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SUMMARY

Aim: This study aimed to establish an enhanced fluorometric assay for directly
monitoring atracurium in exhaled breath condensate (EBC). The principal of the
technique is the rigidity induced medium in the presence of the sodium dodecyl
sulfate (SDS) surfactant which eliminates quenching results from collisional and
vibrational conversions. This process causes an improvement in the emission inten-
sity of atracurium. Methods: Fluorescence recordings were made on a spectrofluo-

rometer at 15 °C at 310 nm. The crucial factors for reaching to maximum response
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were investigated and optimized. Results: The technique was validated and the cali-
bration curve was linear in the range of 0.01-2.0 pg-mL" of atracurium with a limit
of detection of 0.007 ug-mL". Finally, the proposed technique was used for the atra-
curium analysis in EBC of patients receiving the drug. Conclusion: The validated
technique was found to be accurate and reliable for the quantification of atracurium

from the repeatability and reproducibility points of view.

Keywords: Atracurium; Sodium dodecyl sulfate; Fluorescence enhancement,

Exhaled breath condensate

RESUMEN

Desarrollo de un método mediado por surfactante para la
monitorizacion directa de atracurio en el condensado del aliento

exhalado

Objetivo: Este estudio tuvo como objetivo establecer un ensayo fluorométrico mejo-
rado para monitorear directamente el atracurio en el condensado del aliento exha-
lado (EBC). El principio de la técnica es el medio inducido por rigidez en presencia
del tensioactivo dodecilsulfato de sodio (SDS), que elimina los resultados de enfria-
miento de las conversiones por colisién y vibracién. Este proceso provoca una mejora
en la intensidad de emisién del atracurio. Métodos: Los registros de fluorescencia se
realizaron en un espectrofluorémetro a 15 °C a 310 nm. Se investigaron y optimi-
zaron los factores cruciales para alcanzar la méxima respuesta. Resultados: La técnica
fue validada y la curva de calibracién fue lineal en el rango de 0,01-2,0 ug-mL" de atra-
curio con un limite de deteccién de 0,007 pg-mL™". Finalmente, la técnica propuesta
se utilizé para el andlisis de atracurio en EBC de pacientes que recibieron el firmaco.
Conclusion: La técnica validada resultd ser precisa y confiable para la cuantificacion

de atracurio desde los puntos de vista de repetibilidad y reproducibilidad.

Palabras clave: Atracurio; Dodecil sulfato de sodio; Mejora de la fluorescencia,

condensado del aliento exhalado
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REsumMmoO

Desenvolvimento de um método mediado por surfactante para
monitoramento direto de atractrio no condensado do ar exalado

Objetivo: Este estudo teve como objetivo estabelecer um ensaio fluorométrico
aprimorado para monitorar diretamente o atracurio no condensado do ar exalado
(EBC). O principal da técnica é o meio induzido por rigidez na presenca do surfac-
tante dodecil sulfato de sédio (SDS) que elimina os resultados de témpera de conver-
soes colisionais e vibracionais. Este processo provoca uma melhoria na intensidade
de emissao de atractrio. Métodos: Os registros de fluorescéncia foram feitos em
espectrofluorémetro a 15 °C a 310 nm. Os fatores cruciais para atingir a resposta
mdxima foram investigados e otimizados. Resultados: A técnica foi validada ¢ a
curva de calibragio foi linear na faixa de 0,01-2,0 ug-mL" de atractrio com limite
de detecgao de 0,007 pg-mL™ Por fim, a técnica proposta foi utilizada para andlise
de atractrio em EBC de pacientes que receberam o medicamento. Conclusio: A
técnica validada mostrou-se precisa e confidvel para a quantificacio de atractrio do

ponto de vista da repetibilidade e reprodutibilidade.

