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Abstract

The influence of temperature on the stability of human serum albumin (HSA) pharma-
ceutical preparations has been studied by size-exclusion high-performance liquid chroma-
tography with multi-angle laser-light-scattering detection and by particle-size analysis.

The behaviour of HSA in two pharmaceutical preparations stored at different tem-
peratures (40, 55 and 70°C) followed the same pattern—an increase in the relative per-
centage of dimer (MW 132000Da) and aggregate (MW >200000Da), and then a
decrease in the concentration of all species and, finally, sudden protein coagulation. These
results suggest a time- and temperature-dependent process. At 70°C, monomer only was
detected for both preparations; the amount remaining was 83 and 72% for formulations A
and B, respectively. Analysis of size-distribution curves also seems to confirm these
results. Initially, three distributions were observed with length—volume mean diameters
(dyy) of 1.67, 10-6 and 57 um. After 80 days at 55°C, only two distributions were observed,
with d; , of 3-07 and 76 um. An additional study using pure HSA at different concentrations
(0-3,2-5, 5 and 10% w/v) and storage at 75°C was performed to determine the influence of
the concentration of auxiliary substances and of the HSA. Only when the HSA con-
centration was 0-3% w/v did the remaining fraction of HSA fit a Prout—Thompkins
nucleation model. Initially three distributions with mean sizes of 2, 20 and 40 yum were
observed whereas at the end of the assay only one distribution, mean size 129 um, was
seen. The methodology used enabled us to separate the HSA degradation products and to
determine the absolute molecular weight of albumin monomer and dimer.

It is possible to conclude that the degradation mechanism for the formulations studied is
complex, and that it is possible to fit the degradation data to Prout—Thompkins kinetics

only when the concentration of HSA is low enough (0-3% w/v).

Albumin is the most abundant plasma protein.
Human serum albumin (HSA) is used commonly
for the treatment of hypovolaemia and of diseases
including chronic renal failure and liver cirrhosis
(Narazaki et al 1996). Currently the application of
albumin in surgery and shock trauma consumes
more than 100 tons of this protein per year in North
America alone (Henderson 1996).

Because of its capacity to bind a wide variety of
exogenous and endogenous substances, albumin
has been used to remove toxins, for drug delivery
and for coating in-vivo devices (Carter & Ho 1994;
Kurtzhals et al 1996).
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On the basis of stability considerations, protein
drugs belong to a special class because of their
complex structure and degradation pathways.
Degradation of protein can involve chemical
modification via bond formation, yielding a new
chemical entity, and physical instability, which
refers to changes in their secondary, tertiary or
quaternary structure (Oliva et al 1997). Physical
instability or denaturation of a protein often
involves unfolding of the molecule. The unfolded
protein is susceptible to further inactivation by
aggregation, which might be induced by exposure
to an air-water interface, to heating, shaking or
lyophilization, or by addition of phenolic com-
pounds (Costantino et al 1994; Katakam et al 1995;
Oliva et al 1996).
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Aggregation usually leads to reduced bioactivity
and immunogenic reactions, possibly because of
increased molecular weight and unacceptable phy-
sical characteristics, such as the turbidity and
opalescence, which gives the product undesirable
properties (Maa & Hsu 1996). Like most large
proteins, albumin also undergoes aggregation, the
storage temperature being the main induction factor
(Jordan et al 1994; Katam & Banga 1994).

Techniques such as size-exclusion high-perfor-
mance liquid chromatography (SEHPLC), high-
performance capillary electrophoresis (HPCE),
mass spectrometry, light scattering and analytical
ultracentrifugation have been used for determina-
tion of protein molecular weight (Oliva et al 1997).
The European Pharmacopoeia (1997) recommends
an assay based on liquid chromatography with UV-
Vis detection to determine the presence of HSA
polymers and aggregates. The method stipulates
that the sum of the peak areas corresponding to
those species, divided by two, should be less than
5% of total area of all peaks.

SEHPLC is probably the most versatile and
widely applied method for estimating the molecular
weight of a protein in its native form on the basis of
its elution position. However, ordinary SEHPLC
techniques based on calibration standards are
ineffective and often yield erroneous molecular
weights if the standards and the sample have dif-
ferent conformations (Dayal & Metha 1994). The
development of laser-light-scattering techniques
combined with SEHPLC has been a great advance
in protein characterization because it is possible to
determine molecular weight directly (Wyatt 1993).

