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Abstract

The objective of this study was to evaluate the feasibility of udipgo modulated temperature differential scanning calorimetry (MDSC)
as a novel technique to characterize protein solutions using lysozyme as a model protein and IgG as a model monoclonal antibody. MDS(
involves the application of modulated heating program, along with the standard heating program that enables the separation of overlapping therm
transitions. Although characterization of unfolding transitions for protein solutions requires the application of high sensitive DSC,rseparatio
overlapping transitions like aggregation and other exothermic events may be possible only by use of MDSC. A aenalibrated MDSC
model from TA instruments that has improved sensitivity than previous models was used. MDSC analysis showed total, reversing and non
reversing heat flow signals. Total heat flow signals showed a combination of melting endotherms and overlapping exothermic events. Unde
the operating conditions used, the melting endotherms were seen in reversing heat flow signal while the exothermic events were seen in no
reversing heat flow signal. This enabled the separation of overlapping thermal transitions, improved data analysis and decreased baseline noi
MDSC was used here for characterization of lysozyme solutions, but its feasibility for characterizing therapeutic protein solutions needs furthe!
assessment.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Differential scanning calorimetry (DSC) is a thermal anal-
ysis technique that is well established and widely used in the
A critical aspect in the development of protein formulationscharacterization of polymers and pharmaceuticals. However, to
is the stabilization of its native, biologically active conforma- characterize protein solutions, one needs to use a high-sensitivity
tion. Proteins, unlike conventional drug molecules, possess differential scanning calorimeter (HSDSC) that is capable of
complex 3-dimensional structure that makes them physicallyletecting small changes in enthalpy or heat capacity that arise
and chemically unstable. Protein stability arises generally fromvhen proteins unfold. But the cost of such an instrument is very
a combination of different forces such as hydrogen bondingexpensive.
hydrophobic interactions, and electrostatic interactions. Factors Modulated temperature differential scanning calorimetry
that displace the balance among these forces tend to affect ti®IDSC), is an extension of conventional DSC, in which a
stability of proteins \Wang, 1999; Branchu et al., 1999his  sinusoidal wave modulation is applied to the standard linear
necessitates the need to characterize protein formulations sgmperature program. A discrete Fourier Transform algorithm
every stage of their development as therapeutically efficaciouis then applied to the resultant data to deconvolute the sample
pharmaceuticals. response to the underlying (linear) and modulated temperature
programs. The response to the underlying temperature program
is similar to that obtained by a conventional DSC. MDSC is
* Corresponding author. Tel.: +1 678 547 6243; fax: +1 678 547 6423. thus, a S(.)ftware development rather than a change in the basic
E-mail address: bangaak@mercer.edu (A. Banga). DSC equipment. The use of the modulated temperature program
1 Tel.: +1 678 407 5041. improves the quality and quantity of information that may be
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obtained by conventional DS®éading et al., 1994; Coleman hodgkin lymphoma, colorectal, and ovarian cancers. Human

and Craig, 1996 IgG is a multi-domain protein and was used as a model anti-
In case of a conventional DSC, the heat flow signal is aody to study the feasibility of MDSC technique for thermal

combination of ‘kinetic’ and ‘heat capacity’ responses. Dur-characterization of monoclonal antibodies. Circular dichroism

ing a linear heating program, in the absence of any physicat a widely used and well-established technique to study protein

or chemical reaction, the heat flow signal is governed by theinfolding and probe changes in higher order structure of pro-

heat capacity of the sample. When temperature attains a caerins {fermeer et al., 2000; Vermeer and Norde, 2000was

tain value such that a kinetically controlled event occurs (e.g.used here to validate the results obtained byHig:o calibrated

polymer cure, crystal reorganization or aggregation) the resuMDSC.

tant heat flow signal is a combination of the heat capacity of

the sample and that associated with the kinetically controlle@. Materials and methods

event. MDSC is capable of separating these two processes,

while conventional DSC heat flow signal represents the sum.l. Chemicals

of the two types of process. The basis of the separation of the

two types of heat flow signals is their difference in response Chicken-egg lysozyme, human immunoglobulin G (IgG),

to the underlying and modulated temperature programs. MDSGucrose and mannitol were purchased from Sigma. Citric acid

thus, represents a significant advance over conventional DS@nhydrous, sodium citrate, Tris and acetic acid were purchased