Palavras-chave: Atracurio; Dodecilsulfato de sédio; Aumento de fluorescéncia,

condensagio da respiragio exalada

INTRODUCTION

Atracurium besylate, 2,2'- [1,5-pentanediylbis [oxy(3-oxo0-3,1-propanediyl)]] bis[1-
[(3,4-dimethoxyphenyl) methyl] -1,2,3,4-tetrahydro-6,7-dimethoxy-2-methylisoquino-
linium] dibenzenesulfonate, is a highly selective and widely used medication in surgical
operations. Generally, its action mechanism is competition with acetylcholine receptors
of the neuromuscular junction to block the neurons. First of all, the muscles respon-
sible for face fine rapid movements, then muscles of the limbs and torso and finally
diaphragm affect by this drug [1]. Disparate surgical anesthesia, the atracurium’s phar-
macodynamic/pharmacokinetic profile is poorly documented in care unit patients. Its
plasma concentration is about 10 ug-mL~" with half-life of 2-3.4 min (distribution) and
20 min (terminal). The protein binding of this non-depolarizing skeletal muscle relax-
ant is 82% and its volume of distribution is approximately 160 mL/kg (range: 120-
188 mL/kg). It is metabolized to laudanoside using non-enzymatic cleavage method
independent of hepatic/renal function and also ester hydrolysis by nonspecific ester-
ases and Hofmann elimination (retro-Michael addition) [2]. The only dosage form of
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this drugis 10 mg-mL™" injectable solution. Overdosage with this drug may escalate the
risk of cardiovascular effects and histamine release, especially hypotension. Therefore,
the quantification of atracurium is one of the noticeable subjects in clinical and analyti-
cal chemistry. Knowing the exact drug amount in the patient’s body help the physician
to adjust the drug dose more accurately.

Some analytical techniques are revealed in the literature for the determination of atra-
curium in clinical samples including spectrophotometry [3], high-performance liquid
chromatographic (HPLC) with detection system of fluorimetry [4, 5], mass spec-
troscopy [6, 7], and electrochemiluminescence [8]. Despite the acceptable selectiv-
ity reported for the mentioned methods, most of them are time-consuming and need
complex apparatus, also have some disadvantages such as difficult running procedures
and great and expensive material consumption which is not appropriate for routine
clinical applications. It is essential to valid a fast and reliable technique for the analysis
of atracurium concentration in biological samples [9]. Usually plasma, blood, or serum
are the common biological fluids used for determining drug concentrations. However,
exhaled breath condensate (EBC) is an alternative matrix that is accessible, repeatable,
easy to collect, and any considerable threat to the patient [10]. For patients under surgi-
cal operation and mechanical ventilation, there is an easy way to collect the EBC sam-
pler via expiratory circuit of the ventilator. The literature data demonstrate that many
drugs and their metabolites can be exhaled [11] and possibly can be used as diagnostic
biomarkers for various diseases [12, 13]. In comparison with more complicated matri-
ces like urine, blood, and other biological samples, EBC samples decrease the number
of interfering materials due to its diluted matrix. In the current work, we have tried to
improve the inherent atracurium fluorescence employing rigidity-induced substrates
and to estimate their performance for direct atracurium analysis in EBC samples. This
technique has some benefits over present technique with respect to the facility, analysis
range, speed, sensitivity, and less difficulties of operation that has no sample prepara-
tion techniques such as separation, extraction, or preconcentration.

METHODS AND MATERIALS

Reagents and Solutions

The ultrapure deionized water was provided from Shahid Ghazi Pharmaceutical Co.
(Tabriz, Iran). Polyvinylpyrrolidone (PVP, Daana Pharmaceutical Co., Tabriz, Iran),
sodium dodecyl sulfate (SDS, Carlo Erba, Milan, Italy), cetyltrimethylammonium bro-
mide (CTAB, Merck, Darmstadt, Germany), -cyclodextrin (8-CD, Sigma, St Louis
MO, USA), and atracurium besylate (Iran Hormone Pharmaceutical Co., Tehran,
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Iran) were employed in the curent study. Standard stock (1000 pg:-mL") solution of
atracurium was used and diluted work solutions were prepared with ultrapure deion-
ized water before each experiment.

