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Effects of Solute Methoxylation on Glass-Forming Ability
and Stability of Vitrification Solutions

Brian Wowk," Michael Darwin, Steven B. Harris,
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The effects of replacing hydroxyl groups with methoxyl (O igroups in the polyols ethylene glycol (EG),
propylene glycol (PG), glycerol, and threitol were studied by differential scanning calorimetry (DSC) during
cooling of aqueous solutions t6150°C and subsequent rewarming. For 35% (w/w) PG, 40% EG, and 45%
glycerol, a single substitution of a terminal hydroxyl group with a methoxyl group reduced the critical cooling
rate necessary to avoid ice on cooling (vitrify) from approximately 500 to 50°C/min. This reduction was
approximately equivalent to increasing the parent polyol concentration by 5% (w/w). The critical warming rate
calculated to avoid formation of ice on rewarming (devitrification) was also reduced by methoxyl substitution,
typically by a factor of 16for dilute solutions. Double methoxylation (replacement of both terminal hydroxyls)
tended to result in hydrate formation, making these compounds less interesting. An exception was threitol, for
which substituting both terminal hydroxyls by methoxyls reduced the critical rewarming rate of a 50% solution
by a factor of 10 without any hydrate formation. These glass-forming and stability properties of methoxylated
compounds, combined with their low viscosity, enhanced permeability, and high glass transition temperatures
make them interesting candidate cryoprotective agents for cryopreservation by vitrification or freezirnge
Academic Press

Key Words:methoxylation; cryoprotectant; vitrification; calorimetry; phase diagram; hydrates.

Numerous small molecules are known to exHydroxyl groups can hydrogen bond to eithe
hibit cryoprotective effects (17), yet the searchvater molecules or hydroxyl groups on othe
continues (2, 5, 10, 13, 14) for novel penetratingryoprotectant molecules. Therefore, cryoprc
agents that may be useful in freezing and vitritectants that contain hydroxyl groups “waste”
fication (13—15) solutions. In particular, there isignificant portion of their water interaction ca-
a need for cryoprotectants with reduced viscogpacity by interacting with adjacent cryopro-
ity for applications involving organ perfusiontectant molecules instead of water. Unlike hy
(12). There is also a need for cryoprotectantsroxyl groups, the ether linkages of methoxy
that penetrate rapidly for use with systems regroups interact minimally with other ether
sistant to penetration by conventional cryoprogroups. Yet the ether linkage can still hydroge
tectants (16). Vitrification also requires thabond to water. Methoxylated cryoprotectant
agents readily form glasses that remain stablge therefore expected to exhibit reduced sel
during rewarming at rates that are practicallyhteraction and enhanced water interaction con
achievable. pared to their conventional polyol analogs. Thi

We have explored the strategy of modifyingenhanced water binding efficiency might be ex
conventional polyol cryoprotectants by substipected to materially influence the glass-formin
tuting methoxyl {~OCH;) groups for hydroxyl properties of these molecules in solution.
(—OH) groups on cryoprotectant molecules. Table 1 shows families of methoxylatec

cryoprotectants formed by starting with foul
 — basic polyols (ethylene glycol, propylene gly-
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TABLE 1
Solutes Studied

Methoxyl
Abbreviation Common name Systematic name substitutions

EG Ethylene glycol 1,2-Ethanediol 0
EGMME Ethylene glycol monomethyl ether 2-Methoxyethanol 1
EGDME Ethylene glycol dimethyl ether 1,2-Dimethoxyethane 2
PG Propylene glycol 1,2-Propanediol 0
PGMME Propylene glycol monomethyl ether 1-Methoxy-2-propanol 1
Glycerol Glycerol 1,2,3-Propanetriol 0
GMME 1-O-Methyl-rac-glycerol 3-Methoxy-1,2-propanediol 1
GDME 1,3-Di-O-methyl-glycerol 1,3-Dimethoxy-2-propanol 2
Threitol pL-Threitol 1,4-DihydroxypL-2,3-butanediol 0
TDME 1,4-Di-O-methylbL-threitol 1,4-DimethoxysL-2,3-butanediol 2

