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with size exclusion chromatography for rapid
screening of the physical stability of large
pharmaceutical proteins in solution
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‘ PROTEIN STABILITY Introductlon
During the past two decades, there has been a rapidly increasing interest in
MICROCALORIMETRY development and commercialization of protein-based therapeutics. One of the greatest
challenges during development for such products is the stabilization of proteins in
. PROTEIN AGGREGATION solution. To address this issue, many proteins are formulated as a lyophile that must

be reconstituted with a suitable vehicle just prior to use. However, the preference for
simpler administration procedures and reduced production costs make development
of ready-to-use (RTU) solutions a particularly attractive approach for clinical and
commercial drug product formulations, provided sufficient solution stability and
adequate shelf life can be achieved. In addition, a large number of protein-based bulk
drug substances are provided to development in solubilized form following purification,
making identification of an appropriate buffer composition for storage and handling

of the bulk protein an important step in the early development process. The studies
required to support storage buffer recommendations and RTU solution development
for protein pharmaceuticals can be timeconsuming and tedious and often require a
significant amount of drug substance to conduct. The design of traditional solution
stability studies involves storage of protein solutions of different concentrations

in various buffer systems (with or without added excipients) under several stress
temperature and/or lighting conditions.

Samples of the solutions are then withdrawn periodically for analysis by one or more
methods such as size exclusion chromatography (SEC), gel electrophoresis, and
enzyme-linked immunosorbent assay (ELISA). This process can require several
weeks or months and grams of bulk drug substance to complete. In an effort to
improve efficiency of solution stability investigations for biologics, analytical techniques
such as microcalorimetry have been explored as potentially useful screening tools,
especially for early evaluation and resolution of possible physical stability issues.

Microcalorimetric studies require relatively small amounts of material,1 which can be a
particular advantage in early stages of development when drug substance availability is
usually limited.

Since unfolding of the native protein to a denatured state followed by aggregation and/
or chemical degradation in solution is, by far, the most common pathway of protein
inactivation, a thorough investigation of variables affecting this process is critical

to successful formulation development. Differential scanning calorimetry (DSC)/
microcalorimetry has been used as a method of characterizing heat induced changes
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in protein conformation and mechanisms of protein unfolding and stabilization in

solution.2"% In this technique, the energy required to maintain a sample cell containing

a protein solution at the same temperature as a reference cell is measured as the
system undergoes heating at a constant rate. Energy changes in the sample cell are
associated with various thermal transitions including protein denaturation, aggregation,
and precipitation and can be monitored as a function of solution variables such as

pH, ionic strength, buffer type, etc. Protein unfolding is typically observed as a sharp
endotherm positioned at a given temperature known as the transition midpoint, or T.

The thermal stability of the protein in solution can be estimated by shifts in the position

of Tm.11'13 Shifts of Tm to higher temperatures indicate greater protein conformational
stability, while shifts to lower temperature indicate increased susceptibility of the

protein to thermal denaturation. DSC/microcalorimetry has been useful in the study

of protein-protein interactions and protein-ligand binding.s’ 1. 1417 1t has also been

employed to determine the effect of pH and excipients on the solution stability of
polypeptides and proteins.11’ 18-29
The current studies were conducted to evaluate the use of microcalorimetry for rapid
preliminary screening of pH stability and/or potential RTU solution formulations for
two recombinant antibodies, Protein | and Protein II, each with molecular weights of
approximately 150 kDa.

Materials and methods

Materials

Sterile solutions of recombinant Protein | and Protein |l were provided by Technical
Operations of Bristol-Myers Squibb Company in Syracuse, NY. The initial bulk
compositions were 20-25 mg/mL protein in phosphate buffer pH 7.2- 7.4. Solutions of
Protein | and Protein Il were stored at 5°C until use. All other chemicals were reagent
grade and were used as received.

