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Abstract

Currently. biotin is typically determined in Japan using a microbiological method. Such microbiological assays are sensitive, but they are not
always highly specilic and are also rather tedious and time-consuming. In the present study, RP-HPLC and LC-MS methods for the determination
of biotin have been developed by derivatizing the carboxyl group with 2-nitrophenylhydrazine hydrochloride. 2-Nitrophenylhydrazine is used for
the derivatization of carboxylic acids. and these derivatives are known to be applicable to LC-MS detection. Biotin in tablets were extracted by
the addition of water and ultrasonic agitation. in order to clean up the sample solution, the filtrate was applied to an ODS cartridge and eluted
with methanol. The conditions lor preparing the 2-nitrophenylhydrazide derivatives were modified from a previous report for fatty acids. Good
recovery rates of over 70% were obtained for the addition of 5-125 pg of biotin per formulation. The detection limit in HPLC at 400 nm was 0.6 ng
per injection. with good linearity being obtained over the concentration range 0.001-0.2 pg per injection. Further, derivatives were determined
by LC-MS with electrospray ionization. where the spectra indicated the molecular ions [M + H]*. The detection limit was 0.025 ng per injection
in the sefected ion monitoring analysis, and linearity was observed in the range of 0.6-6 ng per injection. The proposed method could be used to
specifically determine the presence of biotin in relatively clean samples.

© 2006 Elsevier B.V. All rights reserved.

Keywards: Biotin: 2-Nitrophenylhydrazine derivative: HPLC: LC-MS: Electro spray ionization

1. Introduction

Biotin (vitamin H) is a coenzyme essential in amino acid
metabolism and in the maintenance of skin, hair and nerves. Low
biotin intake has been reported o result in serious biochemical
disorders, such as reduced carboxylase activity, inhibition of
protein and RNA synthesis and reduced antibody production. In
recent years, the interest in this vitamin has increased, mainly
due to diseases such as multiple carboxylase deficiency, which
can be successfully treated by biotin administration. A decrease
in biotin status has been reported to occur in several population
groups, such as pregnant women.

In Japan, in 2001, the nutritional requirement of 30 pg of
biotin per day was set for adults and 5 pg tor infants, with an
additional requirement of § pg for pregnant women. Three years

* Corresponding author. Tel.: +81 3 3700 1141 tux: +81 3 3707 6950.
LE-mail address: yomola@nihs.go.jp (C. Yomota).

0021-9673/$ - see front matter @ 2006 Elsevier B.V. All rights reserved.
d0i:10.1016/).chroma.2006.12.058

later, biotin was also approved as a food additive and now can
be supplied as ingredient in food with nutrient function claims
[1.

Diagnosis of biotin deficiency is crucial as well as the mon-
itoring of biotin levels in biological fluids of patients receiving
biotin treatment. It is also important to determine biotin levels
in pharmaceutical preparations as well as in food and food sup-
plement products, which constitute the main source of biotin for
humans. For this reason, analytical methods have been devel-
oped, in order to determine biotin in biological fluids, as well as
in various types of food products and pharmaceutical prepara-
tions contatning biotin {2].

Biotin has long been determined by a microbiological
method, which is tedious and time-consuming [3]. Recently,
various HPLC methods have been described to improve the
selectivity [4-9]. Using 4-bromomethylmethoxycoumarin [4],
9-anthryldiazomethane (ADAMS) [5,6], and 1-pyrenyldiazo-
methane (PDAM) [7] as pre-column reagents, biotin was
derivatized and determined by fluorometric detection. However
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they are still inappropriate for common analysis, due to a lack of
sensitivity or their complicated procedure or the many unknown
peaks derived from reagents. Kamata et al. reported a method
of applying electrochemical detection to determine biotin in
multivitamin pharmaceutical preparations [8], and achieved a
good separation. Further, biotin methylester was described as
being well detected by MS detection in a positive ion chemical
ionization mode [9]. Wolf et al., reported the quantification of
biotin in human skin using LC-MS and resulted in the detection
limit of 0.8ng/mL [10]. Recently, LC-MS/MS analysis of
biotin was also reported to be applicable to food samples with
a biotin content over 100 pg/kg [11].

On the other hand, it was demonstrated in some reports
that aliphatic acids and organic acids reacted selectively
with 2-nitrophenylhydrazine hydrochloride (2-NPH-HCI), and
produced derivatives that are UV detectable [12-15]. The
main advantage of derivatization with hydrazines, using cou-
pling reagent |-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC-HCI), with respect to other derivatization
reagents is that the reaction can be carried out under very mild
conditions (weakly acidic medium at 60 °C) in an aqueous envi-
ronment. Here, we report the reaction of 2-NPH-HCI for the
determination of biotin in pharmaceutical products or food with
nutrient function claims. For further improvement in detection
specificity, LC-MS is also applied. As described by Saitoh and
Gamoh [15], hydrazide derivatives of organic acids were suc-
cessfully detected by LC-MS with electrospray ionization.

2. Experimental
2.1. Reagent solutions

2-NPH-HCI (Tokyo Kasei Kogyo, Tokyo, Japan) solutions
(0.02 M) were prepared by dissolving the reagent in water. A
EDC-HCI (Dojindo Laboratories, Kumamoto, Japan) solution
(0.25 M) was prepared by dissolving the reagent in methanol. A
fresh working solution of EDC was prepared daily, by mixing
with an equal part of a solution of 2% pyridine in ethanol. A
potassium hydroxide solution (15%, w/v) in water was also pre-
pared. All the reagent solutions were stable for at least 3 months
when kept below 5 °C. Biotin was commercially available from
Wako Pure Chemicals (Osaka, Japan). All other chemicals were
of analytical-reagent grade, and solvents were of HPLC quality.
The ultra-pure water used for sample preparation was obtained
from a Milli-Q purification system (Millipore, Bedford, MA,
USA).

2.2. Samples

Samples used for the recovery tests were typical commer-
cial foods with nutrient function claims. One food was in the
form of a tablet containing seven kinds of vitamin such as
vitamin B (6 mg/tablet), vitamin B3 (5 mg/tablet), vitamin Bg
(5 mg/tablet), vitamin By (5 mg/tablet), niacin (8 mg/tablet),
pantothenic acid (12mg), folic acid (0.2 mg/tablet), but not
biotin. The other food was a drink containing vitamin C
(1000 mg/250 mL) as a nutrient, but not biotin.

2.3. Sample preparation

Tablets were finely powdered, with an amount corresponding
to 40-200 pg being accurately weighed and added to 10 mL of
water. The solution was sonicated for 10 min and centrifuged
for 5min at 10,000 rpm, followed by further filtration using a
membrane filter (0.2 um; Dismic-25CS, Toyo Roshi Kaisha,
Tokyo, Japan). The beverage was used without pretreatment or
was diluted with water to contain between 4 and 20 p.g/mL of
biotin. A Sep-Pak Plus tC18ENV cartridge (Waters) was con-
ditioned by successively passing methanol (5mL), and 5mM
tetrabutylammmonium bromide (TBA) solution (5 mL). Five
mL of the sample solution was mixed with | mL of 5 mM TBA
solution and loaded in the pre-conditioned cartridge. The car-
tridges were then washed with 5mL of 5mM TBA solution
to remove matrix interference and the analyte was then eluted
with 2mL of methanol. The efuant was transferred to a 2mL
volumetric flask and brought to exactly 2 mL with additional
methanol.

A 100 pL aliquot of methanol eluant was added to a screw vial
containing 200 wL of 250 mM EDC-HCI solution and 200 pL.
of 2% pyridine solution. After the addition of 200 wL of 20 mM
NPH-HC! solution, the mixture was heated at 25 °C for 10 min.
To remove the interfering materials, 100 wL of 15% potassium
hydroxide solution was added, and a mixture thus obtained was
further heated at 60 °C for 10 min and then cooled. The result-
ing hydrazide mixture was injected directly into the HPLC and
LC-MS systems.