agents) and enhanced penetration of red blo@ehd spinach thylakoids (25). GMME has bee
cells in aqueous solution. Enhanced penetratiarsed to freeze monocytes with a higher recove
is due in part to the greater partitionirig(,) of rate than glycerol (26). Notably, GMME was
methoxylated compounds into the lipid phase ddlso observed to penetrate monocytes more th
cell membranes. six times faster than glycerol. Preliminary tox:
Methoxylated compounds have appeared préity studies (24) of methoxylated compound:
viously in the cryobiological literature. Ethersas components of vitrification solutions have
of diethylene glycol have been used to freezbeen encouraging, especially for GMME an
red cells (33). EGMME has been used to suEGMME.
cessfully freeze embryos (31, 32), oocytes (30), The objective of this study was to evaluat
the glass-forming properties of methoxylate
compounds as monoagents in aqueous solutic

TABLE 2 Calorimetric data for both cooling and rewarm:

Viscosity, Permeability, and Ether:Water Partition ing at rates between 5 and 80°C/min were ol

Coeficient ey for Various Solutes tained. It is anticipated that this information will

Viscosity  Red blood cell be useful for understanding the behavior of me

Agent (cP) permeability ke  thoxylated compounds in solutions used fo

freezing or vitrification. These results have bee

EG 25.0 3.4 0.0053  previously presented in preliminary form (34).
EGMME 1.7 12.0 0.061
EGDME 05 — —

MATERIALS AND METHODS

PG 60 1.8 0.018 . _ _

PGMME® 2 — — Solutes were obtained from Aldrich Chemi-

Glycerol 1400 06 0.00066 cal Company in HPLC, spectrophotometnc, 0

GMME? 45 1.0 0019 ACS reagent grades. GMME was obtained fror

GDME? 3 — — Sigma Chemical Company. TDME was ob

— tained from Fluka. GDME was custom synthe
Note.Vlscos!tlles of pure solutes at 20 to 25°C from R_ef.sized by Drs. John Bender and Fred West of tt

(11). Permeability ané.,., data from Ref. (23). Permeabili- D ¢ t of Chemist uni itv of Utah

ties are relative to water 915. epartmen 0 emistry, Universi y 0 an,
2 Viscosities not available in Ref. (11). Viscosities wereSalt Lake City, Utah, U.S.A. Solutions were

instead measured by falling-ball viscosimeter at 22°C.  prepared in distilled water (Hinckley & Schmitt,
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Inc.) on a gravimetric basis. Even if not statedity of ice that crystallizes during very slow

explicitly, solution concentrations are alwaysooling @), V is the cooling rate, ankl, is a

given as weight-by-weight (w/w) percent. constantk, andq,., are the free parameters of
Cooling and rewarming thermograms weré¢he least-squares fit to the measured data. Tt

obtained with a Perkin—Elmer DSC 7 differen-oretical critical cooling rates,. were calcu-

tial scanning calorimeter running Pyris versioated from (2, 4)

2.04 software. Solution samples of mass from 5

to 15 mg were sealed in Perkin—Elmer 0219- v = K,
0062 aluminum sample pans and placed in the there = 0.2\
DSC sample oven for analysis. An empty sam- 3 X O

