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Reliable determination of freeze-concentration using DSC
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Abstract

The objective of this study was to determine the feature of a DSC endotherm that can be most reliably used to determine the composition
of a freeze-concentrate. Samples (3—10 mg) of sucrose in water (0—60%, w/v) were frozen and then heated (/21200 a DSC. The
peak [Tpear) and offset Toriser) temperatures were obtained from the melt endotherms. A freezing point osmometer was also used to determine
the freezing point depression of sucrose solutions. Two theoretical models were developed, one that describes melting in a one-component
system (ice) with a heterogeneous temperature distribution, and a second model, which describes melting in a binary system (sucrose and ice]
with a homogeneous temperature distribution. Modeling Laboratory (MLAB) was used to simulate melt endotherms using the two models. In
Gray'’s theory for analysis of dynamic thermal measurement (1968), the end of the melting occurs at the peak of the endotherm followed by a
much sharper recovery to the baseline than that observed experimentally. Our theoretical model for one- and two-component systems predicts
that the melting continues beyond the peak resulting in a delayed recovery to the baseline as experimentally observed. Both experimental
and simulatedyeax and Tosset (@lso defined as the return to the baseline after completion of the peak) increased with an increasing scan rate.
Extrapolation of the experimentadlgse; to @ zero scan rate yielded a value of the equilibrium melting temperdatyrevhich is closer to
accepted literature values and osmometry data than did the extrapolafigawNeitherTpea nor Toise; reliably (at a finite scan rate) define
the multicomponent freezing point. Rather, an extrapolationff;to a zero scan rate gives the most reliable measure of freezing point using
DSC. Simulation of DSC endotherms supports this conclusion and also exhibits the same trends as observed from experiment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction concentrate for a formulation can be calculated from the
equilibrium liquidus curve of the phase diagram if known.
Freeze-drying is the process of choice to stabilize many To resolve the effect of pure freeze-concentration on stability
parenteral antibiotics, peptides and protditis Ice forma- of frozen protein or antibiotic solutions, one can study the
tion during the freezing step in a freeze-drying process resultsisothermal degradation kinetics of unfrozen formulations of
in the increase in concentration of the dissolved solutes. Thisa concentration same as that of the freeze-concentrate as de-
process, known as freeze-concentration, may lead to changefined by the liquidus curve. Thus, an accurate determination
in pH, aggregation, phase separation, and other destabi-of the freeze-concentrate has significant implications in the
lizing processe$2]. To better understand the destabilizing study of the stability of frozen proteins and antibiotics during
mechanisms that occur during freeze-concentration, thefreeze-drying.
composition of the freeze-concentrate must be well-defined  Glucose, sucrose, trehalose, and other sugars are widely
at all relevant temperatures. The composition of the freeze-used as bulking agents and stabilizers in lyophilized for-
mulations. The universal quasi-chemical (UNIQUA[3]
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Nomenclature

dh/dt
Ahg
AHg
(dQ/dt),
(dQ/dt)s
dT,/dt
dT¢/dt
AT
ATmelt

a1

a

Ao

A2

Mo

m
Monset
Msolution
ny

17]

Nm

heat generated by the sample during melting
heat of fusion of ice presentin the DSC samp
heat of fusion of ice per gram

heat flow to the reference during melting
heat flow to the sample during melting

scan rate or heating rat8,

rate of change of sample temperature with tin
freezing point depression

difference betweefset and Tonset fOr pure
water

coefficient 1 for the binary system keq. (17)
and is used in fitting of the model to describ
DSC data

coefficient 2 for the binary system Bq. (17)
and is used in fitting of the model to describ
DSC data

parameter in evaluation of are(2)

parameter in evaluation of are&(?)

area of the ice:water interface in the HTL
model

constant irg(m) empirical equation

constant irg(m) empirical equation

heat capacity of ice

specific heat of water

heat capacity of the reference pan

sample heat capacity (includes heat capacity
the sample pan)

effective heat capacity of water

initial value ofC,

height of ice sample in sample pan assuming
cylindrical geometry in the HTD model
partial molal enthalpy of water before dilutior
of the freeze-concentrate

partial molal enthalpy of water after dilution of
the freeze-concentrate where the new comp
sition of the freeze-concentrateri$

thermal conductivity of water

cryoscopic constant

mass of the ice sample in the HTD model
mass of water

molality of the maximal freeze-concentrate
molality of a solution inEq. (2)

number of moles of solvent (water)

number of moles of solute

number of moles of water in the freeze
concentrate following dilution

radius of ice sample in sample pan assuming
cylindrical geometry in the HTD model

e

R thermal resistance and is same as total thermal
resistanceRr which is a sum oRy andRs(m)
used in the one-component model

Ro thermal resistance across the DSC:aluminym
pan interface

Rs(m) sample thermal resistance

S scan rate (heating rate)

Ts furnace temperature

T mean temperature of water litg. (24)

Tmeit  temperature of melt end Fypgett+ St

Tr reference pan temperature

Ty, reference pan temperature at time zero, i.e.,
start of the scan

Ts sample pan temperature

To freezing point of pure water

Tm freezing point of a solution of molality (m)

Tonset ONset melting temperature in a two-

(or a multi-) component system

T, ice temperature

Xg mole fraction in the freeze-concentrate before
the onset of melting in the incorporation of the

_ heat of dilution effect irEq. (14)

x5 mole fraction in the freeze-concentrate after gll
ice is melted in the incorporation of the heat of
dilution effect inEq. (14)

z thickness of the water layer surrounding ice in
Fig. 1

Zs(m) derivative ofRs with respect tan, dRs/dm

sugar—water systems. Another model based on solute/solvent
interaction corrections was used to account for non-ideal
freezing point depression and extend freezing point depres-
sion theory to the high concentration rarigg Even though
such models are useful for defining the liquidus curve of
simple carbohydrate—water systems, they are less useful for
studying pharmaceutical systems, which are compositionally
more complex.

Prior to the development of calorimetric technigues, the
liquidus curve was constructed by careful visual observation
ofthe end of melting6]. Such measurements were often very
slow and tedious. The freezing point depression for aque-
ous solutions of carbohydrates and/or other solutes reported
in the widely used International Critical Tables are based
on such traditional measurements performed in the late 19th
and early 20th centurigg—9], and are cited routinely in the
thermal literature even tod4$0]. With the development of
other methods such as osmometry, refractomdity, DTA
[12-14] and DS{15,16], freezing point determination has
become easier and faster.

Today DSC has, in fact, become the method of choice
for the determination of freezing point depression and for
the construction of the liquidus curve of the phase diagram
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