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Abstract

Succinylcholine (SUC) is a quaternary ammonium neuromuscular blocking agent. Direct
determination of SUC in bulk drug and formulations is a challenging analytical task due to the
lack of a detectable chromophore and sensitive detection techniques. We have exploited both the
strong UV absorbance of p-sulfonatocalix[4]arene (SCX4) and its outstanding complexation
properties towards quaternary ammonium compounds to determine SUC. The characteristics of a
host-guest complexation between SCX4 and SUC were investigated using UV and 'H NMR
spectroscopy. The Job’s plot analysis reveals a 1:1 stoichiometry of the host—guest complex with
a binding affinity K, of 7.8x10* L mol™'. This novel method is based on spectrophotometric
measurement of the formed complex peak after resolving the overlap from the host SCX4
spectrum and was used for the quantitation of SUC. The linear range was found to be from
1.0x10” to 18.0 x10” mol L™ with a detection limit of 7.3x10° mol L™ (2.88 ug mL™). This
method is straightforward and shows high sensitivity. Moreover, it was successfully employed to
determine SUC in pharmaceutical formulation. Subsequent statistical analysis of the obtained

results and comparison with the official US pharmacopeial benchmark yielded favorable results.
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1. Introduction

Succinylcholine is a quaternary ammonium neuromuscular depolarizing blocking agent.
It blocks the effects of the neurotransmitter acetylcholine in skeletal muscle, resulting in the
paralysis of voluntary muscles and the diaphragm. Rapid onset (less than 1 minute) makes SUC a
good choice in emergency situations. It is used as an adjunct to anesthesia to induce skeletal
muscle relaxation. Succinylcholine is an analytically challenging compound because it is
difficult to monitor since it does not absorb in the UV band (has no detectable chromophore),
does not present fluorescence, is not redox electroactive, and is difficult to derivatize.

Reviewing the literature reveals that most of the analytical methods previously reported
for the determination of SUC have used HPLC coupled with mass spectrometry (MS)" * or
electrochemical detection™ *. Furthermore, capillary electrophoresis (CE) with indirect UV
detection””, contactless conductivity detection® and CE coupled with attenuated total internal
reflectance infrared microspectroscopy (FT-IR)’ has been reported. However, due to the lack of a
detectable chromophore, no spectrophotometric method for determining SUC in a
pharmaceutical formulation has been described in the literature. Our motivations for developing
a new spectrophotometric method of analysis are thus twofold: the achievement of better
performance parameters and the development of a fast, simple and highly sensitive method to
efficiently detect SUC.

The advances of host—guest chemistry has matured sufficiently to have utility in many
interesting applications and remains a fruitful area for research. Calixarenes represent a

particularly significant class of host molecules and have been widely exploited in all areas in
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supramolecular chemistry. They are described as ‘macrocycles with unlimited possibilities’ for

their facile modification.

Among the various calixarene derivatives, the chemistry of p-sulfonatocalixarenes is
fascinating for their high water solubility (>0.1 mol L_l)lo, three-dimensional, flexible, mt-rich
cavities, and their ability to provide additional anchoring points of sulfonate groups, which
endows them with versatile inclusion/complexation properties for different kinds of guest
molecules. Owing to these pronounced inclusion properties, the ionic/molecular recognition
based on p-sulfonatocalixarenes has been widely investigated in many fields, including crystal
engineering, biochemistry, sensor/probe, and catalysis.

The aim of the present work is to develop and validate the first spectrophotometric
method for the determination of SUC. We have explored the host-guest complexation between
SCX4 with SUC in aqueous medium. Moreover, the characterization of the formed complex has
been performed by means of UV and 'H NMR spectroscopy. The stoichiometry and binding
constant were determined directly from Job’s plot. In order to measure the UV spectrum of the
complex in the presence of the overlapped SCX4 host spectrum, derivative ratio method was
adopted to resolve this overlap. The theoretical linear relation between the concentration of the
analyte SUC and the formed complex was confirmed by the experimental results. Furthermore,
the proposed method was applied for the quantitation of SUC in commercially available
pharmaceutical products with favorable results compared to the official U.S pharmacopeial

benchmark.