3. Instruments
3.1. HPLC apparatus and conditions

HPLC analyses were performed on an LC-10 series (Shi-
madzu, Kyoto, Japan) liquid chromatography system equipped
with two LC-10ADvp pumps, an SPD-10AVvp spectrophoto-
metric detector, an SPD-M 10Avp photodiode array detector, and
a SIL-10ADvp autosampler. Data processing was carried out
with a Class-VP LC workstation. For the reversed-phase col-
umn, an L-column ODS (250 x 4.6 mm, L.D., 5 um) (Chemical
Evaluation and Research, Tokyo, Japan) and a TSK guardgel
ODS-80Ts (15 x 3.2 mm, 1.D.) (Toso, Tokyo, Japan) were used.
The detection wavelength was set at 400nm and the column
temperature was maintained at 40°C. The mobile phase was
the mixture of 20 mM potassium dihydrogenphosphate (pH 4.5)
and acetonitrile (75:25), with a flow rate of 1 mL/min. Injection
volume was 10 L.

3.2. LC-MS

LC-MS measurements were carried out with an LC-10 series
liquid chromatography system, coupled to a LC-MS-2010 mass
spectrometer, equipped with an electro spray ionization source
(ESI) (Shimadzu, Kyoto, Japan).

For the LC-ESI*-MS a split system 1/4 was used to intro-
duce the effluent into the ES. The probe voltage was .held at
+1.5kV and the cone voltage was set to 10 V. The block heater
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temperature was 200 °C and CDL temperature was 250 °C. The
ncbulizing gas flow was 1.5 L/min and the pressure of drying
gas was maintained at 0.2 mPa. Mass spectra were acquired by
scanning from m/z 100 to 500 and data were processed using
software. The separation was performed in a Capceell Pak CI18
UG120 (250 x 2 min, 1.D.) (Shiseido, Tokyo, Japan) under chro-
matographic conditions of: (.1 ml/min flow-rate. | pl sample
injection volume and a mixture of methanol and 5 mM ammo-
nium acetate (1:1) as the mobile phase.

4. Results and discussion

4.1. Examination of derivatization conditions

Due to the weak chromophoric properties of biotin., result-
ing in relatively poor sensitivity and selectivily of detection,
pre-column derivatization methods have been developed with
HPLC, using the reagent 2-nitrophenylhydrazine hydrochloride
(2-NPH*HCI) for the derivatization of carboxylic groups.

The reaction conditions were investigated following the
reported method {12, 13] in order to ensure the maximum deriva-
tization of biotin. The structures of biotin and NPH ester of biotin
were shown in Fig. 1. The condition of HPLC by UV detec-
tion was investigated (ollowing the method reported for the acid

hydrazides of fatty acids [12]. The elfect of the EDC-HCl con-

centration on the peak area was investigated, and there was little
difference in HPLC peak arca at 400nm ol products formed
for EDC concenltrations between 150 and 400 mM; therefore
250 mM of EDC-HCI was selected because it fell in the middle
of this range. Peak area was not much affected by concentrations
of pyridine from 1 10 4% (v/v). We selected 2% as a medium
value within this wide range. The relationship between the peak
area of the acid hydrazides and the concentration of 2-NPH-HCI
showed little change between 15 and 30 mM, but concentrations
greater than 40 mM showed a decrease in peak area.

The temperature of derivatization can be an important factor
in the optimization process rate [12]; however, we found lit-
te difference in peak area between 20 and 30°C after 10min
reaction time and as long as SOmin (Fig. 2). A higher tem-
perature (60°C) decreased peak area by approximately 20%.
The peak area for biotin became more consistent atter 10 min
at 20-30°C, which suggested that the derivatization was com-
pleted after [0Omin. Thus, derivatization could be carried out
at a room temperature of approximately 25 °C. The derivatives
of biotin standard solutions were stable for at least 10 days
when kept below 5 °C. However, the sample solutions purified
from tablets through cartridges were often unstable. For exam-
ple, the peak area decreased to 80% if purified sample solutions
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Fig. I. Chemical structures of biotin (A) and NPH ester of biotin (B).

Peak area

0 10 20 R 40 50
Time (min)

Fig. 2. Optimization of reaction time and reaction temperature for ester forma-
tion. A temperature of 25-50 -C had little effect on product formation between
10 and 50 min, whereas 60 C reduced the total product formed by about 20%,
and the reduction was greater with longer times.

stood for 3 h before derivatization. Therefore, the sample solu-
tions should be converted immediately after preparation to the
derivative.

4.2. HPLC separation and precision

Following the method described for the acid hydrazides
of faity acids [12], good chromatograms were obtained on
reversed-phase columns using the mixture of 20 mM potassium
dihydrogenphosphate (pH 4.5) and acetonitrile (75:25) as an elu-
ent (Fig. 3A). The calibration curves were linear over the range
0.001-0.2 pg per injection (eight levels, three replicates, inter-
cept; —691.56, slope; 41699, r=0.999) and the relative standard
deviation of peak areas of 0.06 g per injection (n=6) was 1.2%.

biotin
(A)
TN A
) 3 10 [N 0 3

400nm Absorbance
0.001AU
—

(B) .& J
0

©

u A
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1 1S 0 s

biotin

1] 5 10 15 0 X
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Fig. 3. HPLC chromatograms of tablet formulations: (A) standard solution
ol biotin NPH derivative (30 pg/mL), (B) tablet with no added biotin, (C)
tablet with added biotin at 120 pg/tablet. Conditions: column, L-column
(250 mnm1 x 4.6 mm, 1.D.): eluent. 20 mM potassium dihydrogenphosphate (pH
4.5) and acetonitrile (75:25); flow-rate. 1.0 mL/min; detection, UV at 400 nm;
injection volume, 10 nL.
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Table | :
Recovery tests of biotin with HPLC (n=6)
Amounts of added biotin Recovery (%)
Standard solutions S pg/ml 977+ 14
50 pg/mi 103.2 £ 23
Products
Tablet 120 pgfrablet 93.0 £ 1.7
Drink 5 pg/ml 733 £ 2.1

With HPLC, the detection limit was calculated to be 0.6 ng per
injection (S§/N =3, n=6), on the basis of S/N ratios.

4.3. Recovery test

Recovery testing was investigated using two products: a tablet
and a drink, which contained several vitamins other than biotin.
The results of recovery test were summarized in Table .

Satisfactory recoveries, ranging from 97.7 to 103.2%, were
obtained when the whole procedure was performed at two levels
of standard solutions, 5 and 50 pg/mL, respectively. The recov-
eries from the tablet, using HPLC after adding 120 p.g biotin per
tablet, are 93.0%. In the case of the drink, 73.3% was obtained
when 5 pg of biotin was added per mL of the drink. HPLC
chromatograms obtained for the recovery test from the tablet
are shown in Fig. 3. Fig. 3A is the chromatogram for the stan-
dard solution of biotin NPH derivative and Fig. 3B is that for
the tablet with no added biotin. As shown in Fig. 3C, the peaks
for biotin were well separated from other large peaks and the
peaks derived from the reagents were not distinctly observed. In
many other derivatization methods such as fluorometric detec-
tion, there is a difficulty to spend too long analytical time to elute
completely the large reagent peaks after a biotin peak. In this
analytical procedure, other carboxylic vitamins, such as nico-
tinic acid, pantothenic acid and folic acid, were also detected
as their derivatives. Their retention times in the same chromato-
graphic conditions as Fig. 3C were confirmed by injecting each
standard solution separately to be 12.7min for nicotinic acid,
4 and 8 min for pantothenic acid, 4 and 4.4 min for folic acid.
Folic acid may produce two derivatives due to its two carboxylic
residues. However, in case of pantothenic acid, the reason for
elution in two peaks was not clear. In Fig. 3B and C, the large
peaks near 4 and 8 min may be derived from pantothenic acid
contained in tablets.

The precision of the method was validated by both intra-day
and inter-day variances in the case of the recoveries from the
tablet. To determine intra-day variance, the assays were carried
out five times in a day. Inter-day variance was determined by
analyzing the samples over three days. From these results, the
repeatability was 1. 5% and intermediate precision was 2.5%.
The limit of quantification was 2 pg/mL as the initial sample
solutions before the step of purification by Sep-Pak cartridges.

