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Dye-ligand macroreticular poly(styrene-co-divinylbenzene) microparticles with different pore properties
have been obtained and used as adsorbents of proteins. To do so, plain microparticles were first coated with
poly(vinyl alcohol) to shield the hydrophobic polymer surface from non-specifically adsorbing protein.
The poly(vinyl alcohol) coating was then chemically cross-linked with glutaraldehyde to obtain a stable
layer. Following this, Cibacron Blue F3GA, which was chosen as the dye affinity ligand, was immobilized
on these microparticles to obtain specific protein adsorption. After each modification step, the pore size
distributions of the microparticles were determined, observing that the adsorption of poly(vinyl alcohol)
clogged micropores and low-interval mesopores, and that only microparticles with a high pore volume,
basically due to high-interval mesopores and macropores, largely continued to exhibit these pores. The
batch adsorption properties of the functionalized microparticles were studied using lysozyme as a model
protein, observing that the existence of high-interval mesopores and macropores was essential in the
adsorption of the protein. In fact, it was only possible to evaluate the adsorption characteristics in the
case of microparticles that largely continued to display this kind of pores after their functionalization.
Adsorption equilibrium was found to be described well by the Sips model, with a maximum adsorption
capacity of 100.8 mg g~ dry adsorbent. With regard to adsorption kinetics, both pore-diffusion and solid-
diffusion models were used to estimate the diffusion coefficients, with the observation that the simplified
solid-diffusion model was reliable for describing the experimental kinetic data, with a diffusion coeffi-
cient of 1.4 x 10~ cm?2 s~'. The non-specific adsorption of lysozyme on the functionalized microparticles
was found to be 2.6 mgg~! dry adsorbent. Finally, regarding desorption of the protein, it was observed
that more than 73% of the lysozyme adsorbed was readily desorbed in a desorption medium containing
1.0mol L' NaCl at pH 7.3.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

coupling reagents that allow covalent attachment of the ligand to
the matrix.

Among all the mechanisms used in biomacromolecular sep-
aration processes, affinity chromatography is considered to be
the most specific because it relies on the specificity of a
ligand-biomacromolecule interaction [1]. Affinity systems have
a broad range of applications, and they have been used in the
isolation and purification of enzymes, hormone receptors, can-
cer cell-surface antigens, membrane proteins and interferons [2].
Moreover, it seems probable that in the future the range of applica-
tions will increase and that novel techniques based on bimolecular
recognition will continue to be developed.

The basic requirements for the development of an affinity purifi-
cation system are an inert matrix material, an affinity ligand, and
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Use of the affinity chromatography technique has been lim-
ited by problems associated with the support matrix, especially
when high pressures must be used during the separation process.
Agarose, which is a low-charge fraction of seaweed polysaccha-
ride agar, is the most widely used support matrix, but its lack of
mechanical stability, even in heavily cross-linked varieties, restricts
its application in large-scale operations [3]. In contrast, synthetic
macroreticular polymers are increasingly being used - in particular,
adsorbents based on poly(styrene-co-divinylbenzene) (poly[S-co-
DVB]) - owing to their good mechanical and chemical properties,
their versatility and their pore structure [3-6]. However, the use of
poly[S-co-DVB] microparticles as adsorbents of proteins is subject
to two types of problem: (a) they cannot be used directly to purify
proteins because hydrophobic interactions between the polymeric
matrix and protein often result in irreversible adsorption, and (b)
their direct derivatization with affinity ligands is difficult. There-
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Nomenclature

A coefficient in Eq. (6)

b Langmuir equilibrium coefficient of the adsorption
sites (mLmg~1)

c concentration of Lys in the pores (mgmL~1)

Celys concentration of Lys in the supernatant at equilib-
rium (mgmL-1)

G concentration of the adsorbable in the supernatant
(mgmL-1)

Coi initial concentration of the adsorbable in the solu-
tion (mgmL-1)

De effective pore diffusivity of Lys (cm2s~1)

Ds solid diffusivity of Lys (cm2s~1)

Ho null hypothesis

Hq alternative hypothesis

I parameter defined by Eq. (10)

I parameter defined by Eq. (11)

n term in Eq. (6)

Mplain sample size for the plain S2 microparticles

Nwithpva Sample size for the PVA-coated S2 microparticles

Pn non-zero roots of Eq. (17)

q Lys concentration in the particles on a pore-free
basis (mgmL-1)

q* particle-average Lys concentration at equilibrium
(mgmL-1)

e amount of Lys (or PVA) adsorbed at equilibrium on
the particles (mgg1)

gi amount of Lys (or PVA) adsorbed at different times
on the particles (mgg=1)

ai, maximum Lys adsorption capacity on the particles
(mgmL-1)

qm maximum Lys adsorption capacity on the particles
(mgg™1)

Qnon-ads amount of Lys non-specifically adsorbed at equilib-
rium on the particles (mgg1)

r radial position in the microparticles (cm)

R? coefficient of determination

Rp average value of the particle radius (cm)

SBET BET specific surface area (m2 g-1)

S3 variance defined by Eq. (4)

Sélam individual sample variance for the plain S2
microparticles

ngith pva individual sample variance for the PVA-coated S2
microparticles

t uptake time (s); t-statistic

%4 bulk solution volume (mL)

Vads volume of nitrogen adsorbed on the microparticles
(cm3 g~1 STP)

Vmicro  volume of micropores (cm3g~1)

VM volume of microparticles (mL)

Vo.i initial volume of adsorbable solution (mL)

AV; dilution due to the humidity of the adsorbent (mL)

w dry-adsorbent weight (g)

Vplain sample mean of the pore property for the plain S2

o
€p

microparticles

Ywith pva Sample mean of the pore property for the PVA-

coated S2 microparticles

Greek letters

significance level of the test
intraparticle porosity of the adsorbent

n parameter defined by Eq. (12)

