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A Study of Modified Betaines as Cryoprotective Additives 
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Abstract-Glycinebetaine and N-modified betaines have been previously shown to be effective at reducing 
leakage from liposomes on freeze-thaw procedures. This study involved the preparation of a series of other 
modified betaines and the comparison of their abilities to reduce leakage from frozen multilamellar 
liposomes. All the compounds investigated, with the exception of the octyl ester of betaine, reduced the 
degree of leakage on freezing and thawing with additive concentrations up to 0.6 M. The betaine esters were 
less effective than betaine as cryoprotective additives and caused an increase in the leakage from unfrozen 
liposomes. Taurinebetaine, a sulphobetaine, was also less effective at reducing leakage on freezing than 
betaine and again increased leakage from unfrozen liposomes. Increasing the number of methylene groups 
between the carboxylate group and the nitrogen improved the ability to reduce leakage, particularly at 
lower additive concentrations. 

Glycinebetaine (betaine) has been studied as a possible 
cryoprotectant for the prevention of freeze-thaw damage 
to liposomes (Higgins et al 1984), erythrocytes (Brearley et 
a1 1987) and erythrocyte ghosts (Brearley et a1 1988, 1990). 
Higgins et a1 (1986) showed glycinebetaine to be as effective 
as glycerol in protecting egg lecithin rnultilarnellar vesicles 
(MLV) from freeze-thaw damage at various cooling rates. 
Glycinebetaine was also shown to be superior to dimethyl- 
sulphoxide at concentrations of 0.35 and 0 . 7 ~  in the 
external solution at cooling rates greater than 50°C min-l 
(Higgins et al 1985). Increasing the internal concentration of 
glycinebetaine was found to increase the degree of leakage of 
streptomycin from MLV at cooling rates greater than 
10"Cmin-I (Higgins et a1 1987). 

Previous studies have investigated the effects of N-alkyla- 
tion of betaine on the ability of betaine to reduce freeze- 
thaw damage to MLV (Lloyd et a1 1992a). Those studies 
showed that the fully methylated nitrogen atom is essential 
for optimal activity. The purpose of this study was to investigate 
the effects of further structural modifmtions on the ability of 
betaine to reduce freeze-thaw damage to liposomes. 

Materials and Methods 

Preparation of (carboxymethyl) trimethylammonium chloride 
esters (glycinebetaine esters) 
The glycinebetaine esters were prepared by modifications of 
the methods of Balle & Eisfield (1937) and Linfield et al 
(1963) by treating the appropriate alkylchloroacetate with 
trimethylamine. Methyl chloroacetate and ethyl chloroace- 
tate were purchased from Aldrich Chemical Co. (Dorset, 
UK) and purified by base extraction and distillation. Propyl 
chloroacetate and octyl chloroacetate were prepared by the 
following general method adapted from Vogel (1978). 

Chloroacetic acid (0.5 mol) was dissolved in a mixture of 
the appropriate alcohol (1 mol), toluene (100 mL) and 
concentrated sulphuric acid (1 mL). A Dean and Stark 
apparatus was fitted and the mixture refluxed until no 
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further water was collected in the Dean and Stark trap. 
An additional lOmL of the appropriate alcohol was then 
added and the reflux continued for 30min. The reaction was 
transferred to a separating funnel and washed successively 
with water (100 mL), 1 % sodium bicarbonate solution 
(100mL) and water (100mL). The organic phase was 
dried over anhydrous magnesium sulphate before distilla- 
tion using a short well-lagged fractionating column. 

The (carboxymethy1)trimethylammonium chloride esters 
((CH3)3NfCH2COO(CH2),CH3C1-) were prepared from 
the alkyl chloroacetates using the following generalized 
method. 

Ethanolic trimethylamine (4.2 M, 25 mL) was added to the 
appropriate alkyl chloroacetate (0.1 mol) and the reaction 
mixture was stirred until the exothermic reaction had 
ceased. The ethanol was removed by reduced pressure 
rotary evaporation to give the product. This was recrystal- 
lized from acetonitrile and dried in-vacuo. 

(Carboxymethyl) trimethylammonium chloride methyl ester. 
Yield: 10.3 g (62%), mp 164-165"C, analysis (expected 
values): carbon 42.5% (42.9%), hydrogen 9.0% (8.4%), 
nitrogen 7.7% (8.3%), chloride 21.2% (21.2%). 