The application of large modulation amplitudes produces largérom Fisher Scientific and sodium acetate and PEG 8000 was

instantaneous heating rates that result in increased heat flggurchased from Mallinckrodt Chemical Works. HPLC grade

sensitivity compared to conventional DSC. Also, the use of lowwater was used for preparation of all solutions.

underlying heating rates provides better resolution as compared

to conventional DSCReading et al., 1994; Coleman and Craig, 2.2. Sample preparation

1996. High resolution would be necessary if two thermal events

such as aggregation (exothermic event) and unfolding of pro- Lysozyme solutions (20 mg/ml for MDSC and 0.25 mg/ml

tein (endothermic event) occur simultaneously. Unfolding mayfor CD) were prepared in different buffers (100 mM acetate, cit-

be overwhelmed by aggregation, such as the single exothermrate, citrate—phosphate, phosphate and Tris) at pH 4, 7.4 and 9.0

peak observed for hKGF unfolding and aggregat©hdn etal., with various concentrations of sucrose (0-50%, w/v), manni-

1994. MDSC would be able to differentiate overlapping thermaltol (0—25%, w/v) and PEG 8000 (0-50%, w/v). IgG solutions

events due to its higher resolutio@r@ig and Royall, 1998 A (20-50 mg/ml) were prepared in 10 mM phosphate buffer (pH

combination of large modulation amplitude and a low underly-5.8 and 7.4).

ing heating rate enables high sensitivity without compromising

on resolution Reading et al., 1994; Coleman and Craig, 1996;2.3. Modulated temperature differential scanning

Craig and Royall, 1998 This may not be possible in case of calorimetry

either conventional DSC or high sensitive DSC. Furthermore,

a four-term heat flow equation used in the newWgtro cali- Thermal analysis was performed using a modulated differ-

brated models (TA instruments, Q-100 & 1000 series) makes thential scanning calorimeter (DSC Q100, TA instruments, DE).

instrument more sensitive due to flatter baselines and improvelddium (m.p. =156.6C) was used for temperature calibration.

signal-to-noise ratios. Although, the sensitivity achieved byAqueous solutions (2fl) were placed in aluminum pans and

this instrument may not compare to that of a high sensitivitysealed hermetically. DSC analysis was carried out in the modu-

DSC (HSDSC), it is a relatively cheaper instrument. The usdated heat only mode, by scanning the samples from a temper-

of such an instrument for characterization of protein solutionsature of 30—100C at an underlying heating rate of€/min

was investigated. The objective of our study was to investigatand a modulation amplitude of +0°€& every 100 s to determine

the applicability of MDSC technology in achieving sensitivity unfolding temperatureTt,). The data obtained was analyzed

comparable to a HSDSC at a cost comparable to a conventionasing the TA Universal Analysis 2000 software. The baseline

DSC. extrapolation method using the peak sigmoidal horizontal option
Lysozyme, an enzyme with a molecular weight of 14,400 Dawas used to determirigy,.

andapof10.7, was used as amodel protein. Lysozyme has been

studied extensively by DSC and is known to exhibit reversibility2.4. Circular dichroism

upon unfolding Yelicelebi and Sturtevant, 1979; Sturtevant and

Velicelebi, 1981; Takano et al., 1999; Branchu et al., 2999 CD analysis (Jasco J-810 spectropolarimeter) was carried

It was used here to investigate effect of formulation factorsout in the spectrum measurement mode in the far UV region

on such behavior as characterized by MDSC. Immunoglobu260—-190 nm) at a scanning speed of 100 nm/min at standard

lin G (IgG) is the most abundant of the immunoglobulin with sensitivity for three accumulations with a response of 1s and

an average molecular weight of 150,000 Da. Most of the FDAAn the variable temperature scan mode by scanning the samples

approved monoclonal antibodies available in the market are orfeom a temperature range of 30—10D at 222 nm at a heating

of the subclasses of IgG and are currently being used to treaate of 5°C/min. Samples (30@l) were placed into 0.1 cm path

various types of cancers such as prostate adenocarcinoma, ndength quartz cells. For the CD studies, use of 100 mM concen-
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tration buffer gave a lower signal-to-noise ratio. H{@]V value

tion of buffer to decrease the[T]V signal thereby improving

spreadsheet.
3. Results and discussion

3.1. MDSC analysis of lysozyme solutions
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Fig. 1. MDSC analysis showing total, reversing and non-reversing heat flow signals at pH 4 in 10 mM acetate buffer.