Buffer Exchange Procedure

The initial buffer was exchanged with 5 volumes of the desired buffer using Centricon®
30 microconcentrator tubes supplied by Amicon, Inc. (Beverly, MA). The pH of the
resulting solutions was adjusted as necessary using either 0.2 N HCl or 0.2 N NaOH.
The solutions were then sterile-filtered through a low-protein binding polysulfone filter
membrane, and final protein concentrations were confirmed using SEC assay.
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Stability Studies

The solution stability of Protein | and Protein |l was evaluated as a function of pH in
25 mM buffers (sodium acetate, sodium citrate, sodium phosphate, or tris) containing
50 mM sodium chloride. Solutions of Protein | and Protein Il at pH ranging from 5 to

9 were prepared using a buffer exchange procedure as described above. The final
protein concentrations were 1 mg/mL to 5 mg/mL, and the solutions were stored

in thermostatically-controlled stability chambers at 50°, 40°, 30°, and 5°C. Control
solutions were stored at -70°C. At predetermined intervals, samples were removed
for analysis by SEC and/or other methods. Following identification of optimal storage
buffers for each protein, additional studies were conducted to determine the effect of
protein concentration on solution stability in those buffers. The protein concentrations
evaluated were 25 and 50 mg/mL for Protein | and at 5 and 25 mg/mL for Protein Il. In
addition, the effect of added excipients on solution stability of Protein | was evaluated
at 40°C for two weeks using solutions containing 25 mg/mL Protein | in 25 mM sodium
phosphate buffer, pH 7.5, with 10 mM sodium chloride.

Microcalorimetry Studies

The thermal behavior of sample solutions containing 1 mg/mL Protein | or Protein Il

in selected buffers with pH ranging from 5 to 9 was analyzed using a MicroCal VP-
DSC microcalorimeter. Each sample was degassed under vacuum prior to analysis.
Sample and reference cells were heated from 25° to 90°C at a rate of 1°C per minute.
Changes in sample transition midpoint temperature, (T,), were monitored as a function
of pH and compared with data obtained from SEC analysis of Protein | and Protein

Il pH stability samples. In the case of Protein Il, only an apparent transition midpoint
temperature (Tm)app could be measured due to a tendency of the protein to aggregate
irreversibly and precipitate from solution during the DSC run.

Analysis

Protein concentrations and changes in molecular size were analyzed using SEC. The
chromatographic system for SEC assays consisted of a Waters Alliance 2690 HPLC
Separation Module equipped with a controlled temperature autosampler maintained at
5°C and a Waters 486 tunable UV absorbance detector operated at a wavelength of
280 nm.

SEC analysis was performed under isocratic conditions, at ambient temperature, using
a TosoHaas HP TSK G3000 SWy,_ size exclusion column (7.8 x 300 mm), with a flow

rate of 1 mL/minute and an injection volume of 10 uL. The mobile phase consisted of
20 mM potassium phosphate buffer with 150 mM sodium chloride at pH 6.8.

Results and discussion

Accelerated Solution Stability

The results of traditional solution stability studies for Protein | and Protein |l stored
under various pH conditions are shown in Tables 1 and 2, respectively.
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Table 1: Solution stability studies