A parameter defined by Eq. (14)

A fractional amount of Lys ultimately taken up by the
adsorbent, defined in Eq. (13)

Mplain ~ Mean pore property for the plain S2 microparticles

MUwithpva Mean pore property for the PVA-coated S2
microparticles

2 chi-square value

X

fore, the modification of their surface to prevent hydrophobic
interactions and the introduction of coupling reagents to over-
come the second problem are crucial requirements for obtaining
a support based on poly[S-co-DVB] suitable for their subsequent
functionalization and use as affinity adsorbents. In this sense,
research oriented to the modification of the surface of poly[S-co-
DVB] matrices to mask their hydrophobic surface with hydrophilic
groups has been carried out [3-12]. One of the methods used
involves a hydrophilic coating of the surface, which can be attained
by using a copolymer containing both hydrophobic and hydrophilic
segments [8]. Thus, if a copolymer of this type is dissolved in a
polar solvent and exposed to the poly[S-co-DVB] microparticles,
hydrophobic segments of the copolymer will adsorb on their sur-
face, while the hydrophilic segments will loop outwards away from
the surface like filaments. With this procedure, it is expected that
the hydrophobic character of poly[S-co-DVB] will be completely
masked and that the surface of the copolymer-support composite
will exhibit the properties of the hydrophilic segments. Owing to its
high degree of functionality, poly(vinyl alcohol) (PVA) seems to be
an appropriate copolymer for coating the poly[S-co-DVB] surface.
However, since it has been demonstrated that PVA partially desorbs
when exposed to protein solutions [6], it is usual to increase both
the chemical and the mechanical strength of the adsorbed layer by
cross-linking it. Several reagents can be used as cross-linkers [3-7],
the one most widely used being glutaraldehyde.

With regard to the ligand to be immobilized, a broad array of
functional molecules, such as proteins, enzymes, antibodies, amino
acid derivatives, oligopeptides, and nucleic acids can be used as lig-
ands. However, in most cases these ligands have certain problems:
(a) they are usually expensive and extremely specific, (b) there are
difficulties involved in immobilizing them without loss of their
original biological activity, and (c) they may be unable to withstand
harsh cleaning conditions during use. To overcome these problems,
triazine dye ligands have been considered as important alternatives
to natural counterparts for specific affinity chromatography [13].
These ligands are able to bind most types of proteins, especially
enzymes, in some cases acting in a remarkably specific manner
[14]. Among all of the triazine dyes, Cibacron Blue F3GA is one of
the most widely preferred ligands in the dye-affinity separation of
proteins [15,16].

Although dye-immobilized adsorbents have been extensively
used for protein purification [17], we have not found any study
covering from the synthesis of the macroreticular poly[S-co-DVB]
microparticles to their use as affinity adsorbents that has addressed
the equilibrium and kinetics of the adsorption, with the corre-
sponding modelling. Thus, the aim of the present work was to carry
out a global investigation into the production and application of this
type of adsorbent, studying the results of each modification intro-
duced into the plain microparticles and the implications of such
modifications in the final result.

To attain this objective, two types of macroreticular poly[S-
co-DVB] microparticles were synthesized from mixtures with
different divinylbenzene and diluent concentrations according
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to an experimental procedure described elsewhere [18]. These
microparticles were first coated with PVA and then chemically
cross-linked with glutaraldehyde. Finally, Cibacron Blue F3GA lig-
and was immobilized on the microparticles. Modification of their
pore size distribution was also investigated. Additionally, the
resulting functionalized adsorbents were characterized by protein
uptake equilibrium and kinetic studies using lysozyme (Lys) as a
model protein. The non-specific adsorption and desorption of Lys
were also tested.

2. Experimental
2.1. Chemicals

Poly(vinyl alcohol) (with a weight-average molar mass of
13,000-23,000 and a degree of hydrolysis of 87-89%) and the
cross-linking agent, in this case glutaraldehyde (50% in water),
were obtained from Sigma-Aldrich (Madrid, Spain). Hydrochlo-
ric acid at 35%, used as the catalyst in the cross-linking step
of the adsorbed PVA layer, was supplied by Scharlab (Barcelona,
Spain). The reagents used in the functionalization of the mod-
ified matrices were Cibacron Blue F3GA, which was obtained
from Fluka Biochemika (Madrid, Spain), and sodium chloride and
anhydrous sodium carbonate, both of which were supplied by
Scharlab (Barcelona, Spain). Other reagents such as 99.5% sodium
azide (Sigma-Aldrich, Madrid, Spain), and methanol multisolvent
and hydrogen sodium carbonate (both obtained from Scharlab,
Barcelona, Spain), were used in the conditioning of the microparti-
cles.

To check the usefulness of the hydrophilic microparticles
as adsorbents of proteins, lysozyme from chicken egg white
(Lys, lyophilized powder, 95% approximately, from Sigma-Aldrich,
Madrid, Spain) was used as a model protein. Salt-phosphate
buffer solutions were prepared from monobasic anhydrous sodium
phosphate and dibasic anhydrous potassium phosphate (Panreac,
Barcelona, Spain), and sodium chloride (Scharlab, Barcelona, Spain),
all of them of reagent grade. All sample solutions were microfiltered
through a 0.45-pwm syringe membrane filter (Millex-HV, Millipore
Iberica).

2.2. Experimental procedure

Two types of macroreticular poly(styrene-co-divinylbenzene)
(poly[S-co-DVB]) microparticles (S1 and S2) synthesized under dif-
ferent operating conditions were used. They were synthesized at
our laboratory by means of the suspension polymerization tech-
nique, using n-heptane as porogen, as described elsewhere [18].
Their synthesis conditions, together with their structural character-
istics, are summarized in Table 1. Sample S1 proved to have good
adsorption and structural properties, as well as good mechanical
strength [18-20]. With respect to the S2 microparticles, these dis-
played enhanced adsorption properties as regards both adsorption
equilibrium and adsorption diffusivity [20].