o}
o
n

Temperature (°C)

404

100

80

Modulated Temperature (°C)

60
H40
T T T T 20
10 15 20 25 30 35
Time (min) Universal V4.1D TA Instruments

Fig. 2. Comparison of MDSC temperature profile and standard heating rate ramp. Heatingde2 modulation amplitude 08 and modulation period 100s.

a conventional DS@rig. 2shows a comparison of a MDSC tem-
was very high at 100 mM buffer concentration giving noisy CD perature profile and constant heating rate ramp. The application
spectra. It was therefore, necessary to use a lower concentraf a modulated temperature program in MDSC separates the
total heat flow signal into reversing and non-reversing signals.
the signal-to-noise ratio. A lid covered the quartz cell duringAs seen irFig. 1, the total heat flow signal which is the sum of
each temperature scan. Data obtained was plotted using an Ex¢leé reversing and non-reversing heat flow sign@lsi¢man and
Craig, 1996, shows an endothermic event around C4that is
followed closely by an exothermic event. The endothermic event
may be attributed to protein unfolding because proteins absorb
energy during unfolding. Since unfolding exposes hydropho-
bic residues to solvent, these exposed hydrophobic residues
associate with each other, thereby releasing energy. Thus the
A typical MDSC graph for lysozyme solution at pH 4 in exothermic event may be due to aggregation. By looking at
10 mM acetate buffer is shown Fig. 1 The graph comprises of the total heat flow signal alone, it is not possible to resolve
three signals, namely, reversing heat flow signal, non-reversinifie two different events as separate transitions. Under the oper-
heat flow signal and total heat flow signal. The total heat flow sigating conditions selected the endothermic event arouriC74
nal is essentially similar to heat flow signal obtained when usingvhich reflects the unfolding of lysozyme, appears in the revers-
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Fig. 3. Showing occurrence of four to six modulations each during the unfolding and aggregation of lysozyme as seen in the total heat flow signal.

ing heat flow signal whereas the exothermic event that coulthe complete separation of underlying and cyclic responses, the
be attributed to protein aggregation is seen in the non-reversincpombination of parameters used should be such that at least four
signal. The separation of the total heat flow signal into its compoto six modulations occur throughout the duration of each ther-
nents (reversing and non-reversing heat flow signals) by MDS@al event. This is depicted iRig. 3. If this requirement is not
depends immensely upon the choice of operating parametersatisfied, the data obtained cannot be viewed with confidence.
Optimization of these parameters, namely, underlying heatind\s a generalization, low underlying heating rates (0.1ch

rate, modulation amplitude and modulation period, is importantlarge modulation amplitudes0.1-1°C) and long modulation
These parameters determine the quality of separation affordgmeriods (40—100 s) must be applied to suffice the above require-
by the instrument, which in turn governs the reliability of the ment.

data obtained. Low underlying heating rates improve the res- Before performing an MDSC experiment to determine
olution of analysis (properly separate total heat flow into itsunfolding temperatures, it is necessary to run the sample using
components) where as, large modulation amplitudes providthe conventional DSC mode. This gives an approximate temper-
large instantaneous heating rates and hence increase sensitivéture range within which the thermal transition can be expected
Long modulation periods are necessary for allowing the sampl& occur. Once this is known the next step would be to use the
to follow the applied temperature modulation. In order to enableVi DSC mode. While in the MDSC mode, one has the option of
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Fig. 4. Showing three independent calorimetric determinations for lysozyme unfolding at pH 4 in 10 mM acetate buffer.
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Fig. 5. MDSC analysis for lysozyme in 500 mM citrate buffer, pH 4 depicting improved resolution compared to conventional DSC.