In this work we studied the influence of tem-
perature on the stability of commercial preparations
of HSA by use of conventional SEHPLC equip-
ment coupled with a multi-angle laser-light-scat-
tering detector to determine the absolute molecular
weight of the monomer and its derivatives. A par-
ticle size analyser was used to follow the evolution
of HSA aggregate size distributions during the
assays. The proposed technique enabled us to
complement the European Pharmacopoeial method
and to characterize the HSA aggregation process.

Materials and Methods

Size-exclusion high-performance liquid
chromatography with UV-Vis detection
The HPLC system used in this study was a Waters
apparatus comprising a pump, 600E multisolvent
delivery system, 700 Satellite Wisp sample pro-
cessor and 490E programmable multiwavelength

detector. Control and results management were
performed by the Maxima 820 chromatography
program from Waters. Elution was performed at
room temperature on a Shodex C-18 column
(Waters); the mobile phase was 25 mM disodium
hydrogen phosphate and 120 mM sodium chloride,
adjusted to pH 7-0, at a flow rate of 1-0mL min~".
Detection was performed at 280nm. Deionized
water prepared with a MilliQ apparatus (Millipore)
was used throughout; all other chemicals and
reagents were HPLC grade. All solvents were fil-
tered through 0-45-um (pore size) filters (Millipore)
and degassed.

To validate the analytical method, eight standard
solutions were prepared using human serum albu-
min (HSA) from Sigma (St Louis, MO) at con-
centrations of 0-1-0-4mgmL~". Each sample was
analysed in triplicate. To quantify HSA we used the
total area of all the peaks. The sizes of the indivi-
dual peaks, as a percentage of the total area,
enabled estimation of the content of HSA monomer
and derivatives (dimer and aggregates). Analysis of
variance of linear regression of the dependence of
the total area of all peaks on HSA concentration
confirmed the linearity of the method used through
the rejection of the null hypothesis of deviation of
the linearity for a significance level of 0-05
(o0 = 0-05); the coefficient of variation of predicted
concentrations was 1-0% (Hunter & Lamboy 1981).
The equation of the regression line was:

Total area = (10416 £ 4403)

(1
+ (1393 £ 17-2)C

r=0998 (n=24)

and the root mean square error (Sy,) was 8-695.
For pharmaceutical preparations, homogeneous
samples (0-5mL) were withdrawn from vials and
stored at 4°C until analysis. Samples were directly
diluted with the mobile phase to furnish con-
centration values within the calibration range.

Size-exclusion high-performance liquid
chromatography with multi-angle laser-light-
scattering detection

We used the same techniques of size-exclusion
chromatography, but with on-line light-scattering
and refractive-index detectors, to determine the
molecular weight of HSA monomer and its deri-
vatives. The multi-angle laser-light-scattering
detector (miniDawn, Wyatt Technology) was
placed downstream of the column and upstream of
the differential refractive-index detector, a Waters
model 410, to avoid the possibility of back pressure
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on the differential refractive index cell. To reduce
baseline noise a pulse dampener (Alltech Associ-
ates, USA) was connected downstream of the
pump, to reduce its pulsation, and two 25-mm high-
pressure filters with 0-22- and 0-1-um pores (Mil-
lipore) were used for on-line filtration of the mobile
phase.

The column and other chromatographic condi-
tions were identical with those used for SEHPLC.
A differential index of refraction (dn/dc) of
0-186 mL g_l was assumed (Wen et al 1996). Data
collection from the miniDawn and differential
refractive-index detectors were controlled by Wyatt
Technology’s Astra program. The miniDawn
instrument incorporates a fixed photodiode detector
array capable of measuring scattered-light intensity
simultaneously at three angles (45, 90 and 135°).
The 90° detector was calibrated by use of toluene
according to the manufacturer’s instructions.
Bovine serum albumin monomer in the mobile
phase was used for normalization of the three light-
scattering detectors and to enable proper alignment
of the light-scattering and differential refractive
index signals, a step necessary for calculation of the
molecular weight for each data slice.

The differential refractive-index detector was
calibrated over a linear concentration range (1-
5mgmL~") with five evenly spaced sodium
chloride standards prepared by direct dilution from
a 10-mgmL ™" solution.

