility, and its ability to host a range of

chemically and biologically interesting guests.[23] For example,
the Wang group administered CB[7] to mice to counteract the
toxicity of paraquat, to reverse general anesthesia in Zebrafish,
and to decrease blood coagulation induced by hexadimethrine
in mice.[24] Additionally, our group synthesized water soluble
Me4CB[8] and demonstrated that it could be used to sequester
PCP in vivo (mice) and modulate their locomotor activity.[10c]

In recent years, we and others, have been investigating
acyclic CB[n]-type receptors (e.g. M1 and M2, Figure 2) which
feature a central glycoluril oligomer, two aromatic sidewalls,
and four (CH2)3SO3Na solubilizing groups.[9b,25] Acyclic CB[n]
display high water solubility, excellent biocompatibility, and can
be functionalized to tailor the binding affinity toward guests
including insoluble drugs, neuromuscular blockers, anesthetics,
and drugs of abuse (1–13, Figure 3).[10a,26] Previously, we have
shown that M1 and M2 function as in vivo sequestration agents
for methamphetamine and fentanyl.[10a,b] Researchers have also
investigated the binding of amphetamines to HP-β-CD (meth,
Ka=190 M� 1), sulfonated calix[4]arene (meth, Ka=3.8×104 M� 1),
phosphonate cavitands (MDMA, Ka=1.15×105 M� 1 in CD3OD),
and CB[7] (meth, Ka=1.2×108 M� 1; 8.1×105 M� 1).[9c,10a,27] In
recent papers, we showed that sulfate solubilized acyclic CB[n]
(e.g. M0; deletion of the (CH2)3 linking groups) bring the
negative charge closer to the ureidyl C=O portals and thereby
give somewhat higher binding affinity toward hydrophobic
(di)cations.[28] An In vivo efficacy study showed that the hyper-
locomotion of animals that had received methamphetamine
could be controlled by administration of M0 5 minutes later.[10d]

In a separate direction, we have determined the influence of
the aromatic wall of acyclic CB[n] (e.g. Me4M1, Z1, L1, M3) on
the binding affinity and found that π-extension (e.g. M1 to M2
to M3) generally enhances Ka albeit with decreased inherent
solubility and increased self-association.[29] In this paper, we
measure the binding affinity of six acyclic CB[n]-type receptors
(M1, M2, M3, Me4M1, Z1, and L1, Figure 2) toward a panel of
drugs of abuse (1–13, Figure 3) by a single analytical method

Figure 2. Structures of acyclic CB[n]-type receptors used in this study.
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(isothermal titration calorimetry, ITC) followed by a variety of
in vitro and in vivo toxicity and efficacy studies for M3.

Results and Discussion

This results and discussion section is organized as follows. First,
we determine the binding constants of the six acyclic CB[n]-
type hosts toward the drugs of abuse panel (1–13) by
isothermal titration calorimetry, glean information regarding
the geometry of selected host ·drug complexes by 1H NMR
spectroscopy, and discuss trends in the structure-binding
affinity dataset. Subsequently, we examine the biocompatibility
of M3 in a series of in vitro (cell viability, cell death, hERG ion
channel inhibition, AMES fluctuation test) and in vivo (maximum
tolerated dose) assays. Finally, we perform an in vivo efficacy
study of the ability of M3 to modulate the locomotor activity of
mice treated with methamphetamine.

Qualitative 1H NMR study of M3 ·drug complexes

The 1H NMR spectrum recorded for M3 (0.4 mM) in D2O at room
temperature (Figure 4d) displays highly broadened resonances.
These resonances sharpen dramatically when the spectrum is
recorded at 348 K or when DMSO-d6 is used as the solvent
which reflects extensive hydrophobically driven self-association
of M3.[29] Under these conditions the spectrum shows three
resonances for the substituted anthracene walls of M3 in accord
with time averaged C2v-symmetry on the chemical shift time-
scale. Figure 4c shows the 1H NMR spectrum recorded for
methamphetamine whereas Figure 4b and 4a show the spectra
at 1 : 1 and 1 :2 M3:methamphetamine molar ratios. The reso-
nances of the aromatic ring of methamphetamine (Hx, Hy, Hz)
undergo significant upfield shifts (from�7.4 ppm to�5.8 ppm)
upon formation of the M3 ·methamphetamine complex (Fig-
ure 4b) which indicates that the aromatic ring is bound within
the cavity of M3 with its magnetically shielding anthracene
walls. Smaller upfield shifts are noted for methyl groups Ht and
Hu which indicate that these groups reside closer to the ureidyl
carbonyl portals to enable ion-dipole interactions of the
ammonium ion. A similar geometry was previously noted for
the M1 ·methamphetamine and CB[7] ·methamphetamine com-
plexes by x-ray crystallography.[10a] At a 1 :2 M3 ·methamphet-

