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Multiple response optimization of heat shock process for separation of bovine
serum albumin from plasma
U. A. Gonzalez, C. Menendez, H. A. Saitua, and J. Rigau

Instituto de Investigaciones en Tecnología Química (INTEQUI-CONICET), Facultad de Química, Bioquímica y Farmacia, Universidad Nacional
de San Luis, San Luis, Argentina

ABSTRACT
Bovine serum albumin produced by heat shock from bovine plasma has been researched for the
effects of sodium caprylate concentration [Cap], temperature (T), and pH on yield (Yield%) and
purity (BSA%). Response surface methodology and desirability function approaches were
applied to optimize its process. The best compromise solution was found with BSA% = 95.0
and Yield% = 28.5 for a [Cap] = 2 mM, T = 67.9°C, and pH = 5. A Monte Carlo simulation showed
that it is possible to obtain excellent values for each individual response. However, a techno-
economic feasibility study must be carried out to determine which one is the best option.
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Introduction

Bovine serum albumin (BSA) is the most abundant protein
in blood plasma, accounting for about 60% of the total
protein.[1] Its molecular weight is 66.300–69.000 Da,[2] it
is highly soluble in water, and its isoelectric point is 4.78.[3]

It has numerous commercial uses, among which ELISAs
(enzyme-linked immunosorbent assay), immune blots, and
immunohistochemistry can be mentioned. It is also com-
monly used as protein standard, electrophoresis (M.W.
standard), molecular biology, protein base or filler, RIA
systems, and serology.[4,5]

One of the first methods of isolation involved extensive
dialysis of serum, precipitation with ammonium sulfate,
electrophoresis, and affinity chromatography.[4,6] None of
these methods are applicable to large-scale production.
Initial isolation is prepared by alcohol precipitation
(Cohn’s method)[7] or by heat treatment.[4] Cohn’s method
iswidely used for the production of albumin andhas several
disadvantages, such as refrigeration system, protein dena-
turation, protein losses, and requirement of high-quality
starting material.[8] The process of heat shock consists of
the adjustment of temperature and pH and the addition of
an albumin stabilizer, the sodium caprylate.[9–13] This addi-
tion allows the albumin to tolerate temperatures over 65°C
without denaturation. Most of the other plasmatic proteins
are denatured due to heating and precipitation, leavingBSA
in solution. This method became widely used because it is
practical, fast to be applied, and can be easily reproduced.
The literature available shows different conditions of heat

shock, but how these conditions influence on the BSA
purity and yield has not been analyzed.

The low cost of BSA, as compared with other pro-
teins, and its diverse biotechnological applications have
generated an important increase on its demand.[14] Few
manufacturers in the world control the technology
needed for BSA production. Thus, the possibility of
its production in Argentina is very attractive.
Argentina has a very important bovine meat market
that ensures the availability of serum or plasma at
very competitive prices, and this raw material presents
excellent conditions for bovine spongiform encephalo-
pathy (BSE) in relation to the USA and Europe.

In this study, on the basis of the availability of raw
material at a low cost, some variables that have an impact
on BSA extraction from bovine plasma by heat shock were
analyzed. Thermal coagulation was carried out in several
laboratory studies, as this is the determinant stage of the
heat shock process, since the percentage of purity (BSA%)
and yield (Yield%) of the final product depend on it. A high
purity with a high yield allows obtaining a higher-quality
product at a lower cost.

The response surface methodology (RSM) is a tool
that enables the study of the effects of two or more
continuous factors over one or more responses and the
optimization of the processes.[15,16] The optimization
implies to finding the level of the factors that obtain
the best compromise solution.

In this research, for the first time, the influence of
three factors was studied: sodium caprylate
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concentration [Cap] as a thermal stabilizer of the BSA,
pH, and temperature (T). Additionally, the effects of
the interaction among these factors on BSA% and Yield
% in its extraction from plasma by heat shock were
considered. The study was performed using RSM and
desirability function to achieve the multiple response
optimization.

The aims of this studywere to analyze the effect of [Cap],
pH, andT onBSA%andYield% in the first stage of the heat
shock method, and to find appropriate models to describe
BSA% and Yield% behavior in relation to the studied
factors.

Materials and methods

Materials

Table 1 shows the characteristics of dehydrated bovine
plasma powder (Yeralbum, Yeruba S.A., Sante Fe,
Argentina).