ple pan was kept in the DSC reference oven to
balance the instrument. The oven temperatuiéhis is the cooling rate at which the quantity o
was calibrated by measuring the onset of thiee formed on cooling becomes negligibte €
crystal transition of cyclohexane at87.06°C 0.2), corresponding to approximately 0.2% o
while warming at 1°C/min and the onset ofthe solution mass freezing.
melting of water ice at 0°C. Heat flow was To determine stability of the vitreous state
calibrated by measuring the area under the methermograms were obtained during rewarmin
ing curve of a known mass of water ice (334 J/@f vitrified samples from—150 to +10°C at
nominal). rates of 5, 10, 20, 40, and 80°C/min. Prior tc
Cooling thermograms were obtained duringvarming, samples were first “quenched” by
scanning fromt-10 to —150°C at rates of 5, 10, cooling from ambient temperature t6150°C at
20, 40, and 80°C/min. To account for samplea rate of 100°C/min. The DSC was able t
to-sample variability observed during coolingmaintain this nominal rate in all cases unti
experiments, thermograms were obtained fapproximately—120°C, below which the sam-
three different samples of each solute conceple temperature slightly lagged the programme
tration. Quantities of ice crystallized were meaeooling rate. Warming runs were usually no
sured as the parametqr defined by Boutron performed on samples which did not vitrify
(3—10) as the percentage ratio of heat liberatatliring cooling at 100°C/min. However, warm-
during freezing to the heat that would be libering thermograms were obtained for some san
ated if a mass of water equal to the entirples that formed hydrates on cooling. Typicall
solution mass were frozen at 0°C. It is approxenly one warming thermogram at a given warm
imately equal to the mass percentage of thiag rate was performed for each solute concel
solution that converts to ice. tration because the variability of the warming
The mean value of] was plotted for each data was very small.
solute concentration as a function of cooling Warming thermograms were analyzed to ok
rate, and a least-squares fit to the fourth mod#in the glass transition temperaturg ice de-
of Boutron (3, 10) was performed. In thisvitrification temperatureT,, and ice melting
model, the quantity of ice formed on coolingtemperatureT,,. The glass transition tempera-

follows the relation ture T, was defined as the inflection point of the

rapid change of specific heat at the glass tra
K, B s 1 s ors sition (4-8). Ty and T,, were defined as the
v~ —In(1 = x*%) + 5 In(1 + X+ x*7) peaks of the ice devitrification and melting

= 1 peaks, respectively (4—8).
A \3X T, — T4 was plotted as a function of the
+ V3 arctan ——+3/ , . . . .
+ X logarithm of the warming rate, and a linear fit tc
the resulting plot was performed (4-7). More
wherex = g/g.. (0 = x = 1) is the ratio of ice recent work (9, 18, 20—22) suggests that tr
crystallized on cooling to the maximum quan+plot of T, /T, vs log warming rate may be more
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cooling rates studied. With 40% EGMME, the

O] e S T —— ] quantity of ice formed decreased rapidly a
+ x = 0 cooling rate increased, reaching zero for coolin
\x rates =40°C/min. However, as the amount of

[ ETTTTT o & 3 ice decreased, a hydrate peak-#@7°C became

e J0%EG cooling solutions of 45% concentration ol

-e-45%EG L\ 1 greater. Instead an apparent hydrate formed
—e—35% EGMME —86, —87,—90, and—93°C for 45, 50, 55, and

e A% EGMME 2, 60% concentrations, respectively. At 70% con

—e— 45% EGMME N i . .

s centration, the hydrate formation could be

avoided by cooling at 80°C/min or greater. A

: still higher concentrations, a glass transition a
m — o ways occurred instead of hydrate formation.

Figure 3 shows thermograms obtained durin

slow rewarming of quenched EGMME solu-

FIG. 1. Quantity of ice crystallized) vs cooling rate for  tjgnsg. Figure 4 shows the associated dynam

EG and EGMME solutions. Each data point is the mea_n %f)hase diagram. None of the samples formed i
three samples. Error bars are the sample standard deviation.