amine ratio, the resonances for Hx, Hy, Hz, Ht, and Hu (Figure 4a)
shift back toward the chemical shifts observed for uncomplexed
methamphetamine which indicates that the dynamics of guest
exchange are fast on the 1H NMR chemical shift timescale.
Interestingly, the resonances for Ha, Hb, and Hc for M3 undergo
slight downfield shifts and split into pairs of resonances upon
formation of the M3 ·methamphetamine complex. The changes

Figure 3. Structures of the drugs used in this study.

Figure 4. 1H NMR spectra recorded (600 MHz, RT, D2O) for: a) a mixture of
M3 (0.2 mM) and methamphetamine (0.4 mM), b) an equimolar mixture of
M3 and methamphetamine (0.2 mM), c) methamphetamine (0.4 mM), d) M3
(0.4 mM), e) fentanyl citrate (0.4 mM), f) an equimolar mixture of M3 and
fentanyl (0.2 mM), and g) a mixture of M3 (0.2 mM) and fentanyl (0.4 mM).
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in chemical shift likely reflect differences in the relative
orientation of the magnetically shielding anthracene walls in
M3 versus M3 ·methamphetamine; similar changes have been
observed previously for M2 · guest complexes.[26a] The presence
of pairs of resonances for Ha� Hc (e.g. a, a’, b, b’, c, c’) arise
because the use of chiral and enantiomerically pure metham-
phetamine results in a C1-symmetric M3 ·methamphetamine
complex. When guest exchange is fast on the chemical shift
timescale and the ammonium ion can reside at either C=O
portal the time averaged symmetry of the host is C2-symmetric
which explains the observed pairs of resonances. Similar
complexation induced splitting of resonances and changes in
chemical shift were observed for the M3 · fentanyl complex as
shown in Figure 4e–4 g which is not surprising given that
methamphetamine and fentanyl share a common phenethyl
ammonium ion binding epitope. 1H NMR stack plots for other
M3 · drug complexes are given in the Supporting Information.

Measurement of the thermodynamic parameters of complex
formation by ITC

After confirming that the geometry and dynamic properties of
M3 · drug complexes were in line with expectations based on
drug structure and previous studies,[10a,d,28–29] we proceeded to
measure the complexation thermodynamics. Given the tight
binding previously observed for M3,[29] the limited dynamic

range of 1H NMR titrations (Ka�10
4 M� 1),[30] and our desire to

use a common analytical method for all binding constant
measurements suggested the use of ITC.[31] Previously we have
measured the Ka values of M1 and M2 toward fentanyl and
hydromorphone by ITC but not for the other drugs in the panel
(Figure 3).[10a] Accordingly, we measured the binding thermody-
namics for all six acyclic CB[n] hosts (M1, M2, M3, Me4M1, Z1,
L1) by ITC in 20 mM NaH2PO4 buffered H2O (pH 7.4) at 298 K.
Direct ITC titrations measure the heat evolved when a solution
of host in the cell is titrated with a solution of guest from the
ITC syringe which can be fitted to a 1 :1 binding model by the
PEAQ ITC data analysis software to extract Ka, ΔH and
host ·guest stoichiometry. Direct ITC are appropriate and
accurate when the c-value (c=Ka× [host]) is less than 500 which
corresponds to Ka�5×10

6 M� 1 when the fixed concentration of
host is 100 μM.[31–32] Accordingly, we measured the host ·drug
complexes M1, M2, Me4M1, Z1, and L1 by direct ITC titrations
(Supporting Information); the Ka and ΔH values are reported in
Table 1. For host M3 which is self-associated in water at the
100 μM concentrations used for ITC, it was necessary to perform
competitive ITC titrations to eliminate the effects of self-
association.[33] As described previously,[29] we first measured the
Ka and ΔH values for a weak binding competitor at elevated
temperatures where self-association is minimized and extrapo-
lated the values back to 298 K which are then used as inputs for
the competitive binding experiment. Previously, we found that
butanediammonium dichloride is an appropriate competitor

Table 1. Binding constants (Ka, M
� 1) and enthalpies (ΔH, kcal mol� 1) of complexation determined for hosts (M1, M2, M3, Me4M1, Z1, L1) with the panel of

drugs of abuse (1–13) by direct and competition ITC titrations. Conditions: 20 mM NaH2PO4 buffered water (pH=7.4), 298 K.