Table 2

Table 1
Synthesis conditions of the plain macroreticular poly(styrene-co-divinylbenzene)
microparticles

Property Samples

S1 S22
DVB concentration (wt%)P 55.0 425
Monomeric fraction (v/v)© 0.60 0.50
Mean particle size (m) 170 170
BET specific surface area 434 376
(m?g-1)
t-Plot micropore volume 0.06 0.05
(em?g-T)
Cumulative volume of 0.81 0.97

pores between 10 A and

1000 A radius (cm3 g=1)

Cumulative surface area of 372 340
pores between 10 A and

1000 A radius (m2 g~!)

Average pore radius (A) 44 57
Modal pore radius (A) 244 284

2 Pore properties are the corresponding to the first replicate of plain S2 micropar-
ticles, because these are the microparticles used in the functionalization and
adsorption experiments.

b DVB concentration is the weight percentage of DVB isomers in the monomeric
mixture.

¢ The monomeric fraction in the organic phase is the volume fraction of the
monomers in the organic phase.

2.2.1. Coating of the polystyrene matrix with PVA

Macroreticular poly[S-co-DVB] microparticles were first washed
extensively with methanol and then with deionized water. Fol-
lowing this, the microparticles were equilibrated overnight with
water, which was later removed. The dry-weight fraction of the
wet microparticles, W (g), was determined from the weight loss of
the samples after 24 h in an oven at 110°C.

After washing, 15.0g of wet polymeric microparticles were
placed in a round-bottomed flask and 250 mL of PVA solution was
added at an initial concentration of 50 mgmL~1. The solution was
heated to 30°C and stirred mechanically at 50 rpm for 3 days. To
determine the PVA adsorption kinetics, samples of supernatant
were removed on a regular basis to measure the concentration
of PVA (Cpya, expressed in units of mgmL~1) with a UV-Vis spec-
trophotometer (Varian, model Cary 50) at 320 nm. The amount of
PVA adsorbed per unit dry weight of adsorbent (gpya, mgg=! of dry
adsorbent) was obtained from the mass balance:

~ V5,iGoi = (Vo i + AVHG
= w

(1)

where g; is the amount of adsorbate which is adsorbed on the adsor-
bent (mgg1); V,; is the initial volume of the solution (mL); AV;
represents the dilution due to the humidity of the adsorbent (mL);
Co,; is the initial concentration of the adsorbable in the solution
(mgmL-1); G; is the concentration at time t (mgmL~1); W is the
dry-adsorbent weight (g).

The PVA-coated poly[S-co-DVB] microparticles were then
washed thoroughly with deionized water.

Two-sample t-test for the PVA coating experiment on S2 microparticles with regard to the pore properties

Property Plain S2 microparticles PVA-coated S2 microparticles
First replicate  Second replicate  ypain Splain First replicate Second replicate Ywith PVA  Swithpva  Sp to
Gepva=955mgg™! Gepva=939mgg™!
Sger(m2g~1) 376 365 370 7.4 58 56 34 5.8 54.4
Vinicro (cm3 g=1) 0.05 0.06 0.06  0.011 0.00 0.00 0.00 0.00 0.008 7.2
Vio-1000A (ecm3g1) 0.97 1.08 1.02  0.079 0.39 0.38 0.38 0.008 0.056 11.4

=4.30.

ta/zvnplall1+"w|th pva—2
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Fig. 1. Chemical structure of Cibacron Blue F3GA and coupling of this ligand to the hydroxyl groups of the PVA coating the poly[S-co-DVB] matrix.

To establish the effect of the adsorption of PVA on the structural
properties of the microparticles by statistical inference, two plain
S2 microparticles and two replicates of adsorption of PVA on these
microparticles were obtained (Table 2).

2.2.2. Stabilization of the PVA coating with glutaraldehyde

The PVA molecules adsorbed on the polymeric microparticles
were chemically cross-linked to obtain a stable PVA coating on the
surface of the microparticles. Glutaraldehyde was used as the cross-
linking agent, with a molar ratio for glutaraldehyde to PVA adsorbed
of 10:1. A solution of 100 mL of cross-linking agent was poured over
10.0 g of wet PVA-coated poly[S-co-DVB] microparticles in a round-
bottomed flask. The batch was first stirred mechanically at 50 rpm
for 30 min at 30°C to allow diffusion of the glutaraldehyde into
the microparticles. Then, a solution of HCI (5molL~!, 0.3 mL) was
added to catalyze the cross-linking reaction. The mixture was left
at the same temperature for 16 h. Finally, the microparticles were
filtered and washed several times with deionized water.

2.2.3. Ligand immobilization

Cibacron Blue F3GA was covalently attached to the PVA-coated
poly[S-co-DVB] microparticles under alkaline conditions via the
nucleophilic substitution reaction between the chloride of its tri-
azine ring and the alkoxide anions formed from the hydroxyl groups
of the PVA coating (Fig. 1). First, a sample of 10.0 g of micropar-
ticles was dispersed in 100 mL of deionized water at 60 rpm and
at 60°C in a round-bottomed flask. Then, 30 mL of a solution of
Cibacron Blue F3GA, at a concentration of 33 mgmL~!, was added
to the aqueous dispersion. The sample was left to mix well at 60°C
and at 60rpm in the reactor for 30 min. Then, 15.0g of NaCl was
added to facilitate the interaction between the dye and the matrix
[21,22], and the solution was maintained at the same temperature
for 45 min. Following this, the medium was heated to 80°C and
1.5 g of Na,CO3 was added to the suspension to obtain the alkaline
conditions under which the nucleophilic substitution reaction was
performed. The reaction was allowed to progress for 2 h after which
the reaction mixture was cooled to room temperature and filtered.