4.4. Confirmation test with LC-MS

In analyzing the sample solutions extracted from tablets by
HPLC, sometimes the interference peak appeared near the biotin
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Fig. 4. LC-MS (ES!) spectra of NPH derivatives of biotin:(A) positive ion spec-
trum with molecular-related ions at n/z 380 and the potassium-loaded ion at ni/z
418, (B) negative ion spectrum with the molecular-related ion at m/z 378.

peak. Therefore, for a confirmation test, the MS detection was
adopted. In the analysis of biotin derivatives by LC-MS, using
ESI in both the positive and negative mode, a high sensitiv-
ity was achieved using the mobile phase of 5mM ammonium
acetate/methanol (1:1) solution. The positive and negative mass
spectra of 2-NPH derivatives of biotin showed, not only molec-
ular related ions ([M + H]* (m/z 380) and [M — H]™ (m/z 378)),
but also an m/z 418, potassium-loaded ion in positive mode.
(Fig. 4A and B). The calibration curves of the selected ion mon-
itoring (SIM) chromatograms of [M + H]* (in/z 380), were linear
over the range 0.6—6 ng per injection (six levels, three replicates,
intercept; 12097, slope; 19735, r=0.9996) and the relative stan-
dard deviation of peak areas of 6 ng/injection (n=06) and also
0.6 g per injection (n = 6) were less than 2%. The detection limit
of biotin derivative in LC-MS was calculated to be 0.025ng
per injection (S/N =3, n = 6). Applying the SIM chromatograms,
acceptable recoveries of 97.5 +3.2% (n=6) were obtained for
tablets without any other peak. These results showed that 2-
NPH derivatives of biotin can be well identified with ESI-MS
detection.

5. Conclusion

Biotin can be selectively analyzed in an aqueous environ-
ment by derivatization with 2-NPH with UV-detection. Biotin
derivatives can also be easily identified with LC-MS with ESI.
From these results, this reaction appeared to be specific for the
determination of as little as 0.6 ng of biotin, in the presence
of large quantities of other substances. The proposed method
could be used to specifically determine the presence of biotin in
supplements and in pharmaceutical preparations.

References

[1] Japan Food Additives Association: Japan's Specifications and Standards
for Food Additives, Tokyo, 2006.

[2] Analytical Methods for Food Additives in' Food, Nihon Shokuhin Eisei
Kyoukai, Tokyo, 2000, p. 230.

[3] E. Livaniou, D. Costopoulo, 1. Vassiliadou, L. Leondiadis, J.O. Nyalala,
D.S. Ithakissios, G.P. Evangelatos, J. Chromatogr. A 881 (2000) 331.



C. Yomota, Y. Ohnishi / J. Chromatogr. A 1142 (2007) 231-235 235

[4] P.L. Desbene, S. Coustal, F. Frappier, Anal. Biochem. 128 (1983) 359. [10] R. Wolf, C. Huschka, K. Raith, W. Wohlab, R. Neubert, Anal. Commun.
[5] Y.Kanazawa, T. Nakano. H. Tanaka, NIPPON KAGAKU KAISHI 3(1984) 34 (1997) 355.
434, {11] U. Héller. F. Wachier, C. Wehrli, C. Fizet, J. Chromatogr. B 831 (2006)
{6} K. Hayakawa, J. Oizumi, J. Chromatogr. 413 (1987) 247. 8.
{71 T. Yoshida, A. Uetake, C. Nakai, N. Nimura, T. Kinoshita, J. Choromatogr. [12) H. Miwa, C. Hiyama, M. Yamamoto, J. Chromatogr. 321 (1985) 165.
456 (1988) 421. [13]) H. Miwa, J. Chromatogr. A 881 (2000) 365.
{8] K. Kamata, T. Hagiwara. M. Takahashi, S. Uehara, K. Nakayama, K. [14] R. Peters, J. Hellenband. Y. Mengerink, A. Ven der Wal, J. Chromatogr. A
Akiyama, J. Chromatogr. 356 (1986) 326. . 1031 (2004) 35.

[9] M. Azoulay, PL. Desbene, F. Frappier, J. Chromatogr. 303 (1984) 272. [15] H. Saitoh, K. Gamoh, BUNSEKI KAGAKU 52 (2003) 923.



April 2007

Chem. Pharm. Bull. 55(4) 565—570 (2007) 565
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Effects of co-solutes on the physical property of mannitol and sorbitol in frozen solutions and freeze-dried
solids were studied as a model of controlling component crystallinity in pharmaceutical formulations. A frozen
mannito! solution (500 mm) showed a eutectic crystallization exotherm at ~22.8 °C, whereas sorbitol remained
amorphous in the freeze-concentrated fraction in the thermal scan. Various inorganic salts reduced the eutectic
mannitol crystallization peak. Trisodium and tripetassium phosphates or citrates prevented the mannito! crys-
tallization at much lower concentrations than other salts. They also raised transition temperatures of the frozen
mannitol and sorbitol solutions (T: glass transition temperature of maximally freeze-concentrated amorphous
phase). Crystallization of some salts (e.g., NaCl) induced crystallization of mannitol at above certain salt concen-
tration ratios. Thermal and near-infrared analyses of cooled-melt amorphous sorbitol solids indicated increased
intermolecular hydrogen-bonding in the presence of trisodium phosphate. The sodium phosphates and citrates
should prevent crystallization of mannitol in frozen solutions and freeze-dried solids by the intense hydrogen-
bonding and reduced molecular mobility in the amorphous phase.

Key words

Active ingredients and excipients in pharmaceutical solid
formulations are in the amorphous or crystalline states. Ap-
plication of amorphous solids is receiving increasing atten-
tion because of the unique physical and functional prop-
erties (e.g., higher dissolution rate, stabilization of freeze-
dried proteins).'™ Controlling the component crystallinity
through optimizing the compositions and the manufacturing
process (freeze-drying, quench cooling of hot-melt liquids) is
a relevant method in formulation development because each
ingredient and excipient possess different intrinsic propensity
for crystallization.> " Freeze-drying with a large amount of
“inert” nonionic molecules (e.g., disaccharides, soluble poly-
mers) that are likely to form amorphous solid, is a popular
way to obtain the intrinsically erystallizing ingredient in the
non-crystalline dispersed state. The method, however, has
some limitations in terms of the applicable excipients and the
physical properties of the resulting solids.® Various inorganic
salts also prevent crystallization of other solutes in frozen so-
lutions and freeze-drying processes through mixing and/or
complex formation.”~'"

Mannitol is a popular excipient that tends to crystallize in
frozen aqueous solutions.'” The superior cake appearance
and physical stability of the crystalline freeze-dried solids
make mannitol a good bulking agent for many parenteral
formulations of low-molecular-weight pharmaceutics. The
crystallization process of mannitol in frozen solutions, the
resulting crystal polymorphs, and the effect of co-solutes
on the physical properties have been studied extensively as
models to elucidate the component crystallization process
in multi-solute systems.>~' Co-lyophilization with sucrose
prevents crystallization of mannitol during freeze-drying at
sucrose/mannitol weight concentration ratios above 2—
3.8202D) §ome salts (e.g., NaCl) that possess high melt misci-

bility with mannitol prevent its crystallization in frozen solu-_

tions at much lower concentrations than sucrose, whereas the
low transition temperatures (7', glass transition temperature
of the maximally freeze-concentrated amorphous phase) of

* To whom correspondence should be addressed. e-mail: lzutsu@nihs.go.jp

amorphous; crystallization; formulation; freeze-drying; thermal analysis

the frozen solutions make it difficult to freeze-dry without
physical collapse.*'*??

Reduction of molecular mobility in the freeze-concen-
trated phase is another approach to obtain amorphous freeze-
dried solids. Some salts (e.g., sodium tetraborate, boric acid)
that effectively raise T';s of frozen polyol solutions (e.g., sac-
charides, sugar alcohols) by complex formation would pre-
vent spatial rearrangement of the mannitol molecules re-
quired for crystallization.?®~%) Recent studies showed that
some pH-adjusting excipients (e.g., sodium phosphate
buffer) also raise glass transition temperature (T,) of amor-
phous freeze-dried saccharides.®*” Some phosphate salts
also prevent crystallization of mannitol during freeze-drying
processes, suggesting contribution of the reduced molecular
mobility in the amorphous mixture.>*2?® The purpose of this
study was to elucidate the effect of phosphate and citrate
salts on the physical properties of mannitol and sorbitol in
the frozen aqueous solutions and in the dried solids. Differ-
ent intrinsic tendency of mannito! and its isomer (sorbitol)
for crystallization provided information on the mechanisms
and requirements to obtain the stable amorphous solids. Con-
trolling the component crystallinity by the widely used ex-
cipients should be of practical importance in developing for-
mulations without particular safety concerns.

