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INTRODUCTION

Suxamethonium (SUX), a depolarizing neuro-
muscular blocking agent, has been extensively used
as preanesthetic for surgical procedures and as a
muscle relaxant in electroconvulsion therapy. Arti-
ficial respiration is required when it is administered
because the undesirable side effect of respiratory
depression frequently occurs. Misuse of SUX leads
to suffocation and finally to death. Thus the use of
SUX is restricted and it has been considered one of
the most important drugs in forensic toxicology.

SUX has two molecules of acetylcholine con-
nected back-to-back through the acetate methyl
group. Because of the two quaternary ammonium
moieties, SUX exhibits extremely high polarity. In
addition, owing to its chemical instability, SUX is

known to be easily and rapidly hydrolyzed in aque-
ous alkaline solution.1) It is also well documented
that SUX is rapidly metabolized in the human body
by plasma cholinesterase (BuChE), initially to
succinylmonocholine (SMC) and finally more
slowly to succinic acid and choline (Fig. 1). It can
be difficult to detect SUX in blood samples. Unlike
clinical science, blood samples are rarely collected
for the analysis of SUX in forensic toxicology. In
addition, SUX was reported to be rapidly excreted
in unchanged form in human urine at a small per-
centage of the administered dose,2) and urine is there-
fore regarded as the most suitable specimen in which
to confirm SUX use.

On the other hand, it is well known that approxi-
mately 10% of the SMC dose is excreted unchanged
30 min after its administration.3) It is also well known
that SMC shows less affinity to BuChE than SUX.4)

This suggests that SMC may be excreted in human
urine at a higher concentration than SUX, and that
SMC would be a significant marker for the confir-
mation of SUX use. However, only a few studies of
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the detailed properties and analytical method for
SMC have been published.1,4,5)

In the analyses of unstable compounds such as
SUX and SMC, the storage conditions of aqueous
samples, including standard stock solution, used
sample residues, and urine samples, are extremely
important when the concentrations of the drugs are
expected to be fairly low. It is well known that cat-
ionic compounds such as quaternary ammonium
compounds readily adsorb to glassware.6,7) SUX and
SMC are also expected to adsorb to a considerable
extent. The stability of SUX has been well stud-
ied,6,8–10) and it is recommended that analytical
samples be kept in acidic conditions at low tempera-
ture. However, detailed data on the adsorption of
SUX and SMC have rarely been reported. More de-
tailed research not only on stability but also on the
adsorption of both SUX and SMC is required for
accurate and reliable determination of these com-
pounds in samples.

We investigated the adsorption and stability of
both SUX and SMC using liquid chromatography-
electrospray ionization mass spectrometry (LC-ESI
MS), which has recently been applied successfully
to the analysis of ionic compounds in forensic sci-
ence.11,12)

MATERIALS AND METHODS

Chemicals —–—  SUX chloride and hexamethonium
bromide were purchased from Tokyo Kasei Co.
(Tokyo, Japan) and Wako Pure Chemical Industries
(Osaka, Japan), respectively. SMC iodide was syn-
thesized13) by preparing choline iodide with succinic
anhydride in our laboratory. The acetonitrile used

was of HPLC grade, and all other chemicals used
were of analytical grade.

The pH of 10 mM ammonium formate buffer
was adjusted to appropriate values (pH 3, 4, 5, 7, 9,
10) with 10% aqueous formic acid solution or 10%
aqueous ammonia solution. The standard solutions
of both SUX and SMC were prepared in 10 mM
ammonium formate buffer (pH 4) immediately be-
fore use. The sample solutions used for examina-
tion were prepared at the concentrations of 0.5 and
0.05 ppm by diluting the standard solution of 10 mM
ammonium formate buffer of various pH values
(pH 3, 4, 5, 7, 9, 10), and urine samples spiked with
SUX (concentration 0.2 ppm) and SMC (concentra-
tion 10 ppm) were adjusted to pH 3, 6, 8, and 9 by
diluting the standard solution with drug-free human
urine. The silanization agents dimethyldichlorosilane
and dimethylpolysiloxisane (siliconize L-25) were
purchased from Shin-Etsu Chemical Co. (Tokyo,
Japan) and Fuji Systems (Fukushima, Japan), respec-
tively. Plasticware, including polypropylene
microtubes (Eppendorf, Hamburg, Germany),
polypropylene centrifuge vials (ELKAY, IL, U.S.A.)
and polystyrene microplates (IWAKI, Chiba, Japan),
and glassware, including brown sample vials and
clear test tubes (Maruemu, Osaka, Japan) were used
with/without silanization for to investigate adsorp-
tion. Two silanized glass vials (Agilent Technolo-
gies, Palo Alto, CA, U.S.A. and SPELCO, Please
give city, PA, U.S.A.) were also used for compari-
son.
Silanization Procedure with Dimethyldichloro-
silane (Method A) —–—  The glassware was im-
mersed in a solution of 10% dimethyldichlorosilane
in toluene for about 30 min. The prepared glassware
was rinsed with toluene, and then immediately there-
after with methanol.
Silanization Procedure with Dimethylpolysil-
oxisane (Method B) —–—  After dimethylpoly-
siloxisane (siliconize L-25) was prepared in approxi-
mately 2% solution with distilled water at 70°C, the
glassware was immersed in the solution for at least
10 sec. The glassware was rinsed with water and then
dried for 24 hr.
Instrumentation —–—  The LC-ESI MS system con-
sisted of a PU-980 HPLC pump (JASCO, Tokyo,
Japan) and a platform quadrupole mass spectrom-
eter equipped with an ESI interface (Micromass,
Manchester, U.K.). ESI MS was performed in posi-
tive mode with the cone and the capillary voltages
set at 25 V and 3.5 kV, respectively. LC separation

