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Vaping etomidate is currently a red-hot social issue where the drug abuse problem has led to health con-
cerns and even reported deaths for adolescents. Therefore, a fast, sensitive, and cost-effective detection
tool for etomidate is urgently needed to support law enforcement. A chromium(i) complex-based
sensor, EtoChrom, is presented in this work as an example of a detection method for etomidate based on
a colorimetric assay. This low-priced but novel sensor exhibits an eye-catching colour change from
purple to yellow and a bathochromic shift in the absorption band upon etomidate binding. Thus, the
result can be seen directly by the naked eye. EtoChrom demonstrated a high precision of up to 2 mg
mL~! etomidate with a low detection limit of 0.030 mg mL™, with the interference from the vape juice
and saliva matrices negligible throughout the test. In real etomidate-containing vape juice analysis,
EtoChrom can provide accurate results within 1 min, revealing its high potential to serve as an easy-to-

rsc.li/dalton

1. Introduction

Etomidate (ET) is an imidazole-based non-barbiturate sedative,
which is ordinarily applied for anaesthesia induction and
sedation in the form of injection." With its strong but ultra-
short inhibitory effect on the central nervous system, ET might
provide short-term pleasure similar to inebriation for
humans.” However, an overdose of ET can lead to adrenal sup-
pression, myoclonus, respiratory depression, unconsciousness,
and even death.®* Recently, ET has been found to be a low-
cost and easily obtainable substitute for narcotics, leading to a
tremendous growth rate in criminal cases of its illegal addition
to beverages and vape juice of E-cigarettes in Hong Kong and
China in the last two years.” Consequently, in February 2025,
ET and its analogues, including metomediate (MT), propoxate,
and isopropoxate (iPrT), were classified as dangerous drugs in
Hong Kong.® Hence, there is an urgent need to develop fast,
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handle and cost-effective etomidate detector for rapid on-site screening.

selective and cost-effective ET sensors to support law
enforcement.

The current reported analytical methods for ET in human
or environmental samples are mainly based on high-perform-
ance liquid chromatography (HPLC) or gas chromatography
(GC) equipped with a mass detector (MS).”® Despite their
ability to achieve highly accurate results with a remarkably low
limit of detection (LOD), the requirements of long testing
time, expensive and large equipment, and professional oper-
ators restrict their use under non-laboratory conditions. To
overcome these limitations, Peng et al.'® and Ding et al'’
reported two fluorescence sensors that can recognize ET with
the LOD in the nanomolar (nM) range, respectively, in 2024.
However, using a fluorescence sensing strategy to detect narco-
tics or drugs heavily relies on the use of
spectrofluorometers,">* and either the portable instruments
are expensive or the signal-to-background ratio is limited, sig-
nificantly reducing the practical feasibility of on-site ET deter-
mination.”® Alternatively, in 2025, the use of lateral-flow
immunoassay by Qu et al. provided an ultra-low (ppb level)
detection result for both ET and MT in human and environ-
mental samples.'® Yet, the preparation of monoclonal anti-
bodies of both analytes through the development of engin-
eered haptens was costly and time-consuming."” Apart from
the chemical sensor, Zhang et al. in 2025 demonstrated the
use of gold-ordered array substrate-engineered surface-
enhanced Raman spectrometry to detect ET and its metab-
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olites in vape juice at a concentration of 50 ppm.'®
Nevertheless, fabrication of the gold array required tedious
and apparatus-assisted synthesis. The benefits and drawbacks
of recent and representative detection methods of ET are com-
pared and summarised in Table S2.}