Experimental

Materials All the proteins and other chemicals employed in this study
were of analytical grade and obtained from the following commercial
sources: sucrose (Sigma-Aldrich, St. Louis, MO, U.S.A.); trisodium phos-
phate - 12H,0 (Katayama Chemical, Osaka, Japan); disodium hydrogen cit-
rate and sodium dihydrogen citrate (Kanto Chemical, Tokyo, Japan); o(+)-
mannitol, p-sorbitol, and other chemicals (Wako Pure Chemical, Osaka).

Freeze-Drying and Preparation of Amorphous Solids Aqueous solu-

‘tions (250 uly containing 500 mm mannitol and various concentrations of co-

solutes in flat-bottom glass vials (10 mm diameter) were lyophilized using a
freeze-drier (Freezevac 1C; Tozai Tsusho, Tokyo). The solutions were frozen
by immersion in liquid nitrogen, transferred to the shelf of the freeze-dryer,
and lyophilized without a shelf temperature control for 12h and at 35°C for
4h. The solids were applied for the thermal analysis within 48 h of the
preparation. Mixed powders containing sorbitol (approx. 200 mg), salt, and
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aliquot of water (50 ul) in crystal cuvettes or glass tubes were heated under
vacuum at 160 °C for 20 min using a drying oven (DP23, Yamato Scientific
Inc., Tokyo), then cooled at room temperature to prepare amorphous solids
for thermal and spectroscopic analyses.

Thermal Analysis Thermal analyses of frozen solutions and freeze-
dried solids were performed using a differential scanning calorimeter (DSC-
Q10; TA Instruments, New Castle, DE, U.S.A.) with an electric refrigerating
system and associated software (Universal Analysis). Indium and cyclo-
hexane were used for the DSC calibration. Aliquots of solutions (10 ul) in
aluminum cells were scanned from —70 °C at 5 °C/min after the system had
been cooled at —10°C/min to study the thermal profile of the frozen solu-
tions. The effect of a heat treatment (annealing) on the thermal properties of
the frozen solutions was studied after the initial heating scan was paused at
=10°C, and then the samples were maintained at the temperature for
30min. Thermal data were acquired in the subsequent heating scan from
—=70°C at 5°C/min. The extent of mannitol crystallization exotherm was
obtained from the peak area under the baseline of the heat flow. Peaks in the
derivative thermograms were assigned to glass transition temperatures of the
maximally freeze-concentrated amorphous phases (T,s). Thermal analyses
of the freeze-dried solids (1.7—2.2mg) were performed from —30°C at
10°C/min. The cooled-melt solids (approx. 5mg) were scanned from
—30°C at 5 °C/min.

Near-Infrared Spectroscopy Near-infrared analysis was performed
using a FT-NIR system (MPA, Bruker Optik GmbH, Germany) with OPUS
software. Absorbance of the sample (1-mm light path length) at 4000 to
12000 cm™' range was obtained at room temperature (25°C) with a 2cm™!
resolution in 128 scans.

Results

Figure 1 shows thermograms of frozen solutions contain-
ing an identical concentration (500 mM) of various solutes.
Frozen citric acid and sodium citrate solutions showed ther-

Citric acid
A4
Citric acid g 50 40 30
\ I’
Monosodium Citrate '/_—/
Disodium Citrate M
E Trisodium Citrate ¥
& /
g HsPO,
=
o NaH,PO,
3 Na,HPO, '
[T
§ ) Na;PO,
T
M
60 -50 40 30
KsPO4 ‘
LiClt
Sucrose \ /
Sorbitol '
.-60 -50 -40 -30 -20 -10
Temp. (°C)
Fig. 1. Thermal Profiles of Frozen Single-Solute Aqueous Solutions

(500 mm, 10 ul) Scanned from —70°C at 5°C/min

Glass transition temperatures of the maximally freeze-concentrated amorphous
phases (T,s) are marked with reversed triangles (V).
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mograms typical for amorphous supercooled freeze-concen-
trated phase, with the baseline shifts (T,) at —53.4°C (citric
acid), —33.4°C (sodium dihydrogen cxtrate) —38.8°C (di-
sodium hydrogen citrate), and —42.5°C (trisodium cit-
rate).”” The transitions (T,s) of frozen sucrose and sorbitol
solutions were observed at —33.8°C and —44.2°C, respec-
tively. Some other frozen solutions (500mm H,PO,,
NaH,PO,, K,PO,, LiCl) showed a gradual shift of the ther-
mogram baseline that suggested an amorphous freeze-con-
centrated phase with T below —55 °C. Freezing of aqueous
solutions containing dl- and trisodium phosphate (Na,HPO,,
Na;PO,) solutions showed endotherm peaks in the cooling
process (data not shown) and flat thermograms in the heating
scan, indicating that the salt crystallization was completed
before the heating scan.’?® Some frozen salt solutions
showed endotherm peaks that indicated eutectic crystal melt-
ing at —19.8°C (NaCl), —8.9°C (KCI), and —14.2°C
(RbCl) (data not shown). The peak temperatures were
slightly (approx. 2 °C) higher than the values in some litera-
ture probably because of the higher scanning rate in this
study. 5631

Figure 2 shows DSC scans of frozen solutions containing
500 mm mannitol (approx. 91.1 mg/ml) and varied concentra-
tions of sodium hydrogen phosphates (Na,HPO,, NaH,PO,,
Na;PQ,) in the first heating scan from —70°C, and in the
second heating scan after a heat treatment (annealing) at
—10°C for 30 min. The frozen mannitol solution showed a
large eutectic crystallization exotherm peak at —22.8°C in
the first scan. Several smaller thermal events, including two
possible Tys (Tg,: —37.5°C, Tgp: —29. 0°C) and a small en-
dotherm (~ 24 3 °C), were also observed prior to the crystal-
lization exotherm.'”?"?® A small exotherm peak that sug-
gests partial crystallization was observed in the cooling
process of some frozen mannitol solutions (data not shown).
The second scan of the frozen mannitol solution after the

500 mM Mannitol ﬂr
2nd ) _
+ NaH,PO, v2()0 mM
2nd 4/
500 mM ’
£ m ‘/
2
E 2nd \j
] +Na,HPO, 200 mM
g' 2nd J
o 500 mM
E \|
—— TN o~
T 2nd J
+ Na,PO, 200 mM \]
2nd A ‘___/
500 mM \j
2nd J_’———'/
-60 -50 -40 -30 -20 -10 0

Temp. (°C)

Fig. 2. Thermal Profiles of Frozen Solutions Containing Mannitol
(500 mm) and Varied Concentrations of Sodium Phosphates in the First Scan
from —70°C at 5°C/min (Upper) and the Second Scan after a Heat Treat-
ment at ~10 °C for 30 min /

The glass transitions (7 s) are marked with reversed triangles (V).
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heat treatment resulted in a flat thermogram up to the ice-
melting temperature, indicating the crystallized mannitol in
the frozen solution.

The phosphate salts showed varied effects on the thermal
property of the frozen mannitol solution. The mannitol crys-
tallization exotherm peak disappeared in the presence of
NaH,PO, (200, 500mwm), Na,HPO, (200mm) or Na,PO,
(200, 500 mm), presenting a thermal transition (77;) that indi-
cated the amorphous freeze-concentrated phase surrounding
ice crystals. The frozen solution containing 500 mm mannitol
and 500 mm Na,HPO, showed two exotherm peaks that sug-
gest crystallization of mannitol (—20.3°C) and Na,HPO,
(—12.8°C). The second scan of frozen solutions containing
mannitol and NaH,PO, (500 mm) or Na,PO, (200, 500 mm)
also showed the T, transitions. A slight shift of the transition
temperature (T,) in the second scan suggested retention of
the amorphous freeze-concentrated phase and some re-order-
ing (e.g., further ice crystal growth) of the frozen solution
during the heat treatment.'” The second scan of frozen solu-
tions containing mannitol and Na,HPO, (200, 500 mm)
showed flat thermograms up to the ice-melting temperature,
indicating the crystallized mannitol and the salt.'®)

Figures 3 and 4 show effects of various co-solutes (e.g,
phosphate, citrate, chloride salts) on the mannitol crystalliza-
tion exotherm size and transition temperatures (7,s) of the
frozen solutions. The crystallization exotherm of the frozen
mannitol solution (500 mm) was 14.1%1.2 J/g (n=3). Most of

20}
15|_
10}

Exotherm (J/g)

o} 100 200 300 400 500
Co-solute (mM)