After dye immobilization, in order to remove any uncovalently
bound dye, the microparticles were treated with warm water until
the washing water was colourless. Finally, microparticles were
washed with 1L of 1.0molL-! NacCl, 1L of 102 molL~! NaHCO;
and 1L of water. The absence of dye leakage was confirmed by
spectrophotometry of the supernatant at 610 nm.

The Cibacron Blue F3GA-immobilized microparticles were
stored in 0.02% sodium azide at 4 °C to avoid microbial contami-
nation.

2.2.4. Characterization of the polymeric microparticles

The polymeric microparticles were characterized after each
modification step. Structural characterization of the micropar-
ticles was accomplished using nitrogen adsorption-desorption
porosimetry (Micromeritics Gemini V2380 v1.00), which permit-
ted the determination of the BET specific surface area (Sger, m2 g~ 1)
following the Brunauer-Emmet-Teller method [23], and the micro-
pore volume (Vpicro, cm3 g 1) according to the t-method [24]. These
experimental data were also used to study the pore size distri-
bution of the microparticles, following the Barret-Joyner-Halenda
method [25]. The shape of the microparticles was observed with
a light microscope (Leica DS1000). Their surface morphology was
examined by scanning electron microscopy (SEM), using a Zeiss
DSM 940 microscope. UV-Vis spectrophotometry was carried out
using a Varian apparatus, model Cary 50.

2.2.5. Protein adsorption-desorption experiments

The usefulness of the functionalized microparticles as adsor-
bents of proteins was checked via a batch method. As mentioned
above, chicken egg white lysozyme was selected as a model protein.
All pH measurements were performed with a digital pH/mV meter
(GLP 21, Crison).

In all experiments, the absence of dye leakage was confirmed by
spectrophotometry of the supernatant at 610 nm.

2.2.5.1. Adsorption equilibrium of Lys. Samples of dye-immobilized
adsorbent (0.2 g approximately) were weighed and placed in tubes
containing 10mL of a buffer solution (0.05molL-! phosphate
buffer, pH 7.3) with different, but known, initial concentrations of
Lys. The solutions were allowed to equilibrate for 24 h in a rotating
shaker, which was placed inside a thermostated chamber to main-
tain the temperature at 25 °C. After this time, the Lys concentration
in the supernatant (Ce ys, mg mL-1) was determined spectropho-
tometrically at 280 nm. The amount of Lys adsorbed per unit dry
weight of adsorbent (ge,1ys, mg g~ dry functionalized adsorbent)
was obtained from the mass balance given in Eq. (1).

2.2.5.2. Adsorption kinetics of Lys. To study the adsorption kinet-
ics of Lys onto the functionalized microparticles, a buffer solution
(0.05mol L-! phosphate buffer, pH 7.3) with an initial protein con-
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Fig. 2. Adsorption kinetics of PVA onto the S2 sample.

centration of 5mgmL-! was used. A volume of 100 mL of this
solution was poured into a round-bottomed flask that contained
1.5¢g of functionalized microparticles. Adsorption proceeded at
25°C at a stirring speed of 60 rpm. Adsorption kinetic data were
obtained by measuring the concentration of Lys in the supernatant
spectrophotometrically at 280 nm at different times, which allowed
us to determine the amount of Lys adsorbed at these times (q,4s,
mgg~! dry functionalized adsorbent).

2.2.5.3. Non-specific adsorption of Lys. The effectiveness of the coat-
ing in preventing possible non-specific interactions between the
protein and the polystyrene support was checked in an experiment
involving non-specific protein adsorption. To do so,a sample of 0.2 g
of dye-functionalized microparticles was placed in a tube and 10 mL
of Lys solution (1 mgmL~! of Lys in 0.05 mol L-! phosphate buffer
and 1 mol L-1 NaCl, pH 6.7) was added. The sample was left for 24 h
in arotating shaker at 25 °C, after which the Lys concentration in the
solution was determined spectrophotometrically at 280 nm. The
quantity of protein bound non-specifically (¢non-ads» mgg~! func-
tionalized microparticles) was calculated from the mass balance
given in Eq. (1).

2.2.5.4. Desorption of Lys. To study the reversibility of protein
adsorption on the functionalized microparticles, sodium chloride
was used as a desorption agent to decrease the interaction forces
between the protein and the adsorbent. Thus, a batch desorp-
tion experiment was performed in a phosphate buffer solution of
0.05 mol L~ containing 1 mol L~! NaCl at pH 7.3.In this experiment,
Lys-adsorbed microparticles (0.1 g approximately) were placed in
the desorption medium and stirred for 24h at 25°C. The final
Lys concentration in the solution was determined spectrophoto-
metrically at 280 nm. The desorption ratio was calculated as the
relationship between the final amount of Lys in the desorption
medium and the amount of Lys initially adsorbed on the micropar-
ticles.

3. Results and discussion
3.1. PVA adsorption on polymeric microparticles
Fig. 2 shows the adsorption kinetics of PVA onto the poly[S-co-

DVB] microparticles synthesized with a DVB concentration of 42.5%
and a monomeric fraction of 0.50 (S2 sample); it may be observed

that PVA adsorption was completed in 6 h. The maximum amount
of PVA adsorbed was found to be 267mgg-! dry adsorbent, on
the S1 microparticles; and 947 mgg~! dry adsorbent, on the S2
microparticles (this is the mean value of both replicates, see values
in Table 2). The difference in these values can be explained on the
basis of the structural properties of the microparticles (Table 1).
Essentially, a high specific surface area is due to the presence of
micropores and low-interval mesopores, while a high pore volume
is due to macropores and high-interval mesopores. Thus, taking
into account the higher values of the BET specific surface area and
of the micropore volume for the S1 sample, and the higher value
of the volume of pores with a radius between 10 A and 1000 A for
the S2 sample, it may be expected that the S1 sample would have
more micropores and low-interval mesopores than S2, while the
latter can be presumed to have a higher proportion of high-interval
mesopores and macropores, thus admitting a higher amount of
PVA. Considering these differences in the porous structure and the
high molecular weight of PVA, the existence of steric hindrance
can be anticipated to occur during the coating procedure, in such
a way that the PVA, instead of penetrating into micropores and
low-interval mesopores, simply plugs them at some point along the
pore. Consequently, the S1 sample, with smaller pores than those
of S2, displays a lower PVA adsorption capacity.