The stock solution of sodium caprylate (AS from
Sigma-Aldrich, St. Louis, MO, USA) was 50 mM with
a pH of 7.2. To adjust the pH, HCI (AR from Sigma-
Aldrich, St. Louis, MO, USA) was used.

Methods

Experimental design and analysis
The design and analysis of the experimental runs were
carried out by RSM. This technique has been widely
described from both theoretical and practical points of
view.[15–20] RSM has enabled us to study the effects of
[Cap], pH, and T on BSA purity (BSA% w/w) and BSA
yield (Yield% w/w). In this way, it was possible to find the
best compromise solution.

The experimental design was Box–Behken type for
three levels and three factors (13 runs) with three replica-
tions in the center of the plan, considering (BSA%) and
(Yield%) as responses. In Table 2, the factors with coded
levels and at real scale are shown.

Thermal coagulation experiments
Plasma concentration in solution was 6.43% w/v, which is
equivalent to 5.14% w/v of protein concentration. This
concentration was determined in previous tests with vari-
able concentrations between 6% and 12% w/v. When

concentrations were higher than the chosen one, solutions
significantly increased their viscosity after heating, and
turned into gel in some cases.

Sodium caprylate was added to plasma solution in
order to obtain variable concentrations of samples
(between 2 and 20 mM). Thermal treatment was applied
for 90 min at the chosen T (between 64°C and 72°C). The
system was then cooled abruptly to stop reaction, and pH
was adjusted at 4.2 with a solution of 0.5 NHCl. It was left
standing at 4°C for 12 h to produce better coagulation.
The values of pH,T, and [Cap] were chosen in accordance
with the values found in the bibliography. The time
allotted for the procedure is sufficient to inactivate poten-
tial pathogens. Preliminary studies have shown that the
more heating time was allowed, the less amount of yield
was obtained. Afterward, the solution was centrifuged at
4000 rpm for 20 min, the supernatant was collected and
BSA purity and quantity were determined.

Measurement of BSA quantity and purity in the
supernatant was carried out by sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE) using a
Bio-Rad Mini-Protean 3 Cell equipment.

Sample bands were compared with a BSA pattern
(from Sigma-Aldrich A-3059) and with untreated
plasma. Gels were analyzed using Gel-Pro Analyzer
4.0 software. Protein content was determined by
Kjeldahl method.[21] The BSA% and Yield% were cal-
culated using Eq. (1) and (2), respectively.

BSA% ¼ BSAband density
Total sample density

� 100 (1)

Yield% ¼ BSA final
BSA initial

� 100 (2)

Model fitting
Taking into account the experimental design that was
chosen, the complete second-order models were
adjusted using linear regression.[17] The quality of the
model adjustments was evaluated through the coeffi-
cient of determination R2, analysis of variance
(ANOVA), and graphical analysis of residuals.

Multiple response optimization
In order to achieve multiple response optimization, a
variation of desirability function approach[22]

Table 1. Bovine plasma characteristics (Yerubá S.A.).
Manufacturing process Powder dried up by spray

Proteins content ≥76%
Ashes <10%
Humidity <6%
Solubility ≥96%
Bacteriological analysis Escherichia coli absent, Salmonella absent

Table 2. Factor levels and coded values used in the experimen-
tal design.
Factors Coded –1 0 +1

[Cap] (mM) X1 2 11 20
Temperature (T) (°C) X2 64 68 72
pH X3 5 6 7
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developed by Derringer and Suich[23] was used. This is
one of the most commonly used methods in industry. It
consists of transforming each response yi into an indi-
vidual desirability function di(yi) that varies within the
range 0 ≤ di(yi) ≤1, where zero (0) is the less desirable
value and the most desirable is 1.

Depending on whether a particular response yi is to
be maximized, minimized, or assigned to a target value,
different desirability functions di(yi) can be used. In this
study, the equation available for the larger is better case
was chosen, since both responses must be maximized.

di yið Þ ¼
0

yi xð Þ�Li
Ti�Li

if xð Þ <Li;
Li � yi xð Þ � Ti

if yi xð Þ>Ti

8<
:

where x is the factor, Li is the lowest acceptable value
of yi, and Ti is the target value desired for ith response.
At this point, r is the parameter that determines the
shape of di(yi), 0 ≤ r ≤1. For this case, r = 1 was used,
which means that the desirability function is linear.