Fig. 3. Effects of Co-solutes on the Mannitol Crystallization Exotherm in
Frozen Aqueous Solutions (10 1) Scanned from —70°C at 5 °C/min

The symbols denote frozen solutions containing (A) @: Na,PO,, O: Na,HPO,, A:
NaH,PO,, A: H,PO,, (B) @: K;PO,, O: K,HPO,, A: KH,PO,, A: sucrose, X:
CH,COONa, (C) @®: trisodium citrate, O: disodium citrate, A: monosodium citrate, A:
citric acid, X: tripotassium citrate, (D) ®: LiCl, O: NaCl, A: KCI, A: RbCl (mean
value=8.D,, n=3). .
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the solutes, except H;PO,, apparently reduced the mannitol
crystallization peak concomitantly with the upward shift
of the peak temperature. Alkali-metal chloride salts with
smaller cations (LiCl, NaCl) were more effective at reducing
the mannitol crystallization peak than those with larger
cations (KCl, RbCl). The mannitol crystallization peak also
disappeared in the presence of 200 mm sucrose or 150 mm
CH,COONa, indicating the prominent effect of the salts,
especially compared in their weight concentrations. Ad-
dition of some solutes slightly increased the exotherm at
lower concentrations (<100mm), probably because they
alter thermal transitions prior to the crystallization peak.
Sodium and potassium phosphates showed varied ability
to reduce the mannitol crystallization peak depending on
the ionic valencies. The mannitol crystallization peak disap-
peared at different phosphate salt concentrations (Na;PO,,
K,PO,<Na,HPO,, K,HPO,<NaH,P0O,<KH,PQO,). Sodium
phosphate buffers containing both NaH,PO, and Na,HPO, at
different concentration ratios (3:1, 1:1, and 1:3) showed
the crystallization-preventing effects intermediate between
those of the individual salt solutions (data not shown). The
mannitol crystallization peak also disappeared at different
sodium citrate and citric acid concentrations (trisodium cit-
rate<disodium citrate<monosodium citrate<citric acid). The
pronounced effect of tri- and divalent salts suggests the sig-
nificance of ion concentrations or alkaline pH on the ability
of co-solutes to prevent the mannitol crystallization. The
mannitol crystallization peak re-appeared upon further addi-
tion of some salts (300—500mm Na,HPO,, 500 mm RbCl,
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Fig. 4. Thermal Transition Temperatures (T, Glass Transition of the
Maximally Freeze-Concentrated Amorphous Phases) of the Frozen Solu-
tions (10 ul) Containing Mannitol (500 mm) and Various Concentrations of
Co-solutes Scanned from —~70°C at 5 °C/min

Symbols denote the co-solutes shown in Fig. 3-(mean value£S.D., n=3).
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500mm KCI). Crystallization of these salts in the single-
solute frozen solutions (Fig. 1) suggested that the salt crys-
tallization at high salt/mannitol ratio induced the mannitol
crystallization in the remaining phase.

Frozen solutions containing the amorphous state mannitol
and co-solute combinations showed apparent T ¢ transition
(Fig. 4). Extrapolating the transition temperatures of these
mixture solutions suggested that T, of the frozen single-
solute mannitol solution occurred at approximately —40 °C,
which should correspond to the reported lower-temperature
transition (7,,).?"*® Addition of some salts (e.g., NaH,PO,,
CH,;COONa, LiCl, NaCl, KCl, RbCl) lowered the transition
temperature linearly depending on their concentrations. Su-
crose slightly shifted the transition toward its intrinsic T,
(=33.8°C, Fig. 1).?" These findings suggest simple mixing
of the solutes in the freeze-concentrated phase, which transi-
tion temperature depends on the T,s of the individual compo-
nents and their concentration ratios. In contrast, some phos-
phate and citrate salts non-linearly raised the transition tem-
perature. Frozen solutions containing mannitol and trisodium
or tripotassium salts (Na,PO,, K,PO,, trisodium citrate)
showed the highest transition temperatures at certain (150—
300 mm) co-solute concentrations. The transition tempera-
tures above those of the individual solutes (e.g., trisodium
citrate: —42.5°C) suggested reduced molecular mobility in
the freeze-concentrated phase.

Sorbitol remained amorphous in the single-solute
(500mmM) frozen solution, presenting a T . transition at
—44.2°C (Fig. 1). Effect of the salts on the transition tem-
perature of the frozen sorbitol solution (T, Fig. 5) showed
similar trends with the mannitol-salt systems. The non-linear
upward shift of Ts suggested some interaction between the
Na;PO, and the sugar alcohols, or altered environment in the
freeze-concentrated phase. A salt crystallization exotherm
peak was observed in the solutions containing 500 mm sor-
bitol and 300—500mm Na,HPO,. Addition of 500 mm
Na,HPO, resulted in low T ¢ (—45.0°C) that suggested tran-
sition of phase-separated sorbitol fraction,

Effects of sodium phosphates and citrates on the physical
properties of freeze-dried mannitol was studied (Fig. 6).
Freeze-drying of mannitol resulted in  or polymorph
crystal that showed a large crystal melting endotherm at ap-
proximately 170°C.'**? Co-lyophilization with the phos-
phate and citrate salts resulted in the small crystal melting
peaks that suggested lower crystallinity or different poly-
morph (e.g., 6-form) in the solid.>'®*? Some solids showed
glass transitions (35—>55°C), exotherm peaks of putative
mannitol crystallization (60--80°C), and small mannitol
crystal melting peaks (150—170°C). Transition tempera-
tures (T,s) of these co-lyophilized solids were higher than
the reported 7, of amorphous mannitol (approx. 13°C).3%
Freeze-dried solids containing mannitol and trisodium phos-
phate or citrate showed T,s (52.9, 43.7 °C) higher than those
of the corresponding disodium salts (44.5, 40.0°C). Co-
lyophilization with a higher concentration (200 mm<) of the
co-solutes further reduced the mannitol crystallization during
the process (data not shown). The upper shift of the glass
transition temperature (7,,) suggested altered interaction (e.g.,
hydrogen-bonding) between mannitol molecules, as was re-
ported in co-lyophilization of disaccharides with the phos-
phate salts.?®
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Salt (mM)

Fig. 5. Effect of Co-solutes on T, of Frozen Sorbitol (500 mm) Solutions
An aliquot of solution (10ul) in aluminum cell was scanned from —70°C at

5 °C/min. Symbols represent measured midpoint values*S.D. (n=3, O: Na,PO,, A:
Na,HPO,, A: trisodium citrate, O: NaH,PO,, ®: NaCl).
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Fig. 6. Thermal Profiles of Freeze-Dried Solids Obtained from Initial So-
lutions Containing Mannitol (500 mm) and Various Co-solutes (100 mm)

Some thermograms were magnified to indicate the glass transition temperatures of
the solids (V).

Thermal and near-infrared analyses of cooled-melt amor-
phous sorbitol solids were performed to study the possible
salt-induced changes in molecular interactions. A thermo-
gram of cooled-melt sorbitol solid, and effects of the salts on
the glass transition temperature (T —1.1°C) are shown in
Fig. 7. The amorphous sorbitol solid showed only a glass
transition in the thermal scan up to 125 °C. Trisodium phos-
phate and citrate exhibited much larger effect to raise the T,
of the amorphous sorbitol solid than Na,HPO, and NaCl,
suggesting significant reduction in the molecular mobility.
Near-infrared spectra of the cooled-melt amorphous sorbitol
solid showed several broad bands that indicate random mo-
lecular configurations (Fig. 8). The bands in the 6000 to
7000 cm ™" range have been assigned as O-H stretch first
overtones of hydroxyl groups with intermolecular (around
6350cm™") and intramolecular (around 6800cm™') hydro-
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Symbols represent measured midpoint 7, values*S.D. (n=3, O: Na,PO,, A:
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gen-bonding 3*?* Addition of Na,PO, reduced intensity of
the band at 6800cm™' with concomitant increase in the
bands below 6350 cm™', suggesting increased intermolecular
hydrogen-bonding in the solid. The intense molecular inter-
action should result in the higher transition temperatures.
Absorbance by the phosphate salts should also contribute to
the increased intensity in the lower wavenumber region
(5500—6000cm™").3*3%) Partial crystallization of cooled-
melt mannitol made the solid inappropriate for the NIR
study.