Apparatus and Instruments

The UV-Vis absorption were determined on a double-beam UV-Vis spectrophotom-
cter model UV-1800 (Shimadzu, Japan) with 1.0 cm quartz cells. Fluorescence spectra
were recorded on a FP-750 spectrofluorometer (JASCO Corp., Japan) at 15 °C with
a 10 nm band-pass in emission and excitation paths and the “medium” sensitivity. The
pH adjustments were done by employing a digital pH-meter model 744 (Metrohm
Ltd., Switzerland).

EBC Collection

EBC samples for development and validation of the method were gathered by a home-
made cooling trap method [14]. EBC (drug free) samples utilized for the technique
optimization and validation were collected from healthy sample donors. Real EBC
samples have gotten from the expiratory circuit of the mechanical ventilator [15] of
the patients under ventilation after intravenous administration of atracurium for their
routine surgical operation without any more intervention. Sample donors signed an
agreement form confirmed by the Ethics Committee of Tabriz University of Medical
Sciences (IR”TBZMED.REC.1401.903).

General Procedure

An appropriate amount of sample or standard solution containing atracurium in the
range of 0.01-2.0 ug-mL~" was inserted into a 2 mL vial containing 200 uL of EBC
sample, then 10 pL of phosphate buffer with pH: 9 alongside 36 L of SDS solution
(1.0 mmol-L") was added to the mixture. The solution was reached to 400 L volume
and mixed well. Then, the fluorescence intensity was documented at 315 nm with exci-
tation at 280 nm.

RESULTS AND DISCUSSION

Enhancement of Fluorescence Response

The fluorescence spectraand UV-Visabsorption spectraof the atracurium (1.0 pg-mL™")
in the presence and absence of SDS were shown in Fig. 1. From Figs. 1A and 1B, it can
be realized that atracurium has an emission peak about 310 nm with an excitation peak
of 280 nm in an aqueous solution. There was not any shift in the absorption or emis-
sion peak of atracurium by adding SDS. But their intensity has significantly increased.
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In the SDS present, the inherent fluorescence intensity of atracurium is enhanced in
concentrations higher than a critical micelle concentration value as a rigidity-induced
substance which can form a micelle system. It is a fact that the non-radiative transition
pathways cause usually dramatic decrease and compete or completely quench the radia-
tion pathway. The quantum yield of the fluorophore is reduced in the presence of such
competition [16, 17] which is a crucial subject, particularly in the fluorophore low
concentration and decrease the sensitivity of analyses. Beside, other reason reported
for the atracurium fluorescence improvement is removal of water molecules surround-
ing the atracurium and the reduction of the rotational freedom into the SDS micelle
that provides a protective medium for atracurium in the excited state. The results in the
presence of SDS and other rigidity-induced substance were investigated for benzene
[18], indole [19], 8-hydroxyquinoline [20], dapoxy sodium sulphonate [21], warfarin
[22], graphitic carbon nitride quantum dots [23] and verapamil [24].

Signal intensity in the analyses is considered a challenge and the methods which ampli-
fied response signals have intensely garnered interest. We recognized that emission
intensity of atracurium is enhanced in the SDS present which obtains an improvement
in the limit of detection of atracurium ~ 2.2 orders of magnitude. In this research, we
employed SDS to the amplify inherent emission of atracurium without employing any
preparation or pre-concentration technique which decrease the detection limit (LOD)
values for direct monitoring of atracurium from 0.028 pug-mL™" in the absence of SDS
to 0.0077 ug-mL™" in the SDS present, respectively. Therefore, the concentration of
atracurium could be determined in the EBC of patients by the current technique.
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Fig. 1. Absorption (A) and emission (B) spectra of atracurium (1.0 pugmL™), SDS, and

SDS+atracurium.
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Optimization

To achieve the maximum response, the impact of factors that affect the response such
as pH, the type of rigidity-induced substance, concentration of the reagents, incuba-
tion time, and temperature were investigated by the one-at-a-time trend. A 1.0 ug-mL™"
solution of atracurium was used for all records, and each test was replicated three times.