using the general MDSC mode or the MDSC heat only mode. I3.2. Effect of pH, buffers and excipients on lysozyme

the general MDSC mode, all three parameters, namely, underlysifolding

ing heating rate, modulation amplitude and modulation period

need to be specified by the operator. The modulation amplitude Fig. 4 shows typical calorimetric recordings of lysozyme
in this mode oscillates from positive to negative. The modulatiorunfolding in acetate buffer (pH 4) for three independent sam-
amplitude is the most important parameter from the viewpoinples. The values fofy, seem to be reproducible and precise
of interpreting the data with confidence. In the MDSC heatwith very less standard deviation. Having optimized the param-
only mode, the underlying heating rate and modulation perioeters for MDSC analysis of lysozyme solution at pH 4in 10 mM
are specified, while the modulation amplitude is automaticallyacetate buffer, it was now necessary to determine the feasi-
adjusted by the software (based on the other two parameterbility of using MDSC as a novel technique to investigate the
such that no cooling of the sample occurs during temperatureffect of different formulation variables on lysozyme stability.
modulation, i.e., the modulation amplitude is always positiveAlthough it is possible to perform a complete thermodynamic
and never negative. The modulation amplitude selected in thanalysis using the MDSC instrument, determination of the free
MDSC heat only mode will be such that at least four to sixenergy of unfolding A Gyns) is @ complex process. Determina-
cycles occur during the thermal transition, resulting in bettetion of changes Ty, rather thamA Gyt is @ much simpler and

resolution. faster method to determine changes in protein stability. Liter-
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Fig. 6. Effect of pH on unfolding temperature of lysozyrifg. was found to increase as pH decreased.
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ature reports\{/ang, 1999; Cueto et al., 2008how that7;,  Tablel _
values have been used as a stability indicator, fundamentalfyffect of pH and buffers on lysozyrig, as determined by MDSC

for comparative purposes. Hence we udgdas a parameter Buffer system Tm

to study.changes in lysozyme ;tablllty asa func.tlon of various ;5 Vs e buffer, oH4 739

formulation parameters. Unfolding temperature is known to be oo mm citrate buffer, pH 4 73.2

a function of various formulation conditions such as pH, buffersoo mm citrate buffer, pH 4 70.9

concentration, type of buffer and excipients. Changes in any ofo0 mM Citrate—phosphate buffer, pH 4 73

these factors could cause changediinsuggesting a change 100mM Citrate-phosphate buffer, pH 7.4 70.2
100 mM Phosphate buffer, pH 7.4 71

in formulation (solution) stability. Changes in formulation con-
ditions caused a change in tfig, of lysozyme. Surprisingly,
formulation changes also influenced the onset of the exothermic

event that was seen ig. 1. This madg it difficult to prop- Fig. 6andTable 1summarize the effects of pH and buffer on
e_rly analyze the thermal scans by looking at the_ total__heat ﬂOVYhe unfolding of lysozymeZ}, was found to be dependant on pH
_S|gnal_ Qlone. AS_ seen from the total r_\eat flow S|g_nd¥||g\. 5 and buffer concentration. An increase in pH led to a decrease in
it is difficult to distinguish the end point of unfolding and the Trm SUggesting higher stability at lower pH values in commonly
onset of exothermic peak. As formulation conditions varied, theused buffers. Repetitive scans with MDSC show that unfolding

100 mM Tris buffer, pH 9.0 69.2

. S ST .4, 9.0) as seen Ifig. 7. Addition of 50% sucrose to
not possible to correctly assign integration limits fqr many Oflysozyme solutions at higher pH (9.0) also was unable to show
the thermal scans by looking at the total heat flow S|gna] alonq‘eversibility in unfolding (figure not shown). Thus reversibility
The use of MD.SC resolved th's‘_ issue as the gxotherm|c EVeRlf lysozyme unfolding seems to be a function of pH rather than
was nowseen in the non-reversing heat flow S|gna_l. By IOOI('ngaxcipients. These changes could be attributed to a combination
at the reversing heat flow signal; it was now possible to propy pH and/or buffer effects. To probe dependencegbn type

erly integrate the unfolding transition without any interferenceOf buffer species, a study was conducted wherein pH was kept
from aggregation and other kinetically controlled events. Also onstant and the type of buffer varied. Since a minimum change
the post-transition baseline for the reversing heat flow signals 1 o i Tpm is considered as the threshold of thermostability
was flat, with a good signal-to-noise ratio. Literature reportschange@uerol etal., 1996it can be inferred fronTable 1that
(Vidanovic et al., 200Bshow that the use of conventional DSC lysozyme exhibited no significant changefig, and hence sta-
may sometimes generate thermal scans that may not have Wé‘ity, when formulated in 100 mM acetate b,uffer, 100 mM cit-
separated transitions and hence lead to problems in data intgt, ~v st or 100 mM citrate—phosphate buffer, pH 4. Similarly,
pretation. The use of MDSC precludes this possibility. Hence fo%t higher pH (pH 7.4), lysozyni&y, in 100 mM phosphate buffer

