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ABSTRACT: Chemiluminescence-based detection methods offer a superior signal-to-
noise ratio and are commonly adopted for biosensors. This work presents the design and
implementation of a supramolecular assay based on a chemiluminescent chemosensor.
Specifically, an indicator displacement assay (IDA) with the supramolecular host−guest
complex of chemiluminescent phenoxy 1,2-dioxetane and cucurbit[8]uril enables the low-
micromolar detection of drugs in human urine and human serum samples. Cucurbit[8]-
uril thereby acts as a non-surfactant chemiluminescence enhancer and a synthetic
receptor. Additionally, we show that adding an equimolar amount of cucurbit[8]uril to a
commercially available dioxetane used in standard enzymatic chemiluminescence
immunoassays enhances the chemiluminescence by more than 15 times. Finally, we demonstrate that a chemiluminescence
resonance energy transfer between a unimolecular macrocyclic cucurbit[7]uril-dye conjugate and a phenoxy 1,2-dioxetane can be
utilized to detect the herbicide paraquat at a micromolar concentration in aqueous media.
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Supramolecular chemistry has enabled the design and
preparation of artificial receptors that have potential

applications in various fields such as environmental and
medical diagnostics.1 Chemosensors are functional receptor-
like molecules that bind to analytes via non-covalent
interactions and thereby produce a spectroscopically detectable
signal, e.g., a fluorescence response.2,3 Like several other
synthetic macrocyclic receptors,4−9 cucurbit[n]urils (CBn)10

are promising candidates for developing chemosensor-based
diagnostic assays.11−15 Specifically, CBn display outstanding
binding affinities for many biomolecules and drugs16,17 in
aqueous solution (Ka ≈ 103−109 M−1)18,19 and are chemically
stable, non-toxic,20 water-soluble, and inexpensive to synthe-
size.21 For fluorescent chemosensors, the spectroscopically
active species, e.g., reporter dyes, need to be excited by an
external light source, leading to suboptimal signal-to-noise
ratios in complex matrices. When applied to biofluids that
contain emissive compounds and may be turbid, scattering and
autofluorescence can negatively affect the performance of
emission-based assays in clinical diagnostics.22,23 In this
respect, chemiluminescence (CL)-based sensing systems
would be advantageous for the development of chemosensor-
based assays because CL does not rely on an external light
source to generate an emitting state but instead uses the
inherent chemical energy of the ″chemiluminescent fuel″.24
Various supramolecular CL-based systems have been

converted into promising new materials such as light-on/
light-off switches,25 chemiluminescent hydrogels,26 self-report-
ing polymers,27 and agents for photodynamic therapy.28

Likewise, CL-based signal readout is already in routine use
for immunoassays in clinical diagnostics and pharmaceutical

research, providing ultralow sensitivity.29 Chemiluminescent
systems based on host−guest complexes have been described
for hydrogen peroxide detection in water,30 and the ability to
image reactive oxygen species in vitro and in vivo has been
reported.31 However, no chemiluminescent host−guest-type
chemosensors for sensing applications in biofluids of small
organic molecules have been reported to the best of our
knowledge.
Phenoxy 1,2-dioxetanes (PDOs) are widely utilized for CL-

based assays,32−35 e.g., the ELISA-Light system. Conveniently,
the conditions for generating CL from PDOs are compatible
with multiple assay formats under physiologically relevant
conditions. Moreover, many functionalized and protected
PDOs have been developed whose CL is activated by
particular enzymes, e.g., alkaline phosphatase or β−galactosi-
dase, which can be exploited to detect and image such enzymes
at trace levels (enzyme-triggered CL).36 Owing to solvent-
induced quenching,37 PDOs are characterized by relatively low
CL quantum yields in polar media.38,39 Recently, however,
PDOs were successfully synthesized with a CL quantum yield
of 9.8%.40

Performance enhancers, i.e., surfactant-dye adducts, can
increase luminescence intensity by confining the PDOs in an
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apolar environment.41 In addition, such surfactant-dye adducts
enable energy transfer from the excited state of the
chemiluminescent species to a more efficiently emitting
acceptor fluorophore. However, performance-enhancers based
on surfactants or surfactant-dye conjugates can be chemically
unstable and problematic for imaging in living cells.42