Discussions

Various co-solutes, including popular excipients in phar-
maceutical formulations, kinetically and/or thermodynami-
cally prevented the crystallization of mannitol in frozen solu-
tions at certain concentrations. Trisodium and tripotassium
phosphates or citrates showed larger effect to prevent the
mannitol crystallization in the frozen solutions and freeze-
dried solids. The sorbitol and salt combinations indicated re-
duced mobility of molecules by intense hydrogen-bonding in
the freeze-concentrated phase, which should contribute to re-
tain mannitol in the amorphous state.

Miscibility of mannitol and co-solutes in the concentrated
fraction should be the first requisite to prevent the mannitol
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crystallization in frozen solutions. Mannitol and the various
co-solutes were freeze-concentrated into the same phase at
certain concentration ratios, and under this condition mixing
should kinetically perturb the spatial rearrangement of man-
nitol molecules required for crystallization. Reported signifi-
cant melt miscibility of mannitol and some salts (e.g., NaCl)
at elevated temperatures suggested their thermodynamic
compatibility in the concentrated mixture phase in frozen so-
lutions.” On the other hand, thermodynamic solute immisci-
bility and/or co-solute crystallization (e.g., Na,HPO,) at
above their critical mixing co-solute/mannitol concentration
ratios should separate the solutes to different phases in a
frozen solution.’® The co-solute crystallization should in-
duce crystallization of the remaining mannitol molecules.
Various factors, including the structure, ionized state and
concentrations of co-solutes, as well as the thermal process,
should determine the miscibility with mannitol in the frozen
solutions.

Reduction of the molecular mobility of mannitol should be
another significant requirement to prevent its crystallization
in frozen solutions. The upward shift of the transition tem-
peratures (7,s) in the presence of some phosphate and citrate
salts should indicate the reduced molecular mobility in
the freeze-concentrated phases. Some of the combinations
showed their highest T';s at certain salt concentrations, which
suggested direct interaction between mannitol and co-solute
ions and/or altered molecular interactions between mannitol
molecules rather than simple mixing.2¥ It is plausible that
the salt-induced intense intermolecular hydrogen-bonding
observed in the cooled-melt sorbitol system also contributes
to prevent mannitol crystallization in frozen solution and
freeze-dried solids. The different effects of phosphate and ~
citrate salts suggested that ionic valence and local pH are the
significant factors involved in altering the molecular interac-
tions. The effect of pH on the molecular interaction between
polyols are subject to debate, and will require further
study. 2637
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Abstract

Guidelines for the oxyethylene group (EO) content of polysorbates are set by the Food and Agriculture Organization/World
Health Organization Joint Expert Committee on Food Additives. However, the classical titration method for EO
determination is difficult and tme-consuming. Here, we show that quantitative 'H-nuclear magnetic resonance
spectroscopy can determine the EO contents of polysorbates rapidly and simply. The EO signals were identified through
comparisons with sorbitan monolaurate and poly(ethylene glycol) distearate. Potassium hydrogen phthalate was used as an
internal standard. The EO contents were estimated from the ratio of the signal intensities of EO to the internal standard.
Two nuclear magnetic resonance systems were used to validate the proposed method. The EO content of commercial
polysorbates 20, 60, 65, and 80 was determined to be within the recommended limits using this technique. Our approach
thus represents an additional or alternative method of determining the EO contents of polysorbates.

Keywords: Analytical method, food additive, oxyethylene, polysorbate, quannitative nuclear magnetic resonance

Introduction and composition of commercially synthesized
polysorbates must be monitored and regulated.
The standard method of measuring EO as described
in “section VI. Methods for fats and related
substances in the guide to specification” is as
follows: “The oxyethylene groups are converted to
ethylene and ethyl iodide which can be determined
by titration. By utilizing a conversion factor deter-

Polysorbates are non-ionic surfactants that are
widely used as emulsifiers, dispersants, and stabili-
zers in food processing. Polysorbates consist of a
mixture of fatty-acid partial esters of sorbitol and
condensed sorbitol anhydrides, and contain approxi-
mately 20 moles of ethylene oxide (comprising the
owe@ene unit [EO] -OCzH,-) for each m.ole of mined on a reference sample, it is possible to
sorbitol, along with its monohydiides and dianhy- compute the polyoxyethylene ester content”

drides. The main, farty aci_ds Of: polysorbates _20’ 6_0’ (JECFA [internet]). However, this classical titration
65, and 80 are monolauric acid, monostearic acid, method requires a complicated apparatus and

tristearic acid, and monooleic acid, respectively. involves several time-consuming steps. Alternative

The typical structures of these polysorbates are methods for determining the EO contents of

Show‘_‘ m.Flgure 1. polysorbates have not previously been reported,
Guidelines for the EO contents of polysorbates are because these complex compounds are mixtures of

set by the Food and Agriculture Organization isomers that are non-selectively substituted with EOs

(FAQO)/World Health Organization (WHO) Joint and fatty acids.

Expert Committee on Food Additives (JECFA). The quantitative nuclear magnetic resonance

To comply with the JECFA standards, the quality (QNMR) approach is based upon the International
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H H' EO

W+ X+ Y+ z=approx. 20

Total EO = (CoH,0) X (W + X + ¥ + 2) = C4gHgoOgo (MW 881.1)

for b

Compound Formula (MW) EO(%) in molecule
(o]

Polysorbate 20 WL

(polyoxyethylene (20) R,= H,C 5§  Ry=Ry=H CegHi14006 (MW12275)  EO(%) = 71.8

sorbitan monolaurate)

Polysorbate 60 0

(polyoxyethylene (20) R,= ,N)L R,=R,=H CeuH1oeOng (MW1311.7)  EO(%) = 67.2

sorbitan monostearate) 17 HC g 2= saHr260z6 | o)

Polysorbate 65 0

(polyoxyethylene (20) Ry =Ry=Ry= o Nﬁu}i Cioot194026 (MW1844.6)  EO(%) = 47.8

sorbitan tristearate)

Polysorbate 80
(polyoxyethylene (20)
sorbitan monooleate)

(o}
Ry= HaC\/Hzc/\Hg”}d Ry=Rg=H CggHqp00,6 (MW1295.6) EO(%) = 68.0

Figure 1. Typical structures of polysorbates 20, 60, 65, and 80. The formulae and EQ (%) were estimated based on the assumption that

there were 20 moles of EO per molecule.

system of units (SI units). This valuable technique
meets the requirements of a primary ratio analytical
method (Jancke 1998). The use of gNMR to
determine the ethanol content of deuterium oxide
solution was previously reported as a part of an
intercomparison study organized by the Comité
Consultatf pour la Quantité de Matére (CCQM).
The results showed that the accuracy of gNMR was
equivalent to that of gas chromatography with a
flame ionization detector (GC-FID) (Saito et al.
2003). gNMR exploits the fact that the signal
intensities of a given NMR resonance are directly
proportional to the molar amount of the nucleus
within the sample. gQNMR can determine the
quantity of a compound, its substituent contents,
or its absolute quality if the whole sample weight is
known. This technique has several advantages for
the analysis of organic compounds: it is non-
destructive, it provides both quantitative data
and structural information about a compound, and
high-throughput spectral-acquisition instruments
are commercially available. The main drawback
of the gNMR approach is that manual spectral
assignment is required; however, this can easily
be rectified by applying current NMR technical
experiments such as total correlated spectroscopy
(TOCSY), heteronuclear multiple quantum correla-
ton (HMQC), heteronuclear multiple bond
coherence (HMBCQC), etc.

Based on these features of QNMR, we predicted
that the method could be used to determine the EO

contents of polysorbates. In the current paper,
we detail the application of gNMR along with an
internal standard for the direct determination of the
EO contents of polysorbates.

Materials and methods
Materials

Samples of reagent-grade polysorbates 20, 60, 65,
80, and sorbitan monolaurate (Span 20) were
purchased from Wako Pure Chemical Industries,
Ltd (Osaka, Japan). Poly(ethylene glycol) distearate
was purchased from Sigma-Aldrich Japan KK
(Tokyo). Commercial samples of polysorbates were
obtained from companies A-E via the Japan Food
Additives Association. The NMR solvents, metha-
nol-d4 and acetone-d¢ with 0.03% tetramethylsilane
(TMS), were purchased from Isotec Inc.
(Miamisburg, OH). Potassium hydrogen phthalate
(PHP), which was standard grade for volumetric
analysis according to Japanese Industrial Standard
(JIS) K8005, was purchased from Wako Pure
Chemical Industries, Ltd.

