
Recent advances in biotechnology have focused attention
on the stable storage of the biological polymers (e.g., pro-
teins) and biological systems (e.g., cells) for medical use.
Freezing and freeze-drying are popular methods to archive
their long-term stability.1—4) Various co-solutes such as sug-
ars (e.g., sucrose, trehalose) and other polyols protect pro-
teins and cells through different mechanisms against stresses
in aqueous solutions, frozen solutions, and freeze-dried
solids.5,6) Freezing an aqueous solution concentrates the
solutes into a supercooled solution surrounded by ice crys-
tals.7,8) The sugars and polyols protect the proteins and cell
membranes against dehydration-induced structural perturba-
tion by substituting water molecules through direct molecular
interactions (e.g., hydrogen bonding). Decreased molecular
mobility in the polyol-based glass-state amorphous phase re-
duces chemical changes of the components.3,7) Controlling
the physical properties of the freeze-concentrates and subse-
quently freeze-dried solids should provide the key to produc-
tion of stable protein and other biopolymer formulations.1,2,7)

Thermal analysis of frozen aqueous carbohydrate solutions
often shows several transitions of the amorphous supercooled
phase including the “real” glass transition (Tg) and the 
glass transition of maximally freeze-concentrated solutes
(Tg9) at temperatures depending on the solute compositions.9,10)

The terming and implications of these thermal transitions are
still under some debate, whereas it has been established that
the changes in the solute and surrounding water mobility at
the transition temperatures have significant impact on the
physical and chemical stability of the components.11) The Tg9
transition, which involves ice melting around the solute mol-
ecule, is often the most apparent, and is the most important
in the development of freeze-dried formulations because the
increased solute mobility above the Tg9 typically induces
cake collapse during the freeze-drying process.1,2) The “real”
glass transition of the frozen solution (Tg) occurs without ice
melting, and is often less apparent in thermal analysis.

It is well known that borate forms chemical complexes
with polyhydroxy compounds.12—14) Addition of sodium
tetraborate decahydrate (borax), which hydrolyzes to boric

acid and sodium borate (Na2B4O717H2O®2B(OH)31
2B(OH)4Na), to aqueous sugar and/or other polyol solutions
results in various complexes between the borate ion and the
polyols. Increase in the “effective” molecular size and
changes in the molecular interactions by the complex forma-
tion (e.g., borate-trehalose) leads to reduced component mo-
bility in the amorphous freeze-dried solids and hydrated mix-
tures.15—17) Co-lyophilization with the borate–sugar combina-
tions improves the protein stability at higher temperatures.15)

The large dependence of the frozen saccharide solution
Tg9s on their molecular weights has suggested alternation of
the Tg9 through the borate–polyol complex formation.18,19)

The purpose of this study was to investigate how complexa-
tion with borate affects the physical properties of frozen
sugar and polyol solutions. The effect of borax was studied
through thermal analysis of various solute combinations and
concentration ratios. Possible applications of the complex
formation in the freeze-drying of aqueous biopolymer solu-
tions and frozen storage of biological systems were dis-
cussed.

Experimental
Bovine serum albumin (BSA, essentially fatty acid free), dextran (average

MW 10200), trehalose, and maltose were obtained from Sigma Chemical
Co. (St. Louis, MO, U.S.A.). Dextrans (average molecular weights 1090 and
4900) and sodium tetraborate decahydrate were from Serva Electrophoresis
GmbH (Heidelberg, Germany) and Aldrich Chemical Co. (Milwaukee, WI,
U.S.A.), respectively. Maltotriose, maltotetraose, maltopentaose, and malto-
heptaose were purchased from Hayashibara Biochemical Laboratories Co.
(Okayama, Japan). Other chemicals were of analytical grade, and were ob-
tained from Wako Pure Chemical Co. (Osaka, Japan). BSA was dialyzed
against a potassium phosphate buffer solution (20 mM, pH 7.0) before the
thermal analysis.