Conditions Time % Remaining % Peak Area % Peak Area
by SEC Aggregate Fragment
Species Species
pH 4 acetate Initial 100.0 26.5 0.0
Protein | - 5 mg/mL
1 hour 29.1 80.0 0.0
4 hours 17.7 88.3 0.0
8 hours 14.7 91.2 0.0
pH 4 (adjusted Initial 100.0 40.5 0.0
with HCI) Protein
1 day 43.9 52.2 0.0
I -1 mg/mL
3 days 31.0 92.0 0.0
pH 5 citrate Initial 100.0 71 0.0
Protein | - 5 mg/mL
1 hours 46.0 59.0 0.0
4 hours 13.9 89.2 0.0
8 hours 10.5 92.4 0.0
pH 5 (adjusted Initial 100.0 7.8 0.0
with HCI) Protein
1 day 323 79.6 0.0
I -1 mg/mL
3 days 24.6 86.9 0.0
pH 6 phosphate Initial 100.0 5.3 0.0
Protein | - 5 mg/mL
8 hours 79.0 26.7 0.0
24 hours 58.8 46.3 0.0
48 hours 46.4 59.8 0.0
pH 6 (adjusted Initial 100.0 4.6 0.0
with HCI) Protein
1 day 75.8 29.1 0.0
I -1 mg/mL
3 days 63.8 42.4 0.0
pH 7 phosphate Initial 100.0 3.8 0.0
Protein | - 5 mg/mL
1 month 88.2 17.9 0.0
2 months 76.1 23.8 1.3
3 months 69.2 27.6 22
pH 7 (adjusted Initial 100.0 25 0.0
with NaOH)
. 1 day 98.2 3.2 0.0
Protein I - 1 mg/mL
3 days 100.4 2.6 0.0
pH 7.5 Phosphate Initial 100.0 4.4 0.0
Protein | - 5 mg/mL
1 month 90.0 12.7 0.8
2 months 86.6 19.8 1.8
3 months 71.3 22.4 2.9
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Conditions % Remaining % Peak Area % Peak Area
by SEC Aggregate Fragment
Species Species

pH 8 phosphate Initial
Protein | - 5 mg/mL

1 month 89.9 14.6 0.0
2 months 69.8 20.4 4.0
3 months 63.0 25.9 6.1
pH 8 (adjusted Initial 100.0 2.7 0.0
with NaOH)
. 1 day 94.5 2.0 0.1
Protein | - 1 mg/mL
3 days 101.3 2.6 0.0
pH 9 phosphate Initial 100.0 5.8 0.0
Protein | - 5 mg/mL
17 days 915 15.6 0.0
1 month 82.5 213 0.0
2 months 53.6 27.8 6.6
pH 9 (adjusted Initial 100.0 34 0.0
with NaOH)
. 1 day 99.0 3.1 0.0
Protein | - 1 mg/mL
3 days 98.7 3.2 0.0
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Table 2: 1Protein Il bulk buffer exchanged with 25 mM citrate, phosphate, or tris buffer
containing 50 mM NacCl

pH Buffer1 % % Peak % Peak Solution
Remaining area area Appearance
by SEC aggregate fragment
species species
5 Citrate Initial 100.0 0.8 0.0 Clear
1 week 29.9 23 5.9 Precip.
2 week 12.9 1.7 9.4 Precip.
5.5 Citrate Initial 100.0 0.9 0.0 Clear
1 week 88.9 8.9 3.9 Clear
2 week 80.0 4.5 5.8 Hazy
6 Citrate Initial 100.0 1.0 0.0 Clear
1 week 94.4 4.9 3.8 Clear
2 week 90.3 5.6 5.1 Slightly Hazy
6.5 Phosphate Initial 100.0 1.2 0.0 Clear
1 week 89.1 7.3 4.6 Clear
2 week 80.7 6.5 6.7 Hazy
7 Phosphate Initial 100.0 1.4 0.0 Clear
1 week 87.5 6.5 4.7 Clear
2 week 76.6 5.1 6.7 Slightly Hazy
8 Phosphate Initial 100.0 1.9 0.0 Clear
1 week 57.8 9.1 6.8 Precip.
2 week 39.1 7.3 11.4 Precip.
9 Tris Initial 100.0 1.8 0.0 Clear
1 week 15.7 15.9 21.6 Very Hazy
2 week 9.9 17.0 371 Very Hazy
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Figure 1: Typical SEC chromatogram for Protein | solution stored at 50°C, pH 8, for two days
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Figure 2: Typical SEC chromatogram for Protein Il solution (5 mg/mL) stored at 50°C, pH 9, for two weeks

