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Abstract. The interaction between proteins and solid surfaces has been investigated. The aim of this work is to
compare three different materials (hydroxyapatite, polystyrene with core-shell structure (PE-CS) and a functional-
ized styrene divinylbenzene copolymer) to be used as adsorbents for lysozyme, known as a “hard” protein. Tests
were performed according to an experimental design in order to compare the effects of pH, lysozyme and phosphate
buffer concentration onto the adsorbed amount of protein. A 23 factorial design and a cross design, which was
performed in triplicate, were used to distinguish the most important variables and to infer about the interaction
between them. Hydroxyapatite showed the best performance—higher adsorbed amount of lysozyme and smaller
dispersion (72.24+0.9 mg/g). However, PE-CS can be regarded as a promising support as high amounts of lysozyme

are adsorbed onto this material with relatively small dispersion.
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1. Introduction

Biomolecules separation has been intensively studied
over the last decades (Barroug et al., 1989; Kandori et
al., 1997; Kawasaki et al., 2003). This is partially due
to the high importance of biomolecules for medical,
pharmaceutical, chemical, dentistry and other indus-
trial purposes. Liquid chromatography is one of the
classical methods used to separate proteins. So, the in-
teraction between proteins and solid surfaces is the ba-
sis of this process.

Proteins are long chains of amino acids. Depending
on the nature of the amino acids, protein charge in so-
lutions can be positive or negative due to the amino
or carboxyl groups, respectively. Lysozyme is a glob-
ular protein and is known for its antibiotic activity. It
can be found in the body fluids and hen egg-white.
Lysozyme is a basic protein since its isoelectric point
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is 11.1. It also displays a relatively large hydrophobic
patch on its surface and despite its recognized hardness
on hydrophilic surfaces, it remains unclear whether
lysozyme compromises its structural integrity upon ad-
sorption onto hydrophobic surfaces (Weaver and Carta,
1996).

Many materials have been investigated to be used
as support in chromatographic columns as ceramics
(Kandori etal., 1997), polymers (Skidmore et al., 1990)
and composites (Weaver and Carta, 1996). Hydroxya-
patite (Hap) is one of the most important adsorbents
designed for proteins separation. Besides, it is the ma-
jor mineral component of bones and teeth and this sim-
ilarity with hard tissues can elucidate the mechanism
of adsorption of some proteins onto them.

The study of adsorption of proteins like lysozyme
onto hydroxyapatite surfaces is not recent. Barroug
et al. (1989) presented a study about the adsorption
of hen egg-white lysozyme at 20°C onto synthetic and
commercial apatites. The influence of pH (5.5-8), ionic



132 Figueiredo et al.

strength, addition of calcium and phosphate ions to
solution on the amounts of adsorbed protein was in-
vestigated. The maximum adsorbed amount observed
was 55 nmol/m?. This corresponds to a loosely packed
monolayer. It was concluded that the adsorption of
lysozyme on apatites is driven by electrostatic inter-
actions and may be considered as a surface charge
neutralisation.

Later, Barroug et al. (1992) presented a paper
in which the adsorption of lysozyme onto calcium-
deficient hydroxyapatites was evaluated. The adsorp-
tion of hen egg-white lysozyme was measured at
ambient temperature in 1 x 1073 mol/L. KNO;3 aqueous
solutions buffered at pH 6.8 with 2 x 1073 mol/L phos-
phate buffer. It was observed that lysozyme adsorbs
onto hydroxyapatite according to a mechanism involv-
ing specific adsorption sites, by which surface con-
centration and affinity seem to increase together with
the specific surface of the adsorbent. Despite the re-
sult presented in the aforementioned work, it was ob-
served that electrostatic interactions are of minor im-
portance, except when Hap is positively charged. In
that case, electrostatic repulsion can prevent positively
charged lysozyme molecules from accessing the Hap
surface.