To wvalidate the SEC-multi-angle laser-light-
scattering method, several proteins (f-lactoglobu-
lin, ovalbumin, bovine and human serum albumin,
all from Sigma, St Louis, MO) were analysed in
triplicate on different days. The coefficient of var-
iation (CV) obtained on the same day (intra-assay
precision) was <2% for the weight-average mole-
cular weight; higher values were obtained for
number-average molecular weight, but none
exceeded 5%. To complement the information
available we performed one-way analysis of var-
iance to determine if there were differences
between days; the results showed that the inter-
assay differences were not significant (P > 0-05
always). The inter-assay precision was always
better than 2-5%.

To calibrate the SEC-light-scattering method and
to monitor its performance we analysed a bovine
serum albumin standard (0-3 mgmL~')—the stan-
dard was analysed each working day and the
monomer molecular weight was determined. We
established the use of two sets of limits; the outer
limits, sometimes called action limits, are the
conventional limits, usually 3 x sigma, and the
inner limits, the warning limits, usually 2 x sigma
(Grant & Leavenworth 1988). After 10 standard
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Figure 1. Control chart for size-exclusion high-performance

liquid chromatography with multi-angle laser-light-scattering
detection, constructed using a bovine serum albumin standard
(0-3mgmL™") with a nominal molecular weight of 65000 Da.

analyses the mean and standard deviation of the
data were calculated and a control chart was con-
structed. The graph was continuously updated,
plotting new points as they were generated as part
of this analytical method and continuously recal-
culating the mean and standard deviation.

We obtained a mean value for the weight-average
molecular weight of 66100Da with a standard
deviation of 736 (n = 13), the coefficient of var-
iation (CV = standard deviation/mean) was
1-11%. Figure 1 shows the control chart for the
method, indicating the action and warning limits.

Particle-size measurement

The particle-size distribution of HSA was measured
with a Coulter Multisizer II; the samples were
suspended in mobile phase. The results are pre-
sented as the length-volume mean diameter (d; .,

um).

Stability studies
In this study, we used two commercial samples of
human albumin dosage forms suitable for injection,
formulation A and formulation B, containing 20%
total albumin. Sodium caprylate and sodium acetyl-
tryptophanate were used as auxiliary substances.
Both preparations were stored at 40, 55 and 70°C
with variations less than &= 1°C. Samples were taken
after different times, depending on the storage
conditions.

Four solutions were prepared from pure HSA
(Sigma) at concentrations of 0-3, 2-5, 5 and 10%
(w/v) in mobile phase and stored at 75°C.

Results and Discussion

As a preliminary step, the analytical method was
validated for HSA. With this method it is possible
to separate the HSA monomer and dimer in the
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Figure 2. Chromatogram obtained from analysis by size-
exclusion high-performance liquid chromatography, with
UV-Vis detection at 280nm, of a pure sample (A) and a
pharmaceutical preparation (B) of HSA. The retention times
of HSA aggregate, dimer and monomer were 6-1, 825 and
9-1 min, respectively.

same analysis with short analysis time (12 min),
achieving the required resolution and efficiency.
The auxiliary substances present in HSA pharma-
ceutical preparations do not interfere with the
determination.

Figure 2 shows the chromatogram obtained by
SEHPLC with UV-Vis detection of the HSA sam-
ple. Peaks corresponding to the HSA monomer
(elution time 9-1 min) and dimer (8-25min) were
detected, the mean percentages of each peak being
91-5 and 8.5, respectively; the standard deviation
was 0-61 (n = 24). Another peak was detected in
the commercial human albumin preparation; it
was probably that of high molecular weight

transformation products of HSA because this peak
has an elution time (6-1 min) lower than those of
the HSA dimer, as can be seen in Figure 2. The
mean percentages of the HSA monomer and deri-
vatives (dimer and aggregates included) for both
preparations are summarized in Table 1. The total
amounts of HSA in formulations A and B were
20-1£0-3% and 20-6+ 0-5 (n = 6), respectively, in
agreement with the contents declared by the man-
ufacturers. As is apparent from Table 1, the HSA
polymer and aggregate content of both HSA phar-
maceutical preparations and pure HSA were satis-
factory—the sum of the areas of those peaks,
divided by two, was lower than 5% of total area of
all the peaks, in accordance with the guidelines of
the European Pharmacopoeia (1997).