2. Experimental

2.1. Chemicals and reagents
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Succinylcholine chloride (SUC) and 4-sulfocalix[4]arene (SCX4) were purchased from
Sigma-Aldrich (Steinheim, Germany). Deionized bi-distilled water supplied by Egypt Otsuka
pharmaceutical company (Cairo, Egypt) was used for all sample solution preparations. All
solutions were refrigerated at 4 °C until used. SUCCINYLCHOLINE CHLORIDE® injection
(U.S.P. 27) manufactured by Misr Company for pharmaceutical and chemicals industries (Cairo,

Egypt). Batch No. 525032 labeled to contain 20 mg of SUC per 1 mL.

2.3. Instruments

UV spectrophotometric measurements were carried out with SHIMADZU dual beam
UV-visible spectrophotometer (Kyoto, Japan), model UV-1650. '"H NMR spectra were measured
using an Bruker Ascend™-400/R MHz spectrometer.
2.4. Procedures

(a) Construction of calibration graph (DD1 method)

Into a series of 10-ml volumetric flasks, various amounts of SUC stock standard solution

(1x10'4 mol L'l) were added to a constant volume (2.0 ml) of SCX4 stock solution (1)(10'3 mol
L") and the volume was completed with distilled water. The zero order spectra of the prepared

solutions were measured then divided by the spectrum of 2x10™ mol L™ SCX4, and the first
derivative of the ratio spectra (DD') were obtained using a scaling factor of 10 and A4 = 4 nm.
The peak amplitudes of the first derivative of the ratio spectra were measured at 315 nm. A
calibration graph relating the peak amplitudes of ('DD3;5) to the corresponding concentrations of

SUC was constructed, and the corresponding regression equation was computed.

(b) Determination of SUC in Pharmaceutical formulation
4

Page 4 of 24



Page 5 of 24

RSC Advances

1.0 mL SUCCINYLCHOLINE CHLORIDE® injection (U.S.P. 27) was transferred into a
50-mL volumetric flask and filled to the mark with bi-distilled water. The concentration of this
prepared sample was 1.0 x 10~ mol L™". 0.5 mL of this solution was accurately transferred to a
10-mL volumetric flask containing (2.0 mL) of SCX4 stock solution (1)(10'3 mol L_l) and
completed to mark with distilled water. Then the procedure was completed as described under

construction of calibration graph.
3. Results and discussion

The possible applications of calixarenes in analytical chemistry are seemingly endless.

Water-soluble calix[n]arenesulfonates have been studied for their ability to bind to several dye

11, 12 13, 14

molecules , including native amino acids , pesticides >, several specific drugs and their

. . 16-18
intermediates .

3.1. Spectroscopic characterization of the complex between SUC and SCX4

3.1.1 UV-spectroscopic studies

To evaluate the formation of an inclusion complex by UV-spectroscopy, Figure 1 shows
the UV spectra of SUC, SCX4 and mixture of SUC and SCX4 each 2 x 10 mol L™! in distilled
water. The spectrum of SUC (blue curve) shows weak absorbance and a peak at 206 nm, while
the free SCX4 (black curve) shows strong UV absorbance with a characteristic pair of absorption
maxima near 276 and 283 nm. The spectrum of the mixture (red curve) shows a merge of the two
absorption maxima characteristic of free SCX4 and appearance of peak at 282 nm. The observed
spectrum change is probably due to the formation of a host-guest inclusion complex between
SCX4 and SUC. To further examine the complex structure, 'H NMR spectroscopic studies were

performed.
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3.1.2 'H NMR spectroscopic studies