The adsorption of lysozyme onto various synthetic
hydroxyapatites was investigated by Kandori et al.
(1997). The adsorption isotherms of lysozyme onto
these hydroxyapatites exhibited the pseudo-Langmuir
type. It was found that only 1 to 29% of the parti-
cle surface was covered by lysozyme molecules. The
study provides the evidence that lysozyme specifically
adsorbs onto phosphate ions on ac or bc faces of Hap.

Recently, Kawasaki et al. (2003) studied the
adsorption of proteins from saliva onto hydroxyap-
atite. In order to compare the results, the adsorption
behavior of some model proteins, like human serum
albumine, lysozyme, B-lactoglobulin and ovalbumin
was also evaluated. The high-affinity adsorption of
lysozyme reflected electrostatic attraction between the
positively charged protein and the negatively charged
hydroxyapatite surface at pH 7. Lysozyme showed ad-
sorption saturation value of 1.2 mg/m?, corresponding
to a full monolayer of molecules onto hydroxyapatite.
It was also observed that the presence of Ca?* reduced
the adsorption of lysozyme in hydroxyapatite. Saliva
proteins have low adsorption affinity. The results sug-
gest that an acquired pellicle in tooth surface in an
oral environment contains a significant fraction of pos-
itively charged proteins. Thus, electrostatic forces are

expected to play a minor role in subsequent interactions
at the tooth surface (as bacterial cells).

On the other hand, polymeric materials, as ion ex-
change resins, have also been applied for chromato-
graphic purposes. The advantages of this kind of ma-
terial are large specific area, versatility and relative
cheapness. As an example, Skidmore et al. (1990) com-
pared the adsorption behavior of lysozyme and BSA
onto the strong cation exchanger S Sepharose FF. Two
different models were developed. The first model was
based on a single lumped kinetic parameter. The second
model considers the individual transport process occur-
ing prior to the adsorption reaction, taking into account
diffusion across the liquid film surrounding individual
particles and diffusion within the ion-exchange parti-
cle itself. Experiments were performed at 25°C, pH
5.0 in acetate-acetic acid buffer in batch agitated tanks
and packed-bed modes. For lysozyme, both models al-
lowed for good fit of the available data. In the case of
BSA, however, the agitated tank profile was consistent
with the pore diffusion model.

Arai and Norde (1990) pointed out that lysozyme
behaves like a “hard” particle, having a large structure
stability and, therefore, a strong internal coherence. As
an example, it adsorbs onto polystyrene hydrophobic
surfaces with high affinity, even under conditions of
electrostatic repulsion.

Weaver and Carta (1996) used lysozyme as a test
protein to characterize the equilibrium and transport
properties of two commercial adsorbents suitable for
protein chromatography at elevated flow rates. One
of these materials, POROS 50, is a macroporous ad-
sorbent based on a styrene-divinylbenzene copolymer.
The other material, known by the trade name Hyper D,
is a composite comprising high-porosity polystyrene-
coated silica particles whose pores have been filled
with a functionalized polyacrylamide hydrogel. Both
materials possess a strong cation exchange functional-
ity and are suitable for adsorption of positive proteins.
Tests were performed at 23°C, pH 6.5 with a 10 mmol/L
NaH,PO, aqueous buffer. The gel-composite material
has a capacity which is more than 60% higher than
that of the macroporous exchanger. This result reflects
the different way in which adsorption is performed:
through surface area in the case of macroporous adsor-
bent and through the space-filling capacity of the func-
tionalized hydrogel in the case of the gel-composite
media.

Although intensively studied, the protein adsorp-
tion mechanism onto hydrophilic and hydrophobic
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materials is not clear yet. Most studies comprise dif-
ferent kinds of materials, operational conditions and
protein models. The aim of this study is to evaluate
lysozyme adsorption onto three different adsorbents:
hydroxyapatite, polystyrene with a core-shell structure
(PE-CS) and a functionalized styrene-divinylbenzene
copolymer (Amberlite IRA 120) using experimental
design as a tool. The effect of pH, phosphate buffer and
initial protein concentration on the adsorbed amounts
of lysozyme onto the adsorbents were investigated. The
main objective is to verify interactions between the
variables and determine quantitatively the best adsor-
bent for a specific experimental condition.