Thermal analysis of the frozen solutions was carried out using a differen-
tial scanning calorimeter (DSC Q10, TA Instruments). Aliquots (10 m l) of
the solutions in aluminum cells were cooled at approximately 220 °C/min
and scanned from 2100 °C at a heating rate of 5 °C/min under dry nitrogen
purging. Frozen solutions containing glycerol were scanned from 2120 °C.
Derivative thermograms were obtained by using Thermal Solutions software
(TA Instruments). The thermal transition temperatures of frozen solutions
were obtained from the peak in the corresponding derivative thermograms.
In experiments designed to study the effect of heat-treatment (annealing),
the first scanning of the frozen solutions was paused and maintained at
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215 °C for 30 min. The samples were re-scanned from 2100 °C at
5 °C/min.

Results and Discussions
Figure 1 shows derivative thermograms of frozen solutions

containing sucrose (20 mg/ml, approx. 58 mM) and various
concentrations of borax. The frozen sucrose solution had a
thermal transition (Tg9) peak at 233.7 °C.9,18,19) The lower-
temperature “real” glass transition (Tg) was not apparent in
the thermogram. Thermal analysis of frozen borax solutions
(25—125 mM) showed Tg9 peaks at approximately 226 °C,
suggesting transition of amorphous-state hydrolyzed borax
components in the freeze-concentrate. Addition of borax
raised the Tg9 peak temperature of the frozen sucrose solution
(219.1 °C, in 20 mg/mlsucrose and 70 mM borax), and en-
larged the Tg9 peak size in the derivative thermograms. The
Tg9 temperatures of the sucrose and borax combinations
above each of the component Tg9s indicate the freeze-concen-
tration of the solute complexes, rather than that of the simple
solute mixture. Re-scanning of a frozen solution (20 mg/ml
sucrose, 50 mM borax) after heat-treatment above the Tg9 (an-
nealing, 215 °C for 30 min) showed a Tg9 peak at a tempera-
ture similar to that of the initial scanning. This suggested that
the complex is practically stable in the frozen solution.

Figure 2 shows the effect of borax on the Tg9 peak temper-
atures of various frozen sucrose and trehalose solutions. The
addition of borax raised the sucrose solution Tg9 in a similar
manner at the three initial sucrose concentrations (10, 20,
50 mg/ml) depending on the borax/sucrose concentration ra-
tios. Limited solubility of borax in the initial solutions pre-
vented the thermal analysis at some high borax/sucrose ratio
solutions (50 mg/ml sucrose, 175 or 250 mM borax). The Tg9
peak temperature reached a plateau at a borax/sucrose molar
ratio of approximately 1 : 1, suggesting completion of the
complex formation at around that ratio. As can be observed
in the Fig. 1, the Tg9 transition peak size got larger at the par-
ticular temperature by further addition of borax. Borax also
raised the Tg9 peak temperature of frozen trehalose
(20 mg/ml) solution. The effect of the boric acid on the
frozen sucrose solution Tg9 was also studied in order to eluci-
date the contribution of hydrolyzed borax components (boric
acid and sodium borate).15) The minimal effects of up to
400 mM boric acid, which has a single-solute Tg9 at around
211 °C, on the sucrose (20 mg/ml) Tg9 indicated that the bo-
rate ion plays a dominant role in the complex formation and
the resulting Tg9 rise (data not shown). Several other salts
(e.g., NaCl) lowered the sucrose Tg9 by increasing the quan-
tity of the ice-concentrated matrixes (data not shown).20)

Figure 3 shows the effect of borax on the Tg9s of frozen
monosaccharide to oligosaccharide solutions (20 mg/ml).
The frozen saccharide solutions showed varied single-solute
Tg9 peaks at 245.5 °C (glucose), 230.9 °C (maltose),
224.5 °C (maltotriose), 220.0 °C (maltotetraose), 217.6 °C
(maltopentaose), and 213.9 °C (maltoheptaose).19) Addition
of borax raised the Tg9s of frozen glucose and maltose solu-
tions to as high as 226.5 °C (140 mM borax) and 218.9 °C
(70 mM borax), respectively. The highest Tg9 temperatures of
these combination solutions were close to the single-solute
maltose and maltotetraose solution Tg9s, suggesting that a
complex of the two saccharide molecules being concentrated
in the frozen solutions. The Tg9 peak temperatures of frozen

maltooligosaccharide solutions also rose in association with
increasing borax up to certain concentrations, beyond which
the addition of borax lowered the Tg9 peak temperatures.
Plotting the Tg9 change data against the solute molar concen-
tration ratios showed that the maximum effect of borax was
achieved at the borax/oligosaccharide molar ratios between 1
and 2 in the frozen maltose to maltoheptaose solutions (data
not shown). Increasing ratio of lower Tg9 “excess” borax (sin-
gle-solute Tg9: approximately 226 °C) and the borate com-
plex with a single polyol molecule may lower the Tg9s at the
higher borax concentration ratios.21,22)