Fitted curves correspond to the fourth model of Boutron (3)Qn cooIing; however, samples of less than 70¢
Hydrate forms in the EGMME solutions when the amount€oncentration formed hydrate during cooling.
of ice formed becomes small. There is evidence for two distinct forms of
hydrate in EGMME solutions. Both appearec
appropriate. However, we choose to plot — near —90°C on cooling. The first hydrate oc-
Ty to facilitate comparison to previously pub-curred during cooling solutions of 45% or lowet
lished dataT,, — T, also has the advantage thatoncentration (if little or no ice formed first) and
temperature lag effects caused by finite samplgpeared in bulk solutions as a chalky whit
mass at high heating rates are implicitly subsolid. On warming, this hydrate melted isother
tracted out. mally at —82°C and was followed by an ice
Critical rewarming rates,, (rewarming rates melt (Fig. 3). Ice apparently crystallizes to-
necessary to avoid devitrification) were calcugether with this hydrate because the ice me
lated according to Eq. [14] of the model ofwas not preceded by ice devitrification. The
Boutron (9), which extrapolates the linear varisecond hydrate occurred in solutions of 50 t
ation of T,/T, vs log warming rate tds/T., = 70% concentration. In bulk solutions, it ap-
0.95, corresponding to approximatejy, = 0.5 peared as a mild fog throughout the mostl
or 0.5% of the solution devitrifying to ice on transparent solution. On warming, this hydrat
rewarming. Input values of,; for this model melted nonisothermally near75°C and was
were computed by first fitting a line to tH&, - followed by ice devitrification and melting in
T4 data plots and using the fitted line to calcuthe 50% solution.
late T, at 5 and 80°C/min. EGDME was also investigated. The behavic
of this solute was complicated. On cooling 35%
o solutions, three sharp solidification peaks af
EG Derivatives peared at—44, —63, and—106°C. The same
EGMME was investigated. The quantity ofpeaks appeared while cooling 40% solutions
ice formed on cooling as a function of cooling20°C/min or less. At faster cooling rates the
rate is shown in Fig. 1 for EG and EGMME.40% solution vitrified. Solutions of 45 and 50%
The calculated critical cooling rates and relateditrified at all cooling rates tested.
parameters are in Table 3. A solution of 35% The dynamic phase diagram obtained b
EGMME froze with no hydrate formation for all slow rewarming EGDME samples is shown ir

{ increasingly apparent (Fig. 2). No ice formed ol

Ice Formed (q)

Cooling Rate (°C/min)

RESULTS
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TABLE 3
Transition Temperatures (°C), Crystallization Constants, Critical Cooligg.), and Critical Warming () Rates
in °C/Minute for Solutes Tested

Solution (w/w) Ty Tq T Cmax K, Vinore Ver
40% EG 20.3 348 541

45% EG —131 —110 —-30 16.1 137 197 & 10°
50% EG -129 -87 —-38 <5 250
35% EGMME 19.0 386 587

40% EGMME —-25 134 30 41

45% EGMME -30 <52

50% EGMME -37 <5* 80*
40% EGDME —103 —-21 40

45% EGDME -103 —28 <5 200
50% EGDME —107 <5 5
35% PG -119 —-104 -18 21.2 352 555 2< 10°
40% PG —-108 —87° —22° 17.1 49 72 1.0x 10*°
45% PG -107 —58 -27 <5 160
35% PGMME —105 -84 -16 19.9 35 54 7 10°
40% PGMME -102 —65 -20 <5 650
45% PGMME —-101 —58 =27 <5 290
50% PGMME —101 —55 —-29 <5 80
45% glycerol -117 —108 -20 21.9 291 464 5.6 10°°
50% glycerol —115 -98 —24 18.0 54 81 < 10°
40% GMME 20.7 360 560

45% GMME -103 -89 -21 19.9 15 23 4% 10
50% GMME -101 —67 —26 <5 350
55% GMME —99 —61 —-32 <5 80
60% GMME -99 -59 —-40 <5 10
40% GDME -17 194 75 115

45% GDME —94 —-21 19.0 13 20

50% GDME -95 —27 <5

55% GDME -98 -32 <5 80
60% GDME —98 —-35 <5 10
50% threitol —106 -98 —-18 ~100F 2 x 10°
60% threitol -98 -53 —28 <5 80
50% TDME —84 —58 —-23 <5 280
60% TDME -85 —-34 <5 20

Note. Transition temperatures were measured during warming at 5°Cémipandk, were computed according to the
fourth model of Boutron (3)vy,.. andv,, were computed according to Refs. (4) and (9), respectively. Valueg &f 200
were determined by direct observation, not calculation.

®Ice is avoided, but hydrate still forms.

® From Refs. (6, 9).

¢ Determined by direct observation, not calculation.