G M1 Me4M1 M2 M3 Z1 L1
Ka [M

� 1]
ΔH° [kcal/mol]

Ka [M
� 1]

ΔH° [kcal/mol]
Ka [M

� 1]
ΔH° [kcal/mol]

Ka [M
� 1]

ΔH° [kcal/mol]
Ka [M

� 1]
ΔH° [kcal/mol]

Ka [M
� 1]

ΔH° [kcal/mol]

1 (fentanyl) (1.10�0.40)×107[a]

� 20.9�0.06
(1.15�0.05)×106

� 10.8�0.05
(7.60�0.50)×106[a]

� 20.2�0.07
(2.54�0.29)×108[c]

� 19.1�0.25
(3.94�0.10)×105

� 9.58�0.04
(1.11�0.05)×106

� 11.3�0.07
2 (Meth) (1.47�0.06)×106[b]

� 11.2�0.02
(6.94�0.45)×105

� 8.99�0.08
(2.00�0.10)×106[b]

� 10.0�0.04
(6.66�0.65)×107[c]

� 14.8�0.21
(8.40�0.61)×104

� 9.73�0.22
(1.02�0.09)×106

� 12.6�0.17
3 (morphine) (6.29�0.05)×105[b]

� 13.0�0.18
(1.74�0.09)×105

� 11.5�0.14
(2.15�0.81)×106[b]

� 12.8�0.73
(6.02�0.01)×106[d]

� 12.9�0.13
(2.29�0.22)×104

� 8.88�0.24
(2.03�0.04)×104

� 15.0
4 (PCP) (6.25�0.36)×104[b]

� 6.08�0.13
(3.46�0.61)×104

� 2.24�0.20
(3.48�0.20)×105[b]

� 6.08�0.07
(1.22�0.01)×106[d]

� 7.41�0.15
(4.26�0.58)×104

� 4.28�0.19
(1.00�0.03)×106

� 9.14�0.03
5 (cocaine) (4.04�0.39)×105[b]

� 11.0�0.07
n.b. (5.21�0.77)×105[b]

� 17.4�0.46
(2.50�0.1)×106[e]

� 15.8�0.02
(1.49�0.27)×104

� 11.2�0.9
(1.14�0.39)×105

� 10.9�0.10
6 (ketamine) (1.19�0.21)×104[b]

� 6.95� .99
(6.99�0.80)×104

� 2.03� .09
(3.70�0.47)×105[b]

� 13.6� .03
(1.00�0.02)×106[e]

� 12.1�0.02
n.b. (7.09�0.22)×104

� 12.7�0.13
7 (hydromorph) (1.80�0.03)×105[a]

� 11.20�0.04
n.d. (6.80�0.10)×105[a]

� 12.1�0.03
(1.05�0.01)×106[d]

� 13.6�0.08
n.d. n.d.