Notably, colorimetric analysis, particularly colour variation
upon metal ion chelation, is the most frequently employed
method for on-site inspection of psychoactive drugs and narco-
tics. For example, transition metals such as Co®" ions (the
Dille-Koppanyi reagent for barbiturates) and Cu®" ions (the
Zwikker reagent for barbiturates) are commonly adopted in
preliminary visual examination in the analysis of barbiturates
owing to the ease of preparation and rapid reaction
kinetics.>>?" Among other transition metal ions, Cr’* in the
form of a [Cr(H,0)s]>" complex has drawn our attention
because of the immediate and clear visual colour change from
purple to greenish yellow upon the displacement of one aqua
ligand by an electron-rich ligand;***® the lone-pair electrons
on the imidazole ring and/or the carbonyl of ET are expected
to promote this rapid ligand exchange, resulting in ET-specific
recognition. Besides, the common source of [Cr(H,0)c]**, chro-
mium(m) nitrate nonahydrate [Cr(NO;);-9H,0],>* is in-
expensive.”” However, to the best of our knowledge, the poten-
tial of applying this Cr*"-based colorimetric analysis in ET
detection remains unexplored, although the result can be
determined instantly and directly by the naked eye.

In this work, we report an example of using the [Cr(H,0)c]**
complex to detect ET based on a colorimetric assay. As a proof
of concept, EtoChrom, a reagent containing 10 mM [Cr
(H,0)s]>" in 10% (w/v) NaCl solution, is prepared as a low-cost,
rapid, sensitive and selective ET sensor which can provide
both qualitative and quantitative results. The sensitivity, LOD,
selectivity and stability of EtoChrom will be discussed along
with its feasibility for on-site detection of ET.

2. Results and discussion

2.1. Molecular design and mechanistic action

Imidazole is an electron-rich field ligand relatively stronger
than H,O in the spectrochemical series (i.e. H,O < NCS~ <
CH;CN < imidazole < py < NH3).>**” Upon interaction of the
[Cr(H,0)6]>" complex in octahedral geometry (Oy) with ET in
the E-cigarette sample, a substitution reaction would occur to
displace one water molecule to give [Cr(H,O);ET]*" with the
preferred dissociative mechanism.”® Owing to the presence of
a stronger field ET ligand, an immediate visual colour change
from purple (i.e. absorption in the yellow region ca. 580 nm) to
greenish yellow (i.e. absorption in the violet region ca. 400 nm)
is expected due to the increase in crystal field splitting energy
(4,), resulting in a higher absorbance in the high-energy violet
region and a bathochromic shift of maximum absorption
wavelength according to the crystal field theory (Fig. 1a).>**
To validate the key principle in the design of our ET sensor,
commercially purchased [Cr(H,0),]>" was first dissolved in de-
ionized (DI) water to give a solution of 10 mM concentration.
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Fig. 1 (a) Schematic illustration of the ET detection mechanism of the
[Cr(H,0)g]** complex. Change in (b) UV-vis spectra and (c) colour of [Cr
(H,0)gl** and CrAc (both 10 mM) in DI water upon the addition of ET
(1 mgmL™).

As a control, a 10 mM green chromium(m) acetate (CrAc)
aqueous solution was also prepared. As shown in Fig. 1b, the
absorption spectra of both chromium aqua and acetate com-
plexes exhibited three major absorption bands attributed to
the three spin-allowed d-d transitions for the O, complex in a
ds system, Ay, — ‘Tiy(P) (ca. 300 nm), *Ayy — “Tyy(F) (ca.
420 nm), and *A,; —> *Ty(F) (ca. 580 nm), respectively, which
were essentially the same as those reported.>**° The letters F
and P are symbols describing the total orbital angular momen-
tum (L = 1 or 3) of the excited state terms for clarity, respect-
ively, in which their orbital angular momentum may be
different from the free ion ground state (*F) of the d* system.>?
Upon the addition of 1 mg mL ™" of ET with 1 min shaking,
while the absorption spectrum of the CrAc showed negligible
change, bathochromic shifts of maximum absorption wave-
length (4aps) for both the *Ayy — “Ty4(F) transition from 412 to
416 nm and the Ay, > “T,,(F) transition from 574 to 577 nm
were observed in the case of the chromium aqua complex
[Fig. 1b and S1at], leading to a gradient colour change from
purple to greenish yellow (Fig. 1c). In addition, the absorbance
for *A; — "Ty,(F) transition increased from 0.16 to 0.19 (Fig
S1bt). These results supported the ET detecting properties of
the [Cr(H,0)s]>* complex as a colorimetric sensor.