Fig. 1. Generalized Hydrolysis Pathway of SUX
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was accomplished on a TSK-GEL α-2500 (2.0 mm
i.d. × 150 mm, TOSOH, Tokyo, Japan) with aceto-
nitrile-30 mM ammonium formate (70 : 30, v/v) as
the mobile phase at a flow rate of 0.12 ml/min. Quan-
titative analysis was carried out employing the mo-
lecular ion of each analyte (m/z 145, 204 and 101
for SUX, SMC, and hexamethonium, respectively)
in selected ion monitoring (SIM) mode.
Sample Preparation of Urine Samples —–—  Bond
Elut® CBA cartridges (3-ml capacity, Varian, Har-
bor City, CA, U.S.A.) were prewashed successively
with methanol (3 ml), distilled water (3 ml), and
10 mM ammonium formate buffer (pH 6, 3 ml).
Urine samples (1 ml) mixed with 3 ml of 10 mM
ammonium formate buffer (pH 6) were applied to
the prepared cartridges. After the cartridges were
washed with water (3 ml), the retained analytes
(SUX) were eluted with 2 ml of 0.1 M HCl-metha-
nol (50 : 50, v/v). Five-microliter aliquots were in-
jected into the LC-MS system. For analysis of SMC,
the urine samples were diluted with a 10-fold vol-
ume of 10 mM ammonium formate buffer, and 5-µl
aliquots were directly injected into the LC-MS sys-
tem, because satisfactory recovery was not achieved
by preparation with a Bond Elut® CBA cartridge.

RESULTS AND DISCUSSION

Adsorption to Vessels
To determine the adsorption of SUX and SMC,

the differences in adsorption to the various vessels
mentioned given above were compared. Two-milli-
liter aliquots of two concentrations of SUX and SMC
standard solutions (0.5 and 0.05 ppm, pH 4) were
stored in the various vessels for 2 hr. Then, 5-µl
aliquots of each solution were collected and sub-
jected to LC-MS and the concentrations of both SUX
and SMC were determined.

As a preliminary experiment, adsorption of SUX
to polypropylene microtubes was examined. A 2-ml
aliquot of SUX standard solution (0.5 ppm, pH 4)
was stored in one polypropylene microtube for
30 min, and then the solution was placed into an-
other, identical polypropylene microtube. This step
was then repeated. Five-microliter aliquots of the
solutions were subjected to LC-MS, and the decrease
in SUX and SMC concentrations was measured. The
results revealed that neither adsorbed to the polypro-
pylene microtubes. Then the adsorption of SUX and
SMC to each vessel was estimated as the percent-

age of concentration in each vessel compared with
that in the polypropylene microtube.

As summarized in Table 1, little loss of SUX was
observed in two types of polypropylene vessel
(microtubes and centrifuge vials), although approxi-
mately 10–20% loss was observed in polystyrene
microplates. The loss of SUX in two types of glass-
ware ranged from approximately 20% to 50%, and
greater loss of SUX appeared with lower concentra-
tions of solution, as suggested by Tozuka.14)

On the other hand, less loss of SMC was ob-
served for both plastic- and glassware compared with
that of SUX. This is because compounds such as
SUX and SMC do not interact with polypropylene
due to the hydrophobicity of its surface, and SUX
shows slight adsorption to polystyrene due to the
small polarity of the phenyl group in polystyrene. It
was also found that SUX exhibited significant ad-
sorption to glassware but SMC exhibited only slight
adsorption. This difference is due to the stronger
interaction between the two quaternary ammonium
moieties in SUX and silanols (Si-OH) on the glass
surface than that between one quaternary ammonium
moiety in SMC and the silanols, in addition to the
repulsion between the carboxyl group in SMC and
the silanols. The data on adsorption of hexametho-
nium to glass summarized in Table 1 confirms this
above explanation.