Instrumentation

NMR spectra were recorded on JNM-ECA
(500 MHz; JEOL, Tokyo) and MERCURY
(400 MHz; VARIAN, Palo Alto, CA) pulsed
Fourier-transform (FT) spectrometers, equipped
with 5mm 'H{X} inverse detection gradient



Table 1. Instruments and acquisition parameters.

MERCURY400 ( VARIAN)

Spectrometer and ECA500 (JEOL)
Probe 5mm indirect detection probe
Spectral width 2.5~12.5 ppm

Data points 64000

Flip angle 45°

Pulse delay 30s (>5+T))

Scan times 8

Sample spin 15Hz

Probe temperature 25°C

Solvent Mixture of methanol-d,

and acetone-dg (1:1)
Potassium hydrogen phthalate (PHP)
Oxyethylene group
(EO) =3.40-3.85 ppm
4 protons of PHP =7.46-7.66 ppm
+ 8.18-8.38 ppm

Internal standard
Range of integral signal

probes, with methanol-d,:acetone-dg (1:1) and 0.3%
(w/v) PHP as an NMR solvent. The spectra were
referenced intemally to TMS by 'H-NMR. The
samples and internal standard were weighed on a
LIBROR AEG-80SM (Shimadzu, Kyoto, Japan)
electronic balance to an accuracy of +0.01 mg.

Preparation of samples and NMR measurement
conditions

The polysorbate samples were prepared as follows.
PHP was crushed into a powder in a mortar and
dried for 1h at 120°C. After cooling in a desiccator,
the powder (300 mg) was dissolved in 100ml of
methanol-d4:acetone-dg (1:1) with ultrasonic agita-
tion for 30 min. This stock solution was used as the
NMR solvent and included an internal standard.
A 50-mg polysorbate sample was then dissolved in
3ml of the NMR solvent described above, and
0.6 ml of the sample solution was placed into a
5-mm NMR tube (Kusano Science Co. Lid,
Tokyo). The "H-NMR spectra were recorded on
MERCURY400 and ECA500 spectrometers oper-
ating at 400 and 500 MHz, respectively. Typical
"H-NMR parameters for the quantitative analyses
are listed in Table 1. The free induction decay (FID)
signals of the samples from the MERCURY400 and
ECAS500 spectrometers were loaded onto a Windows
XP-based personal computer (PC) equipped with
the Alice 2 Version 5 (JEOL) NMR data-processing
and analytical software. Fourier transformations of
the FID signals were carried out with this software
using the default parameters; window func-
tion = exponential, BF=0.12Hz, zero filling=1,
T1=T2=0%, T3 =90%, T4 =100%. After phase
adjustments and baseline corrections of the NMR
spectra were performed using the same algorithms in
the automatic mode of Alice 2, the signal intensities
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of the EOs and internal standard protons were
measured, respectively.

Results and discussion
Identification of EO signals in polysorbates

Polysorbate molecules contain approximately
20 moles of EO according to the JECFA definition.
However, recently reported matrix-assisted laser
desorption/ionization time-of-flight mass spectro-
metry (MALDI-TOF MS) spectra showed that
polysorbates include numerous other chemical
species, including polyethylenes, unesterified, mono-
esterified, and diesterified polyoxyethylene sorbitans,
and isosorbides (Frison-Norrie and Sporns 2001).
Furthermore, analysis by liquid chromatography
(LC)-mass spectrometry (MS) confirmed that
polysorbates contain not only polyoxyethylene
sorbitan fatty acid esters but also numerous
intermediates, such as polyoxyethylene sorbitan
and isosorbitan, and the monoesters and diesters of
fatty acids (Vu Dang et al. 2006). These studies
have confirmed that polysorbates comprise many
types of chemical isomers. This molecular diversity
makes it difficult to determine the EO contents of
polysorbates. However, we hypothesized that the EO
contents of polysorbates could be measured rapidly
and simply by gNMR if the signals could be
identified on 'H-NMR spectra, regardless of
whether they contained numerous chemical isomers.

Thus, in order to identify the EO signals
in polysorbates, we compared the 'H-NMR
spectra of polysorbate 20, sorbitan monolaurate,
and poly(ethylene glycol) distearate. The
partial structures of sorbitan monolaurate and
poly(ethylene glycol) distearate, which comprised
a sorbitol anhydride core and poly(ethylene
glycol), were similar to those of polysorbate 20

.(Figures 2 and 3). The sorbitan monolaurate and

poly(ethylene glycol) distearate spectra revealed
fatty-acid moiety signals with &y values ranging
from 0.9 to 2.4 ppm, similar to those of polysorbate
20. The triplet signal at éyc. 0.9 ppm, the major
broad signal and multiplet signal at éyc. 1.3ppm
and 1.6 ppm, and the triplet signal at §yc. 2.4 ppm
were identified as the terminal CHs-, -CH,~, and
—CH,C=0- groups of the fatty acids, respectively.
Most of the EO signals in poly(ethylene glycol)
distearate were observed between &y values of 3.40
and 3.85ppm. One of the ~-CH,0O- groups
appeared to have been shifted downfield to éye.
4.2 ppm, near to the residual proton of methanol-d,
at dyc. 4.4ppm. A HMBC experiment revealed
that the proton at dyc. 4.2ppm was correlated to
the carbonyl .carbon of the fatty acid at
3c 173.4ppm. Thus, the proton signal was assigned
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Sorbitan monolaurate

Poly(ethylene glycol) distearate

Figure 2. Structures of sorbitan monolaurate and poly(ethylene glycol) distearate.

Poly(ethylene
glycol) distearate

Sorbitan
monolaurate

Polysorbate 20

A

w3 w2 LRI 0 ppm
S CHy0D Acetone_cH_2 - ~CHy~  CHgCH,—
~CH0-C=0 _CH,CH0- ~CH,-C=0

Figure 3. Comparison of NMR spectra of polysorbate 20, sorbitan monolaurate and poly(ethylene glycol) distearate.

'H-NMR spectra

were obtained using the ECA500 system (500 MHz; JEOL) under the conditions shown in Table I.

to the ~CH,O- group adjacent to the fatty acid side
chain. In the sorbitan monolaurate spectrum,
various minor proton signals were observed from
3y values of ¢. 3.4-5.0 ppm; these were attributed
to the sorbitan moiety in sorbitan monolaurate,
which consists of a mixture of cyclic sorbitol-
derived ethers (such as sorbitan, isosorbite, and
other isomers). These signals were also observed on
the spectrum of polysorbate 20. However, the
signals were broad and negligibly smaller than
that of sorbitan monolaurate, as polysorbate 20
has the diversity of molecule more than sorbitan
monolaurate. The polysorbate 20 signals ranging
from 8y 0.9 to 2.4 ppm that were attributed to the
fatty-acid moiety were similar to those of sorbitan
monostearate and poly(ethylene glycol) distearate.
Polysorbate 60, 65, and 80 also showed the signals
of fatty acid as same as sorbitan monolaurate, but

the olefinic protons were only observed at
dg 5.3ppm on the spectrum of polysorbate 80
consisting of an unsaturated fatty acid (data not
shown). The EO signals were assigned to a large
envelop between 8y 3.40 and 3.85ppm, and at
du 4.20 ppm, which overlapped with the negligible
small broad signals seen for the mixture of sorbitan,
isosorbite, and other isomers moieties between LTy
values of ¢. 3.4 and 5.0ppm. The EO signals of
polysorbates 60, 65, and 80 also appeared within
these ranges (data not shown). This was due to the
fact that polysorbates basically comprise the same
units: sorbitol anhydrides core, EO chains, and
fatty acids. Although proton signals of the -CH,0O-
group adjacent to the fatty acid at dyc. 4.20 ppm
were observed, and the signals of the sorbitol
anhydrides core were overlapped on EO signals,
they were negligible and did not effect the



Q_ o

gNMR determination of oxyethylene group content 803
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Figure 4. '"H-NMR spectrum of polysorbate 20. The spectrum was obtained using the ECA500 system (500 MHz; JEOL). PHP
was added as an internal standard. Signals of the four protons on the benzene ring of PHP were observed at 8y values of 7.46-7.66 ppm and
8.18-8.38 ppm. Most of the EO signals of polysorbate 20 were observed in a large envelope between 5y 3.40 and 3.85 ppm.

determination of the EO contents. Thus, in the
current research, we used the EO signals between
3y 3.40 and 3.85ppm to determine the EO
contents of polysorbates by NMR.