2.2. Optimisation of detection conditions

The effects of pH, medium, concentration, and reaction time
were further investigated for the optimal ET detection con-
ditions with the [Cr(H,0)e]** complex. To study the pH effect,
the absorption spectra of 10 mM [Cr(H,O0)¢]>" aqueous solu-
tion were recorded with the pH adjusted from 1 to 11. As
shown in Fig. S2,1 under acidic conditions (pH 1.0 and 3.0),
while the A, for three transition bands remained unchanged,
their absorbance was slightly reduced compared with that of
aqueous [Cr(H,0),]*" solution dissolved in DI water. At pH 7.0,
a small amount of pale green suspension was noticed, likely

This journal is © The Royal Society of Chemistry 2025
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chromium(m) hydroxide [Cr(OH);]. Meanwhile, CrOH*" and/or
[Cr(OH),]" complexes were likely formed, which might alter
the absorption spectrum of the mixture.*® At pH 9.0, a signifi-
cant amount of pale green solid precipitated from the solution.
It is well known that the presence of precipitates in the cuvette
causes radiation scattering, which noticeably increases absor-
bance.®! Interestingly, at pH 11.0, the pale green precipitate
redissolved in this alkaline environment, which changed the
absorption profile as [Cr(OH,)]” was expected to be the predo-
minant complex in the solution.?’ In particular, at pH 5.0, the
absorption profile almost overlapped with that of the[Cr
(H,0)s]>" aqueous solution, suggesting that this pH value pro-
vided minimum interference. The buffer solution can resist
pH change and thereby the spectral properties of the [Cr
(H,0)s]>" complex were analysed in phosphate-buffered saline
(PBS) and sodium acetate (NaAc) at pH 5.0 at different concen-
trations (Fig. S3at). At 100 mM, absorption bands at 411 nm
showed a bathochromic shift to 420 and 425 nm in PBS and
NaAc, respectively (Fig. S3bt). When the concentration of the
buffer was reduced to 10 or 1 mM, the change in A,,s became
marginal but the absorbance was still remarkably higher than
that in DI water (Fig. S3ct), implying that the use of buffer
solution was not suitable. Instead, we dissolved the [Cr
(H,0)]>" complex in 10% (w/v) NaCl solution to minimize bio-
degradation for prolonged storage, since the high salt concen-
tration can effectively inhibit the growth of bacteria and
viruses.”> The absorption spectrum of [Cr(H,0),]>" in this
medium was then measured and found to be very similar to
that recorded in DI water (Fig. 2a).

To further identify the optimal concentration of [Cr
(H20)6]>" in this formulation for ET detection, 1 mg mL~" ET
was added to the solution with three different concentrations
of [Cr(H,0)e]**, and the results are depicted in Fig. S4.} It was
found that the purple colour at 100 mM was too intense for a
positive result reading, while it was difficult to distinguish the
colour between the transparent 1 mM testing solution and the
ET-chelated mixture by the naked eye. Thus, 10 mM [Cr
(H,0)s>" in 10% (w/v) NaCl solution at pH 5.0 (EtoChrom) was
chosen in the subsequent experiments. The optimal result
reading time for EtoChrom was also studied by the change in
the absorption profile upon the addition of 1 mg mL™" ET
with different shaking times. As shown in Fig. S5,1 the A, of
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Fig. 2 (a) UV-vis spectra of [Cr(H,0)¢l** (10 mM) in DI water or 10%
(w/v) NaCl solution. (b) Change in A,,s and absorbance for the 4A29 -
4T19(F) transition of EtoChrom (10 mM) upon the addition of ET (1 mg
mL™2) over a period of 3 min.
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Az — *Ty4(F) transition increased gradually to 417 nm and
reached a plateau at around 1 min. Meanwhile, the absorbance
of this band sharply increased to 0.24 in the first 10 s and
eventually reduced and stabilized at ca. 0.19 after 1 min. The
summarized results in Fig. 2b suggest that EtoChrom can
serve as a rapid ET sensor, which is attributed to the rapid
equilibrium achieved in Cr-ET complexation within 1 min.