8 (heroin) (3.82�0.65)×105

� 14.0�0.04
(1.62�0.03)×105

� 27.6�0.11
(5.29�0.89)×105

� 17.7�0.04
n.d. (6.62�1.21)×103

� 7.49�0.73
(2.31�0.21)×104

� 12.8�0.68
9 (oxycodone) (1.76�0.04)×105

� 11.9�0.07
(3.27�0.22)×105

� 8.48�0.10
(1.16�0.03)×106

� 14.8�0.04
n.d. (6.25�0.55)×103

� 5.77�0.21
(5.85�0.35)×104

� 11.6�0.26
10 (hydrocodone) (1.67�0.53)×105

� 10.5�0.08
(2.54�0.24)×105

� 11.8�0.24
(1.82�0.16)×106

� 15.5�0.17
n.d. (1.16�0.03)×104

� 6.40�0.09
(4.20�0.28)×104

� 12.4�0.34
11 (MDMA) (1.13�0.36)×106

� 15.0�0.06
(4.52�0.02)×106

� 8.84�0.07
(1.00�0.07)×107

� 17.7�0.12
n.d. (1.28�0.07)×105

� 10.4�0.2
(8.00�0.02)×105

� 15.1�0.09
12 (mephedrone) (5.15�0.42)×105

� 11.3�0.16
(1.00�0.06)×106

� 11.6�0.10
(5.05�0.29)×106

� 13.7�0.07
n.d. (8.26�0.53)×104

� 11.1�0.2
(7.87�0.23)×105

� 13.0�0.05
13 (meperidine) (1.95�0.45)×104

� 2.51�0.37
(1.20�0.09)×104

� 8.92�0.36
(2.34�0.36)×104

� 4.10�0.34
n.d. (1.23�0.31)×103

� 6.15�1.39
(1.42�0.15)×105

� 4.43�0.13

[a] Taken from the literature.[10a] [b] Determined here by ITC but previously reported by UV/Vis titration.[10a,26c,34] [c] Determined by competition ITC using
H2N(CH2)4NH2 ·2HCl as competitor. [d] Determined by competition ITC using hexamethyl-p-xylenediammonium·2I� as competitor. [e] Determined by
competition ITC using Me3N(CH2)6NMe3 ·2I

� as competitor. n.d.=not determined. n.b.=no heat evolved.
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(Ka=6.31×105 M� 1; ΔH= � 6.51 kcalmol� 1) to use when deter-
mining higher binding constants with M3.[29] In the competitive
ITC titration a solution of M3 and an excess of butanediammo-
nium dichloride in the ITC cell, which ensures that M3 is not
aggregated, is titrated with a solution of the tighter binding
guest (e.g. methamphetamine, Figure 5a) from the ITC syringe.
As shown in Figure 5b, the peaks in the thermogram are
integrated and plots of ΔH versus molar ratio are fitted to a
competitive binding model to extract Ka and ΔH for the
M3 ·methamphetamine complex (Ka= (6.66�0.65)×107 M� 1

and ΔH= � 14.8�0.21 kcalmol� 1). The Ka values for the remain-
ing M3 · guest complexes were determined by competition ITC
(Supporting Information) and are reported in Table 1.

The binding constants given in Table 1 span over 5 orders
of magnitude from 1.23×103 M� 1 (Z1 ·mepiridine) to 2.54×
108 M� 1 (M3 · fentanyl). Accordingly, a discussion of the trends in
the thermodynamic data is appropriate. All of the complexation
events are driven by favorable enthalpic changes due to the
operation of the non-classical hydrophobic effect.[35] The non-
classical hydrophobic effect derives in part from the presence of
intracavity waters that lack a full complement of H-bonds that
are released to bulk water upon complexation. Previous workers
have documented the non-classical hydrophobic effect using
cyclophane and macrocyclic CB[n] hosts.[35] Hosts M1, M2, and
M3 form a homologous series that differ in the length of the
aromatic walls.[29] This structural change results in larger cavity
sizes for the longer walled hosts which in turn results in larger

numbers of intracavity waters in the uncomplexed host that
can be released upon complexation. A perusal of Table 1 shows
that the binding affinities toward a specific drug generally show
the following trend: M1<M2<M3. For example, methamphet-
amine binds to M1 (1.47×106 M� 1), M2 (2.00×106 M� 1), and M3
(6.66×107 M� 1) in accord with this trend as do morphine, PCP,
cocaine, ketamine, and hydromorphone. The walls of Me4M1
are longer than M1 and shorter than M2 but also differ in that
the hydrophobic sp3-hybridized Me groups change the makeup
of the surfaces contacting the guest and perhaps the nature of
the interaction between the tips of the uncomplexed receptor.
Nevertheless, Table 1 shows that Me4M1 always binds less
tightly than M2 to a given drug and that M1 and Me4M1
generally bind with comparable affinities (Ka (Me4M1 · drug)/Ka
(M1 · drug) range from 0.1 to 5.9. Host Z1 is an isomer of M2
with deeper rather than longer walls. Table 1 establishes that
Z1 is the least potent host studied toward nearly all guests with
Ka values ranging from 1230 to 4.07×105 M� 1. In agreement
with these results, we have previously observed that Z1 is a
poor solubilizing excipient for insoluble drugs which was traced
to its poor binding affinities.[36] Finally, triptycene derived host
L1 is similar to M3 in that its cavity is shaped by three 6-
membered rings per wall but in a curved rather than a linear
fashion. Previously, we showed that L1 undergoes a self-folding
process that reduces the overall cavity volume.[37] Accordingly,
L1 is always less potent than M3 toward a given drug with (Ka
(M3 · drug)/Ka (L1 · drug) ranging from 1.2 to 296. In fact, the
binding abilities of L1 are more comparable to M1 with (Ka
(M1 · drug)/Ka (L1 · drug) ranging from 0.06 to 31. We can also
compare the affinities of each host individually toward all 13
members of the drug panel (Table 1). We find that fentanyl,
methamphetamine, MDMA, and mephedrone are generally the
tightest binders to a specific host. This result can be understood
based on the preferred binding determinants of CB[n]-type
receptors which include a purely hydrophobic residue adjacent
to a cationic center.[9b,21a,22b] The phenethyl ammonium ion
moieties of fentanyl, methamphetamine, MDMA, and mephe-
drone allow optimization of both interactions. Conversely, drugs
with the morphinan ring system (e.g. 3, 7–10) generally bind
more weakly – despite the phenethylammonium ion moiety
due to the bulkiness of the ring system which prevents
simultaneous optimization of the hydrophobic effect and ion-
dipole interactions. In addition, the residual intracavity solvation
of the three or four O-atoms of the morphinan ring system
likely reduces binding affinity for this class of compounds.
Overall, Table 1 establishes that M3 is the most powerful host
toward the drugs studied including the non-opioid metham-
phetamine which cannot be counteracted by the use of
naloxone. Accordingly, we decided to proceed toward the use
of M3 as an in vivo reversal agent for methamphetamine.