Type of Rigidity-Induced Material

In the current work, several rigidity-induced reagents such as -CD, SDS, PVP, and
CTAB were tested as the protecting materials. As shown in Fig. 2A, SDS shows a good
sensitivity in compared to other reagents. It is better to note that, while employing the
studied reagents, there was no any change in the wavelength of 310 nm. We studied
all reagents in various concentrations including the concentrations higher and lower
than the critical micelle concentration for each surfactant. According to the findings
and data, SDS with a concentration of 0.09 mmol-L™" was chosen as a suitable rigidity-
induced reagent for the next actions.

Effect of pH

The pH impact was examined over a pHs of 3-11, by utilizing sodium hydroxide and
hydrochloric acid solutions for pH setting. As seen in Fig. 2B, a maximum response
(AF = F - F,, in which F and F; are the fluorescence intensity in the presence and
absence of SDS) for the atracurium was achieved at pH = 9.0. The pK, of atracurium
with two amino groups is 19.02; hence at pH = 9.0 atracurium is entirely ionized and
supplies the positively charged nitrogen required for strong interaction with negatively

charged surfactant like SDS.

Effect of Temperature and Incubation Time

The effect of temperature was also examined at 10 to 37 °C. As critical micelle con-
centration of surfactants can change with the environmental mediums, the tempera-
ture impact was also investigated in an SDS concentration of 0.09 mmol-L™". As can
be obtained from Fig. 2C, as the temperature increase, the fluorescence response get
decrease. So, 15 °C was suggested as a selected temperature. Moreover, the influence of
the experiment time on the response was examined. There is no significant difference
over time.
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Fig. 2. Effect of the type of rigidity-induced reagent and their concentrations (A), pH (B), and

temperature (C) on the fluorescence intensity of atracurium. Condition: 1.0 pg-mL~" of atracurium.

Study of Interferences

With the analytical process set up at optimized condition that mentioned above, the
probable interference between atracurium and some other co-administered pharma-
ceuticals, ze., acetylsalicylic acid (ASA), losartan, caffeine, nicotinic acid, ibuprofen,
ascorbic acid, and diazepam were investigated. Herein, 2.0 pg:mL™" of these species
was mixed with the EBC sample spiked with a standard solution of 2.0 ug-mL™" atra-
curium. The results are shown in Fig. 3. It can be found that ascorbic acid, ibuprofen,
nicotinic acid, and losartan had almost no interference in the determination of atracu-
rium. However, among the commonly used drugs investigated for selectivity studies,
ASA, diazepam, and caffeine represent significantly decreasing effects demonstrating
interference with atracurium determination. It is suggested that this method could
be performed for atracurium quantification in the EBC of the patients not receiving
ASA, diazepam, and caffeine or an extraction method could be suggested before direct
determination.
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Fig. 3. Selectivity of the probe toward atracurium in the presence of some over-the-counter or some

co-administrated drugs in the concentration of 2.0 pg:mL™"
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Fig. 4. Calibration curves of atracurium with different concentrations in the absence and presence

of SDS
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Analytical Figures of Merit

The equation for the regression line of atracurium without SDS adding was F= 161.83
C +53.263 (R* = 0.9932), where F is the fluorescence intensity in arbitrary unit, and
Cis the concentration of atracurium in pg-mL™". The calibration chart in direct moni-
toring of atracurium in the SDS absent was linear at 0.05-2.0 ug-mL™" with a LOD and
LOQ 0f0.028 pg-mL~" and 0.093 pg-mL™". Whereas, the calibration graph in the SDS
present as an enhancer was linear from 0.01 - 2.0 pg-mL" atracurium with the regres-
sion equation of F = 365.19 C + 115.57 (R* = 0.998) and LOD and LOQ of 0.007
ug-mL™" and 0.023 pug-mL"'. With comparing the slope of regression line (Fig. 4), it can
find that an enhancement about 2.2 was observed for atracurium florescence intensity
in the presence of SDS. This enhancement leads to reach alow LOD for measurements.

Precision

To investigate the method precision, the standard solution having concentration 0.5,
1.0, 2.0 pg-mL" of atracurium were examined during the experiment course on differ-
ent days and on the same day. For both intra-day and inter-day variations, atracurium
solutions were assessed three times and the results are shown in Table 1.