As can be deduced, the study of the structural properties of the
microparticles after the adsorption of PVA is essential to obtain
an adsorbent with the most appropriate porous structure for a
given application. For this reason, it is appropriate to study whether
the effect of the adsorption of PVA on the pore properties of the
microparticles is statistically significant [26]. To accomplish this,
the first step was to obtain the pore properties (Sger, Vinicro and
Vi0-10004) Of the two replicates of plain S2 microparticles and of
the two PVA-coated S2 microparticles. These results are given in
Table 2, together with the mean (y) and the standard deviation of
the experimental data (S), and they are plotted in Fig. 3, where the
extreme values for each single column are the experimental data,
and the mean, which fits in the median, is indicated by lines. From
scrutiny of this figure, it may be deduced that the PVA coating influ-
ences the pore properties because the Sger, Viicro and Vig 10004
decrease notably after PVA adsorption. Nevertheless, to confirm
this deduction, a statistical hypothesis testing was performed. The
statistical hypothesis may be stated formally as

Null hypothesis  Ho : [plain = Uwith Pva 2)
Alternate hypothesis Hj : Upiain # Hwith PvA

where pipin is the mean pore property of the plain S2 microparti-
cles and ptwith pva 1S the mean pore property of the PVA-coated S2
microparticles.

To test the hypothesis it is necessary to calculate an appropri-
ate test statistic, thus being able to reject or fail to reject the null
hypothesis Hy. Because the sample standard deviations were sim-
ilar (see values in Table 2), it is not unreasonable to conclude that
the population standard deviations (or variances) are equal. There-
fore, a two-sample t-test was performed, calculating the t-statistic
as follows:
to = yplain _}-’with PVA (3)

Sp/1/Mpiain + 1/Mwith pva

where Ypjain and Jwich pva are the sample means, and npj,;, and
Nwith pva are the sample sizes. An estimate of the common variance
= o2 is indicated by SZ:

— o2
O'plain - Uwith PVA

2 (nplain - l)sglam + (nwith PVA — 1)53\,ith PVA (4)
P Mplain + Nwith PVA — 2
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2 5 s .
where 5plain and S, pya are the two individual sample variances.

The results are given in Table 2.

Since Npjain + Nwith pva —2=2+2 —2=2, if we choose a signifi-
cance level of the test of «=0.05, then the null hypothesis, Hy:
Moplain = Hwith pva, 1S Tejected because the numerical value of the
test statistic, |tp|, is greater than 4.30 for all pore properties (|tg| >
t 6/2,nin it pva—2 = 4.30). This allows us to conclude that the
mean pore properties of the S2 microparticles change after the PVA
adsorption with a significance level of 0.05.

Other authors have reported the coating of polystyrene matri-
ces with PVA. In this sense, using PVA with a molecular weight
of 85,000-146,000 and 99+% hydrolysed and a polymeric matrix
with a specific surface area of 200-300m2g-! (Amberchrom
CG162s), Leonard et al. [6] obtained a maximum PVA adsorption
of 1.12mgm~2 of polystyrene under the best coating conditions.
Nevertheless, the PVA saturated the particle surface, produc-
ing aggregates of poly[S-co-DVB] microparticles. Nash et al. [3]
obtained a maximum PVA coating of about 240 mgg~! on poly[S-
co-DVB] microparticles (CG1000sd-TosoHaas) by using PVA with
the same molecular weight and degree of hydrolysis as that
employed in the present work. Also, Tuncel et al. [7] studied the
coating of polystyrene microparticles with PVA (average molecu-
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lar weight of 14,000, 100% hydrolysed), obtaining a maximum PVA
adsorption capacity of 19.0mgg-! of polystyrene under their best
experimental conditions; that is, with an initial concentration of
700mgL-! and an ionic strength of 0.2 using sodium sulphate.
Shen et al. [10] obtained a maximum PVA adsorption capacity on
poly[S-co-DVB] microparticles of 247 mgg~1.

As seen, the different results obtained in these studies are due
to the different experimental conditions used during the adsorp-
tion process, as well as to the properties of the PVA and of the
polystyrene microparticles. Nevertheless, in all cases, the maxi-
mum adsorption capacity of PVA on polystyrene microparticles
achieved in the present work is higher than those obtained by other
authors.

3.2. Nitrogen adsorption—desorption isotherms

Nitrogen adsorption-desorption isotherms were obtained for S1
and S2 samples before and after each modification step, as shown
in Fig. 4.