When stressed in solution, both molecules showed a tendency to form multiple
aggregate species of varying molecular weight as well as smaller fragmentation
products generated by peptide bond hydrolysis. The SEC data indicated that
aggregation for both proteins was highly pH-dependent and was the predominant
degradation pathway at lower pH. For Protein |, formation of aggregates was maximal
at pH 4 but decreased markedly as pH was increased to 7. Peptide bond cleavage to
form low molecular weight fragments increased with increasing pH and became most
apparent above pH 6. For Protein Il, formation of various aggregated species was
maximal below pH 5. Smaller amounts of low molecular weight fragments of Protein
Il were also observed at low pH under accelerated conditions. Similar to Protein I,
fragmentation of Protein Il to low molecular weight species increased with increasing
pH and was most significant at or above pH 8. However, unlike Protein | for which
aggregates and degradation products remained in solution, aggregation of Protein

Il at low pH was followed by rapid precipitation of the protein, suggesting that the
process was irreversible. Based on SEC data, the optimal pH conditions for storage
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of Protein | and Protein Il purified bulk are pH 7.5 and 6.0, respectively. Under these
pH conditions, aggregation was observed to increase with increasing temperature and
concentration for both proteins as shown in Figures 3 and 4.
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Figure 3: Effect of Temperature and Concentration on Solution Stability of Protein | at pH 7.5
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Figure 4: Effect of Temperature and Concentration on Solution Stability of Protein Il
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Representative thermograms obtained using a solutions of 1 mg/mL Protein | and
Protein Il in sodium phosphate buffer (pH 7-7.5) are presented in Figures 5 and 6,
respectively.
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Figure 5: Representative thermogram for a solution of 1 mg/mL Protein | in 25 mM phosphate buffer/50 mM

sodium chloride, pH 7.
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Figure 6: Representative thermogram for a solution of 1 mg/mL Protein Il in 25 mM phosphate buffer/50 mM

sodium chloride, pH 7.
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The thermogram for Protein | shows two endothermic transitions T,,1 (left) and T,2
(right), which may be related to the two domains of the proteins, Fab and Fc. However,
because the first transition (T,1) is likely to be associated with partial unfolding within

a particular domain, and the resulting species may show increased susceptibility to
aggregation, the first transition was considered to be a more reliable measure of the
conformational stability of the native protein. The effect of solution pH on the position of

Tm1 is shown in Figure 7.
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Figure 7: Effect of Solution pH on the position of T, values of Protein | by microcalorimetry.

The transition temperature decreases with decreasing pH and is minimal at pH 4.
Stabilization of Protein | is reflected in the T,,1 shift to a maximal temperature of 58°C
at pH 7.5. The pH of maximal stability predicted by the first transition temperature
using microcalorimetry for Protein | was consistent with the pH of maximum stability
determined by size exclusion chromatography as shown in Figure 8.
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Figure 8: Comparison of microcalorimetry results to accelerated stability study (SEC) data for Protein I.

As expected, the second transition temperature was less predictive of protein stability,
and the results based on second transition temperature were not consistent with the
aggregation data by size exclusion chromatography.

At pH 7, the apparent transition midpoint of Protein Il, designated as (Ty)app, OCCUrS
at approximately 66.5°C and is followed immediately by a sharp exothermic transition,
likely to be associated with precipitation of the protein from solution. Similar curve
shapes were observed for solutions of Protein Il at other pH values. The effect of
solution pH on the position of (Ty)app is presented in Figure 9.
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Figure 9: Effect of solution pH on the position of (T,)app for Protein Il (1 mg/mL)

The value of (T)app Was pH-dependent, and was maximal at pH 6. While some
caution should be employed when interpreting (Tp)app Values, given that the

protein tends to precipitate from solution during the unfolding transition, results

of microcalorimetry and accelerated solution stability methods appear to be well
correlated for Protein Il, both predicting that the pH of maximum stability for the protein
is approximately 6 (Figure 10).
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Figure 10: Comparison of microcalorimetry results to accelerated stability study (SEC) data for Protein II.