(Carboxymethy1)trimethylammonium chloride ethyl ester. 
Yield: 9.2g (51%), mp 161-161.5"C, analysis (expected 
values): carbon 46.3% (46.3%), hydrogen 8.8% (8~8"/0) ,  
nitrogen 7.5% (7.7%), chloride 20.2% (19.6%). 

(Carboxymethyl) trimethylammonium chloride propyl ester. 
Yield: 17.9g (92%), mp 13O-13l0C, analysis (expected 
values): carbon 49.0% (49.1 YO), hydrogen 9.2% (9.2%), 
nitrogen 7.2% (7.2%), chloride 18.7% (18.2%). 

(Carboxymethyl)trimethylammonium chloride octyl ester. 
Yield: 12 g (48%), mp 77-78"C, analysis (expected values): 
carbon 59.2% (58.8%), hydrogen 10.2% (10.50/,), nitrogen 
5.5% (5.3%), chloride 13.3% (13.4%). 

Preparation of taurine betaine 
Taurinebetaine ((CH3)3N+CH2CH2SO;) was prepared by 
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adaption of the method of Barnhurst (1961). Trimethyl- 
amine was quaternized with ethylene bromide to give 
2-bromoethylammonium bromide: dibromoethane (1 mol) 
was stirred with ethanolic trimethylamine (4.2 M, 25 mL) 
for 90 h during which a white precipitate formed. The solid 
was filtered off, washed with diethylether, recrystallized 
from ethanol and dried at 65°C. Yield: 19.8g (SO%), mp 
200°C (decomposed), analysis (expected values): carbon 
24.5% (24.3%), hydrogen 5.4% (5.3%), nitrogen 6.0% 

Treatment of 2-bromoethylammonium bromide with 
sodium sulphite gave the sulphobetaine: 2-bromoethylam- 
monium bromide (0.1mol) was refluxed with 5% molar 
excess of sodium sulphite (13.4 g) in water (40 mL) for 3 h. 
The majority of the water was removed by evaporation. The 
residue was acidified with concentrated HCI until no further 
precipitation occurred. The inorganic solid was removed by 
filtration through a glass-sintered funnel (No. 3) and the 
filtrate collected. The filtrate was further concentrated in an 
evaporating dish to a thick syrup. Addition of propan-1-01 
caused precipitation of the product as a white solid. The 
product was filtered off, washed with propan-1-01 and 
recrystallized from ethanol/water. Yield: 15.4 g (90%), 
mp > 300"C, analysis (expected values): carbon 35.9% 
(35.9%), hydrogen 7.8% (7.8%), nitrogen 8.0% (8.4%). 

(5.7%). 

Preparation of (trialky1ammonio)carboxylates 
The (trialky1ammonio)carboxylates ((CH,),N+(CH,),COO-) 
were prepared from their corresponding (carboxy- 
alkyl)trimethylammonium halides ((CH,),N+(CH,), 
COOH, X- .) by ion-exchange chromatography as described 
previously (Lloyd et a1 1992a). The other (carboxyalky1)- 
trimethylammonium halides were prepared by modification 
of the methods of Balle & Eisfield (1937), Linfield et a1 
(1963) and Beckett & Woodward (1963). 

An appropriate ethyl haloacetate (0.1 mol) was reacted 
with ethanolic trimethylamine (4.2 M, 25 mL). The mixture 
was stirred for 3 h during which precipitation of a white 
solid occurred. The ethanol was removed from the reaction 
mixture by rotary evaporation and the residue dissolved in 
3.6% w p  HCI (100mL). This mixture was refluxed for 3 h. 
Evaporation of the solvent under reduced pressure gave a 
white product which was recrystallized from ethanol. 

(ECarboxyethyl) trimethylammonium chloride. Yield: 11.1 g 
(66%), mp 189-191 "C, analysis (expected values): carbon 
43.2% (43.0%), hydrogen 8.7% (8.4%), nitrogen 7.5% 
(8.4%). 

(4-Carboxybutyl) trimethylammonium bromide. Yield: 7.2 g 
(25%), mp 182-184"C, analysis (expected values): carbon 
39.7% (40.0%), hydrogen 7.6% (7.5%), nitrogen 5.4% 
(5.8%). 