Fig. 5. The hydrate devitrification and meltingThe critical rewarming ratey,,, to avoid devit-

events seen in the 45% solution disappeared ification of the 45% solution was calculated tc
warming rates of 20°C/min or greater, replacetie approximately 200°C/min. A 50% solution
by only ice devitrification and melting peaks.of EGDME was found to be stable (no ice ol
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FIG. 2. Cooling thermograms for 40% EGMME solution  FIG. 4. Dynamic phase diagram for EGMME obtained
cooled at various rates. The hydrate ne@0°C only ap- by rewarming rapidly cooled solutions at5°/min. T,
pears at higher cooling rates that do not allow ice to crysdenotes the ice melting temperatuil,ice devitrification
tallize first. temperature,T, glass transition temperatur@,, hydrate

devitrification temperature, arid,, hydrate melting temper-
ature. Two distinct hydrate melting curves are apparen

hydrate formation) at all cooling and warming@ithough they are both denoted By;.
rates tested. At higher concentrations, hydrates

appeared again. Near 100% concentration a sin- ) o _ _
gle peak remained, coinciding with the litera:

ture value (11) for the melting point of pure

0 T T T T T T T EGDME.

o sy PG Derivatives

-20 PGMME behaved like a conventional cryo-
© 30 protectant on both cooling and rewarming
“E’) There were no hydrates or other unusual the
L 40 mographic features. The quantity of ice forme
g o b on cooling is shown in Fig. 6 for PG and
o /J 55% PGMME. PGMME is clearly a better glass
3 O former than PG, though not quite as good &
§ 7ol 70% | meso-depleted 2,3-butanediol (4, 5).

/\K\ 80% It should be noted that the values lof and

o the associated critical cooling rates measure

.90 s ) ! . . . for PG were approximately twice as large a

-140 -120 -100 -80 -60 -40 -20 0

those measured by Boutron (4, 7) and thrice «
large as those measured by Sutton (27). Perhe

FIG. 3. Warming thermograms at5°C/min for various this was due to a purity difference in the PG wi
concentrations (w/w) of EGMME. The 45% thermogramysed (Aldrich 39,803-9, ACS reagent grade). |
shows a hydrate melt and ice melt. The 50% thermogral@omrast’ our measurements with EG and gly(

shows two hydrate melting peaks, ice devitrification, and ice | bl Il with . I
melting. The 55% thermogram shows only a nonisothermﬁr0 agree reasonably well with previous resu

hydrate melt. 70% shows hydrate devitrification and meltOPtained by Boutron (6, 8, 9)-_ Our gly(??"o'
ing. 80% shows only a glass transition. results also agree very well with the critical

Temperature (°C)
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FIG. 5. Dynamic phase diagram for EGDME obtained FIG. 7. Warming thermograms at 5°C/min for various
by rewarming rapidly cooled solutions at5°/min. Same concentrations (w/w) of PGMME. The only apparent event
comments apply as for Fig. 4[,. denotes the melting are the glass transition, ice devitrification, and ice meltin
temperature of pure crystalline EGDME. The phase behapeaks. Only a glass transition occurs at 60% concentratio
ior of EGDME is complex except for a narrow concentra-
tion regime near 50% where only a glass transition occurs.

lated critical rewarming rates in Table 3 and th

variation of T,, — T4 with warming rate in Fig.

cooling rates that Sutton (28, 29) determined by <how that dilute solutions of PGMME are
isothermal emulsion calorimetry.

Slow rewarming thermograms for PGMME

much more stable on rewarming than compar:

solutions are shown in Fig. 7 and the associated

dynamic phase diagram in Fig. 8. The calcu- ¢~

Ice Formed (q)

20
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—e—40% PGMME
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FIG. 6. Quantity of ice crystallizedd) vs cooling rate for
PG and PGMME solutions. The same comments apply appearance of a maximum in the glass transition temper
for Fig. 1.
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FIG. 8. Dynamic phase diagram for PGMME obtained
by rewarming rapidly cooled solutions at5°/min. Same
comments apply as for Fig. 4. The phase behavior ¢
PGMME is that of a typical cryoprotectant, except for the

ture curve.
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100 — , — ing rate is plotted in Fig. 13. GMME was more
00 L i stable on rewarming than glycerol, with a sta
N o 39%PC N 1 bility similar to EG.