Historically, excipients including sugars, amino acids, polymers, and surfactants have
been used as stabilizers in protein formulations. The effect of various additives on
solution stability of Protein | was investigated by SEC analysis and microcalorimetry.
The results of SEC studies are shown in Figure 11.
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Figure 11: Effect of excipients on solution stability of Protein | by size exclusion chromatography.

Initial samples of 25 mg/mL Protein | in 25 mM sodium phosphate buffer/10 mM
sodium chloride (pH 7.5) were compared to similar samples stressed at 40°C for 2
weeks, with and without additives. While aggregate levels increased for all samples
under accelerated temperature conditions compared to initial, amino acids such as
L-arginine appeared to further destabilize Protein | in solution, while sugars such

as sucrose showed a beneficial effect on stability of the protein. Generally, sugars
tend to stabilize the proteins in solution based on the theory of preferential exclusion
volume.3q This theory suggests that in the presence of certain excipients, proteins
show a greater tendency or “preference” to interact with solvent molecules over the
excipient molecules. The protein is, therefore, stabilized in its more compact native
conformation such that surface contact with the excipient in solution is minimized. The
results of microcalorimetry studies investigating excipient effects on solution stability of
Protein | are illustrated in Figure 12.
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Figure 12: Effect of excipients on solution stability of Protein | by microcalorimetry.

The value of T,1 was 57.06°C in absence of any excipients. The increase in the

Tm1 value was greatest upon addition of sucrose (58.56°C). Maltose also increased
Tm1, although to a slightly lesser degree (58.12°C). L-arginine decreased the value

of Ty1 (54.57°C), suggesting that this excipient would have a destabilizing effect

in solution. Similar to pH stability studies, results of microcalorimetry experiments
conducted to evaluate excipient effects on the stability of Protein | were well correlated
to those obtained using SEC analysis of accelerated stability samples. Each technique
indicated that sucrose increased the stability of Protein | while L-arginine destabilized
the protein.

Conclusions

The pH of maximum stability values predicted by microcalorimetry for Protein | and
Protein Il were pH 7.5 and 6, respectively, and corresponded well with predictions
from longer-term solution stability studies for each protein. Based on these studies, the
optimal pH conditions for storage of Protein | and Protein Il bulk solutions were pH 7.5
and 6, respectively.

The results of these studies suggest that microcalorimetry can be a valuable tool for
rapid screening of protein stability in solution, particularly in the early phase of protein
characterization and formulation development when bulk supplies are often quite
limited. Preliminary information collected using this technique can biomolecules. This
can result in significant potential savings in terms of drug substance requirements as
well as time and effort spent on sample preparation and complex analysis.

15 Use of microcalorimetry and its correlation with size exclusion chromatography for rapid screening of the physical stability of large pharmaceutical proteins in solution



APPLICATION NOTE

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

Kholodenko, V.; Freire, E. A simple method to measure the absolute heat capacity
of proteins. Anal. Biochem. 1999, 270, 336-338.

Krell, T.; Greco, F.; Nicolai, M.; Dubayle, J.; Renauld-Mongenie, G.; Poisson,

N.; Bernard, |. The use of microcalorimetry to characterize tetanus neurotoxin,
pertussis toxin, and filamentous haemagglutinin. Biotechnol. Appl. Biochem. 2003,
38, 241-251.

Petersen, S.; Fojan, P.; Petersen, E.; Neves-Petersen, M. The thermal stability of
fusarium solani pisi cutanase as a function of pH. J. Biomed. Biotechnol. 2001,
1(2), 62-69.

McCrary, B.; Edmondson, S.; Shriver, J.; Hyperthermophile protein folding
thermodynamics: differential scanning calorimetry and chemical denaturation of
Sac7d. J. Mol. Biol. 1996, 204(4), 784-805.

Beldarrain, A. Application of differential scanning calorimetry to protein stability
studies. Biotecnologia Aplicada. 2001, 18(1), 10-16.