Consequently, it is of great interest to develop alternative,
non-surfactant-based performance-enhancers for chemilumi-
nescent PDOs.
In this work, we report a chemiluminescence-based

chemosensor (CCS) assay for the detection of drugs at low
micromolar concentrations in biofluids, i.e., human urine and
human serum, using a structurally simple PDO, namely 3-(4-
methoxyspiro[1,2-dioxetane-3,2′-tricyclo[3.3.1.13,7]decan]-4-
yl)phenol (DX; Figure 1a). Moreover, we demonstrate that the
biocompatible and commercially available macrocycle
cucurbit[8]uril (CB8) functions as a non-surfactant CL
performance enhancer (Figure 1b) in addition to being a
receptor. Furthermore, we show that the CB8-dependent CL
enhancement is suitable for commercially available PDOs.
Finally, we explore the possibility of detecting the herbicide
paraquat via chemiluminescence resonance energy transfer
(CRET) using a cucurbit[7]uril (CB7)-dye conjugate.

■ RESULTS AND DISCUSSION
Chemiluminescent Properties of DX and Its Host−

Guest Inclusion Complex with CB8. Chemiluminescent
PDOs (see Figures 1 and 4 for their chemical structures)
attracted our attention as potentially suitable reporter dyes for
CBn (n = 7, 8) as they contain a CBn-binding adamantane
moiety. Due to the strong binding of 1-adamantanol to CB7
(log Ka = 10.4) and CB8 (log Ka = 6.8) in water,

43 we also
expected that suitable PDOs are efficiently complexed by this
host family in the micromolar concentration regime in aqueous
media. Thus, DX was prepared following literature procedures
(see Supporting Information).40,44 Compound DX is long-
term stable for at least 1 h in acidic aqueous solutions (pH 6.0;
Figure S1a) but undergoes chemical transformation and
displays a blue CL emission when the pH is increased to 9.6
(λem,max = 471 nm, Figure S1b−d). This base-triggered CL
takes place after deprotonation of the phenol moiety (pKa ≈
9.0) of DX, leading to the formation of an electronically
excited phenoxy methyl ester intermediate, E* (Figure
S1e).24,33

As anticipated, DX forms a strong host−guest inclusion
complex with CB8 (CB8⊃DX, log Ka,CB8⊃DX = 6.2), as was
assessed by a fluorescent dye displacement assay in 10 mM
PBS at pH 6.0 (Figure S2). In addition, the host−guest
complex formation was confirmed by mass spectrometry
(Figure S3).
When triggering the CL reaction of DX through NaOH

addition, we found a 4.5-fold enhancement of CL intensity
(λmax = 455 nm) for the CB8⊃DX complex compared to the
free DX (λmax = 471 nm) at pH 9.6 in 10 mM PBS (Figure 2b,
IV, from the black curve to the blue curve). The observed CL
enhancement can be explained as CB8 accommodates both the
adamantanone and the electronically excited state of the
phenoxy derivative (E*). Inside the CB8 cavity, the phenoxy
derivative is protected from deactivation (Figure 1b):
Mechanistically, the observed enhancement of the CL intensity
indicates that the excited chromophore, generated upon base
addition, remains confined within the receptor cavity and is
thus protected from the surrounding water molecules. Indeed,
the CL arising from the CB8⊃DX host−guest complex shows a
hypsochromic shift (Δ = 16 nm, Figure S4a) of the emission
wavelength maximum compared to that of free DX, supporting
the inclusion complex hypothesis.45 The reproducibility of the
CL enhancement effect was confirmed by six replica measure-
ments, yielding a very good relative standard deviation (RSD)
of only 4% (Figure S4b).
For comparison, methylated β-cyclodextrin derivatives can

also be used as non-surfactant additives for CL enhancement
of 1,2-dioxetanes.31,46 However, they require a much higher
host concentration (at least 5-fold concentration excess) to
ensure a sufficient degree of dioxetane complexation, rendering
them suboptimal for the micromolar detection of most drugs
and biomolecules. Non-methylated cyclodextrins are even CL
quenchers.31