The "H NMR spectra of the complex of SUC with SCX4 was measured in D, to provide
unambiguous evidence for the accommodation of this quaternary ammonium analyte into the
cavity of SCX4. Figure 2 shows the '"H NMR spectra of the guest SUC alone, (figure 2a), and
with 1 equiv amount of SCX4 (figure 2b). The SUC guest protons experienced large
complexation-induced upfield shift (CIS), owing to the shielding effect from the aromatic wall of
SCX4, data are summarized in Table 1. The signal for the protons of the methyl groups attached
to the quaternary ammonium head of SUC, H,, displayed the largest upfield shift (~0.8 ppm)
indicating that they experienced the greatest shielding effect. The implication of this data was
that SUC was included into the calixarene cavity via its N-terminal moiety. This was supported
by the fact that Ad, was greater than Ady .4 Which indicated that protons H, were inserted further
into the cavity than Hy,H. and Hy. while the signal for the protons of the two methylene groups,
H,, displayed the smallest upfield shift (~0.1 ppm) indicating the need of the oxygen atoms of
SUC to stick out of the apolar SCX4 cavity in order to be exposed to polar medium. Therefore
the mode of inclusion presented in scheme 1 was proposed for the SCX4-SUC complex. With
respect to the SCX4 protons, the signals of the aryl and methylene bridges protons do not shift
appreciably upon inclusion of SUC (Ad ~ 0.001 ppm), but the signal of the methylene bridges
protons broaden to the baseline (see figure S-1, Supplementary Information for the NMR
spectrum of SCX4 alone). This is characteristic for a complexation-induced conformational
rigidification of calixarenes 9. Subsequently, integration of the guest and host signals at this
stage suggested the complex has a 1:1 (host/guest) ratio. In order to further study the
stoichiometry and the stability constant of this supramolecular complex, Job’s plot was
performed.

3.2. Job’s Plot by UV-spectroscopy

Page 6 of 24
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Generally, determination of the stoichiometry of chemical equilibrium reactions have
been performed using several methods such as the method of continuous variation (Job’s plot) **
2 slope ratio method®, and mole ratio method®. In this paper we have chosen Job’s method due
to its simplicity. A series of solutions of different molar ratio of SCX4 and SUC between 0 and 1
were prepared such that the sum of the total concentration C= C,+C, remained constant at (1
mM), then the UV-spectra of the solutions series were measured. Due to the severe overlap
between the host SCX4 peak and the complex peak which hinders the direct determination of the
absorbance of complex. Derivative ratio method has been adopted to resolve the overlap.
Derivative ratio spectrophotometry is an analytical technique of great utility for resolving bands
of overlapped binary** and ternary mixtures > without previous separation. The main advantage
of the method is that the whole spectrum of interfering host SCX4 is cancelled. And hence the
choice of the wavelength used for calibration is not critical compared to ordinary derivative
methods®. Practically, the derivative ratio method was performed by dividing spectra of the
prepared solutions by the spectrum of 2x10* M SCX4, Figure S-2 and S-3 (Supplementary
Information), and obtaining the first derivative of the ratio spectra ('DD) using scaling factor 10
and AA=4 nm, then measuring the amplitudes of the first derivative peaks of ratio spectra at 315
nm (‘DDss) as shown in Figure S-3 (Supplementary Information). These peak amplitudes are
proportional to the complex concentration.

The modified Job’s plot was developed where the peak amplitudes (S) at 315 nm is
plotted as y-coordinate versus the corresponding host SCX4 molar fraction (x) as a x-coordinate.
A curve with a maximum for molar fraction of 0.5 is obtained as shown in Figure 3.
Consequently, two straight lines were traced directly on the experimental points and intersected

at a point from which the stoichiometry of the complex is determined and confirmed to be (1:1).
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In a similar way, the stability constant of the complex was estimated from the vertical distance
that separates the intersection point of the straight lines plotted and the maximum of the

experimental curve using the following equation®’.

m+n-1

(I-a)C (m+n)

(,OC C)m+n mm nn

K=

Where K is the stability constant, C represents the total concentration of the complex, m
and n are the corresponding stoichiometric coefficients of the guest and host respectively, a is

the degree of dissociation of the complex which is obtained by the following equation:

SIP 'Smax Smax
o=— = 1-
S[p S[P

Where S, 1s the peak amplitude of the maximum at the experimental curve and S;p is the
peak amplitude corresponding to the intersection point of the straight lines. The experiment was
discussed in details in the (Supplementary Information) figure S-4. From the results, the binding

constant was 7.8x10* L mol™", thus confirming a high affinity between SCX4 and SUC.