Vermeer, A.; Norde, W.; Van Amerongen, A. The unfolding/denaturation of
immunogammaglobulin of isotype 2b and its F(ab) and F(c) fragments. Biophys. J.
2000, 74(4), 2150-2154.

Vermeer, A.; Norde, W. The thermal stability of immunoglobulin: unfolding and
aggregation of a multi-domain protein. Biophys. J. 2000, 78(1), 394-404.

Welfle, K.; Misselwitz, R.; Hausdorf, G.; Hohne, W.; Welfle, H. Conformation,
pH-induced conformational changes, and thermal unfolding of anti-p24 (HIV-1)
monoclonal antibody CB4-1 and its Fab and Fc fragments. Biochim. Biophys. Acta.
1999, 1431(1), 120-131.

Matsuura, J.; Morris, A.; Ketchem, R.; Braswell, E.; Klinke, R.; Gombotz, W.;
Remmele, R. Biophysical characterization of a soluble CD40 ligand (CD154) coiled-
coil trimer: evidence of a reversible acid-denatured molten globule. Arch. Biochem.
Biophys. 2001, 392(2), 208-218.

Vogl, T.; Brengelmann, R.; Hinz, H.; Scharf, M.; Loetzbeyer, M.; Engels, J.
Mechanism of protein stabilization by disulfide bridges: calorimetric unfolding
studies on disulfide-deficient mutants of the Y-amylase inhibitor, Tendamistat. J.
Mol. Biol. 1995, 254(3), 481-496.

Remmele, R.; Bhat, S.; Phan, D.; Gombotz, W. Minimization of recombinant
human FIt3 ligand aggregation at the Tm plateau: a matter of thermal reversibility.
Biochemistry. 1999, 38, 5241-5247.

Malakauskas, S.; Mayo, S. Design, structure, and stability of a hyperthermophilic
protein variant. Nat. Struct. Biol. 1998, 5, 470-475.

Schrier, J.; Kenley, R.; Williams, R.; Corcoran, R.; Kim, Y.; Northey, R.; D’Augusta,
D.; Huberty, M. Degradation pathways for recombinant human macrophage colony
stimulating factor in aqueous solution. Pharm facilitate rapid identification of the
formulation(s) with greatest promise, thereby, allowing for more efficient design of
longer term stability studies for Res. 1993, 10(7), 933-944.

LaLonde, J.; Levenson, M.; Roe, J.; Bernlohr, D.; Banaszak, L. Adipocyte lipid-
binding protein complexed with arachidonic acid. Titration calorimetry and x-ray
crystallographic studies. J. Biol. Chem. 1994, 269(41), 25339-25347.

Fukada, H. Calorimetry of reactions binding proteins to ligands. Tanpakushitsu
Kakusan Koso. 1988, 33(4), 328-336.

Cooper, A.; Nutley, M.; Wadood, A. Differential scanning microcalorimetry in
protein-ligand interactions, in Hydrodynamics and Calorimetry. Harding S. and
Chowdhry, B., eds, Oxford University Press, Oxford, UK, 2001, pp. 287-318.
Brandts, J.; Lin L. Study of strong to ultratight protein interactions using differential
scanning calorimetry. Biochemistry. 1990, 29, 6927-6940.

16 Use of microcalorimetry and its correlation with size exclusion chromatography for rapid screening of the physical stability of large pharmaceutical proteins in solution



APPLICATION NOTE

18. Cueto, M.; Jesus Dorta, M.; Munguia, O.; Llabres, M. New approach to stability
assessment of protein solution formulations by differential scanning calorimetry. Int.
J. Pharm. 2003, 252(1-2), 159-166.

19. Remmele, R.; Nightlinger, N.; Srinivasan, S.; Gombotz, W. Interleukin-1 receptor
(IL-1R) liquid formulation development using differential scanning calorimetry.
Pharm. Res. 1998, 15(2), 200-208.