Regarding the plain samples, these nitrogen adsorption-
desorption isotherms are of Type II (Fig. 4), according to the [UPAC
classification [27], showing that both samples have macropores in
their structure. Additionally, the slope and height of the isotherms
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Fig. 4. Nitrogen adsorption-desorption isotherms of microparticles: (a) S1 and (b) S2.
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Table 3
Modification of the structural properties of plain microparticles after coating and functionalization
Structural property Samples
S1 S2
Plain After coating and After function- Plain microparticles After coating and After functionalization
microparticles cross-linking alization cross-linking
BET specific surface 434 58 60 376 51 50
area (m2g1)
t-Plot micropore 0.06 0.00 0.00 0.05 0.00 0.00
volume (cm3 g 1)
Cumulative volume of 0.81 0.25 0.19 0.97 0.32 0.34
pores between 10 A
and 1000 A radius
(em?gT1)
Cumulative surface 372 68 68 340 56 56
area of pores between
10A and 1000 A radius
(m?2g-1)
Average pore radius (A) 44 74 57 57 113 123
Modal pore radius (A) 244 223 224 284 283 281

in the range of the low relative pressure of nitrogen indicate the
presence of micropores, which was confirmed from the values of
the micropore volume obtained with the t-method [24], as shown
in Table 1. Further, high values of the BET specific surface area were
obtained.

After the PVA coating of the microparticles and its sub-
sequent cross-linking with glutaraldehyde, the nitrogen
adsorption-desorption isotherms changed significantly. Con-
sidering first the low-relative pressure range of nitrogen, it can
be observed that the micropores disappeared completely from
the structure of the microparticles, as confirmed by the values
of the micropore volume (Table 3). This was the main reason
for the severe decline in the values of the BET specific surface
area after the modification of both types of microparticles.
With respect to the high-relative pressure range of nitrogen,
different kinds of behaviour were observed, depending on the
sample. Thus, the PVA-coated microparticles of the S1 sample
displayed isotherm of Type IV with a broad hysteresis loop,
which indicates that the pores were mainly mesopores subject
to difficulties as regards nitrogen desorption as a consequence of
their shape. In fact, this is a typical bottle-neck-type hysteresis
loop, which corresponds to pores with narrow entrances and
wider pores. In contrast, the PVA-coated microparticles of the
S2 sample continued to display isotherm of Type II, indicating
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that the macropores remained in the structure even after the
modification.

After theimmobilization of Cibacron Blue F3GA on the micropar-
ticles, these were analyzed again using the nitrogen adsorption
technique. It was observed that, for both samples, the nitrogen
adsorption-desorption isotherms did not undergo any significant
change. Thus, in both cases, the values of the BET specific surface
area were essentially the same before and after the immobilization
of the ligand, as seen in Table 3.

3.3. Pore size distributions

From the experimental nitrogen adsorption data, the pore size
distributions of both samples were obtained before and after each
modification step by following the BJH method [25], as shown in
Fig. 5.

For the S1 sample (Fig. 5a), the pore size distribution indicates a
high proportion of mesopores in the structure of the microparticles.
In contrast, the presence of macropores was less patent and, more-
over, they decreased abruptly from a pore radius of 400 A. After
being PVA-coated and cross-linked with glutaraldehyde, the micro-
pores were almost completely clogged, and the size and quantity of
pores with a pore radius between 10 A and 70 A decreased consid-
erably. Regarding the macropores, although the modal pore radius
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Fig.5. Pore size distributions of microparticles: (a) S1 and (b) S2. Note: the experimental data on the adsorption of nitrogen by the plain S1 microparticles have been completed

with mercury porosimetry data to obtain the complete pore size distribution.
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remained almost unchanged (see values in Table 3), the size and
the quantity of macropores decreased abruptly from the modal pore
radius. Nevertheless, the average pore radius increased because the
decrease in pore volume was not so rapid as the decrease in pore
surface (Table 3). Regarding the immobilization of the ligand to the
microparticles, no significant changes can be appreciated in the
pore size distribution of this sample of microparticles.

Considering the S2 sample (Fig. 5b), the pore size distribution
shows a modal form, with a maximum value at 284 A. After being
PVA-coated and cross-linked, and also after immobilization, the
microparticles continued to have the same modal pore radius but,
as in the case of microparticles of the S1 sample, the average pore
radius increased significantly (see values in Table 3). Regarding the
macropores, although their quantity decreased after functionaliza-
tion, this was not as abrupt as for the S1 sample.

3.4. Lysozyme adsorption equilibrium

Experiments addressing the lysozyme adsorption equilibrium
on both functionalized samples were performed. However, in the
case of the use of the S1 sample as an adsorbent, no appreciable
adsorption was obtained. This can be explained in terms of the des-
orption branch of its nitrogen isotherm in Fig. 4a, where it can be
observed that this branch is almost horizontal over the range from
p/p®=0.900 to p/p® = 0.995 of nitrogen uptake, before which there is
asharp decrease. The value of the pore radius corresponding to this
sharp decrease is about 75 A meaning that, although the micropar-
ticles display the pore size distribution shown in Fig. 5a, access to
these pores is limited by narrower necks, with radii of about 75 A.
Therefore, this complicates the penetration of the protein to the
adsorption sites.

Considering the functionalized S2 adsorbent, Lys adsorption
equilibrium data on this adsorbent were obtained, as shown in
Fig. 6. Different adsorption models (Langmuir, Freundlich, double
Langmuir, Sips, Toth, etc.) were fitted to these adsorption equilib-
rium data. The Langmuir and Freundlich models can be expressed
as follows:

. _ qmbCe
Langmuir model ge = T hC (5)
Freundlich model ge = AC}/" (6)

where gqm (mgg~! dry functionalized adsorbent) is the maximum
adsorption capacity of Lys on the adsorption sites; b (mLmg~1)
is a parameter related to the affinity between the adsorbate and
the adsorption sites; A is a coefficient indicative of the relative
adsorption capacity of the adsorbent; n is a parameter related to
the adsorption intensity.

In the Langmuir isotherm (Eq. (5)), the value of the b param-
eter depends on the energy of adsorption and it is assumed that
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Fig. 6. Curve of the adsorption isotherm of Lys on the Cibacron Blue F3GA-
immobilized polymeric microparticles of the S2 sample.

this value is the same for each active site and is independent of
the presence of nearby adsorbed molecules. However, in the case
of the adsorption of proteins, the protein-ligand interactions are
often very complex and it is frequently found that the Langmuir
model is unable to adequately explain the shape of the experimen-
tal equilibrium isotherm.