T 6 GDME cooling thermograms are shown ir
[N . 7 Fig. 14 and quantities of ice formed in are
el 935§PGMME 1 shown in Fig. 10c. GDME behaved similarly to
g ol T -3 EGMME in that a hydrate tended to form on

e L cooling (solidification peak at82°C for a 45%
: 40 T solution cooled at 5°C/min). The hydrate wa
N 45% PGMME _ suppressed if a large quantity of ice solidifie
2 1 during cooling. However, unlike EGMME, a
45% PG cooling hydrate did not occur in solutions of
Wi 50% concentration or greater. These solutior
0 — . simply transitioned to a vitreous state on cooling

10 10 GDME warming thermograms and the assc

ciated dynamic phase diagram are shown

FIG. 9. T,, — T4 vs warming rate for vitrified PG and Figs. 15 and 16, respectively. A hydrate devit
PGMME solutions rewarmed from-150°C. T, is the ice  rification and melt followed by an ice devitrifi-
devitrification temp.erature an@,, is the ice melting t_em- cation and melt are observed. The hydrate ar
perature. PGMME is more stable (smallgr — T,) against . lidificati ts di dt th
devitrification during rewarming than PG at 35% concen!C€ SOl _I ICation even f |sa}ppeare oge _er |
tration, but performs similar to PG at 45% concentration. féwarming rate_s of 80 C/m_'n in 55% solutions
and 10°C/min in 60% solutions.

Warming Rate (°C/min)

ble PG solutions. However, the stability advand hreitol Derivatives
tage disappears at 45% concentration. Interest-TDME, which ispL-threitol with the terminal
ingly, the glass transition temperature fohydroxyls replaced by methoxyls, was investi
PGMME solutions reaches a maximum at 50%ated. A solution of 50% TDME vitrified with
concentration. This is an unusual behavior thaio ice or hydrate formation at all cooling rate:
previously has only been observed for solutionstudied, whereas the critical cooling rate of 509
of diethylformamide (2). threitol was approximately 100°C/min. Lower

1,2-Dimethoxypropanol (PG with both hy-concentrations of TDME were not studied du
droxyls replaced with methoxyls) was also into the expense of the material. Also for this
vestigated, but was found to be poorly solubleeason, TDME solutions could only be prepare
in water. to a concentration accuracy af1%.

TDME was much more stable than threitol or
rewarming (Fig. 17 and Table 3), with a critical

GMME also behaved like a conventionalwarming rate similar to ethylene glycol. No
cryoprotectant on both cooling and rewarmingaydrates were observed during rewarming.
The quantity of ice formed on cooling is shown It should also be noted that no hydrates wel
in Fig. 10a for glycerol and Fig. 10b for observed to form in solutions of the paren
GMME. The critical cooling rates (Table 3)compound, threitol. This is unlike the behavio
computed for 45% glycerol, 45% EG, and 45%f erythritol (meso isomer of threitol), which in
GMME were 464, 197, and 23°C/min, respecwater solution has been observed to form a sol
tively. Thus GMME appears to be a better glassf unknown nature during cooling (10).
former than either glycerol or EG.

GMME rewarming thermograms and dy-
namic phase diagram are shown in Figs. 11 and For 35% PG, 40% EG, and 45% glycerol,
12, respectivelyT,, — T, variation with warm- single substitution of a terminal hydroxyl group

Glycerol Derivatives

DISCUSSION
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FIG. 10. (a) Quantity of ice crystallizedgj vs cooling rate for glycerol solutions. (b) Quantity of ice
crystallized §) vs cooling rate for GMME solutions. (c) Quantity of ice crystallizef) ys cooling rate for
GDME solutions. Hydrate forms in the 40 and 45% solutions at high cooling rates, but not in the 50% solution.
The same comments apply as for Fig. 1.

with a methoxyl group reduced the critical coolthe presence of the hydrate in the case of m
ing rate from approximately 500 to 50°C/min.thoxylated EG (EGMME), the trend is still
For 40% PG, 45% EG, 50% glycerol, and 50%lear.