Determination of EO contents in polysorbates 20, 60,
65, and 80

Several reports have described the applications of
gNMR to determine specific types of chemical
compound, such as natural products, impurities,
and polymers (Stefanova et al. 1988; Paula 2001; Jake
et al. 2002; Wells et al. 2002; Paula et al. 2005).
Recently, a practical set of parameters for gNMR has
been discussed (Saito et al. 2004). Furthermore,
gNMR using an internal standard has been suggested
as a new way of determining the contents of
surfactants with a relatively high throughput (Koike
et al. 2004a, 2004b, 2005). To minimize quantitative
errors, we used the gNMR conditions described
by Koike and colleagues, as listed in Table L
- In particular, the flip angle was set to 45°, and the
spectral width was set ata value sufficient for the peak
of interest to fall within 80% of its centre, because the
signal intensities decreased towards both edges of the
spectral window. The number of data points was set
at 64 000 to enhance the resolution. The pulse delay
was set at up to 30s, as high-precision NMR can only
be achieved when the pulse delay time is greater than
the quintuple spin-lattice relaxation time (>5 * T}).
As gNMR is based on the fact that the signal
intensities of a given resonance are directly propor-
tional to the molar quantity of the nucleus within the
sample, the EO signal intensity of polysorbates and
four protons on the benzene ring of PHP were used to
determine the EO contents. The total time taken to
obtain one FID using these parameters was <10 min.

The weight percentage of the EO groups was
calculated according to Equation 1.

EO(w/w%)
(Feo/Hgo % Mgo/Wsample)

= x 100.
(Zstandard/ Hstandard X Metandard/ Witandard)

1)

Here, Igo is the signal intensity of the EO group;
Hgo is the number of protons of the EO group
(four); Mgo is the partial molecular weight of the EO
group (44); Weampi. is the weight (mg) of the sample
in 3 ml of NMR solvent including PHP as an internal
standard; L ,andarg i the total signal intensity of PHP;
H,andara is the number of protons on the benzene
ring of PHP (four); M;andara i the molecular weight
of PHP (204); and W, .ngara is the weight (mg) of
PHP in 3ml of NMR solvent.

We initially confirmed that the gNMR showed
linearity between the intensity of the EO signal and
the amount of polysorbate 20. Various amounts of
the reagent-grade polysorbate 20 sample were
analysed by 'H-NMR under the conditions
described in the Materials and methods and
Table I. The NMR spectrum of polysorbate 20
with the internal standard is shown in Figure 4. The
four protons of the PHP benzene ring were observed
as two double—doublet signals at 8y values of
7.46-7.66ppm and 8.18-8.38ppm, respectively.
The ratio of the EO signal intensity was calculated
as follows: intensity of EO/total intensities of
four protons on PHP benzene ring. The relationship
between EO/PHP and the amount of
polysorbate 20 was linear (R?=0.9996) in the
range of 12.5-100mg of polysorbate 20 in 3ml of
NMR solvent. Based on these results, we concluded
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Table II. Determination of EO contents in polysorbates by gNMR.*

MERCURY (400 MHz, VARIAN)

ECA500 (500 MHz, JEOL)

Sample name Entay EO (%) SD Entry EO (%) SD
Polysorbate 20 (polyoxyethylene (20) 1 73.0 1 72.2
sorbitan monolaurate)
2 71.8 2 71.8
3 73.2 3 72.3
4 71.7 4 72.5
5 71.9 5 71.6
6 72.9
7 72.0
8 72.7
9 733
AV 72.3 0.7 AV 72.4 0.6
Polysorbate 60 (polyoxyethylene (20) 1 67.7 1 67.4
sorbitan monostearate)
2 65.3 2 67.7
3 68.9 3 67.5
4 67.8 4 67.9
5 66.9 5 68.6
AV 67.3 1.3 AV 67.8 0.5
Polysorbate 65 (polyoxyethylene(20) 1 49.1 1 49.8
sorbitan tristearate)
2 49.8
3 49.5
4 49.8
5 48.7
AV 49.4 0.5
Polysorbate 80 (polyoxyethylene (20) 1 65.0 1 67.0
sorbitan monooleate)
2 65.5
3 66.2
4 64.8
5 65.1
AV 65.3 0.6

"Reagent-grade polysorbates were purchased from Wako Pure Chemical Industries, Ltd. “Entry” means that the same sample was

measured repeatedly on different days.

that gNMR could quantitatively determine the EO
contents of polysorbates.

In order to verify whether gNMR could accurately
determine the. EO contents of polysorbates,
two different NMR instruments (MERCURY
and ECA500, with magnetic field strengths of
400 and 500MHz, respectively) were used
to repeatedly measure the EO contents of reagent
grade polysorbates 20, 60, 65, and 80, which
are generally used as standards. The results are
shown in Table II. Reproducible results were
obtained from each sample using the MERCURY
system. Furthermore, the results obtained by the two
NMR instruments did not differ significantly (stan-
dard deviations =0.5-1.3%). These findings con-
firmed that it was possible to determine the EO
contents of polysorbates using this approach regard-
less of the NMR instrument employed.

Finally, to confirm the validity of gNMR,
we determined the EO contents of the commercially

synthesized polysorbates 20, 60, 65, and 80, which

met the specifications of the JECFA. All of the EO
contents of the polysorbates were within the limits
described in the Compendium of Food Additive and
Flavoring Agent Specifications (JECFA [internet])
(Table III). The gNMR method for determining
the EO contents of polysorbates demonstrated in
this paper thus represents a simple and rapid
alternative to the classic titration method recom-
mended by the JECFA, which does not require
specific chemical reactions or sophisticated appara-
tus. Moreover, the gNMR method made it possible
to distinguish between Polysorbates 60 and 80,
which have the same stipulated value, by comparison
with the 'H-NMR spectra, as polysorbate 80
consisting of an unsaturated fatty acid only showed
the signals of olefinic protons at éy 5.3ppm. It is
theoretically possible to determine the ratio of a
substituted group in any molecule, or the quality of
any compound, using the proposed gNMR method
with an internal standard, provided that the
target proton signals can be separated from those
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Table III. EO contents in commercial polysorbates determined using gNMR.*

Name Stipulated value Brand EO (%) SD
Polysorbate 20 (polyoxyethylene (20) 70.0-74.0% A 71.2
sorbitan monolaurate)
B 73.0
C 70.3
D 71.0
E 71.5
AV 71.4 1.0
Polysorbate 60 (polyoxyethylene (20) 65.0-69.5% A 66.9
sorbitan monostearate)
B 65.4
C 68.0
D 68.1
E 67.2
AV 67.1 1.1
Polysorbate 65 (polyoxyethylene (20) 46.0-50.0% A 48.3
sorbitan tristearate)
B 46.0
C -
D 47.2
E 48.1
AV 47.4 1.1
Polysorbate 80 (polyoxyethylene (20) 65.0-69.5% A 67.4
sorbitan monooleate)
B 65.1
C 69.3
D 66.7
E 68.0
AV 67.1 1.6

*Brands A-E were purchased from five manufacturers. Brand C does not supply polysorbate 65.

of non-target’ groups and impurites. We are
currently investigating the potental for this
technique-to determine various other compounds
and polymers.

Conclusions

This research demonstrated that the EO contents of
commercial polysorbates 20, 60, 65, and 80 could be
readily determined using gNMR with an internal
standard. Clear NMR data for the polysorbates were
obtained from simple sample preparations.
Two different NMR instruments validated the
proposed method, and no significant differences
were observed among the results. Moreover, the
data obtained for commercial polysorbates 20, 60,
65, and 80 were in good agreement with the JECFA
guidelines.

It is generally difficult to determine the amounts of
substituted groups within polymers owing to their
great diversity in molecular weights and structures.
Classical methods require time-consuming prepara-
tion to set up the apparatus, and technically skilled
operators. Furthermore, as there are no alternative
methods to validate the results, they have to be
accepted without verification. Our proposed gNMR

is a rapid and simple analysis that provides the
structural information of target compounds together.
These advantages will reduce dramatically the time
and manpower cost required, even if the NMR
spectrometer and the solvents are expensive. gQNMR
is thus a valuable additional and/or alternative
method, with a broad range of applications in
quantitative analysis.
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