(5-Carboxypentyl) trimethylammonium bromide. Yield: 6.2 g 
(25%), mp 185.5- 186.5"C, analysis (expected values): 
carbon 42.5% (42.5%), hydrogen 8.0% (7.9%), nitrogen 

The structures of all compounds were confirmed by infra- 
red spectroscopy and 'H NMR spectroscopy. The melting 
Points are uncorrected. The microanalyses were performed 

5'5% (5.50/). 

on a Perkin-Elmer 240 elemental analyser by Butterworth 
Laboratories (Middlesex, UK). 

Liposome preparation 
This method has been described in detail previously (Lloyd 
et a1 1992a). In brief, a film of lipid which had been 
previously dried onto the inside of a round-bottomed flask 
was hydrated, using a rotary evaporator, with a 1% wlv 
solution of a water soluble dye, amaranth in 0.02 M pH 7.0 
phosphate buffer (5.0 mL). The liposome suspension was 
stored at -20°C until required. After thawing, the liposome 
suspension was freeze-thawed three times by direct immer- 
sion of the tube in liquid nitrogen followed by immersion in 
a waterbath at 50°C. The resultant liposome suspension was 
maintained at room temperature (21 "C) for 1 h to anneal the 
liposome structure. The liposomes were then washed to 
remove the unentrapped amaranth, before resuspension in 
0.02 M phosphate buffer to give a stock solution containing 
10 mg mL-' lipid for use in freeze-thaw experiments. 

Liposomes prepared in this way had a slight positive zeta 
potential (+ 7mV, Coulter Delsa) when suspended in the 
buffer solution; they were multilamellar (electronmicros- 
copy) and had a particle size of 1-10pm (Malvern Master- 
sizer). Of the amaranth solution added, 2.6% was entrapped 
giving an entrapment of 23mg amaranth/lOOmg lipid. 

Freeze-thaw protocol and determination of entrapped 
amaranth 
The liposomes were diluted with cryoprotectant solutions 
and portions of the liposome suspensions (200pL) were 
placed in 1.5-mL polypropylene Eppendorf centrifuge 
tubes. Samples were frozen in a circular rack by immersion 
into liquid nitrogen (2 min) and then thawed in a waterbath 
at 50°C (2min). The rate of cooling (between -20 and 
-50°C) on immersion into liquid nitrogen was 720°C min-' 
and the rate of warming in a water bath at 50°C over the 
same temperature span was 840°C min-' (Lloyd et a1 
1992a). Phosphate buffer (1.OmL) was added to each tube 
and the liposomes pelleted by centrifugation at 15 000 rev 
min-' (15 600g) in an Eppendorf centrifuge (model 54143). 
The supernatant was discarded and the liposome pellet 
washed by resuspension in buffer and further centrifuga- 
tion. The liposome pellets were finally solubilized in 50% 
propan-1-01 (1.2 mL). The amaranth remaining entrapped 
was determined by measuring the absorbance of each 
solution at 522 nm using a Perkin-Elmer Lambda 2 spectro- 
photometer. 

The percentage of amaranth remaining entrapped after 
the sample had been freeze-thawed was used as a measure of 
cryoprotective activity. 

Results and Discussion 

Triplicates of amaranth-containing liposomes suspended in 
buffer alone or in buffer with different concentrations of the 
various betaines were freeze-thawed as outlined above. In 
control experiments, in which the liposomes were not 
frozen, there were no differences in leakage over the dura- 
tion of the experiment in the absence of any additives. Fig. 1 
shows the effect of freezing liposome samples in the presence 
of various concentrations of the methyl, ethyl and proPYl 
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FIG. 1. The effect of glycinebetaine (a), glycinebetaine methyl ester 
(m), glycinebetaine ethyl ester (A) and glycinebetaine propyl ester 
(0) on amaranth loss from liposomes on freeze-thaw. Bars indicate 
range of values (n = 3). 