threitol, single methoxylation reduced the criti- Methoxylation also improved stability of the
cal cooling rate from approximately 100°C/minwvitreous state on rewarming, sometimes drame
to less than 5°C/min. Methoxylating a polyolically. Methoxyl substituting the terminal hy-
cryoprotectant thus reduces the critical coolingroxyls of threitol reduced the critical rewarm-
rate by an order of magnitude or allows theng rate of a 50% solution by seven orders
cryoprotectant concentration required for vitriinagnitude. In some cases, particularly PG \
fication at a given cooling rate to be reduced bPGMME, the stability benefit was greatest ir
more than 5%. Although this analysis neglectdilute solutions. This may be because at highe
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FIG. 11. Warming thermograms at5°C/min for vari- FIG. 13. T,, — T4 vs warming rate for vitrified glycerol

ous concentrations (w/w) of GMME. The only apparentand GMME solutions rewarmed from150°C. GMME is
events are a large glass transition, ice devitrification, and icauch more stable against devitrification than glycerol at th
melting peaks. same concentration.

concentrations the viscosity difference between 1he data of Table 3 suggest that double me
the two solutions becomes larger, allowing théh_o_xylﬁnonl_does not give large reductlon(sj 0
greater viscosity of the PG solution to exert gritical cooling or warming rates compared te

stronger inhibition of ice growth.
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lower concentrations, the hydrate solidification is sup

FIG. 12. Dynamic phase diagram for GMME obtainedpressed by the crystallization of ice (which freeze concer

by rewarming rapidly cooled solutions at5°/min. Same trates the remaining solution into the regime where hydra

comments apply as for Fig. 4. The phase behavior dbrmation does not occur). At 50% concentration and abov
GMME is that of a typical cryoprotectant. only a large glass transition occurs on cooling.
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FIG. 15. Warming thermograms at5°C/min for vari- FIG. 17. T,, — T4 vs warming rate for vitrified threitol

ous concentrations (w/w) of GDME. The glass transition imnd TDME solutions rewarmed from150°C. TDME is
followed by a rapid hydrate devitrification, hydrate melt,much more stable against devitrification than threitol of tht
and then ice devitrification and ice melt. At 60% concensame concentration.

tration, hydrate and ice melting peaks are barely visible.

duces viscosity and enhances cell penetratio

single methoxylation alone. The critical warm-however, this must be balanced against tt

ing rate of EGMME vs EGDME is the only greater partitioning into lipids (hydrophobicity)

exception. Double methoxylation further rethat is correlated with toxicity to cell mem-

branes (1).
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glass transition with an anomalous peak. Sim
FIG. 16. Dynamic phase diagram for GDME obtained bylar behavior has been noted with PG (7) an

rewarming rapidly cooled solutions at5°/min. Same com- especially 1.2-butanediol (10) Such peaks me
ments apply as for Fig. 4. The phase diagram of GDME i ' :
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TABLE 4
Glass Transition Temperature (°C) vs Solute Concentration (w/w)
Agent 35% 40% 45% 50% 55% 60% 70% 80% 90% 100%

EG -133 -131 -129
EGMME —127 —130 -135 —140
EGDME —103 -103 -103 -107 —115 -116 -115
PG -118 -108 -107 106 -107” -1100 -109 -108  —104°
PGMME —105 —102 -101 —101 -102 —104 —109 -118 -122 —127
Glycerol -117 —-115
GMME —103 -101 -99 -99 -99 -97 -93
GDME -94 -95 -98 —100 —109 -111 -114
Threitol —106 —98
TDME -84 -85

Note.Glass transition temperatures observed during rewarming at 5°C/min.

? Linear extrapolation of values obtained at 45 and 50%.

®Values from Ref. (7).

CONCLUSION REFERENCES

Replacing terminal hydroxyl groups of 1.
polyol cryoprotectants with methoxyl groups
reduces the viscosity, increases the permeabil-
ity, and increases the glass-forming tendency 05
cryoprotectant solutions. Monomethoxyl-sub-
stituted compounds vitrified and showed stabil-
ity against devitrification similar to solutions of
the parent compound at 5% greater concentra3-
tion. The glass transition temperature was also
increased. Double methoxyl substitution further
increased the glass transition temperature, buf
provided little additional glass forming benefit
for EG- and glycerol-derived compounds.

GMME, PGMME, and TDME are perhaps
the most promising methoxylated compounds
studied because they were not observed to for
hydrates under any conditions. EGMME may
also be useful for applications requiring very ¢
high permeability agents and in which the hy-
drates can be tolerated or avoided.
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