The Freundlich isotherm (Eq. (6)) is more flexible and assumes
that the energy of adsorption decreases logarithmically as the frac-
tional coverage increases. However, the Freundlich isotherm does
not tend to alimiting coverage as the concentration tends to infinity.
Additionally, Sips [28] proposed a model (Eq. (7)) that is a com-
bination of Langmuir and Freundlich models and that eludes this
limitation.

_ ambC" 7)
€= 1/n
1+bC,

The underlying assumption in the Sips model is the existence of
adsorption sites in such a way that the energy of the diverse types of
possible interactions between the adsorbate and the adsorbent can
be described by a symmetrical, quasi-Gaussian, energy distribution
curve. This assumption seems to be very appropriate in the case of
affinity adsorption because of the diverse types of binding that can
occur between the adsorbate and the adsorbent.

The fitting of the models to the adsorption equilibrium data
was accomplished by multiple non-linear regression techniques.
The Langmuir (Eq. (5)) and Sips (Eq. (7)) models emerged as the

Table 4
Adsorption properties of the functionalized macroreticular poly(styrene-co-divinylbenzene) microparticles of the S2 sample
Adsorption properties Value
qm (mgg~! dry functionalized adsorbent) b(mLmg!) n X% R?
Lys adsorption equilibrium
Langmuir model 85.1 £ 2.0 59 + 0.8 1 53.0 0.991
Sips model 100.8 + 7.7 23 £ 0.6 1.7+0.3 13.1 0.998
Adsorption properties Value
D; (x10~9 cm?s71) R?
Lys adsorption kinetics
Shrinking-core model 4.0 0.943

Simplified solid-diffusion model

1.4 0.989
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Fig. 7. Curve of the adsorption kinetics of Lys onto the Cibacron Blue F3GA-
immobilized polymeric microparticles of the S2 sample.

best models to describe the adsorption phenomenon. The calcu-
lated values of the parameters of these equations as well as the
chi-square value (x?) and the coefficient of determination (R?) are
given in Table 4. The curves resulting from these fits are plotted in
Fig. 6. It may be observed that the best results were obtained when
the Sips model was used. This is also corroborated by the values of
x2 and R?, because the lower the value of x2 and the closer to unity
the value of R?, the better the fit.

As deduced from data in Table 4, the maximum adsorption
capacity of Lys on the functionalized S2 adsorbent is 100.8 mgg~1.

3.5. Lysozyme adsorption kinetics

Kinetic data concerning the adsorption of Lys onto the function-
alized S2 adsorbent were obtained at different times, as shown in
Fig. 7, where q; is plotted versus time. It may be considered that
usually there are three steps involved in protein adsorption from
a bulk solution onto a solid adsorbent, all of which can be consid-
ered to offer resistance to protein uptake. These steps include mass
transfer from the bulk liquid to the outer surface of the particles
(external mass transfer resistance), movement of the adsorbent into
the pores by diffusion (internal mass transfer resistance), and pro-
tein binding to the ligand (adsorption resistance). The global uptake
rate can be controlled by one or more of these three types of resis-
tance, depending on the type of adsorbent and adsorbate and also
on the operating conditions employed during the uptake process.
Usually, in protein uptake processes, steps 1 and 2 are rate-limiting,
because such processes have a tendency to take place much slower
than adsorption.

Two models are commonly used to characterize the transport of
proteins in porous particles [29,30], each involving a different driv-
ing force: (1) the pore-diffusion model and (2) the solid-diffusion
model.

In the pore-diffusion model, protein diffusion is assumed to be
governed by the protein concentration gradient in the liquid-filled
pores, accompanied by adsorption onto the bounding pore walls.
This behaviour is described by the following equation:

dq' | 0c D 0 ac
[sﬁ(lep)aﬂ = <r28r) 8)

where ¢ and ¢/, that is, the concentration of protein in the pores
(mgmL-1) and in the particles on a pore-free basis (mgmL~1),
respectively, are expressed as functions of the radial position r (cm)

and uptake time ¢ (s). De is the effective pore diffusivity (cm?s~1),
and ¢p is the intraparticle porosity of the adsorbent. When the
adsorption isotherm is non-linear, a numerical solution is gener-
ally required. However, for a rectangular adsorption isotherm [31],
the adsorption front within the particle approaches a shock tran-
sition, separating an inner core into which the adsorbate has not
yet penetrated from an outer layer in which the adsorbed phase
concentration is uniform at the saturation value. The dynamics of
this process can be described approximately by the shrinking-core
model. Under our experimental conditions, that is (i) external film
resistance negligible as a consequence of the high initial protein
concentration and (ii) finite volume conditions due to the decrease
in the protein concentration in the bulk solution as adsorption takes
place, this model can be written as follows [32]:

t=hL -1 (9)

where and [; and I, are given by
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where §* is the particle-average solute concentration (mgmL-1),
q;, is the maximum solute adsorption capacity in the particles
(mgmL-1), Vj is the volume of microparticles (mL), and V is the
bulk solution volume (mL).

Application of the shrinking-core model (Eq. (9)) to the exper-
imental kinetic data allowed us to determine the effective pore
diffusivity (De=4.0x 10~2cm?s~1) and the theoretical kinetic
curve, which is plotted in Fig. 7 together with the experimental
data. It can be seen that this model represents the experimental
behaviour in the saturation zone correctly, but that it does not
allow the beginning of the curve to be fitted. Accordingly, the pore-
diffusion model was discarded and the solid-diffusion model was
investigated.