all further analyses, the unfolding transition seeninthe reversing,as not significantly different from 100 mM citrate—phosphate
heat flow signal was used to characterize changes ififfes a | rer. Thus, change ifi, as seen iffig. 6was due to change in
functior_1 of for_mula_tio_n parameters. In all of the scans, t_here i%H, rather than a change in the type of buffer used. Interestingly,
a baselm_e noise within a temperature range of 40&5@vhich Tm was also found to be a function of the strength of the buffer
Is due to instrument start up. used. It was observed that a low buffer concentration (100 mM
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Fig. 7. Reversibility of lysozyme unfolding as a function of pH.
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citrate buffer, pH 4) stabilized the protein better than high conto 69.0°C for the highest concentration used. PEG’s are com-
centration (500 mM citrate buffer, pH 4T¢ble 1. pH affects monly used as cryoprotectants and precipitating/crystallizing
the formulation stability of proteins. Solution pH determinesagents in aqueous media at high concentrations. Also, PEG 8000
the type (positive or negative) and total charge on the proteirhas been used as a cryoprotectant in the lyophilization of LDH
thereby affecting electrostatic interactions. Changes in pH ca(Corveleyn and Remon, 1996; Wang, 199eing hydrophobic
cause changes in the electrostatic environment of the protein nature PEG 8000 may interact, especially at higher concen-
leading to charge effects and protonation changes during thetrations, with hydrophobic side chains in proteins and interfere
mal unfolding. Moreover, lysozyme is known to associate withinwith hydrogen-bonding between water molecules and proteins,
a pH range of 5-9, especially above pH 6.5 and at concentrgromoting unfolding, especially at high temperatures. Extensive
tions above 10 mg/ml. In contrast, association is insignificanbinding of an excipient to a protein molecule decreases prefer-
at lower pH and at lower concentrations. This association hasntial hydration and destabilizes its conformatitarfuggia et
shown to cause a decreaseTin (Branchu et al., 1999; Chi et al., 1997; Wang, 1999
al., 2003a,h Thus, decrease ifi, as observed by us at high pH From MDSC analysis, it was not only possible to determine
may be attributed to changes in the electrostatic environmenthe unfolding temperature of lysozyme, but also possible to
resulting in dimerization of lysozyme. At low buffer concen- improve the resolution of analysis. Protein aggregation, in some
trations, charge-shielding effects result in reduced electrostaticases, may occur simultaneously as unfolding occurs. The onset
interactions. However, at higher concentrations, in addition t@f aggregation may depend on various formulation conditions
charge-shielding effects, preferential binding of ions to proteirsuch as pH, buffer concentration and excipient. In such cases
surface can further decrease the thermodynamic stability of théne aggregation peak could obliterate the proper analysis of the
native conformationChietal., 2003a Y Unfolding temperature unfolding peak. By the selection of optimal MDSC operating
of lysozyme was also found to be a function of excipient type angbarameters, such interferences as aggregation and instrument
concentration. The effect of increasing concentration of variousioise may be separated from the unfolding transitions.
excipients studied is seenTable 2 Sucrose and mannitol had
a positive effect on lysozyme stability as shown by an increasé.3. Heat-induced changes in the secondary structure
in Ty Addition of sucrose and mannitol to lysozyme in acetate
buffer increased th&y, from 74.0 to 82.4 and 80T, respec- The main aim of our study was to determine the feasibility of
tively, for the highest concentration used. Sugars and polyolMDSC as a tool for the biophysical characterization of protein
have been commonly employed as protein stabilizing excipientsolutions. For this, it was necessary to confirm the validity of the
Their non-specific stabilizing effect is usually attributed to thedata obtained by MDSC using a second biophysical technique.
mechanism of preferential exclusiovéng, 1999. Preferential  The second technigue used would have to be complimentary to
interaction, preferential hydration and preferential exclusion aréDSC. Circular dichroism (CD) is one such technique. Data
terms used to explain the effects of additives on protein stabilitypbtained by calorimetric or MDSC technique provides infor-
Preferential interaction means that a protein prefers to interachation regarding protein’s structural stability on a macroscopic
with either water or an excipient. In the presence of a stabilizindevel. Complimentary information, on a molecular level may
excipient, a protein prefers to interact with water i.e. preferenbe obtained by CD spectroscopyefmeer et al., 2000; Vermeer
tial hydration and the excipient is preferentially excluded fromand Norde, 2000 CD measures heat induced secondary and ter-
the protein domain i.e. preferential exclusion. This preferentiary structural changes that can be correlated to the unfolding
tial hydration of protein leads to increased hydrogen bondingf a protein. This is possible by measuring the ellipticity, either
between protein and solvent molecules, thereby stabilizing thas a function of the wavelength at a given temperature, or as a
folded state. function of temperature at a given wavelengterineer et al.,
Addition of increasing concentrations of PEG 8000 resulted?2000; Vermeer and Norde, 2000 he % loss in mean residual
in a decrease iffi, as seen imable 2 T\, decreased from 74.0 ellipticity as a function of temperature can then be correlated to
the unfolding temperature of the protein.
CD analysis for lysozyme in the far UV region showed two