2. Theoretical Framework
2.1. Langmuir Isotherm

Although originally developed for gas adsorption
onto solid surfaces, Langmuir isotherm has been
used to describe the adsorption behavior of proteins
onto solid/liquid interfaces (Weaver and Carta, 1996;
Barroug et al., 1992; Kandori et al., 1997). The
widespread use of this model is due to its simplicity.
The isotherm is expressed as:

q bC

gm _ 1+bC

M

where ¢ is the adsorbed amount, g, is the maximum
adsorption capacity, b is Langmuir adsorption constant
and C is equilibrium concentration of the adsorbed
species. As the uptake of proteins generally involves
heterovalent interactions with the adsorbent, the as-
sumptions of the mathematical derivation of the Lang-
muir theory are violated. However, the expression can
be applied successfully for fitting of experimental data
if the parameters are empirically determined at each
operational condition (Weaver and Carta, 1996).

2.2.  Experimental Design

An experimental design is a collection of experimental
tests where purposeful changes are made to the input
variables of a process in order to observe and identify
the corresponding changes in the output response. The
objectives may include the determination of the vari-
ables that exert the largest influence on the response
or definition of experimental conditions where the re-
sponse is near the nominal requirement and/or response

variability is small. Thus, experimental design methods
may be used to improve performance or to obtain a pro-
cess that is robust or insensitive to external sources of
variability.

Certain special types of factorial designs are very
useful for process development and improvement. One
of these is a factorial design with k factors, each at two
levels. Because each complete replicate of the design
has 2¥ runs, the arrangement is called a 2* factorial de-
sign. These designs have greatly simplified data anal-
ysis and form the basis of many other useful designs
(Montgomery, 1991).

Factorial designs are used in this work because these
experimental plans allow for independent and simulta-
neous analysis of the most important linear and nonlin-
ear effects that the independent variables exert on the
response variables. In order to perform the statistical
analysis, empirical models are normally used to repre-
sent the relationships between the set of response vari-
ables and the set of independent design variables. This
should not be seen as a major drawback, especially dur-
ing the initial stages of an experimental investigation,
when very little is known about the relative importance
of the design variables on the analyzed responses and
when theoretical models cannot be formulated a priori,
asin the analyzed problem. For these reasons, empirical
statistical analysis is performed first for screening of the
most important effects caused by the design variables
on the response variables and afterwards the standard
Langmuir Isotherm (Eq. (1)) is used to provide physical
interpretation for the obtained experimental results.

3. Experimental
3.1. Materials

Both hydroxyapatite (Hap) and polystyrene with
core-shell structure (PE-CS) were synthesized in our
laboratories. Hap (Ca/P molar ratio equals 1.55 and
59.4 m?/g of BET area) was used without further treat-
ment. PE-CS was added to ethanol/water solutions to
remove air of the lattices. First, PE-CS was washed
with ethanol; afterwards, with ethanol/water solutions
(50:50 wt%); and finally, with pure water. The commer-
cial cation exchange resin used was Amberlite IRA 120
(A120), from Vetec. It was converted to sodic form by
addition into NaOH 50 wt% aqueous solution for 24 h.
Hen egg-white lyophilized lysozyme was supplied by
USB. All other chemicals were reagent grade. High
purity water was used for preparing solutions.
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Table 1. Range of investigation of each variable.

Variable Minimum  Central ~Maximum

Phosphate buffer 0 5 10
concentration (mmol/L)

pH (-) 6 8 10

Lysozyme 0.2 0.5 0.8

concentration (g/L)

3.2.  Experimental Design

The adsorption of lysozyme was evaluated with an
experimental design. The effects of pH, phosphate
buffer and initial protein concentration on the ad-
sorbed amounts of lysozyme were investigated. Vari-
able ranges are presented in Table 1.

In order to compare variables during the parameter
estimation step, variables were normalized. Thus, —1
corresponds to the minimum value, O is the middle of
the range and 1 is the higher value.