Cytotoxicity and maximum tolerated dose studies conducted
for M3

The high affinity of M3 toward methamphetamine (Kd=15 nM)
and fentanyl (Kd=4 nM) encouraged us to verify the in vitro and

Figure 5. a) Plot of DP vs time from the titration of M3 (100 μM) and
ClH3N(CH2)4NH3Cl (500 μM) in the cell with methamphetamine (1.02 mM) in
the syringe in 20 mM NaH2PO4 buffer (pH=7.4). b) Plot of ΔH as a function
of molar ratio of M3 to methamphetamine. The solid line represents the best
non-linear fit of the data to a competitive binding model with Ka=

(6.66�0.65)×107 M� 1 and ΔH= (� 14.8�0.21) kcalmol� 1.
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in vivo compatibility of M3 as a prelude to in vivo efficacy
studies. Figure 6 shows the results of cell viability (MTS) and cell
death (adenylate kinase (AK) release) assays performed for M3.
Human embryonic kidney and human liver cells (HEK 293, CRL-
1573; Hep G2, HB-8065, purchased from ATCC) were used
because compounds are processed and cleared by these organs
which are therefore potential sites of toxicity. In the AK release
assay distilled water was used as positive control (100% release)
whereas in the MTS assay untreated (UT) cells were set to 100%
cell viability. Figures 6a and 6b show that treatment of HEK 293
or Hep G2 cells with M3 at concentrations up to 100 μM for

24 hours gives cell viability levels that are not statistically
significantly different than untreated control cells. However, at
higher concentrations (300 μM) statistically significantly lower
levels of cell viability were observed. Figures 6c and 6d establish
that treatment with M3 at the highest dose (300 μM) showed
very low levels of cell death relative to distilled water treatment.
These results establish the acceptable cytotoxicity profile of M3.

After establishing the good cytocompatibility of M3 at
concentrations up to 100 μM, we moved on to in vivo maximum
tolerated dose studies (Figure 7). All animal experiments were
approved by the Animal Care and Use Committee at the
University of Maryland (R-JAN-17-25 and R-AUG-18-42) and
followed the guidelines of the National Research Council
committee for the Update of the Guide for the Care and Use of
Laboratory Animals. For the in vivo MTD study, M3 was
formulated in normal phosphate buffered saline (PBS). A total
of 20 female Swiss Webster mice were used and divided into
four groups (PBS only (n=5), 12.3, 23.9, and 44.7 mg/kg M3
(each n=5)). The animals were dosed on days 0 and 2 (denoted
with *) via tail vein injection (0.150 mL) and their weight and
health status were recorded every other day until day 16.
Figure 7 shows that the weights of the mice receiving the
highest dose (44.7 mg/kg) are very similar to those receiving
PBS as control. Furthermore, the mice did not show any signs of
adverse behaviors (e.g. labored breathing, reduced locomotion)
after dosing. Accordingly, we continued in our workflow toward
the evaluation of the in vivo efficacy of M3 to sequester
methamphetamine.