Silanization Effect on Suppression of Adsorption
When ionic compounds are stored in glass

vessels, silanization of the glassware has been
employed. Differences between silanization meth-
ods were investigated. Glassware that had been
treated with two silanizing methods (methods A and
B) was employed. In glassware silanized by method
A, a large amount of SUX was lost. Silanization by
method B almost completely inhibited adsorption
of SUX, and approximately 99% of SUX was re-
covered in 0.05 ppm solution (Table 2).

As shown in Table 2, two commercially avail-
able silanized glass vials (Agilent and SPELCO)
were also used in the present study. In the former,
adsorption was inhibited by approximately 10–20%,
while in the latter adsorption was enhanced by more
than 35% enhancement compared with that in the
untreated glassware (Table 2).

It is generally believed that silanization of free
silanols inhibits the adsorption of ionic compounds
to glassware. In this study, two silanization meth-
ods were investigated, and there was a marked dif-
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ference between the two methods. With method A,
dimethyldichlorosilane reacted directly with free
silanol on the glass and formed covalent bonds to
mask the silanol, while with method B, dimethyl-
polysiloxisane bound to the glass surface with hy-
drogen bonds to form silicone polymer on the glass
surface (Fig. 2). Additionally, the reaction in method

A was more readily disturbed by water. This resulted
in the formation of a thicker, denser nonadsorptive
silicone layer with method B (Fig. 2), and eventu-
ally in different inhibition of adsorption of the two
methods. There were also differences among com-
mercially available silanized glassware using the
different silanization methods. Thus it is recom-

Table 2. Recovery (%) of SUX in Glassware Treated with Silanization

Vessel SUX concentration (ppm)

0.05 0.5

Glassware silanized with Method A 48 67

Method B 86 99

Commercially available silanized glass vial Agilent 67 86

SPELCO 12 23

Untreated glassware 47 75

The glassware silanized was brown sample vials. Method A, silanization with dimethyldichlorosilane;
Method B, silanization with dimethylpolysiloxisane.

Fig. 2. Schematic Diagram of Silanizaition of Glassware with Method A or B

Table 1. Recovery (%) of SUX, SMC, and Hexamethonium (HEX) in Various Vessels

Vessel Compound concentration (ppm)

SUX SMC HEX

0.05 0.5 0.05 0.5 0.5

Plasticware Microtube (PP) 100 100 100 100 100

Centrifuge vial (PP) 105 96 101 106 98

Microplate (PS) 78 87 95 102 101

Glassware Brown sample vial 47 75 100 104 27

Clear test tube 51 79 92 93 43

PP, polypropylene; PS, polystyrene. Each value is expressed as the percentage (%) of concentration
in each vessel to that in the microtube (PP).
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mended that polypropylene vessels or glassware
silanized by dimethylpolysiloxisane be employed for
preparation of SUX.

Stability in Buffer Solution at Various pH Values
and Temperatures

The influence of pH and temperature on the sta-
bility of SUX and SMC in buffer solution was ex-
amined. SUX and SMC standard solutions (0.5 ppm)
at various pH (pH 3, 4, 5, 7, 9, 10) of buffer solution
were stored at 38°C, at room temperature (about
20°C), in a refrigerator (4°C), and in a freezer
(–18°C), and the loss of SUX and SMC were exam-
ined by LC-MS for a period of several days. As ves-
sels, polypropylene microtubes in which SUX and
SMC did not adsorb were used.

Figure 3 shows changes in SUX and SMC con-
centrations in buffer at pH 3, 4, 5, 7, 9, and 10 at
room temperature. In alkaline solutions at pH 9 and
10, SUX readily degraded and no SUX was detect-
able after 1 day, whereas in acidic solutions at pH 3
and 4, SUX was stable and no significant degrada-
tion was seen for up to 8 days (Fig. 3A). On the other
hand, SMC was not as greatly affected by pH as
SUX: even at pH 9, the degradation of SMC was
relatively slow and 10% of the initial amount re-
mained unchanged after 4 days. At acidic pH of less
than 7, SMC was stable without significant degra-
dation even after 6 days (Fig. 3B).