Freeze-dried pharmaceutical protein formulations often
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Fig. 1. Derivative Thermograms of Frozen Aqueous Solutions Containing
Sucrose, Sodium Tetraborate, and Combinations Thereof

Aliquots (10 m l) of frozen solutions in an aluminum cell were scanned from 2100 °C
at a scanning rate of 5 °C/min. Secondary scan of a frozen solution was performed after
the heat-treatment at 215 °C for 30 min.

Fig. 2. Effect of Sodium Tetraborate on the Tallest Tg9 Peak Temperatures
in the Derivative Thermograms of Frozen Aqueous Disaccharide Solutions

s: 10 mg/ml sucrose, j: 20 mg/ml sucrose, n: 50 mg/ml sucrose, d: 20 mg/ml tre-
halose.



contain various excipients such as sugars, polymers, buffer
salts, and surfactants.1—4) The effect of borax on the thermal
properties of a multi-component frozen solution was studied
(Fig. 4). Frozen solutions containing 20 mg/ml BSA,
50 mg/ml sucrose, and 20 mM potassium phosphate buffer
showed a single Tg9 peak at a temperature (228.0 °C) be-
tween the sucrose Tg9 and putative BSA Tg9 (approximately
210 °C), indicating a freeze-concentration of the solutes into
a supercooled mixture phase.18) Addition of borax raised the
Tg9 peak temperature gradually to approximately 221 °C,
and enlarged the transition magnitude. The borate–sugar
complex raised the Tg9 of the multi-component frozen solu-
tion that mimics a protein formulation.1,3)

Various polymers and non-saccharide polyols are potent
cryoprotectants and/or lyoprotectants, alone or in combina-
tion with other solutes. The different stabilizing mechanisms
and physical properties of these solutes provide a wide range
of choices for the appropriate design of biopolymer formula-

tions and cryopreservation media. How the borax affects the
physical properties of the frozen aqueous polysaccharide and
low-molecular-weight polyol solutions was studied. Figure 5
shows the effect of borax on the Tg9 of various molecular
weight dextran (20 mg/ml) solutions, plotted against the
borax/dextran molar concentration ratios. The frozen single-
solute dextran solutions showed Tg9 peaks at 222.6 °C (dex-
tran 1090), 216.7 °C (dextran 4900), and 213.9 °C (dextran
10200). As was observed in the oligosaccharide and borax
combinations, the lower concentration of borax raised the Tg9
peak temperatures of the frozen dextran solutions, whereas
the Tg9s dropped at higher borax concentrations. The largest
effect of borax were observed at borax/dextran molar ratios
of approximately 2 (dextran 1060, 40 mM borax), 5 (dextran
4900, 20 mM borax), and 10 (dextran 10200, 20 mM borax).
The balance of the changing complex size through the inter-
chain (raising Tg9) or intra-chain (lowering Tg9) crosslinks,
and concentration of free borax components (lowering Tg9)
should determine the transition temperature. Dextran by it-
self is not a potent stabilizer in freeze-drying of many pro-
teins because of difficulties to form appropriate molecular in-
teraction due to the steric hindrance,5,23) whereas it protects
some oligomer proteins against the freezing stresses by rais-
ing the integrity of the quaternary structures.24) Combina-
tions of dextran and low-molecular-weight saccharides
archive protein stabilization by the structure-stabilizing
mechanisms in the glass-state amorphous solids.23,25)

Figure 6 shows the effect of borax on the thermal property
of frozen aqueous glycerol solutions. Several low-molecular-
weight cell-permeating polyols (e.g., glycerol, ethylene gly-
col, propylene glycol) and dimethyl sulfoxide (DMSO) are
potent cryoprotectants for storage of frozen cells, tissues and
microorganisms.26) The derivative thermogram of the frozen
glycerol solution showed Tg and Tg9 peaks at 299.8 °C and
270.5 °C, respectively.19,27) Addition of borax shifted both of
the transitions to higher temperatures. The higher tempera-
ture Tg9 peak became more apparent at higher borax concen-
trations.