A key requirement for the determination of
molecular weights by light scattering is the
numerical value of dn/dc and a knowledge of the
absolute concentration of the sample fraction.
Figure 3A shows the chromatograms obtained from
SEHPLC with multi-angle laser-light-scattering
detection of an HSA sample. For a protein or
complex that contains no carbohydrate, dn/dc is
constant (~0-186mL g~ ') and almost independent
of amino acid composition (Wen et al 1996). The
absolute molecular weight of the HSA monomer
calculated was 67 000 Da, which agrees quite well
with the assumed value of 66500 for the HSA
monomer, whereas the molecular weight of the
HSA dimer was 132000 Da, a value close to twice
the sequence molecular weight of 66500 Da. We
could not determine the absolute molecular weight
of the aggregate present in HSA pharmaceutical
preparations; we believe it to be >200000 Da, i.e.
greater than the exclusion limit of the column used
in this study (Figure 3B).

Table 2 lists the degradation products detected in
each preparation after storage at different tem-
peratures for different times. At 40°C the con-
centration of HSA remains constant for both
preparations for 90 days—variation is less than 5%
of the declared content and differences between the
relative proportions of different degradation pro-
ducts at different times were not significant (Figure
4A).

Table 1. Mean percentages, relative to overall peak area, of the peak areas of the HSA monomer and the derivatives.

Amount of monomer (%) Amount of dimer (%) Amount of aggregate (%) M +D)/2* (%)
Pure HSA 91-5+£0-61 850+ 0-61 ND 4.25+0-61
Formulation A 94-4+0-20 1.64+0-16 3.944+0-16 2:79+0-12
Formulation B 92:4+0-30 096+ 0-12 6-59+0-14 3.78+0-15

ASum of the peak areas of the polymers and aggregates divided by two. ND = not detected.
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Chromatograms obtained from a pure HSA sample (A, upper trace differential refractive-index detector, lower trace

multi-angle laser-light-scattering detector) and a sample of an HSA formulation (B, top trace differential refractive-index detector,
middle trace multi-angle laser-light-scattering detector, bottom trace UV-Vis detector) stored at 40°C for 10 days. The absolute
molecular weights were 67 000 Da (monomer) and 132 000 Da (dimer). Only for the formulation (B) could the monomer molecular
weight be determined; the aggregate molecular weight was outside the column exclusion limits ( > 200 000 Da) and the differential
refractive-index and multi-angle laser-light-scattering signals were not of sufficient intensity for determination of the absolute

molecular weight of the dimer.

At 55°C, the formulations behaved differently. A
greater decrease in HSA concentration (12%) was
measured for formulation B; the percentage of
degradation products in formulation A increased by
approximately 10%. Dimer was only detected by
UV-Vis detection during the first 30 days for for-
mulation B (Figure 4B). At 70°C HSA monomer
only was detected in both preparations; the amounts
remaining (%) in formulations A and B were 83
and 72%, respectively.

Before coagulation the behaviour of HSA in
pharmaceutical preparations stored at different
temperatures follows the same pattern—an increase
in the amount of dimer and aggregate, then a
decrease in the concentrations of all species, and
finally a process time- and temperature-dependent
sudden protein coagulation. The analysis of size
distribution curves seems to confirm this. Initially,
three distributions can be observed with d, , of 1-67,
10-6 and 57 um; after 80 days at 55°C only two
distributions were observed, with d;, of 3-07 and
76 um. Figure 5 shows the particle-size distribution
obtained for both preparations stored at 70°C. The
size-distribution data suggest displacement to
higher mean diameters, confirming probable
aggregation as a result of a nucleation process.

The results from SEHPLC with light-scattering
detection suggest that the absolute molecular
weights of different products detected were similar
to those obtained with the pure HSA sample.
Although the concentration of protein remaining
decreased significantly at 55 and 70°C, the data
obtained did not follow any known degradation
kinetics and, therefore, prediction of stability on the
basis of the Arrhenius relationship is inappropriate
for HSA pharmaceutical preparations, because the
mechanisms of degradation of the protein are
complex and could change as a function of tem-
perature (Gu et al 1991; Yoshioka et al 1994).
Although the mechanism of degradation is not
clear, one possibility is that initial thermal dena-
turing of the protein might be followed by aggre-
gation; the aggregates might be non-covalent,
owing to stabilization by the auxiliary substances
used in this type of preparation.