2.3. Stability of EtoChrom

The stability of EtoChrom was then examined by monitoring
the change in the absorption spectrum of EtoChrom (10 mM)
at room temperature over a period of 90 days (Fig. 3a). It can
be seen that the changes in both 1,55 and absorbance for 4A2g
— "Ty,(F) and *A,, — “T,(F) bands were inconsequential
throughout the whole period (Fig. S6a and bf). To further
understand the ET detection properties of EtoChrom stored
for a long time, a detection assay was performed with
EtoChrom incubated with ET (1 mg mL™") for 28, 56, and 90
days. As shown in Fig. S7,T the absorption spectra at these
time points were comparable to those recorded at day 0. All of
these results confirmed the high stability and retained ET reco-
gnition ability of EtoChrom over a period of storage.

2.4. Sensitivity of EtoChrom

To investigate the correlation between the 1,,s and absorbance
of EtoChrom and the concentration of ET, the absorption
spectra of EtoChrom upon the addition of ET from 0 to 40 mg
mL™" with 1 min of shaking were recorded (Fig. 3b). As
expected, a bathochromic shift in 4,,s and enhanced absor-
bance can be observed for both the *A,, — “Ty4(F) and *Ayy >
T,,(F) transition bands, along with a notable visual colour
change from purple to greenish yellow when the concentration
of ET increased (Fig. 3c). As shown in Fig. 3d and S8a-c,f the
Jabs Of the *A,, — “T;,(F) band exhibited a good linear relation-
ship with the concentration of ET among three other para-
meters (i.e. Aups Of *Ayy — “Tyy(F) and the absorbance of two
transition bands) within 2 mg mL™", indicating the colori-
metric nature of EtoChrom in ET sensing. However, when the
ET concentration was >2 mg mL™", the A, at 424 nm reached
a plateau and it is believed that the concentration was satu-
rated and precipitation of ET was observed, losing the linear
relationship with the A,,s or absorbance. The LOD was also
determined to be 0.030 mg mL~", while the colour change can
be visualized by the human eye at ca. 1 mg mL™".

2.5. Selectivity of EtoChrom

It is important to understand if EtoChrom is specific toward
etomidate and unaffected by other common analytes in the
matrices during the analysis. Since our target is to develop a
specific on-site ET detection means, various potential interfer-
ing species, including glycerol (EG), propylene glycol (PG), fla-
vouring chemicals and nicotine in the vape juice,* and elec-
trolytes (i.e. Na*, K¥, Ca®>*, Mg?*, CI~, HCO;~, PO,*"), enzymes
and proteins in the saliva,*® were treated with EtoChrom and
the changes in the absorption spectra were monitored. To sim-
plify the assay, 20 mmol L™ NaHCO;, 30 mmol mL™" KCI,

Dalton Trans., 2025, 54,10883-10889 | 10885
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Fig. 3 Change in UV-vis spectra of EtoChrom (10 mM) (a) over a period of 90 days, (b) upon addition of different concentrations of ET (from 0 to
40 mg mL™), and (f) upon incubation with ET, MT, or iPrT (all at 10 mg mL™) after shaking for 1 min. (c) Change in colour of EtoChrom (10 mM)
upon the addition of ET from 0 to 40 mg mL™2. (d) The relationship between the A,y of the 4A29 - 4T19(F) transition band of EtoChrom (10 mM) and
the concentration of ET. (e) A,ps Of the “AZg - 4ng(F) transition band of EtoChrom (10 mM) after treatment with ET or different potential interfering
species in the vape juice and saliva matrices with the corresponding concentrations. Data are expressed as the mean + standard derivation (SD) of

three independent experiments.