Table 2 . , .
Effect of varying concentrations of different excipients on unfoldingtemperaturemmlmas’ one at 222 nm_ a_md ,the other at 208 rifg( §).
of lysozyme in 100 mM acetate buffer Presence of both these minima’s in the CD scan suggests a pre-
— - dominance of alpha helical content in the secondary structure
xcipients m of lysozyme. Presence of minima at 222 nm is uniquecdfor
Lysozyme alone 74.1 helical structures. The ellipticity at 208 nm is more negative as
;g;f’ gucrose ;g’; compared to that at 222 nm, suggesting presence of other sec-
5000 Sucroee 806 ondary structural elements such as random coil reheets
50% Sucrose 82.4 along w.ith a—helipal structure. By measuring th(_a eI_Iipticity at
5% Mannitol 75.8 222 nm itis possible to measure changes occurring in the helical
10% Mannitol 76.4 content of lysozyme. Hence, changes in mean residual ellipticity
iggf’ '\P"é‘g”gg(')o 8701-62 at 222 nm were used to study changes in the alpha helical con-
(1) . . .
50% PEG 8000 60.1 tent of lysozyme. The data obtained by CD correlated well with

that obtained by MDSCTable 3summarizes the data obtained
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Fig. 8. Wavelength scan for lysozyme by circular dichroism in the Far UV region showing predominanbelidal structure.

Table 3 was reversible in acetate buffer (pH 4) but irreversible in phos-
Unfolding temperature of lysozyme as determined by CD (as measured by 20%hate buffer (pH 7_4) and Tris buffer (pH 9_0) which suggests
loss ino-helical content) that even at lower concentrations (0.25 mg/ml for CD studies

Buffer system T as compared to 20 mg/ml for MDSC), there is a decrease in
10 mM Acetate buffer, pH 4 745 the thermal stability of lysozyme with an increase in pH. Thus
10 mM Phosphate buffer, pH 7.4 71.5 changes in pH may have a dominant effect on the association
10 mM Tris buffer, pH 9.0 69.5 of lysozyme resulting in subsequent decrease in protein stabil-
10mM Acetate buffer, pH 4 + Sucrose 79 jty. Addition of sucrose to lysozyme in acetate buffer, pH 4

increased the unfolding temperature to around@grable 3.

The effect of pH and sucrose on lysozyme stability as inferred
by CD analysis. Temperature scans from 30-10@t 222nm by CD spectroscopy therefore supports the data obtained by
showed that unfolding (as defined by a 20% loss in alpha heliMDSC.
cal content) of the protein occurred in the vicinity of 74Gin
acetate buffer (pH 4), 717 in phosphate buffer (pH 7.4) and 3.4. Characterization of human IgG solutions by MDSC
69.5°C in Tris buffer (pH 9.0)Fig. 9 shows this for lysozyme
in pH 7.4 Wavelength scans taken before and after heating to After determining the feasibility of using MDSC technique
100°C (Fig. 10 showed that the loss of alpha helical contentfor characterizing lysozyme solutions, we wanted to see if this
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Fig. 9. Loss in secondary structure of lysozyme, as determined by loss in ellipticity at 222 nm, in pH 7.4 (phosphate buffer) as a function oftiecneasinges.
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Fig. 10. Reversibility ofx-helical content of lysozyme as a function of pH.