For further confirmation of the stoichiometry of the formed complex and the value of the
binding constant, we applied a recently published method for the interpretation of Job’s plot by
normalizing the measured peak amplitudes (S) at each point to the maximum value of peak
amplitude at mole fraction 0.5 (Smax), and determining the sum of the normalized values
(3S/Smax)- It was experimentally found to be 6.01 which are consistent with the theoretically
predicted values for 1:1 association complex and the value of binding constant®'. The experiment

was discussed in details in the (Supplementary Information) figure S-5 and table S-1.
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3.3. Theoretical relation between the concentrations of SUC and the inclusion complex
formed

Based on the results that the host (H) SCX4 and the guest SUC (G) forms a 1:1 ratio
complex (HG), the following expression can be written as

H+G —= HG 1

The formation constant of the complex (K) is given by

_ [HG]
- [H]IG] (2)

Where [H] = [H]o - [HG] and [G] = [G]o - [HG] and, and [H], and [G], denote the initial

concentrations of host SCX4 and guest SUC, respectively.

[HG]
K= ([H]o — [HGD([G]o — [HG]) 3) If [H]o>> [G] ,, then [H], - [HG] = [H],
K = LHC] )

([H]o)([G]o — [HG])

By rearrangement;

K([Glo — [HGT) = A< )
~ ([H]o)
c — [HG]
[Glo = HG] = Fa g (6)
_ [HG] (7)
[Glo = [HG] + Hlo K

@®)
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[Glo = [HG](1 +

[H]o K)

Based on the assumptions that the concentration [H], is kept constant during all
experimental measurements and [H], is much higher than[G],, then based on equation (8) the

[G], is linearly proportional to [HG] because (1 + 1/H,, K) is constant.

In practice and in order to verify the theoretical assumption, fixed high concentration of
SCX4 (2.0 x10™ mol L'l) was added to various lower concentrations of SUC, figure 4, and
applying the derivative ratio method as above (Supplementary Information Figure S-6), then the
peak amplitudes at 315 nm ('DD3;5) of the complex formed was plotted against SUC
concentration as shown in Figure 5. The relationship between the complex peak amplitudes and
SUC concentration are shown in Figure 6. It is apparent the there is a linearity relation in the
range of 1x10°-18x10” mol L™' SUC, until SUC concentrations approach the maximum limiting
value (20 x10” mol L™), indicating the combining ratio. Once the amount of SUC exceeds the
stoichiometrically required amount, a plateau was observed indicating that SCX4 becomes the
limiting reactant and the amount of the formed complex remains constant as shown in Figure S-7
(Supplementary Information). This relation is similar to the behavior observed in the molar ratio

method®®.

3.4. Application to Pharmaceutical formulation

In order to demonstrate the applicability of the spectrophotometric method to real
samples, quantitation of SUC was achieved on commercially available pharmaceutical product;
SUCCINYLCHOLINE CHLORIDE?® injection (U.S.P. 27). Results obtained by the proposed
procedures for the determination of analyte in commercial dosage form were statistically

compared to those of the official U.S. Pharmacopeia (USP) method % (HPLC method using 10

10
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% of 1 N aqueous tetramethylammonium chloride in methanol, pH: 3.0 adjusted with HCI, UV
detection at 214 nm). The data are summarized in table 3. From these results we can conclude
that no significant difference was observed between the proposed method and the pharmacopial
method. Moreover, the proposed spectrophotometric method is simple, less time-consuming,
thus lowering analysis time and cost per sample.

3.5. Method Validation

Method validation was performed according to ICH guidelines *° with respect to
linearity, accuracy, precision, and robustness for the proposed method. Table 1 shows results of
accuracy, repeatability, and intermediate precision of the method. The linear regression equation
1s: Y =27117x + 1.0802, with a correlation coefficient of 0.999 (SD = 1.635, n = 18). The limit
of detection (LOD) is 7.3 x 10° mol L™" (2.89 ug mL™"), which is given by the equation LOD =
3.3 o/S. Here o is the standard deviation of the blank measurement (n = 5) and S is the slope of
the calibration curve. High values of correlation coefficient and small value of intercept validated
the linearity of the calibration graph and in accordance with Beer’s Law. The RSD values
indicated the high reproducibility of the proposed method. From the results obtained, we
concluded that the suggested spectrophotometric method could be considered sensitive, accurate
and reproducible for the determination of SUC over the tested range.