The effects of borax to shift the thermal transition temper-
atures (Tg and Tg9) of frozen aqueous sugar and polyol solu-
tions were consistent with the reported borax-induced Tg

change of unfrozen hydrated sugar (e.g., trehalose) ma-
trixes.15,16) The borax/sugar concentration ratios should deter-

June 2003 665

Fig. 5. Effect of Sodium Tetraborate on the Tg9 Temperatures of Frozen
Dextran Solutions (20 mg/ml)

h: dextran 1090, d: dextran 4900, n: dextran 10200.
Fig. 3. Effect of Sodium Tetraborate on the Tg9 Peak Temperatures of
Frozen Aqueous Monosaccharide to Oligosaccharide Solutions (20 mg/ml)

h: glucose, j: maltose, s: maltotriose, d: maltotetraose, n: maltopentaose, m:
maltoheptaose.

Fig. 4. Derivative Thermograms of Frozen Aqueous Solutions Containing
50 mg/ml Sucrose, 20 mg/ml BSA, 20 mM Potassium Phosphate Buffer, and
Various Concentrations of Sodium Tetraborate



mine the transition temperatures of the equally freeze-con-
centrated matrixes irrespective of their total concentrations in
the initial solutions, whereas the amount of water also greatly
affects Tg of the unfrozen borax-sugar mixtures. The com-
plex formation mainly in the initial solutions should raise the
frozen solution Tg9 and the subsequently freeze-dried solid Tg

by increasing the effective molecular size and the concomi-
tant reduction of the component mobility. The frozen solu-
tions should contain a mixture of the different complex forms
since the tetrahydroxyborate ion (B(OH)4

2) has universal
ease of complexation through interaction with various hy-
droxyl groups in a polyol molecule and those with two polyol
molecules.21,22) The effect of borax on the Tg9 of frozen low-
molecular-weight saccharide (e.g., glucose and maltose) so-
lutions suggested formation of a complex of a borate ion and
two saccharide molecules. A greater number of hydroxyl
groups and larger molecular size should allow formation of
the intra-chain borate–polymer complexes and the multi-mol-
ecular complexes through the inter-chain crosslinks. The re-
producible Tg9 transition after the heat-treatment indicated
stability of the complex in the frozen solution. The effect of
borax should depend on the solution pH, in that it affects the
borate ion concentration active for the complex formation.15)

Most of the experiments in this study were performed with-
out controlling the pH of the solutions.

The borate–polyol complex formation should have practi-
cal importance in freeze-drying and frozen storage of biolog-
ical polymers and biological systems. Protecting the native
protein conformation from various stresses and obtaining
good structure cake are particularly important in freeze-dry-
ing of protein solutions.1—3) Increase in the component mole-
cular mobility above the Tg9 often induces cake collapse dur-
ing the freeze-drying process. The higher collapse tempera-
ture and consequently acceptable product temperature for the
primary drying process, afforded by the complex formation,
should significantly reduce the time and energy requirements
for freeze-drying. The complex formation also improves
storage stability of co-lyophilized proteins by raising the
glass transition temperature (Tg) of the freeze-dried solids.15)

Borax has been used as an antiseptic agent, and as a pH ad-
juster in some medical products.28) The borax–polyol combi-
nation will not be appropriate for frequently administrated
pharmaceutical injections because of the safety con-
cerns,29,30) whereas it provides further choice to stabilize pro-
teins in other applications.