The individual desirabilities are then combined
using the geometric media, which gives the overall
desirability D:

D ¼ d1 y1ð Þ:d2 y2ð Þ:dm ymð Þð Þ1=m

where m is the number of responses. In this way,
the problem of multi-response restricted optimization
is reduced to a problem of a single response
optimization.

The limits and target for both responses were: for
BSA(%), L1 = 95 and T1 = 100% w/w, and for Yield
(%), L2 = 20 and T2 = 30% w/w. The value for L1
was established considering BSA purity as a key
quality characteristic for the expected use, which
must be ≥95% w/w. This is important since this
value avoids a later stage of purification, increasing
production costs. For L2 it was necessary to select a
lower yield value, since the desired compromise
solution could not be reached at high values.

Results and discussion

Table 3 shows the experimental runs with the values of
the measured responses. A simple inspection of the
table reveals that the run of major BSA% (run 5) pre-
sents one of the lowest Yield% values. On the other
hand, the run with highest Yield% (run 8) has a rela-
tively low BSA% value (Fig. 1). This tendency suggests
the existence of a certain grade of negative correlation
between the responses, which makes it more difficult to
maximize both of them simultaneously.

BSA% modeling and the analysis of factors’ effects

Table 4 shows an adjusted model for BSA% in coded
variables, after eliminating the statistically non-signifi-
cant terms (p > 0.05). The model had a determination
coefficient R2 of 0.993, meaning that about 99% of the
variation observed around the average of the response
can be explained by the model. The graphical analysis
of residuals did not show any violation of the assump-
tions of least-squares method. Since it was not possible
to achieve a good adjustment with a second-degree
polynomial, responses and factors were transformed

Table 3. Box–Behnken experimental design with measured
responses.
Run [Cap] (mM) T (°C) pH BSA (%w/w) Yield (%w/w)

1 2 64 6 76.0 31.9
2 20 64 6 69.9 57.5
3 2 72 6 81.2 30.7
4 20 72 6 66.0 53.8
5 2 68 5 97.2 27.8
6 20 68 5 85.5 68.4
7 2 68 7 84.7 40.9
8 20 68 7 72.5 77.8
9 11 64 5 82.8 22.5
10 11 72 5 25.3 32.2
11 11 64 7 88.3 37.1
12 11 72 7 65.7 16.1
13 11 68 6 79.7 28.7
14 11 68 6 77.3 29.8
15 11 68 6 75.3 27.0
16 11 68 6 81.2 30.2

Figure 1. SDS-Page assay: (1) BSA pattern, (2) untreated
plasma, (3) run 5, (4) run 8.
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in order to simplify the model.[18] Because results of
these transformations were ineffective, it was necessary
to use a third-degree polynomial.

The values of regression coefficients shown in Table 4
indicate that T(X2) is the factor of major effect on BSA%.
Linear and quadratic coefficients of this factor approxi-
mately double the coefficients of [Cap] (X1). The quadra-
tic/linear interaction of greater coefficient involves [Cap]
and T, showing a strong interaction between these factors.

The results of ANOVA show that the model does
not present lack of fit (Table 5). On this basis, it was
considered that the adjusted model was appropriate to
describe BSA% behavior in function of the studied
factors ([Cap], T, and pH).

Figure 2 shows response surface constructed with
the adjusted model for BSA%. From this graphic, the
effect of [Cap] and T at a fixed level of pH = 5 can
be analyzed. The increase of T at low [Cap] produces
an increase in BSA% until reaching a maximum at
about 66°C; over this value, BSA% decreases. This
behavior is similar for high levels of [Cap]. At the
lowest T level, [Cap] increase produces a moderate

Table 4. Adjustedmodel for BSA%; R2 = 0.993; R2 adjusted = 0.983.
Coefficients SE t (6)a p-Value

Intercept 78.3 0.8 95.2 0.000000
X1 −5.6 0.7 −8.4 0.000153
X1

2 6.8 0.9 7.2 0.000361
X2 −19.7 0.9 −20.8 0.000001
X2

2 −11.9 0.9 −12.6 0.000015
X3 2.3 0.9 2.4 0.051639
X1

2.X2 20.0 1.3 14.9 0.000006
X1

2.X3 −6.4 1.3 −6.4 0.000657
X1.X2 −2.2 0.9 −2.4 0.055330
X2.X3 8.9 0.9 9.4 0.000084

SE, standard error
aStatistic t of student calculated.