Chemiluminescent Detection of Mem and Nan. Due
to the high affinity and sizable CL enhancement effect
provided by CB8, this host appeared to be a promising
candidate for developing a CL-based supramolecular assay that
is operational in aqueous media and biofluids. CB8 has a high
binding affinity for the hydrophobic drugs memantine (Mem,
log Ka = 12.9)

11 and nandrolone (Nan, log Ka = 7.3),
47 the

former being a medication for the treatment of Alzheimer’s
disease48 and the latter being a synthetic anabolic steroid
(Figure 2a).49 As such, we expected these high-affinity drugs to
displace the chemiluminescent reporter DX from the cavity of

Figure 1. Schematic representation of the chemical structures and the role of host−guest interactions in modulating the CL properties of DX. (a)
Chemical structures of the macrocyclic receptor CB8 and the chemiluminescent dioxetane DX. (b) Modulated CL of DX in the absence and
presence of the macrocyclic receptor CB8.
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CB8, consequently reducing the CL signal and affecting the
luminescence kinetics. The schematic workflow for the CCS
assay is depicted in Figure 2b (see also the Materials and
Methods). In the first step, CB8 (30 μM) is added to an
aqueous solution (pH 6.0) of the analyte (A), e.g., Mem. After
a short equilibration time (5 min) in which the spectroscopi-
cally silent receptor−analyte complex (CB8⊃A, Figure 2c)
forms, an equimolar amount of DX (30 μM final concentration
in the assay medium) is added. DX sequesters the remaining
unoccupied CB8 by forming the corresponding CB8⊃DX
complex (Figure 2c). Compared to the binding affinities of
CB8 with Mem or Nan, the lower affinity of DX ensures that
no analyte is displaced from CB8⊃A once it is added to the
solution. However, weaker CB8-binding interferents in the
biofluid matrix, such as metabolites, is displaced from the CB8
cavity by DX, which is a desirable side effect of the assay setup.
The CL reaction is subsequently triggered by the fast addition
of base (NaOHaq) into the microplate well, and the kinetic
emission profiles are recorded by collecting all the light (320−
740 nm). Specifically, a gradual decrease in the onset of CL
(Figure S5) was observed when CB8 (30 μM) was premixed
with Mem-containing (0−60 μM) samples in PBS (10 mM)
prior to the addition of DX (30 μM), whereas the presence of
an equimolar amount of Mem resulted in no enhancement of
CL intensity (Figure 2b, IV, dotted curve). Comparable results
were obtained for the detection of Nan (0−60 μM) in PBS (10
mM); the CL intensity decreased with increasing Nan
concentration in the sample (Figure S6). For visualization
purposes and to guide the eye, we have fitted the concentration
plots for Mem and Nan with an exponential decay fitting curve.
Unlike some antibody-based assays that require lengthy

equilibration times,50 our supramolecular chemiluminescent
assay can be carried out rapidly and without peculiar
precautions: Indeed, studies on the effect of the equilibration
time (set between 5 and 20 min) of premixing Mem with CB8

showed no significant effect on the final CL intensity (Figure
S7). In accordance with the proposed mechanism of the CCS,
the detection of Mem or Nan was not successful when DX was
used without CB8 (Figure S8).
Notably, the detection of Mem (Figure 3a−d) and Nan

(Figure S9a−d) was also possible in deproteinized human
serum (1:3 diluted with 10 mM PBS at pH 6.0) and human
urine (1:1 diluted with 10 mM PBS at pH 6.0). As pointed out
before, the addition of DX to the CB8-spiked biofluid
specimen causes the desirable displacement of more weakly
binding interferents from the hosts’ cavity while not affecting
the integrity of the CB8⊃A complexes. The therapeutic range
of Mem in plasma varies between 0.50 and 0.83 μM, with a
toxicity level set at 1.67 μM.51 Because the CCS can detect
Mem at concentrations as low as 1 μM, our chemiluminescent
assay may be further developed to detect Mem overdoses or
inappropriate drug administration in Alzheimer’s disease
patients (as dementia is the main symptom of this disease;
this patient group is particularly subject to abnormal drug
intake).52 In addition, Nan levels are monitored by anti-doping
agencies in sports competitions, and abuse can be detected by
Nan levels greater than 7 and 18 nM in female and male
athletes, respectively.53 Although our CCS currently cannot
achieve nanomolar sensitivity, it is operational in the
micromolar concentration range. Thus, it may be used for
the rapid on-site detection of Nan in illicit preparations used
by athletes before or during competitions.
CB8 as CL Enhancer for the Commercially Available