For each adsorbent, tests comprised a 23 factorial
and a cross design, which was performed in replicates
in order to quantify experimental deviations. Experi-
mental design performed is presented in Table 2. The
proposed experimental design allows for independent
determination of the main linear and quadratic effects
and of the binary interactions.

Table 2. Experimental design for each support.

Experimental ~ Phosphate Lysozyme
conditions buffer pH  concentration
1 -1 -1 -1
2 -1 -1 +1
3 -1 +1 -1
4 -1 +1 +1
5 +1 —1 —1
6 +1 -1 +1
7 +1 +1 —1
8 +1 +1 +1
9* -1
10* +1
11* 0 —
12* 0 +1
13* 0 -
14* 0 +1

*In triplicates.

3.3.  Protein Adsorption Tests

For each experimental condition, 0.15 g of adsorbent
(Hap, PE-CS or A120) was transferred to a test tube
and mixed with 13 mL of protein solution prepared by
dissolving lysozyme in a proper solution. Then, pH
value was adjusted with 0.01 mol/L. NaOH or HCl so-
lutions. The system was closed and shaked at 200 rpm
for 2 hours. Temperature was set to 23°C. The suspen-
sion was centrifuged and supernatant was analyzed.
Bradford method (Bradford, 1976) was used to quan-
tify protein equilibrium concentration. This is a colori-
metric method used to quantify the protein content in
a sample. The adsorbed amount of protein was deter-
mined by a mass balance.

3.4. Modelling Adsorption Process

Experimental data obtained was evaluated with
Statistica software (Statsoft, 1995), including variance
analysis. Models were developed to describe a mathe-
matical relationship between variables and the amount
of adsorbed lysozyme.

4. Results and Discussion
4.1. Adsorption Behavior of Each Support

In order to compare the adsorbents performance, the ad-
sorbed amount of lysozyme in each test is presented in
Table 3. As experimental conditions from 9 to 14 were
carried out in triplicate, mean values are presented.

By comparing all the supports, hydroxyapatite
showed the higher adsorbed amount (72.2 mg/g) in pH
8.0, S mmol/L of phosphate buffer solution and 0.8 g/L
of protein concentration (experimental condition 14).
This value is the same saturation value observed by
Kawasaki et al. (2003), which was equal to 1.2 mg/mz,
corresponding to a full monolayer onto Hap. The higher
adsorbed amount of lysozyme onto PE-CS and A120
was 37.4 and 11.9 mg/g, respectively.

4.2.  Variance Analysis

As the experimental cross design was replicated,
variances were computed for each one of the six ex-
perimental conditions (from 9 to 14) and compared by
performing the F-test in pairs. Thus, it was possible
to test the hypothesis of variance equality. Variances
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Table 3. Amount of  adsorbed
lysozyme for each support (mg/g).

Adsorbent
Experimental
conditions Hap PE A120
1 51 120 5.0
2 19.2 358 5.7
3 135 170 5.7
4 402 374 119
5 13.6 116 23
6 224 203 4.5
7 214 156 5.1
8 446 323 6.8
9* 11.8 188 8.2
10* 426 231 10.5
11* 199 190 2.6
12* 36.8 227 9.0
13* 19.2 150 4.8
14* 722 328 11.6

*Mean values.

Table 4. Variances for each experimental condition
of cross design (mg/g)?.

Adsorbent

Experimental conditions ~ Hap PE A120

9 0.41 6.84 26.52
10 0.01 6.08  209.85
11 030 18.94 9.82
12 0.09 0.25 3.24
13 0.02 1.39 0.04
14 4.66 13.10 14.34

for each operational condition are presented in
Table 4.

Table 4 shows that the increase in lysozyme concen-
trations also increases adsorption variability since vari-
ances of experimental condition 14 are always higher
than in experiment 13. This may be due to the surface
hydrophobicity and protein hardness.

It is also noticeable that decreasing pH causes an
increase on variance for PE-CS and this is the main
cause of the variability in this system. It means that
protein is more regular closer to its isoelectric point.

For A120, however, it should be noted that the in-
crease on phosphate buffer concentration seems to be
the main source of variability.

Table 5. Variances for each

adsorbent (mg/g)?.