Table 5. Analysis of variance (ANOVA) for BSA%.
SS df MS Fa p-Value

Regression 3044.9 7 435.0 64.0 0.002918
Lack of fit 42.7 5 8.5 1.2 0.469632
Pure error 20.4 3 6.8
Total 3107.9 15

SS, sum of square; df, degrees of freedom; MS, mean square.
aStatistic F of Fisher calculated.

Figure 2. Response surface for BSA%. Effect of [Cap] and T at pH = 5.
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approximately linear decrease in BSA%. Nevertheless,
due to a strong interaction between both factors, the
effect of [Cap] at high T is different, showing a
pronounced curvature which passes through a mini-
mum around [Cap] = 11 mM.

Figure 3 shows the effect of pH and T over BSA% at
a fixed [Cap] of 2 mM, which is calculated as optimum
concentration for the software. The increase of pH at
low T produces a linear decrease of the BSA%, while at
high T, it produces the contrary effect due to the pre-
sence of a strong linear interaction between both fac-
tors. The increase of T initially produces an increase of
BSA% in all the pH range until reaching a maximum
point at around 68°C, where it starts decreasing.

Figure 4 shows the effects of [Cap] and pH at a fixed T
of 68°C. The increase of the pH produces a linear decrease
of BSA% in extreme values of [Cap]. At a low pH, the
increase of [Cap] produces a significant decrease of BSA%
passing through a minimum at [Cap] = 11 mM; at higher
[Cap], BSA% increases. At high pH, the increase of [Cap]
produces a small almost linear decrease of BSA%.

From this model, a maximum BSA% of 97.2 at
[Cap] = 2 mM, T = 67.8°C, and pH = 5.2 is obtained.

Yield% modeling and the analysis of factors’ effects

Table 6 shows the adjusted model for Yield% in coded
variables. The model presented an R2 of 0.996. The gra-
phical analysis of residuals did not show any violation of
the assumptions of least-squares method. In Table 7,
ANOVA shows that the model does not present lack of
fit. Factor [Cap] (X1) has the greater effect over Yield%,
which markedly prevails over the other factors.

Figure 5 shows that the increase of [Cap] initially
produces a decrease in Yield%, passing through a mini-
mum from where it increases abruptly. This behavior
occurs in all T range. The increase of T in all [Cap]
range produces an increase in Yield% until reaching a
maximum at around 67°C.

In Fig. 6, it can be observed that the increase of the
pH in all [Cap] range produces an approximately linear
increase of Yield%, reaching a maximum for [Cap] = 20

Figure 3. Response surface for BSA%. Effect of pH and T at [Cap] = 2mM.
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mM; T = 66.6°C, and a pH = 7. The increase of [Cap]
initially produces a decrease in Yield% passing through
a minimum at [Cap] = 7 mM from where it increases
abruptly.

Figure 7 shows the effect of T and pH on Yield%.
An increase of pH in all the studied range produces
an increase in Yield%, and the greater effect
starts from pH = 6 where the slope changes. The
increase of T initially increments the Yield%, pas-
sing through a maximum of around 68°C, the high-
est values of Yield% are reached at a pH = 7.

From this model a maximum Yield% at [Cap] = 20
mM, T = 66.6°C, and pH = 7 is obtained.

Multiple response optimization of thermal
coagulation process

Using desirability function approach, it was found
that the following compromise solution between
both responses is BSA% = 95.0 and Yield% = 28.5
for [Cap] = 2 mM, T = 67.9°C, and pH = 5. Even
though this solution satisfied the BSA% ≥ 95 con-
dition, it produced a low Yield% value that signifi-
cantly affects the efficiency of the global process. In
order to explore possible alternatives, a sensitivity

Figure 4. Response surface for BSA%. Effect of pH and [Cap] at T = 68°C.