M3 Does Not Inhibit the hERG Ion Channel. The hERG ion
channel which plays an important role in cardiac repolarization
is a voltage-gated potassium ion channel. Inhibition of the
hERG ion channel results in extension of the electrical
depolarization and repolarization of the heart ventricles which
can lead to fatal cardiac events. For this reason, the hERG ion
channel inhibition assay is a key component of early drug
development efforts.[38] Figure 8 shows the results of the hERG
ion channel inhibition assay performed using the patch-clamp
technique (QPatch HTX) at six concentrations of M3 ranging

Figure 6. In vitro cytotoxicity experiments performed for M3. a) Hep G2 cell
viability assay after incubating the cells with M3 for 24 h. b) HEK 293 cell
viability assay performed after incubation with M3 for 24 h. c) Hep G2 cell
death after incubation with M3. d) HEK 293 cell death after incubation with
M3. The AK assays in panels c and d were performed using the supernatant
from cells seeded for MTS assay. All panels of the figure show the average
and SEM values from two replicate experiments. Statistical analysis is one-
way ANOVA with Dunnett’s multiple comparisons test. UT=untreated;
*P=0.01–0.05; **P=0.001–0.01; ***P=0.001 � 0.0001; ****P<0.0001.

Figure 7. MTD study performed for M3. Female Swiss Webster mice (n=5
per group) were dosed via tail vein injection (0.150 mL) on days 0 and 2
(denoted by *) with M3 or PBS control. The normalized average weight
change per study group is indicated. Error bars represent SEM.

Figure 8. M3 does not inhibit the hERG ion channel. The hERG assay was
conducted using HEK 293 cells stably transfected with hERG cDNA in an
automated QPatch HTX patch clamp study. Plot of mean hERG ion channel
inhibition (%, n=3–4) versus log concentration for E-4031 ( · ) and M3 (&).
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from 0.008 μM to 25 μM along with the known hERG ion
channel inhibitor E-4031. The assay was performed using
mammalian cells (HEK 293) expressing the hERG ion channel. As
expected, the hERG ion channel is inhibited by E-4031 at
nanomolar concentrations whereas no concentration depend-
ent inhibition is observed for M3 at concentrations up to
25 μM. The calculated IC50 value for E-4031 is 267 nM whereas
for M3 the IC50 is higher than 25 μM. Compounds with hERG
ion channel inhibition IC50 values below 100 nM are classified
as highly potent whereas those with IC50 values above 10 μM
are categorized as having little to no inhibitory activity.[39] Given
the lack of hERG ion channel inhibition activity of M3 we
proceeded to test the mutagenicity of M3.

M3 is not mutagenic according to the Ames fluctuation test

The Ames fluctuation test and auxiliary bacterial cytotoxicity
assays were performed to determine whether M3 is mutagenic.
The Ames fluctuation test is a reverse mutation assay that uses
four S. typhimurium strains (TA98, TA100, TA1535, TA1537)
which display unique mutations in the histidine operon.[40] If a
compound induces a reverse mutation then the S. typhimurium
strain will grow and can be quantified spectroscopically. Strain
TA1535 contains a T to C missense mutation in the hisG gene
(his G46) leading to a leucine to proline amino acid substitution.
With the reversal of this mutation, TA1535 can detect com-
pounds that cause base pair mutations. Strain TA1537 detects
compounds that induce a +1 frameshift mutation on the his C
gene (his C3076). This allows frameshift mutagens to be
detected. The TA98 strain detects +1 frameshift mutation on
the his D gene (his D3052) and also contains the pkM101
plasmid, which increases the sensitivity of the strain to
mutagenic compounds. Finally, TA100 contains the same
mutation as TA1535 plus the pkM101 plasmid. Rat liver enzyme
fractions (S9) are also included in the assay to assess the
potential mutagenicity of metabolites produced from the test
compound.

First, to eliminate the possibility of false negatives in the
Ames fluctuation test, bacterial cytotoxicity assays (Supporting
Information) were performed to establish that M3 was not
cytotoxic toward the histidine revertant tester strains (TA98R,
TA100R, TA1535R, TA1537R). The four tester strains were
cultured overnight at 37 °C in media containing Davis Mingoli
salts, D-glucose, D-biotin, and low level histidine at pH 7.0
yielding OD650 from 0.60 to 1.10. The cultures were then
incubated with M3 (0.6, 1.2, 2.5, 5, 10, 25, 50, 100 μM; n=3) for
96 hours and then OD650 was measured. Compounds with OD650