Table 1. Inter-day and intra-day relative standard deviations (%RSD) for replicated determinations

for different levels of ethanol for redox reaction with dichromate in EBC.

%RSD
[atracurium] pg-mL™"
Intra-day Inter-day
0.5 1.87 4.15
1.0 1.28 1.41
2.0 2.53 3.77

Stability

Stability investigations are examined by three concentrations of atracurium. EBC sam-
ples containing atracurium are frozen in -20 °C and thawed three cycles with interval
of 24 hours (24, 48, 72 hours) and then determined. The variations from initial fluores-
cence intensity value are summarized in Table 2. According to the results, samples are
stable for 2 cycles of freeze and thaw and more than 2 cycles, a relatively high deviation
is observed in the results.
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Table 2. Stability study for different levels of atracurium.

Freeze-thaw stability (%RE)
[atracurium] pg-mL™"
After24 h After48 h After 72 h
0.5 3.47 7.63 15.03
1.0 6.21 9.48 17.37
2.0 5.16 10.04 20.90

%RE = [((Iyeasured) — (IF.xpccred)) / (IExp:ctcd)] % 100.

Robustness

To test the potential variability in the experiment conditions when a technique is done
by another analyst or transferred from one laboratory to another, the method robust-
ness was examined and finding are reported in Table 3. As can be achieved, the finding
of this examination demonstrate no significant variation on the analytical results rep-
resenting the method robustness.

Table 3. Robustness study for different levels of atracurium.

RE% for three level of atracurium (ug-mL™")
Condition
0.5 1.0 2.0
One laboratory to another 9.23 8.10 2.98
One researcher to another 1091 9.21 4.97

WRE = [((TIveasured) = (Tespeccea)) / (Tpspeceea)] X 100

Real samples analysis

The method applicability was verified by atracurium analysis in six EBC samples got-
ten from the patients receiving atracurium. The found concentration varied from 0.10
to 0.53 pug:mL™". To investigate the model accuracy, the standard addition was per-
formed and recoveries of the spiked concentrations (in two concentration level 0.5
and 1.0 pg-mL") were obtained (Table 4). It is better to note that this method is a
direct method without any sample preparation technique which can be installed on
the mechanical ventilators as a point of care setup. However, as has be reported in the
interferences studies, some interferents have negative or positive effect on the analyti-
cal response and should be considered in the monitoring procedure. The high varia-
tions in the recovery values of sample 2 and 3 could be assigned into such interferents.
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Table 4. Determination of atracurium in patient EBC samples.

No. Added (pg-mL) Found (ug-mL™") Recovery (%)
- 0.25 -
1 0.5 0.54 108.0
1.0 1.10 110.0
- 0.53 -
2 0.5 091 76.0
1.0 1.41 88.0
- 0.36 -
3 0.5 0.79 86.0
1.0 1.46 110.0
- 0.10 -
4 0.5 0.61 102.0
1.0 1.15 105.0
- 0.10 -
S 0.5 0.57 94.0
1.0 1.14 104.0
- <LOD -
6 0.5 0.48 96.0
1.0 1.16 116.0

*Recovery (%) = [atracurium concentration in samples (after spiking — before spiking)/Added] x 100.

CONCLUSIONS

In the current study, a reliable fluorescence-enhancement method was confirmed for
the direct monitoring of atracurium in EBC of the patients receiving atracurium. The
benefits of the technique are developing a simple fluorometric method including the
least time needed for sample analysis without any pre-concentration or sample prepa-
ration which makes it a valuable technique for routine clinical utilizations. The pro-
cedure is based on an improvement in the emission of atracurium in the SDS present
as an enhancer. We ascribe the detected fluorescence improvement of atracurium to
the viscosity increasing of the microenvironment into the SDS micelle which limits
molecular movements of atracurium and results in a fluorescence improvement. This
technique is fast, reproducible, sensitive, simple, and easy to use in routine utilizations.
The proposed method could be further developed online monitoring system installed
on the mechanical ventilators for providing real time analysis of atracurium.
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