Table 6. Adjusted model for Yield (%); R2 = 0.996; R2

adjusted = 0.992.
Coefficients SE t (3) p-Value

Intercept 28.9 0.7 40.7 0.000033
X1 19.4 0.7 27.3 0.000108
X1

2 20.6 0.7 29.1 0.000089
X2 −2.0 0.5 −4.0 0.027732
X2

2 −6.1 0.7 −8.6 0.003290
X3

2 4.2 0.7 5.9 0.009877
X1.X2

2 −7.2 1.0 −7.1 0.005634
X1

2.X3 5.6 0.7 7.9 0.004200
X2.X3 −7.7 0.7 −10.8 0.001687

Table 7. Analysis of variance (ANOVA) for Yield (%).
SS df MS F p-Value

Regression 4411.3 8 551.4 273.6 0.000000
Lack of fit 10.7 4 2.7 1.3 0.431784
Pure error 6.0 3 2.0
Total 4428.1 15
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analysis of both responses to the changes of the
three studied factors was carried out. For this, five
Monte Carlo[24] simulations were carried out, gen-
erating three subsets of 10,000 data in each simula-
tion. Factors follow a normal distribution with
media zero (0) and a standard deviation of 0.35,
which guaranteed a fluctuation of the factors within
the studied range. The results obtained are shown in
Table 8, displayed in decreased order and filtered
for a BSA% ≥ 95 and Yield% ≥ 80. As it can be
observed, optimal values could be obtained indepen-
dently for both responses (BSA of 99.8% and yield
of 99.6%). Even though model predictions are
strictly valid within the studied region, these values
seem possible considering the appropriate adjust-
ment of the models, and the fact that it extrapolates
in experimental limit proximities. Nonetheless, this
needs further experimental verification.

Considering the problem of low Yield% (28.5), an
alternative could be to operate in a region of high

Yield% ≥ 80 and develop a follow-up stage of BSA
purification in the global process, though this would
increase the total cost of production. The final
optimization of the process could be achieved by a
techno-economic feasibility study. This would allow
to determine which of the following is the
best option: (a) to operate in a zone of BSA% ≥
95 ([Cap] between 0.9 and 4.7 mM; T between 66°C
and 68°C; pH between 4.7 and 5.2) and to accept a
low Yield%; or (b) to work in a zone of Yield% ≥ 80
([Cap] between 19.3 and 21.9 mM; T between 66.7°
C and 69.4°C; pH between 5.8 and 7.2) incorporat-
ing a follow-up stage of BSA purification.

Conclusions

This research was developed regarding the effects of
[Cap], T, and pH at laboratory scale on Yield% and
BSA% of BSA extracted by heat shock from bovine

Figure 5. Response surface for Yield%. Effect of T and [Cap] at pH = 7.
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plasma powder. From the results obtained, it can be
stated that the adjusted models were appropriate to
describe BSA% and Yield% behavior in function of
studied factors ([Cap], T, and pH).

RSM and desirability function approach were
used for the first time to study multiple response
optimization of the process.

Important interactions among the studied factors
and a negative correlation between both responses
were detected. It was found that T is the factor of
greater influence over BSA%. The quadratic/linear
interaction of greater coefficient involves [Cap] and
T, showing a strong interaction between these fac-
tors. The increase of T produces an increase in BSA
%, reaching a maximum at around 66–68°C. At this
T, the higher values of BSA% were achieved at low
values of pH and [Cap].

The factor that has the greater effect over Yield% is
[Cap]. The higher values of Yield% were obtained at high
values of pH and [Cap], and at a T around 66–68°C.

Using desirability function approach, the best com-
promise solution was reached between both responses:
[Cap] = 2 mM, T = 67.9°C, and pH = 5 being the BSA =
95.0% w/w and yield = 28.5% w/w, which achieved the
target for BSA% (≥95%) at the expense of a very low
Yield%.

The level of the factors that maximize Yield% and
BSA% independently could also be determined. A
Monte Carlo simulation study showed that it is possible
to obtain excellent values for each individual response
(BSA% = 99.8 and Yield% = 99.6) in the proximities of
the experimental limits.

An alternative to improve the Yield% could be to
operate in a region of high Yield% ≥ 80 and develop
a follow-up stage of BSA purification in the global
process.

However, the final optimization of the process
must be achieved through a techno-economic feasi-
bility study that determines which one is the best
option: (a) to operate in a region of BSA% ≥ 95

Figure 6. Response surface for Yield%. Effect of pH and [Cap] at T = 66.6°C.
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accepting a low yield, or (b) to work in a region of
Yield% ≥ 80 and develop a later stage of purification
to improve BSA%.
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