Both SUX and SMC were affected by tempera-
ture at pH at which they were relatively unstable;
higher temperature led to greater loss of SMC at
pH 9, and at pH 7 no remained SUX undegraded at
38°C. However, most SUX (more than 90%) re-
mained at –18°C and 4°C even after 7 days.

The time course of SMC concentration gener-
ated by hydrolysis of SUX in the buffer solutions
(pH 5, 7, and 9) at room temperature was quanti-
fied. At neutral or weakly acidic pH, the SMC con-
centration gradually increased with the decrease in
SUX concentration. At pH 7, the concentration of
SUX and generated SMC were almost equal after
8 days. On the other hand, in alkaline solution SUX
was readily hydrolyzed to SMC as mentioned above.
At pH 9, SUX was hydrolyzed almost completely
within 1 day, but 40% of SMC generated by the hy-
drolysis of SUX remained unchanged after 1 day.
The generated SMC remained detectable even after
8 days (Fig. 4).

There have been many studies on the stability
of SUX. Ikarashi et al. reported that after incuba-

Fig. 3. Time Course of SUX (A) and SMC (B) Concentrations in Buffer at Various pH Values at Room Temperature
Symbols: �, pH 3; �, pH 4; �, pH5; �, pH 7; �, pH 9; �, pH 10.

Fig. 4. Time Course of SMC Concentration Generated by
Hydrolysis of SUX in Various pH Buffer Solutions at
Room Temperature

Symbols: �, SMC at pH 5; �, SMC at pH 7; �, SMC at pH 9;
�, SUX at pH 5; �, SUX at pH 7; �, SUX at pH 9.
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tion for 10 min at 37°C SUX was rapidly hydrolyzed
at pH above 7.5.8) Stevens et al. found that SUX
stored even at 4°C was not detected after 4 months
at pH of more than 7, and that at pH 5 at 4°C, loss of
SUX was not found during 6 to 8 months.6) It is also
known that SUX at pH 3 at 4°C can safely be stored
for 7 weeks6) and for 4 months at –70°C even in
human plasma.6,10) However, no detailed research on
the stability of SMC has been reported. In this study,
our data were in agreement with the previously re-
ported data on the stability of SUX. Additionally, it
was revealed that SMC is more stable than SUX,
suggesting that SMC would be detectable even when
SUX was not.

Stability in Human Urine
As previously described in several papers, it is

extremely difficult to detect SUX in blood samples.
Even after pretreatment of blood with a cholinest-
erase inhibitor, SUX was detectable only within
15 min using HPLC with fluorescence detection,15)

within 4 min using HPLC with electrochemical de-
tection,10) and within 7 min using LC-MS-MS6) af-
ter SUX administration. Urine is more suitable and
advantageous for analysis to confirm the use of SUX,
as mentioned in the Introduction.

To investigate the influence of the sample pH
and temperature on the stability of SUX and its main
specific metabolite SMC in urine samples, SUX- and
SMC-spiked urine samples (0.2 and 10 ppm) were
stored at room temperature. The concentrations of
both SUX and SMC in the urine were measured for
a period of 6 days using LC-MS. Sample prepara-
tion was performed according to the method de-
scribed above in this paper.

The stability of SUX and SMC showed an al-
most identical dependence on pH in human urine to
that in buffer. Under acidic conditions (pH 3) both
were stable and no significant loss was observed,
while under alkaline conditions both were hydro-
lyzed, but SMC was detectable for 3 days longer than
SUX (Fig. 5). This suggests that the analysis of SMC
is preferable if the collected urine sample is alka-
line.

In conclusion, polypropylene vessels and
silanized glassware prepared with dimethylpolysil-
oxane did not significantly adsorb SUX and SMC
and were advantageous for the storage of aqueous
samples. There was significant loss of both SUX and
SMC under alkaline conditions, although SMC
showed greater stability than SUX. This suggests
that SMC is a superior marker of SUX use when
stored under alkaline conditions. On the other hand,
there was no significant loss of either SUX or SMC
under acidic conditions even in human urine at room
temperature or higher (20–38°C). It is therefore rec-
ommended that aqueous samples including standard
stock solutions, used sample residues, and urine
samples should be stored in polypropylene vessels
or silanized glassware under acidic conditions (less
than pH 4) at lower temperatures (refrigerated or
frozen if possible). Careful sample preparation is
required prior to analysis taking the properties of
SUX and SMC described in this study into consid-
eration.

Fig. 5. Time Course of SUX (A) and SMC (B) Concentration in Human Urine at Various pH Values
Symbols: �, pH 3; �, pH 6; �, pH 8; �, pH 9.
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