Dioxetane CDP-Star. Furthermore, the CB8-based CL
enhancement is not limited to dioxetane DX but can also be
utilized for the commercially available CDP-Star dioxetane
substrate (Figure 4a), which has already found practical uses
for, e.g., enzyme-linked immunosorbent assays.38,54 We found
that equimolar addition of CB8 (30 μM) to a solution of
enhancer-free CDP-Star (30 μM in 10 mM Tris−HCl buffer

Figure 2. Chemical structures of the target analytes and schematic representation of the implementation and functioning principle of the herein
presented assay. (a) Chemical structures of the analytes Mem and Nan. (b) Schematic representation of the chemiluminescence-based
chemosensor (CCS) assay. The graph shows the Mem-dependent decrease in the CL intensity ([Mem] = 30 μM, [CB8] = 30 μM, and [DX] = 30
μM) in 10 mM PBS at pH 9.6. (c) Schematic representation of the functioning principle of CCS.
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solution containing 1 mM Mg2+ and 3 U mL−1 of alkaline
phosphatase (AP) at 37 °C, pH 9.0) resulted in a 15-fold
increase in the CL intensity (Figure 4b). For the reasons
described above, no enhancement of CL intensity was
observed when CB8 was premixed with an equimolar amount

of Mem before the addition of CDP-Star. Notably, the addition
of β-CD to CDP-Star did not enhance CL but even resulted in
pronounced quenching (Figure S10),31 again highlighting the
superior performance of CB8 as a macrocyclic CL enhancer.
CRET Study between DX and CB7-CF. DX also forms a

relatively strong inclusion complex with the smaller CB7
homologue (log Ka,CB7⊃DX = 7.2 in water at pH 6.0), as was
assessed by a fluorescent dye displacement assay (Figure S11).
In saline media, this affinity is significantly reduced.55,56

Despite their apparent similarity, CB7⊃DX and CB8⊃DX
remarkably differ in terms of CL properties. For example, no
CL enhancement was observed with CB7⊃DX in basic media
(Figure S12). The smaller cavity of CB7 probably accom-
modates only the adamantane moiety but not the chromo-
phore of DX, and thus, the DX binding moiety remains
exposed to surrounding water molecules (Figure S13),
resulting in the deactivation process as mentioned above.
Nevertheless, CRET31 can be realized for sensing

applications by using a suitable CB7-dye conjugate as host.
For this purpose, the CRET-acceptor carboxyfluorescein azide
(CF-N3) was covalently linked to CB7 (CB7-CF, Figure 5a) by
following literature procedures (see the Supporting Informa-
tion).57 CF-N3 displays a strong spectral overlap between its
absorption profile and the emission profile of DX (CRET
donor; Figure 5b), which will also be the case for CB7-CF.
Indeed, after the formation of CB7-CF⊃DX (Figure 5c, I) and
subsequent basification, CRET was observed as indicated by
the CB7-CF-sensitized and dependent emission, whereas a
concomitant CL intensity reduction of DX was also witnessed
(Figure 5d; see Materials and Methods). Furthermore, the
importance of the macrocyclic binding motif in CB7-CF,
which serves as an anchor point for the binding of DX, was
confirmed by the control experiment in which the dye CF-N3
and DX alone were studied for CRET; in this case, a lower
(50%) CRET intensity was observed (Figure S14a).
CRET-Based Detection of Methyl Viologen. Finally, we

investigated the possibility of utilizing the above-described
CRET-process for sensing methyl viologen (MV2+, log Ka,CB7 =
7.4 in water; Figure 5a)58�a herbicide known to be associated
with the development of Parkinson’s disease.59 For this
purpose, we followed the CRET process occurring in MV2+-
spiked water samples (see the Materials and Methods). As a
result, we found that increasing amounts of MV2+ caused
CRET quenching (Figure 5e). Thus, micromolar detection of
the herbicide viologen by a ratiometric method is possible in
aqueous solutions using a chemiluminescent chemosensor
ensemble. Mechanistically, MV2+ most probably acts as an
electron transfer (eT) quencher for DX and CB7-CF (Figure
5c, II),60,61 as was deduced by additional control experiments
(see the Supporting Information).
General Discussion on Current Limitations and