Higher transition temperatures (Tg9 and Tg) of frozen borax
and polyol combination solutions should improve the stabil-
ity of biopolymers and biological systems at a particular tem-
perature and/or allow storage at higher temperatures. Raising
the acceptable storage temperature should be desirable espe-
cially in the cryopreservation media containing low-molecu-
lar-weight cell-permeating polyols (e.g., glycerol) that often
requires special apparatus (e.g., a liquid nitrogen storage ves-
sel) to maintain the low storage temperatures. Application of
the complex formation requires further study regarding the
direct and indirect effects of borax on biopolymers and bio-
logical systems.29,30)

References
1) Nail S. L., Jiang S., Chongprasert S., Knopp S. A., Pharm.

Biotechnol., 14, 281—360 (2002).
2) Akers M. J., Vasudevan V., Stickelmeyer M., Pharm. Biotechnol., 14,

47—127 (2002).
3) Carpenter J. F., Chang B. S., Garzon-Rodriguez W., Randolph T. W.,

Pharm. Biotechnol., 13, 109—133 (2002).
4) Wang W., Int. J. Pharmaceut., 203, 1—60 (2000).
5) Crowe J. H., Carpenter J. F., Crowe L. M., Annu. Rev. Physiol., 60,

73—103 (1998).
6) Gekko K., Timasheff S. N., Biochemistry, 20, 4677—4686 (1981).
7) Randolph T. W., J. Pharm. Sci., 86, 1198—1203 (1997).
8) Izutsu K., Kojima S., Pharm. Res., 17, 1316—1322 (2000).
9) MacKenzie A. P., Phil. Trans. R. Soc. Lond. B, 278, 167—189 (1971).

10) Luyet B. J., J. Phys. Chem., 43, 881—885 (1939).
11) Shalaev E. Y., Franks F., J. Chem. Soc. Faraday Trans., 91, 1511—

1517 (1995).
12) Conner J. M., Bulgrin V. C., J. Inonf Nucl. Chem., 29, 1953—1961

(1967).
13) Pezron E., Leibler L., Ricard A., Lafuma F., Audebert R., Macromole-

cules, 22, 1169—1174 (1989).
14) Pollak V., Mlynek J., Carbohydr. Res., 241, 279—283 (1993).
15) Miller D. P., Anderson R. E., de Pablo J. J., Pharm. Res., 15, 1215—

1221 (1998).
16) Miller D. P., de Pablo J. J., Corti H. R., J. Phys. Chem. B, 103, 10243—

10249 (1999).
17) MacFarlane D. R., Pringle J., Annat G., Cryobiology, 45, 188—192

(2002).
18) Chang B. S., Randall C., Cryobiology, 29, 632—656 (1992).
19) Levine H., Slade L., J. Chem. Soc., Faraday Trans. 1, 84, 2619—2633

(1988).
20) Mazzobre M. F., Longinotti M. P., Corti H. R., Buera M. P., Cryobiol-

ogy, 43, 199—210 (2001).
21) Dawber J. G., Green S. I. E., J. Chem. Soc. Faraday Trans. 1, 82,

3407—3413 (1986).
22) Van Duin M., Peters J. A., Kieboom A. P. G., Van Bekkum H., Tetra-

hedron, 41, 3411—3421 (1985).
23) Allison S. D., Manning M. C., Randolph T. W., Middleton K., Davis

A., Carpenter J. F., J. Pharm. Sci., 89, 199—214 (2000).
24) Anchordoquy T. J., Izutsu K. I., Randolph T. W., Carpenter J. F., Arch.

Biochem. Biophys., 390, 35—41 (2001).
25) Shamblin S. L., Taylor L. S., Zografi G., J. Pharm. Sci., 87, 694—701

(1998).
26) Jacobsen I. A., Pegg D. E., Cryobiology, 21, 377—384 (1984).
27) Chang Z., Baust J. G., Cryobiology, 28, 268—278 (1991).
28) “Physician’s Desk Reference,” Medical Economics Library, 2001, pp.

2036—2040.
29) Loomis W. D., Durst R. W., Biofactors, 3, 229—239 (1992).
30) Hubbard S. A., Biol. Trace Elem. Res., 66, 343—357 (1998).

666 Vol. 51, No. 6

Fig. 6. Derivative Thermograms of Frozen Aqueous Solutions Containing
50 mg/ml Glycerol and Various Concentrations of Sodium Tetraborate