2.5 mmol L™' CaCl,, 0.25 mmol L™" MgCl,, and 30 mmol
Na,PO, were tested in this study while 2 mg mL™" of human
serum albumin (HSA) was used to mimic the total amount of
enzymes and proteins, making both ion and protein concen-
trations similar to those in the saliva of a normal adult.**
Because of the numerous flavours of E-cigarettes available
commercially, three common and representative flavouring
chemicals found in vape juice, namely diacetyl, 2,3-pentane-
dione, and acetoin (all 500 ug mL™"), were examined in this
assay.>” In addition, the concentration of nicotine to be exam-
ined was 18 mg mL™", which is similar to the typical content
of nicotine in commercially available vape juice (i.e. 1.8%). As
shown in Fig. 3e, the change in A of the *Ayy — “Ty,(F) band
was negligible after treatment with most species, except for
nicotine, which showed a slightly hypsochromic shift for
2 nm. It is noteworthy that the absorbance at ca. 412 nm was
higher in the cases of PO,*~ and nicotine, with the difference
being marginal for the former but considerable for the latter
(Fig. S97).

Therefore, the absorption spectrum of EtoChrom was
recorded and subjected to comparison in the presence of nic-
otine (18 mg mL™") and ET (1 mg mL™") (Fig. S107).
Interestingly, the absorption features and change in A, of the
*Asg > "T14(F) band of EtoChrom upon addition of nicotine
and ET were similar to those for ET addition only.
Furthermore, EtoChrom was incubated with three ratios of PG/

10886 | Dalton Trans., 2025, 54,10883-10889

EG [i.e. 6:4, 7:3, 8:2 (v/v)] that mimic commercial vape juice
to understand its compatibility in this fundamental matrix for
future real sample analysis.’® Similar to the individual com-
ponents, the absorption spectra of EtoChrom in all of these
ratios remained almost unchanged, which suggests that our
probe is inert to the major composition of vape juice in
common formulations (Fig. S11t). All of the above results
reveal that the bathochromic change in A,,s and yellow colour
formation by EtoChrom were highly specific to ET in the pres-
ence of the aforementioned interfering species.

The performance of EtoChrom with MT and iPrT (all at
1 mg mL™") was also examined because of the growing trend
of the illegal addition of these ET analogues to vape juice to
avoid the detection of ET.>” Fig. 3f shows that the absorption
spectra of EtoChrom were commensurate in the presence of
ET or iPrT, while the change in 1,,s with MT was minimal,
which might be attributed to the electron donating effect of
the substituents.

Still, EtoChrom has the potential to recognize some other
analogues of ET with a similar structure, implying its high
capability to recognize illegally added ET derivatives in actual
scenarios.

2.6. Calculation for etomidate-EtoChrom binding

In light of the concerns about the binding geometry between
ET and EtoChrom, computational modelling and calculation

This journal is © The Royal Society of Chemistry 2025
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were employed using density functional theory (DFT) with the
PBEO0/def2-SVP level of theory to stimulate the optimized struc-
ture of the ET-EtoChrom complex.>®**° There are three poss-
ible binding modes between the Cr** ion and the ET ligand,
including (1) monodentate N-coordination with the imidazole
ring; (2) monodentate C=O coordination with the ester
moiety; and (3) bidentate N- and C=O coordination. As
shown in Fig. 4a, the change in the single point energy (4gpg)
with reference to [Cr(H,0)s]>" for N-coordination (—32.90 keal
mol™") was calculated to be much lower than that of C=0
coordination (-17.94 kcal mol™'), suggesting that the ET
ligand with N-coordination to the Cr’" ion is preferred.
Nonetheless, bidentate chelation was unlikely to be seen due
to the steric hindrance and the large distance between the two
binding sites (Fig. S12f). For the number of ligands co-
ordinated onto EtoChrom, the calculated Agpp of the bi-co-
ordinated complex (—33.64 kcal mol™") was marginally lower
than that of the mono-coordinated complex (—32.90 kcal
mol ") (Fig. 4b). However, with reference to our experimental
results given in Fig. 3d, the maximum concentration of ET
with a good linear relationship detected by 10 mM EtoChrom
was 2 mg mL™" (ie. 8.2 mM), while ET precipitation was
observed at >4 mg mL™" (i.e. 16.4 mM), revealing that the bi-
coordination was kinetically not favoured due to the ET solubi-
lity. Hence, we believe that a 1:1 binding between ET and
EtoChrom dominated in the reaction mixture although the
energy of the bi-coordinated complex is lower than that of the
mono-coordinated complex. All the above results suggest a
strong, monodentate, and mono-coordinated binding between
the Cr*" ion and the ET ligand, which is consistent with our
above experimental results.