Performance of the CCS Assay. CBn show high binding
affinities for many biomolecules and are therefore rather
unselective binders. Thus, the CCS presented in this work is at
this point limited to the detection of high-affinity drugs such as
Mem and Nan. Previous works using fluorescent CBn-based
chemosensing ensembles reported the detection of Nan (0−
43.2 μM) in PBS55 and Mem (0−2 μM) in spiked human
serum.11 However, to reduce the disturbances from the
autofluorescence background, a sensitive fluorimeter in
combination with 3 mL cuvettes had to be used for
experiments in blood serum. Both Nan and Mem can also
be detected in the micromolar concentration range with the

Figure 3. Sensing of analytes in urine and serum. (a) Time-dependent
CL response of CCS ([CB8] = 30 μM and [DX] = 30 μM; pH 9.6) in
Mem-spiked (0−60 μM) diluted urine (1:1 with 10 mM PBS;
containing 2.5 vol% DMSO) and (b) semi-log plot of the
corresponding CL intensities (ICL) plotted at 3 min after the addition
of NaOHaq (10 mM, 10 μL). (c) Time-dependent CL response of
CCS ([CB8] = 30 μM and [DX] = 30 μM; pH 9.6) in Mem-spiked
deproteinized human serum (diluted 1:3 with 10 mM PBS;
containing 2.5 vol% DMSO) and (d) semi-log plot of the
corresponding ICL plotted at 3 min after the addition of NaOHaq
(10 mM, 10 μL). The average ICL and the corresponding standard
deviation (σ) were calculated from six independent measurements.

Figure 4. Implementation of CB8-based CL amplification for the
commercially available, enzyme-responsive CDP-Star. (a) Schematic
representation of the AP-catalyzed dephosphorylation of CB8⊃CDP-
Star, resulting in an enhanced CL due to host−guest complexation.
(b) CL emission spectra of CDP-Star in the presence and absence of
CB8 in 10 mM Tris−HCl buffer solution containing 1 mM Mg2+ and
3 U mL−1 of AP at 37 °C (pH 9.0). Also shown is the CL emission
when 1 eq of Mem was added to CDP-Star prior to CB8 and enzyme
addition.
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CCS. The limit of detection (LOD) for Mem (Figure S16) and
Nan (Figure S17) in PBS, urine, and serum samples was
determined from the linear-response range of the CCS
calibration curve and is summarized in Table S1. Since
host−guest interactions follow nonlinear relationships, the
LOD calculated using general linear regression is considered to
be only approximative. Nevertheless, the results show that the
CCS can be used to detect low micromolar quantities of the
drugs Mem and Nan. As a significant advance of the state of
the art, a microplate reader can execute the CCS assay in a
high-throughput and low-volume format even in human urine
and human serum due to the efficient fluorescence background
elimination.
To evaluate the performance of the CCS under the influence

of matrix-to-matrix effects, we performed recovery studies
using Mem-spiked urine samples from three healthy voluntary
donors. In addition, a previously reported fluorescence-based
indicator displacement assay (IDA) for Mem that is
compatible with biofluids was utilized for validation of the
CCS.11 As shown in Tables S2 and S3, the CCS showed good
recoveries (>85%) in all the samples tested, including spiked
urine, and yielded comparable analyte concentration values as
the IDA. Unlike the IDA, the CCS is not affected by the
fluorescence background from the media.

■ CONCLUSIONS
In summary, we have presented a novel chemiluminescence-
based chemosensor assay for the detection of drugs in saline
media and real biofluids at low-micromolar concentrations. To

this end, CB8 was shown to serve as a versatile
chemiluminescent enhancer of adamantyl-bearing 1,2-dioxe-
tanes. The herein presented methodology is readily adaptable
to enzyme-coupled chemiluminescence assays with commer-
cially available dioxetanes and has the potential to improve
chemiluminescence-based diagnostic assays by providing a
simpler, non-toxic, and more cost-efficient alternative to
polymer-based performance enhancers. Moreover, chemilumi-
nescence resonance energy transfer can be achieved by
combining dioxetanes with suitable dye-CB7 conjugates, giving
further opportunities to tune the dioxetane-based assay, e.g., for
the CRET-based detection of herbicides in water.