Results from measurement of particle-size dis-
tribution seem to suggest that aggregation and
reversible flocculation lead to sudden protein co-
agulation for a given temperature and storage time.
The aggregation—coagulation process is in agree-
ment with the process proposed by Glatz (1992).
The first process is formation of primary particles
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Table 2. Degradation products detected, by size-exclusion high-performance liquid chromatography, in both formulations after

storage at different times and temperatures.

Temperature (°C) Time % Monomer % Dimer % Aggregate % Remaining
Formulation A

0 days 94-44+1-70 1-68+2-31 3.71£1-65 104+ 1-41
40 90 days 92:1£2-61 3.194+0-46 4.714+2-19 103+ 0-70
55 80 days 84-34+1-35 875+ 0-65 6-96+0-92 88+ 1-13
70 9h 100 - - 83+2.97
Formulation B

0 days 93-1+3-04 1-17+ 1-46 573+ 1-10 1034+2-47
40 90 days 90-8+0-78 3.74£0-37 5514120 102+ 0-64
55 80 days 947+ 1-06 - 531+ 1-08 67-6+1-19
70 9h 100 - - 72+1.53
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Figure 4. Amount (%) of HSA remaining in pharmaceutical
preparations A () and B (@) stored at 40°C (upper) and 55°C
(lower). The decrease was greatest for formulation B at 55°C
(67-6%).
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Figure 5. Change of particle size distribution with time for
HSA formulations A (—, Oh, ----, 5h, —-—-, 7h) and B (—,
Oh,----,3h, —-—-, 7h) stored at 70°C. For formulation A at
Oh two distributions with mean sizes 2-0 and 40 um were
observed whereas at the end of the assay only one distribution,
mean size 40 um, was observed. For formulation B, at O h three
distributions with mean sizes of 1.67, 10 and 40 um were
observed whereas at the end of the assay a broad distribution
with sizes between 1 and 200 um was observed.
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Figure 6. Degradation kinetics of the HSA monomer (A) and
formation kinetics of the aggregate (B) for a pure sample of
HSA (0:3% w/v) stored at 75°C for 9h. Data were in good
agreement with a Prout—Thompkins nucleation model.

from the protein molecules present in solution; this
is followed by the growth of floccules (or aggre-
gates of primary particles) of varying sizes and
simultaneous breakage of the floccules as a result of
collisional forces. However, the data obtained did
not fit any known model because of the limitations
of the technique used to determine particle size. To
complement the information available we per-
formed an additional study using pure HSA at
different concentrations and stored at 75°C to ver-
ify the influence of the auxiliary substances and the
concentration of HSA in the process mentioned
earlier. For the samples at concentrations of 2-5, 5
and 10% (w/v), behaviour was similar to that of the
HSA  preparations—physical instability = was
observed with an increase in viscosity and with
these samples protein coagulation was quicker.

When the HSA concentration was 0-3%, the
fraction of HSA remaining was a better fit to the
Prout—Thompkins nucleation model (Figure 6), as
is observed with other proteins (Oliva et al 1996).
In this study, the HSA dimer was detected during
the first 2h only; later the HSA aggregate was the
only degradation product detected. Physical
instability was not observed during the assay. The
fraction of HSA remaining at time t, and HSA
aggregate formation, were calculated by use of
equations published elsewhere (Oliva et al 1996);
the results are shown in Figure 6. These results
were confirmed by measurement of particle size
distribution—initially we observed three distribu-
tions with mean sizes of 2, 20 and 40 um; after Sh
two distributions with mean sizes of 3-70 and
76 um were observed; at the end of the assay (9 h)
we observed one distribution only, with a mean size
of 129 um.

In conclusion, complex degradation mechanisms
are observed for commercial HSA preparations
stored at different temperatures—a decrease in the
percentage of HSA monomer, an increase in the
amounts of dimer and aggregate, and, finally, pro-
tein coagulation. Stability predictions based on the
Arrhenius plot are inappropriate, as for the majority
of protein preparations. For pure HSA solutions at
concentrations (0-3% w/v) one seventh that of the
pharmaceutical HSA preparations, the degradation
kinetics fitted a Prout—Thompkins nucleation
model, as is observed with commercial prepara-
tions of human insulin (Oliva et al 1996).