a . ..
(i) (ii) (i) @
‘A‘o—-{ ®°
o o
Q% Wb °
. o, i
7 . %
9 ©
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Fig. 4 (a) The optimized structures of (i) [Cr(H,O)gl**, (ii) the ET ligand
with N-coordination, and (iii) the ET ligand with C=O coordination. The
relative energy compared to [Cr(H,O)¢]** demonstrates a more stable
conformation when coordinated on the N atom of imidazole. (b) The
optimized (i) mono- and (ii) bi-ET coordinated structures and the relative
energy compared to [Cr(H,0)el**. Green: Cr; grey: C; red: O; and blue:
N. Hydrogens are omitted for clarity.
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Table 1 Concentration of etomidate in real samples detected by LC/
MS and EtoChrom, respectively

LC/MS EtoChrom
Real sample Concentration of ET (mg mL™")
1 147.0+ 0.4 138.7+£1.1
2 168.3 £ 0.7 161.7 £ 0.9
3 118.3 £ 0.2 115.7 £ 1.7
4 0 0
2.7. In situ detection of etomidate

Recently, an increasing number of criminal cases involving the
illegal addition of etomidate to vape juice in E-cigarettes.>®
Hence, we would like to verify the feasibility of using
EtoChrom to detect ET in real samples, which can potentially
assist police inspections in the future. The concentrations of
ET in four real samples, including three suspected ET-contain-
ing samples (samples 1-3) and one commercially available nic-
otine-containing vape juice sample (sample 4), were first deter-
mined via LC/MS analysis (Fig. S131). EtoChrom was then
used to treat with these samples and their absorption spectra
were monitored and compared (Fig. S14}). The corresponding
ET concentrations in real samples determined by both
methods are summarized in Table 1. From the LC/MS results,
samples 1-3 contained ca. 147, 168, and 117 mg mL™" ET,
respectively, while sample 4 was ET-free. EtoChrom exhibited
similar results and a pale-yellow colour could also be observed
visually for the positive result (Fig. S15t). For quantitative ana-
lysis, using the calibration curve shown in Fig. 3d and consid-
ering the dilution factor, samples 1-3 were found to contain
ca. 139, 162, and 116 mg mL™' ET, respectively, with the
results lower than those of the LC/MS analysis but within an
acceptable error range of ca. 5%. Nevertheless, it is illegal to
possess any amount of this dangerous drug,® and thereby
EtoChrom can still provide important information despite its
upper and lower detection limits being relatively narrow when
compared with other reported non-chromatographic methods
(Table S27).'%'"'® Accordingly, EtoChrom can still be con-
sidered as an acceptable tool for rapid on-site ET detection
because of its advantages such as low cost, no requirement for
instruments, matrix treatment-free operation, and easy and
fast result reading.

3. Conclusions

In summary, we have developed a novel colorimetric etomidate
sensor, EtoChrom, based on the [Cr(H,0)s]>" complex, utiliz-
ing the properties of a bathochromic shift in absorption wave-
length and thus the colour change from purple to greenish
yellow upon etomidate binding and aqua ligand displacement
on the chromium(m) ion as the key principle supported by
computational calculation of the monodentate and mono-co-
ordinated geometry. EtoChrom can detect etomidate within
1 min with a low detection limit of 0.030 mg mL™", can
provide qualitative and quantitative results up to 2 mg mL™,
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unaffected by the common interference species in the vape
juice and saliva matrices, and is highly stable for up to 90
days. The highly accurate results with easy-to-read colour
change by the naked eye in etomidate-containing real sample
analysis renders EtoChrom a cost-effective, rapid, easy-to-
handle, highly sensitive and etomidate-specific testing kit for
practical on-site etomidate detection in vape juice samples.
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