values�60% of control (not treated with M3) are deemed
cytotoxic and do not proceed to the Ames fluctuation test. The
known cytotoxic compound mitomycin C (IC50�100 nM toward
the tester strains) is used as a positive control. M3 did not
exhibit bacterial cytotoxicity at concentrations up to 100 μM
(Supporting Information) in any of the four strains. Next, the
Ames fluctuation test was performed for M3 by incubating the
culture described above in the absence and the presence of M3
(5, 10, 50, 100 μM; n=48) for 96 hours with and without
Arochlor-induced rat liver S9 fraction (0.2 mgmL� 1). Bromocre-
sol purple is included as a colorimetric pH indicator that
responds to the pH drop resulting from bacterial growth upon
reverse mutation. After 96 hours, OD430 and OD570 are measured
and the number of positive wells with OD430/OD570�1 is
determined as surrogate for reverse mutation. The statistical
significance of the number of positive wells when M3 present
versus the control group (M3 absent) is calculated using the
one-tailed Fisher’s exact test and classified as follows: p<0.001
(very strong positive, + + +); 0.001<p<0.01 (strong positive,
+ +); 0.01<p<0.05 (weak positive, +); p>0.05 (negative, � ).
Positive control compounds that induce reverse mutation [2-
aminoanthracene (2-AA), 9-aminoacridine (9-AA), Quercetin
(Quer.), Streptozotocin (Strept.)] were also tested and their
expected mutagenicity was confirmed (Table 2). Table 2
presents the results of the Ames fluctuation test. Compared to
background, treatment with M3 up to 100 μM does not result
in a statistically significant increase in the number of positive

Table 2. Results from the Ames fluctuation test conducted for M3.

TA98 TA100 TA1535 TA1537

M3 (μM) � S9 +S9 � S9 +S9 � S9 +S9 � S9 +S9
0 0/48 1/48 0/48 4/48 0/48 0/48 1/48 0/48
5 0/48

–
0/48
–

1/48
–

0/48
–

0/48
–

1/48
–

1/48
–

0/48
–

10 0/48
–

0/48
–

0/48
–

0/48
–

0/48
–

2/48
–

0/48
–

1/48
–

50 0/48
–

0/48
–

0/48
–

3/48
–

0/48
–

0/48
–

0/48
–

1/48
–

100 0/48
–

1/48
–

0/48
–

0/48
–

0/48
–

0/48
–

0/48
–

0/48
–

Strept. 0/48
–

0/48
–

5/48
+

7/48
–

16/48
+ + +

24/48
+ + +

1/48
–

1/48
–

2-AA 0/48
–

13/48
+ + +

0/48
–

11/48
+

0/48
–

9/48
+ +

0/48
–

6/48
+

Quer. 5/48
+

10/48
+ + +

0/48
–

5/48
–

1/48
–

0/48
–

1/48
–

5/48
+

9-AA 0/48
–

0/48
–

0/48
–

2/48
–

0/48
–

0/48
–

24/48
+ + +

24/48
+ + +
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wells. We conclude that M3 does not significantly increase the
rate of reverse mutation and is not genotoxic.

Use of M3 to control the locomotion of mice

The high affinity of the M3 ·methamphetamine complex (Kd=

15 nM) and the good biocompatibility results for M3 lead us to
investigate whether M3 could be used to control the biological
effects of methamphetamine in mice. We capitalized on the
well-known hyperlocomotive effects observed for mice treated
with methamphetamine (0.5 mg/kg)[41] which can be monitored
by open-field tests.[42] For these experiments, Swiss Webster
mice were surgically implanted with jugular catheters featuring
head mounted ports as described previously (Supporting
Information).[10c] Following surgery, the animals were given
7 days to recover followed by the testing schedule given in
Figure 9a. On day 1, animals were placed in the behavioral box
without treatment to establish baseline locomotion levels. In
each 50 minute session, the locomotion of the mouse was
monitored by video and quantified by the total number of
beam breaks across each session. Sessions were conducted on
days 2–7 where each mouse received one of six experimental
conditions (Vehicle (5% aq. Dextrose, D5 W), only methamphet-
amine (0.5 mg/kg), only M3 (43.3 mg/kg), a premixed solution
of methamphetamine (0.5 mg/kg) and M3 (43.3 mg/kg) (called
premix group), M3 (43.3 mg/kg) followed 30 seconds later by
methamphetamine (0.5 mg/kg) (called 30s prevent group), and
methamphetamine (0.5 mg/kg) followed 30 seconds later by
M3 (43.3 mg/kg) (called 30s Treat group). These sessions were
conducted in a semi-counterbalanced manner where each
animal received only one treatment per day. Locomotion
counts were analyzed across treatments using one-way re-
peated measures ANOVA with Tukey-corrected pairwise post-
hoc t-tests in GraphPad Prism and the results are presented in
Figure 9b as a function of treatment group. Mixed effects
analysis revealed a significant main effect of treatment (F(6,78) -
=23.29, p�0.0001) with Tukey-corrected post-hoc comparison
showing a statistically significant increase in locomotion counts
for treatment with methamphetamine against the baseline,
D5 W, M3, premix, and 30 s prevent groups. Importantly,
comparisons of locomotion counts between the baseline, D5 W,
and M3 groups showed no statistically significant differences
(p’s>0.96) which establishes that treatment with M3 alone
does not influence locomotion. Mice treated with the premixed
solution of M3 and methamphetamine also show a statistically
significant reduction in locomotion relative to methamphet-
amine alone (p<0.0001) with locomotion counts similar to
those of baseline (p=0.9874). The 30s prevent group also
showed statistically significant reduction in locomotion count
relative to the methamphetamine group (p<0.0001) which
established that precirculating M3 successfully sequesters at
least at the 30 second timepoint. Unfortunately, treatment with
M3 30 seconds after methamphetamine (30s treat) did not
show a statistically significant difference in locomotion count
compared to methamphetamine alone (p=0.9338). Accord-
ingly, we conclude that M3 is incapable of sequestering and