Acknowledgements

This research was financed by Gobierno de la
Comunidad Auténoma de Canarias as part of
projects PI-1997/066.

References

Carter, D., Ho, J. (1994) Structure of serum albumin. Adv.
Protein Chem. 45: 153-203

Costantino, H., Langer, R., Klibanov, A. (1994) Solid-phase
aggregation of proteins under pharmaceutically relevant
conditions. J. Pharm. Sci. 83: 1662—-1669

Dayal, U., Metha, S. (1994) Studies on molecular weight
determination using refractive index and multi-angle laser-
light-scattering detectors in size exclusion chromatography.
J. Liq. Chromatogr. 17: 303-306

European Pharmacopoeia (1997) Albumine Humaine (Solution
D). 255

Glatz, C. (1992) Modelling of aggregation-precipitation phe-
nomena. In: Ahern, T. J., Manning, M. C. (eds) Stability of
Proteins Pharmaceuticals, Part A, Chemical and Physical
Pathways of Protein Degradation. Plenum Press, New York,
Chapter 5, pp 135-166

Grant, E., Leavenworth, R. (1988) Statistical Quality Control.
6th edn, McGraw-Hill, New York, pp 302-347



392 AND ALEXIS OLIVA ET AL

Gu, L., Erdos, E., Chiang, H., Calderwood, T., Tsai, K., Visor,
G., Duffy, J., Hsu, W., Foster, L. (1991) Stability of
interleukin 1§ (IL-f) in aqueous solution. Analytical meth-
ods, kinetics, products and solution formulation implication.
Pharm. Res. 8: 485-490

Henderson, A. (1996) In: Peters, T. (ed.) All About Albumin:
Biochemistry, Genetics, and Medical Application. Aca-
demic Press, San Diego, CA, pp 1-432

Hunter, W., Lamboy, W. (1981) A Bayesian analysis of the
linear calibration problem. Tecnometrics 23: 323328

Jordan, G., Yoshioka, S., Terao, T. (1994) The aggregation of
bovine serum albumin in solution and in the solid state. J.
Pharm. Pharmacol. 46: 182-185

Katakam, M., Bell, L., Banga, A. (1995) Effect of surfactants
on the physical stability of recombinant human growth
hormone. J. Pharm. Sci. 84: 713-716

Katam, M., Banga, A. (1994) Aggregation of proteins and its
prevention by carbohydrate excipients: albumins and gam-
maglobulin. J. Pharm. Pharmacol. 47: 103-107

Kurtzhals, P., Havelund, S., Jonassen, Y., Kiehr, B., Ribel, U.,
Markussen, J. (1996) Albumin binding and time action of
acylated insulins in various species. J. Pharm. Sci. 85: 304—
308

Maa, Y., Hsu, Ch. (1996) Aggregation of recombinant human
growth hormone induced by phenolic compounds. Int. J.
Pharm. 140: 155-168

Narazaki, R., Hamada, M., Otagiri, M. (1996) Covalent bind-
ing between bucillamine derivatives and human serum
albumin. Pharm. Res. 13: 1317-1321

Oliva, A., Farifia, J., Llabrés, M. (1996) Influence of tempera-
ture and shaking on stability of insulin preparations: degra-
dation kinetics. Int. J. Pharm. 143: 163-170

Oliva, A., Farifia, J., Llabrés, M. (1997) Analysis of peptides
and proteins: evaluation of purity, stability, and structural
characterization of insulin. Drug. Dev. Ind. Pharm. 23: 915-
927

Wen, J., Arakawa, T., Philo, J. (1996) Size exclusion chroma-
tography with on line light-scattering, absorbance, and
refractive-index detectors for studying proteins and their
interactions. Anal. Biochem. 240: 155-166

Wyatt, P. (1993) Light-scattering and the absolute charac-
terization of macromolecules. Anal. Chim. Acta 272:
1-40

Yoshioka, S., Aso, Y., Isutzu, K., Terao, T. (1994) Application
of accelerated testing to shelf-life prediction of commercial
protein preparations. J. Pharm. Sci. 83: 454-456