■ MATERIALS AND METHODS
Refer to the Supporting Information for full protocols, descriptions,
ethical approval, and informed consent. For information on data
uploaded to open repositories, see the associated content.
CCS Assay Procedure. In a typical procedure, the analyte spiked

(0−60 μM) PBS stock solution or diluted urine (1:1) with 10 mM
PBS (pH 6.0) or diluted (1:3) deproteinized serum with 10 mM PBS
(pH 6.0) was added to a well of a 96-well Optiplate. The CB8 stock
solution (typically 300 μM in Milli-Q water) was then added, and the
mixture was left at static conditions at room temperature for 5 min.
Then, DX, dissolved in DMSO (typically a 1 mM stock solution), was
added to the mixture, and the solution was left at static conditions for
another 10 min after mixing (Note: the volume taken from each stock
solution was chosen so that the final concentration of CB8 and DX
present in one well was 30 μM each). CL was induced by adding
NaOHaq (10 mM solution, 10 μL), and the reaction mixture was
briefly shaken (20 s) using a plate reader built-in shaking device. The

Figure 5. CRET studies. (a) Chemical structures of CB7-CF and MV2+. (b) Normalized absorption (λCF‑N3/abs,max = 477 nm) and emission profiles
of the acceptor dye CF-N3 (λex = 477 nm; λCF‑N3/em,max = 520 nm) in water. The normalized CL spectrum of DX at pH 9.6 in water is also shown.
(c) Schematic representation of the binding mechanism and CRET process between DX and CB7-CF in the absence and presence of MV2+. (d)
CB7-CF-dependent CRET luminescence intensities with DX (10 μM in water containing 2.8 vol% DMSO, pH 9.6). (e) CRET luminescence
intensities ([DX] = 10 μM and [CB7-CF] = 10 μM in water containing 2.8 vol% DMSO, pH 9.6) at different MV2+ concentrations. The average
emission intensities and the corresponding standard deviation (σ) were calculated from five independent measurements.
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final volume of the test mixture of one well was 200 μL and contained
2.5 vol% DMSO from the addition of DX. The CL intensity (whole
wavelength range) was recorded immediately after shaking.
CRET Assay between DX and CB7-CF. To a solution of CB7-

CF (0−15 μM) in Milli-Q water (pH 6.0) placed in a 96-well
Optiplate, DX (10 μM) was added. CL was subsequently triggered by
adding NaOHaq (10 mM solution, 10 μL), and the reaction mixture
was briefly shaken (20 s) using a plate reader built-in shaking device.
The final volume of the mixture in the well was 200 μL and contained
2.8 vol% DMSO. After shaking (20 s), luminescence intensities in the
wavelength ranges of 450−470 nm and 540−560 nm, corresponding
to DX and CB7-CF, respectively, were recorded. Likewise, the same
protocol was followed between CF-N3 and DX.
CRET Experiments in the Presence of MV2+. MV2+-spiked

solutions (0−50 μM in Milli-Q water, pH 6.0) were added to a well of
a 96-well Optiplate. Subsequently, aliquots of the CB7-CF stock
solution (in Milli-Q water, pH 6.0) were added so that the final
concentration of CB7-CF in the microwell was 10 μM. The mixture
was left at static conditions at room temperature for 2−3 min. Then
DX, dissolved in DMSO, was added so that its final concentration in
the well plate was 10 μM, and the solution was mixed well. After
mixing, CL was triggered by adding NaOHaq (10 mM solution, 10
μL), and the reaction mixture was briefly shaken (20 s) using a plate
reader built-in shaking device. The final volume of the mixture in one
well was 200 μL and contained 2.8 vol% DMSO. After shaking, the
luminescence intensities in the wavelength ranges of 450−470 nm and
540−560 nm, corresponding to DX and CB7-CF, respectively, were
recorded. Likewise, the same protocol was followed between CF-N3
and DX.
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