20. Chan, H.; Au-Young, K.; Gonda, |. Effects of additives on heat denaturation of
RhDNase in solutions. Pharm. Res. 1996, 13, 756-761.

21.Chen, B.; Arakawa, T. Stabilization of recombinant human keratinocyte growth
factor by osmolytes and salts. J. Pharm. Sci. 1996, 85(4), 419-422.

22.Bedu-Addo, F.; Johnson, C.; Shanthini, J.; Henderson, |.; Advant, S. Use of
biophysical characterization in preformulation development of a heavy-chain
fragment of botulinum serotype B: evaluation of suitable purification process.
Pharm. Res. 2004, 21, 1353-1361.

23.Branchu, S.; Forbes, R.; York, P.; Nyqvist, H. A central composite design to
investigate the thermal stabilization of lysozyme. Pharm. Res. 1999, 16, 702-708.

24. Fatouros, A.; Osterberg, T.; Mikaelsson, M. Recombinant factor VIII SQ:
inactivation kinetics in aqueous solution and the influence of disaccharides and
sugar alcohols. Pharm. Res. 1997, 14, 1679-1684.

25. Petersen, S.; Jonson, V.; Fojan, P.; Wimmer, R.; Pedersen, S. Sorbitol prevents
self-aggregation of unfolded lysozyme leading to up to 13 degrees C stabilisation of
the folded form. . J. Biotechnol. 2004, 114, 269-278.

26. Gonzalez, M.; Murature, D.; Fidelio, G. Thermal stability of human immunoglobulins
with sorbitol, a critical evaluation. Vox Sang. 1995, 68, 1-4.

27. Gupta, S.; Kaisheva, E. Development of a multidose formulation for humanized
monoclonal antibody using experimental design techniques. AAPS Pharm. Sci.
2003, 5, E8.

28. Fransson, J.; Hallen, D.; Florin-Robertsson, E. Solvent effects on the solubility
and physical stability of human insulin-like growth factor I. Pharm. Res. 1997, 14,
606-612.

29. Gombotz, W.; Pankey, S.; Phan, D.; Drager, R.; Donaldson, K.; Antonsen, K_;
Hoffman, A.; Raff, H. The stabilization of human IgM monoclonal antibody with
poly(vinylpyrrolidone). Pharm. Res. 1994, 11, 624-632.

30. Timasheff, S. Stabilization of protein structure by solvent additives, in Stability of
Protein Pharmaceuticals, Part B, In Vivo Pathways of Degradation and Strategies
for Protein Stabilization, Ahern, T. J. and Manning, M.C., eds., Plenum Press, New
York 1992, Chapter 9, pp. 265-285.

17 Use of microcalorimetry and its correlation with size exclusion chromatography for rapid screening of the physical stability of large pharmaceutical proteins in solution



APPLICATION NOTE

V) N
Malvern

Malvern Instruments Limited Malvern Instruments is part of Spectris plc, the Precision Instrumentation and Controls Company.

Grovewood Road, Malvern,
Worcestershire, UK. WR14
1XZ

Tel: +44 1684 892456 SPeCt”S

Spectris and the Spectris logo are Trade Marks of Spectris plc.

Fax: +44 1684 892789

www.malvern.com
All information supplied within is correct at time of publication.

Malvern Instruments pursues a policy of continual improvement due to technical development. We therefore reserve
the right to deviate from information, descriptions, and specifications in this publication without notice. Malvern
Instruments shall not be liable for errors contained herein or for incidental or consequential damages in connection with
the furnishing, performance or use of this material.

Malvern Instruments owns the following registered trademarks: Bohlin, FIPA, Insitec, ISYS, Kinexus, Malvern, Malvern
'Hills' logo, Mastersizer, MicroCal, Morphologi, Rosand, 'SEC-MALS', Viscosizer, Viscotek, Viscogel and Zetasizer.

©2015 Malvern Instruments Limited
AN141119RapidScreenStabilityProteins