FIG. 3. The effect of glycinebetaine (a), 3-(trimethy1ammonio)- 
propionate (m) and 6-(trimethylammonio)hexanoate (A) on amar- 
anth loss from liposomes on freeze-thaw. Bars indicate range of 
values (n = 3). 

betaine esters. All three compounds were found to be less 
effective than betaine at concentrations above 0.1 M. They 
were all found to cause more leakage in the absence of 
freezing than betaine (not shown). The octyl ester was found 
to cause solubilization of the liposomes at concentrations as 
low as 0.05 M. Fig. 2 compares the abilities of glycinebetaine 
and taurinebetaine to reduce leakage of amaranth from 
freeze-thawed MLV. Taurinebetaine appears to be much 
less effective than glycinebetaine at reducing leakage from 
MLV on freezing and thawing, particularly at higher 
additive concentrations. Fig. 3 shows the abilities of the 
(trimethy1ammonio)carboxylates to reduce leakage from 
MLV on freezing and thawing. In control experiments, in 
which the liposomes were not frozen, there were no differ- 
ences in leakage over the duration of the experiment for any 
of these compounds. The results suggest that in general the 
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FIG. 2. The effect of glycinebetaine (0) and taurinebetaine (m) on 
amaranth loss from liposomes on freeze-thaw. Bars indicate range 
of values (n = 3). 

ability of the compound to reduce leakage on freezing and 
thawing increases with the number of methylene bridging 
groups, particularly at the lower additive concentrations. In 
a further study the 6-(trimethylammonio)hexanoate, the 
inner salt of (5-carboxymethy1)trimethyl ammonium 
bromide was found to be significantly more active than 
glycinebetaine at 0.1 M (P < 0.001, n = 12). 

The processes resulting in drug leakage on the freezing of 
liposomes and the mechanisms by which glycinebetaine and 
N-modified betaines reduce these effects have been exten- 
sively discussed (Higgins et a1 1986; Lloyd et a1 1992a). The 
variation in the cryoprotective activity of various betaines has 
been previously attributed to a combination of factors 
including differences in both water activities of the solutions 
and the ability of the additives to promote glass formation 
(Lloyd et al 1992b). The latter effects may explain the 
differences observed for the betaine derivatives studied in 
this work. Thus the addition of solutes in high concentrations 
alters the activity of extracellular water (Bryant & Wolfe 
1992). This changes the pressure and consequently the 
intracellular water activity, at any given chemical potential, 
which modifies the stress on the membrane. Increasing the 
hydrogen-bonding capacity of the carboxylate group 
increases the structuring of localized water and thus 
decreases the extracellular water activity. This reduces the 
extracellular pressure and the stress on the membrane at any 
given temperature during the freezing and thawing process. 
Furthermore, increasing the structuring of localized water 
around the betaine molecule will suppress the anomalous 
structuring of bulk water which occurs in supercooled water, 
decreasing molecular mobility at low temperatures so that ice 
nucleation is less likely, thereby promoting vitrification of the 
solution (Macfarlane & Forsyth 1990). 

Both these effects are therefore related to the ability of 
additives to structure local water molecules through hydro- 
gen bonding. The effect of esterification may, therefore, 
simply reflect the importance of the carboxylate group for 
optimal reduction of leakage from MLV on freezing; by 
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esterifying the carboxylate group the molecule becomes 
much less negatively charged, has less hydrogen bonding 
capacity and the cryoprotective activity of the compound is 
reduced. Alternatively, these effects may be attributed to the 
differences in the number of ionic species in the ester 
solutions compared with the betaine solutions. This would 
increase the osmotic imbalance across the membrane and 
may increase the initial shrinkage of the liposomes at any 
given additive concentration. However, studies on the 
cryopreservation of erythrocytes, which are much more 
susceptible to osmotic damage, suggest that this is probably 
not the only factor involved in this cryoprotective process 
(Lloyd et a1 1990). 

The effects of taurinebetaine and glycinebetaine may be 
attributed to the differences in hydrogen bonding capacity 
as the carboxylate group is a stronger hydrogen bond 
acceptor than the sulphonate group (Friedman & Kresh- 
nan 1973), although solubility could play a role in this case. 

The difference in activity between the different (trimethyl- 
ammonio)carboxylates may also be attributed to an increase 
in hydrogen-bonding capacity of the carboxylate group. As 
the distance between the positively-charged nitrogen atom 
and the negatively-charged carboxylate grodp increases, 
more charge resides on the oxygen atoms increasing their 
hydrogen bonding capacity. 

The results of these studies show that the ability of 
glycinebetaine to reduce leakage from frozen liposomes 
can be improved by chemical modification. However, 
further studies are required to understand the mechanisms 
by which such compounds work. Given that glycinebetaine 
is administered at a dose of 6 g per day for the treatment of 
homocystinuria with no apparent toxic effects (Wilchen et a1 
1983), compounds of this type may offer great potential as 
cryopreservatives for the long-term frozen storage of lipo- 
some formulations. 
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