Adsorbent Variances
Hap 0.92
PE 7.77
A120 43.97

According to the F-test, variances of each adsorbent
are essentially equivalent to each other with 2 degrees
of freedom and confidence level of 95%. So, from this
point on, it is assumed that the variances are constant
and equal to the mean variances for each support, as
presented in Table 5.

The F-test was then performed to compare variances
between different adsorbents. According to the test,
variances obtained for each adsorbent are not equiva-
lent with 12 degrees of freedom and 95% of confidence.
This indicates that the adsorption mechanism is differ-
ent depending on the chemical nature of the support,
as we could expect. It is also noticeable that hydrox-
yapatite has the smaller variance, proving that it is the
best adsorbent. This feature is specially important for
industrial purposes.

4.3. Mathematical Models

In order to determine the main variables for each sys-
tem, a model for the adsorbed amount of lysozyme was
developed, as presented below:

2 2
q = ap+ a1x; + axxy + azxz + asxy + asx;

2
+agx; + azxixy + agx1x3 + agxax3 )

Variables x1, x, and x3 correspond to phosphate buffer
concentration, pH and lysozyme initial concentration,
while ¢; (i =1, 2,...9) are parameters of the model.

As observed previously, Eq. (2) is used here for ini-
tial screening of the most important effects caused by
the design variables on the response variables. Param-
eters ao, ai, a, and a3 represent the linear effects (main
effects). Parameters a4, as and ag represent the non-
linear quadratic effects (that lead to development of
points of maximum and/or minimum in the response
surface). Parameters a7, ag and ag represent the non-
linear interaction effects (that indicate the synergy be-
tween different variables and how one design variable
can influence the effect of a second one). The proposed
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factorial design allows for simultaneous and indepen-
dent analysis of all described effects on the perfor-
mance of each analyzed adsorbent. Our main objective
here is the identification of the most important variables
and effects.

It must be clear that the use of Eq. (2) should be lim-
ited to the experimental region where it was developed,
asitis empirical and lacks physical meaning. However,
the usefulness of physically meaningful models in this
case is questionable, as the chemical and physical na-
tures of the adsorbents are very different. Therefore,
the adsorption of the biomolecules occurs onto differ-
ent sites and is subject to different sorts of interaction
in the different experiments. Besides, little is known
a priori about the nature of the chemical and physical
interactions that are present in the studied system. For
all these reasons, the use of Eq. (2) as a modeling tool
is completely justifiable.

The results for the adsorbed amount of lysozyme
onto Hap are presented in Table 6. Error values corre-
spond to 95% of confidence band of a normal distribu-
tion.

For hydroxyapatite, all variables affect the adsorbed
amount of lysozyme. However, lysozyme initial con-
centration is the main variable for this system, since
as is greater than a; and a,. Phosphate buffer concen-
tration and pH have the same significance level since
a; and a, are similar. No interaction effects were ob-
served. However, phosphate buffer concentration and
pH (x; and x,) present a nonlinear relationship with the
adsorbed amount of protein.

The increase of lysozyme concentration causes the
increase of the adsorbed amount since there are more
molecules in the system. The same behavior is ob-
served for phosphate buffer concentration. Probably,
this is due to the fact that phosphate ions can adsorb on

Table 6. Estimated parame-
ters for the adsorbed amount of
lysozyme onto hydroxyapatite.

Parameters Values

ap 4247
ap 8+5
a 8+5
a3 17+5
as —12+38
as —11+8

R 0.89
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Figure 1. Observed and predicted values for lysozyme adsorption
onto Hap.

calcium sites of hydroxyapatites, increasing the total
number of sites for adsorption of lysozyme, which is
positively charged in the range of pH studied. It was al-
ready seen that lysozyme adsorbs onto phosphate ions
on ac or bc faces of Hap (Kandori et al., 1997). Higher
pH values raise lysozyme adsorbed amount since it
is closer to its isoelectric point. These results indicate
that the adsorption of lysozyme is based on electrostatic
forces and hydrophobic interactions between adsorbent
and lysozyme.