technique could be extended to other therapeutically active praccurred. This was consistent irrespective of either changing
teins, such as human IgG. Human IgG is a relatively complexthe magnitude of heating rate used (0.12C0min) or increas-
protein as compared to lysozyme and is known to exhibit muling the concentration of IgG solutions to 50 mg/ml. Due to the
tiple values ofTy,, which may be related to its multi-domain absence of any perceptible transition, it was difficult to apply the
nature Yermeer et al., 2000; Vermeer and Norde, 20@ueto  modulated temperature program. Increasing the sample volume
the complex nature of IgG, we thought it would be prudent tofrom 25 to 75ul by using high volume pans and keeping the
start with the conventional DSC mode initially so as to guessticoncentration of IgG solutions at 50 mg/ml enabled detection
mate a thermal range within which thermal transitions could bef a thermal transition. The heating rate used was O/fin.
expected and then move on to the MDSC mode. This was nece$his can be seen iRig. 11 The figure shows an endothermic
sary to expedite the optimization of MDSC parameters. Based oavent around 70C that may be attributed to IgG unfolding,
the lysozyme data we started with a concentration of 20 mg/m&nd an exothermic event around®Dattributed to aggregation.
and a heating rate of €/min. The use of the conventional The sample volume was increased by using stainless steel high
DSC mode for IgG solutions showed no perceptible transitiorvolume pans. Based on this result an underlying heating rate
at 20 mg/ml. Upon inspection of the sample pans, the solutionf 0.5°C/min was chosen and various combinations of modula-
had completely gelled suggesting that aggregation may hawgon amplitudes£0.1-1°C) and modulation periods (30-100s)

69.6°C

Heat Flow (mW/g)

-2
20 40 60 80 100
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Fig. 11. DSC analysis for IgG solution at 50 mg/ml using the conventional DSC mode°&@/énth showing &y, at 69°C followed by aggregation.
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were selected so as to achieve four to six modulations througl$. Conclusions

out the duration of thermal transition. This resulted in thermal

scans that were not reproducible and with increased baseline Stability of lysozyme, as investigated iyero modulated
noise, therefore difficult to interpret (data not shown). ThisDSC and confirmed by circular dichroism, was found to be a
could be explained as the application of high sample volumedunction of pH, buffer concentration and excipients and inde-
used to improve the sensitivity could increase the possibilitypendent of buffer type. Reversibility of lysozyriig was found

of thermal gradients when using MDSC analysis. Increasingo be dependent on pH. Lower pH stabilized lysozyme in con-
the sample size could make it difficult for the sample to fol-trast to neutral or alkaline pH. Sucrose and mannitol, in contrast
low the applied modulation program, which in turn could resultto PEG 8000, increased the thermal stability of lysozyme. Under
in thermal gradients resulting in transitions that are difficult tothe experimental conditions studied, MDSC analysis of 1gG

interpret. solutions gave increased baseline noise and data that was not
reproducible. This could be due to increased thermal gradients

4. Caveats in characterization of therapeutically active during MDSC analysis of IgG solutions using high volume pans.

protein solutions using MDSC As sample size increases, the sample may not follow the modu-

lation applied by the instrument giving rise to increased thermal
MDSC, in the past, has been extensively used for the chagradients. MDSC, because of its ability to separate overlapping
acterization of lyophilized protein formulations, frozen pro- transitions, hasimproved resolution as compared to conventional
tein solutions and polymer£fleman and Craig, 1996; Craig DSC or HSDSC but its sensitivity does not compare to that of
and Royall, 1998; Liao et al., 20D2The goal of our study a HSDSC. Although it was possible to use MDSC for charac-
was to investigate the feasibility of usirfyero modulated  terizing lysozyme formulations as model protein solutions, its
DSC as an alternative biophysical technique to evaluate thapplicability for characterization of therapeutic protein solutions
stability of protein solutions using lysozyme as a model pro-needs further assessment.
tein and IgG as a model antibody. Although, we were able
to use MDSC for thermal characterization of lysozyme solugeferences
tion as a model protein, there are some caveats that need to
be considereq before _USing M'_DSC el alternative techniqUganchu, s., Forbes, R.T., York, P., Nyqvist, H., 1999. A central composite
for therapeutically active proteins. Firstly, lysozyme and IgG design to investigate the thermal stabilization of lysozyme. Pharm. Res.
used in this study are not therapeutic proteins. Lysozyme, espe- 16, 702-708. . .
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