blocking the biological effects of precirculating methamphet-
amine. This disappointing result, especially in light of previous
successful use of related and less tight binding acyclic CB[n]-
type hosts in this application,[10a,d] highlights that increasing
host ·methamphetamine binding affinity should not be the
main or sole developmental focus. In the case of M3, we
speculate that the extensive self-association of M3[29] or its high
affinity toward other compounds present in vivo diverted M3
from its intended target. In addition, the relative kinetics of
biodistribution of M3 and methamphetamine from the blood-
stream into other compartments (e.g. brain) may be responsible
for the successful sequestration of methamphetamine in the
30s prevention but not the 30s treatment groups. Finally, the

Figure 9. Efficacy study for the in vivo reversal of methamphetamine induced
hyperlocomotion in mice. Average locomotion counts for male Swiss
Webster mice (n=14; avg weight (g)�SD: 35.79�2.12) are plotted as a
function of treatment. All mice underwent an initial habituation to
determine baseline locomotion levels before treatment. Following this
baseline measure, treatment order was counterbalanced across days, and
mice only received one treatment per day. Over six consecutive days of
testing mice each received a single treatment of D5 W (0.2 mL infused), M3
only (43.3 mg/kg; 5 mM; 0.178 mL infused), methamphetamine only (Meth;
0.5 mg/kg; 0.022 mL infused), a premixed solution of M3 and methamphet-
amine (Premix; 43.3 mg/kg/0.5 mg/kg M3:Meth; M3:meth molar ratio=9.2 : 1;
0.2 mL infused), M3 followed by methamphetamine administered 30 s later
(30s Blocking; M3 (43.3 mg/kg, 0.178 mL infused then 0.5 mg/kg meth,
0.022 mL infused), and methamphetamine followed by M3 administered
30 s later (30 s Reversal; meth (0.5 mg/kg), 0.022 mL infused then M3
(43.3 mg/kg, 0.178 mL infused). Bars represent average locomotion counts.
Error bars represent the standard error of the mean (SEM). Dots represent
counts for each mouse (n=14). Presented p-values are only for significant
(p<0.05) Tukey-corrected post-hoc comparisons.
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relatively poor solubility of M3 in appropriate vehicles (e.g. PBS
or D5W) prevented the use of higher, potentially more effica-
cious, doses of M3.

Conclusion

In summary, we have investigated the molecular recognition
properties of a panel of acyclic CB[n]-type hosts (M1, Me4M1,
M2, M3, Z1, L1) toward a panel of 13 drugs of abuse by a
combination of ITC and 1H NMR spectroscopy. We find that π-
extension of the aromatic walls in the form of M3 delivers
highest affinity toward the drug panel with low nanomolar Kd
values for M3 ·methamphetamine (Kd=15 nM) and M3 · fentanyl
(Kd=4 nM). Host M3 was compatible with HEK 293 and Hep G2
cells up to 100 μM according to MTS cell viability and AK release
cell death assays, did not inhibit the hERG ion channel, and was
not mutagenic based on the Ames fluctuation test. In vivo
maximum tolerated dose studies showed that M3 is well
tolerated up to 44.7 mg kg� 1. In vivo efficacy studies showed
that mice treated with M3 (43.3 mgkg� 1) 30 seconds before
methamphetamine controlled the locomotion of the animals
but treatment with M3 30 seconds after methamphetamine did
not. In conclusion, these results highlight that the best perform-
ing in vivo sequestrants are not necessarily those with the
highest binding affinities toward the drug targets, but rather
that other properties like minimal self-association, high target
selectivity, and high inherent solubility also play important
roles.
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