4. Conclusions:

This paper has presented a novel method for determining SUC analyte, which has no
detectable chromophore, using a simple spectrophotometric method. The work exploited a host-
guest complexation in aqueous medium between SCX4, which has both strong UV-absorbance
and outstanding complexation properties towards quaternary ammonium compounds such as

SUC. The host-guest complex was studied and characterized by means of UV and 'H NMR

11
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spectroscopy. The stability constant and the binding ratio of complexation were estimated to be
7.8x10* L mol™" and 1:1, respectively, using Job’s plot. The peak amplitude of the host-guest
complex formed was found to be linearly proportional to the concentration of the analyte SUC in
the range of 1.0x10™ -18x10” mol L. The method has been validated according to ICH
guidelines and the limit of detection was calculated to be 7.3x10° mol L™ (2.89 pug mL™).
Moreover, this method has been applied for the determination of SUC in pharamaceutcal
formulation without statistical difference from the official U.S. Pharmacopeial (USP) method. In
conclusion, the proposed spectrophotometric method is simple, efficient, less time-consuming
and shows high sensitivity compared to other published HPLC and CE methods. As such, it can
be used for quality control and routine analysis of SUC. In general, the spectrophotometric
method presented here is not limited to the determination of SUC as it opens a new avenue for
the determination of small compounds that possess quaternary ammonium groups and that lack a

detectable chromophore.
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Figure 1. Absorbance spectra of 2 x 10* mol L™ SUC (blue curve), 2 x 10* mol L™ SCX4
(black curve) and a mixture containing equimolar concentration (2 x 10™* mol L™) of both SUC

and SCX4 (red curve) in distilled water.
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Figure 2: '"H NMR spectra of SUC alone (2a), and SUC with 1 equiv amount of SCX 4 (2b). The
structure of SUC is also shown with appropriate protons labeled letters.
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Figure 3: Job’s plot for the determination of the stoichiometry of SCX4 and SUC in the
complex, [SUC]+[SCX4]=1.0x10" mol L™".
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Figure 4. Absorbance spectra for mixtures containing various concentrations of SUC in the

range of (1)(10'5—18XIO'5 mol L'l) and a fixed concentration (2 x 10 mol L_l) of SCX4 in

distilled water.
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Figure 5. First derivative of ratio spectra of SUC (1x10°-18x10° mol L™ using the spectrum of
2x10™ mol L™ of SCX4 as a divisor.
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Figure 6. Plot of peak amplitude of (SCX4-SUC) host-guest complex at 315 nm vs. the
concentration of SUC.
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OWO

Scheme 1: Suggested structure of inclusion-complex of SUC guest and SCX4 host.
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’IS‘?lli);fd}ngs (ppm) observed for SUC guest protons upon complexation with SCX4 host
Respective protons signal “ Free guest Complexed guest
(H,) (CH;); N* 3.2 24
(Hp) CH,N" 3.7 3.2
(Ho) CH,O 4.6 4.3
(Ha) CH; 2.8 2.7

“ Assignments of signals to the respective protons.

’ The integration ratio between the proton signals of SUC and the respective protons of SCX4
indicates that the stoichiometry of the complex is 1:1 (guest:host).
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Table 2

Assay parameters and method validation sheet.

Parameter The proposed spectrophotometric method
Range (mol L) 1.0x10” -18x10”
Slope 27117
Intercept 1.0802

Mean 100.90
S.D. 1.635
Variance 2.673
Corr. coeff. (1) 0.999
Coeff of variation 1.620
RSD%" 1.085
RSD%" 1.054
LOD 7.3x10° mol L™
LOQ 2.9x10° mol L™

RSD %", RSD %" the intra-day, inter-day respectively (n = 5) relative standard deviation of

concentrations 4x10”, 8 x10”and 12 x10™ mol L™ of SUC by the proposed spectrophotometric
method.
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Determination of SUC in pharmaceutical formulation by the proposed spectrophotometric and

the official method [29].

Pharmaceutical Recovery % + S.D.” of SUC
formulation
This work Official method "
SUCCINYLCHOLINE 100.19 + 1.232 99.42 +1.114
CHLORIDE injection
(U.S.P. 27) (20mg/mL)
t-test © 1.124 (2.306)
Fe 1.11 (6.39)

a . . .
Average of five determinations.

® HPLC method using 10 % of 1 N aqueous tetramethylammonium chloride in methanol, pH: 3.0
adjusted with HCI, UV detection at 214 nm

“The values in parentheses are the corresponding theoretical values for t and F at P=0.05.
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