It was observed that this model was able to explain
80% of variance and that the correlation coefficient be-
tween observed and predicted values was 0.89, showing
that it is in good agreement with experimental data, as
illustrated in Fig. 1. Dashed line corresponds to 95%
of confidence band.

The results of parameter estimation of adsorbed
amount of lysozyme onto PE-CS are presented in
Table 7.

The main variable for lysozyme adsorption onto PE-
CS is protein initial concentration, followed by pH. It
was observed that phosphate buffer concentration does
not affect the results. Besides that, the existence of
significant nonlinear quadratic and interaction effects

Table 7. Estimated pa-
rameters for the adsorbed
amount of lysozyme onto
polystyrene.

Parameters Values
) 22+1
a 242
as 9+2
R 0.89
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Figure 2. Observed and predicted values for lysozyme adsorption
onto PE-CS.

could not be noticed. The model was able to explain
79% of experimental variance and linear correlation
coefficient is 0.89, as illustrated in Fig. 2. Dashed line
corresponds to 95% of confidence band. It can be con-
cluded that linear model fits better to PE-CS, compar-
ing it to hydroxyapatite. Electrostatic interactions play
a minor role since it was observed that the adsorbed
amount is greater when there is no phosphate ions, pH
is 10.0 and lysozyme concentration is 0.8 g/L. This may
be due to the fact that PE-CS is a hydrophobic material.

It was not possible to analyse experimental data for
the adsorption of lysozyme onto A120 since variances
were too high. It seems that investigated variables did
not play a role on the adsorption. However, the origin
of the deviations can be electrostatic and hydrophobic
competitions onto the adsorbent surface, since it has
hydrophobic and hydrophilic sites. In addition to it,
it should be investigated whether phosphate ions and
other chemicals (as NaOH and HCI, which were added
to set pH values) affected the results. As ionic strength
was not under control, this may be the reason for vari-
ance rise since this parameter can reduce the electri-
cal double layer and change the adsorbed amount of
lysozyme. This feature should be investigated in further
works. Anyway, this is an indication that the alternative
materials investigated here (Hap, PE-CS) may be bet-
ter adsorbents for lysozyme than available commercial
products.

Attempts to use Eq. (1) to describe the experimental
data were not successful, as one might already expect
and was described previously, even when parameters
qm and b were assumed to depend on the experimental
conditions, as described below:

q _ (ao+aixi + ax; + azx3)C 3)
gm 1+ (a0 +aix; +axxy + azx3)C

In all cases, the best results were obtained when it was
assumed that g did not depend on C. This probably in-
dicates that all experimental data were obtained close
to the saturation conditions, where the effect of C on g
vanishes. However, as the adsorption of proteins onto
surfaces depends strongly on the mechanism of adsorp-
tion (which is usually non-homogeneous) and on the
surface coverage, one may also speculate that the use
of the Langmuir isotherm is not appropriate in the an-
alyzed case. Therefore, more involving physical mod-
eling may be required for the analyzed experimental
system.

5. Conclusion

Throughout the range of study of pH, lysozyme
and phosphate buffer concentration, hydroxyapatite
showed the best performance for lysozyme adsorp-
tion (higher adsorbed amount and smaller variance).
However, PE-CS is a promising material, since low
experimental deviations were observed for this sup-
port. Mathematical models showed that the adsorption
of lysozyme onto Hap depends on the pH, phosphate
buffer and protein initial concentration. For adsorption
onto polystyrene, phosphate buffer concentration does
not affect the results. For both adsorbents, interactions
between the variables were not observed. Results ob-
tained with Amberlite Ira 120 were not conclusive be-
cause it showed very high variances.

Nomenclature

a; i =1,2,...9) model parameters

A120 cation exchange resin Amberlite
Ira 120

b Langmuir adsorption constant

C equilibrium concentration of the
adsobed species

Hap hydroxyapatite

k number of factors of a factorial
design

PE-CS polystyrene with core-shell
structure

q adsorbed amount, in mg/g

qm maximum adsorption capacity,
in mg/g

Xn investigated variables
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