In the solid-diffusion model, all the protein inside the particle is
assumed to be free to diffuse, the flux being based on the gradient
in the total protein concentration [33]. This behaviour is described
by the following equation [34]:

dq Ds 3 ( ,0q
& (r 8r> (15

where D is the solid-diffusion coefficient (cm?s~1). In general, a
numerical solution of the model is required. However, for modelling
batch uptake from a finite fluid volume when the external mass
transfer resistance is negligible, an approximation to this numerical
solution can be used:

Qads -1— Z exp(fDSpﬁt/Rf,)
qm 9A/(1 - A)+(1— A)p?

n=1

(16)
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where pj, is given by the positive roots of

3pn

tan =~
Pn 3+(1/A - 1)p2

(17)

By applying Eq. (16) to the experimental kinetic data, the solid-
diffusion coefficient was determined (Ds=1.4x 10~2cm?s1),
allowing us to obtain the theoretical kinetic curve and to com-
pare it with the experimental data (Fig. 7). It can be observed that
the simplified solid-diffusion model given by Eq. (16) fits the data
satisfactorily across the entire time range considered.

With regard to the values of the diffusion models obtained
with both models (Eqgs. (9) and (16)), it can be seen that the
solid-diffusion coefficient, Ds, is smaller than the pore-diffusion
coefficient, De. In fact, Ds is typically smaller than D for a given
system because of the concentrating effect of adsorption: locally, q
is generally higher than c, and the gradient dq/dr is correspondingly
higher than dc/dr [33].

Comparison of the results obtained here with those obtained in
other studies addressing Lys adsorption equilibrium and kinetics
using Cibacron Blue F3GA-attached affinity supports is very diffi-
cult because, in most cases, either only the adsorption equilibrium
results are given [13,16,35,36] or the procedures used to obtain and
analyze the experimental data are not the same as those employed
in this work [3-5,15,37]. For example, some authors have ana-
lyzed data on adsorption kinetics by applying pseudo-first-order
and pseudo-second-order kinetic models instead of using diffusion
models [38]. However, Xue and Sun [39] reported some results that
can be compared with those obtained by us. Those authors synthe-
sized Cibacron Blue F3GA-attached PVA microparticles containing
Fe304 colloidal particles, with a mean particle size of 42.6 wm and
a density of 1.12 gmL-! calculated with the voidage and density of
packed bed, and used them as adsorbents for Lys adsorption. They
found that, under their best experimental conditions, the maxi-
mum Lys adsorption capacity was 254mgmL-!, with a value of
8.0 x 1078 cm? s~ ! for De and a value of 6.0 x 10~ cm? s~ for Ds.
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Fig. 8. Schematic representation of some of the possible interactions between the
protein and the dye-ligand attached to the PVA coating the polymeric surface:
specific interaction (case I), specific and non-specific interaction (case II), and non-
specific interaction (case III).

3.6. Non-specific lysozyme adsorption

The effectiveness of the hydrophilic functionalization achieved
by PVA coating and subsequent immobilization of Cibacron Blue
F3GA in preventing possible non-specific interactions between the
polymeric matrix and the protein was established by determining
non-specific Lys adsorption. A scheme representation of some of the
possible specific and non-specific interactions between the protein
and the adsorbent is shown in Fig. 8.

As already reported, this experiment was performed via a batch
method, by measuring the amount of Lys bound to the functional-
ized microparticles in the presence of a solution of Lys (1 mgmL~1)

@

Fig. 9. Light microscopy photographs showing the modification of the S2 plain polymeric microparticles (a and b) after the immobilization of Cibacron Blue F3GA (c and d).

Mean particle size is 170 pm.
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Fig. 10. Scanning electron microscopy photographs showing the modification of the S2 microparticles after attachment of the ligand. Photographs of the plain microparticles
are given in a, ¢, e, g, i and k. Photographs of the Cibacron Blue F3GA-attached polymeric microparticles are given in b, d, f, h, j and L.

of high ionic strength (1 molL-! NaCl in 0.05molL-! phosphate
buffer, pH 6.7). It was observed that only 2.6 mg of protein per
gram of dry functionalized adsorbent was adsorbed. Taking this
result into account, it may be concluded that functionalization was
achieved in a satisfactory manner.

3.7. Desorption of lysozyme

An adsorbent is useful if recovery of the protein adsorbed is
possible. Accordingly, a desorption experiment was carried out
using a batch method. In this experiment, Lys-adsorbed micropar-
ticles were placed in tubes with a solution of high ionic strength
(1molL-1 NaCl in 0.05molL-! phosphate buffer, pH 7.3). The
results showed that 73% of the Lys adsorbed was desorbed when
NaCl was used as the desorption agent. The desorption of Lys is
assumed to be due to the fact that NaCl decreases the specific
interactions between the positively charged groups of Lys and the
negatively charged dye.

3.8. Light and scanning electron microscopy

Microparticles of the S2 sample were characterized by light
microscopy before and after functionalization, as shown in Fig. 9.
The colour modification of the microparticles after covalent incor-
poration of the ligand may be observed. The images also show that,
despite the high amount of PVA adsorbed (955 mgg-! dry adsor-
bent), the microparticles continue to be non-agglomerated, with a
perfectly spherical form.

Additionally, SEM photographs of the plain and ligand-attached
microparticles of the S2 sample were obtained, as seen in Fig. 10.
The detailed surface morphology of the microparticles reveals the
coating with PVA. It can also be seen that macropores remained
after the attachment of the ligand to the microparticles.

4. Conclusions

Hydrophilic adsorbents suitable for the adsorption of
biomolecules have been obtained by the modification of
macroreticular poly[S-co-DVB] microparticles with different
pore properties. To accomplish this, in a first step a PVA coating
procedure was carried out to shield the surface of the poly-
meric microparticles, thereby ensuring minimal non-specific
biomolecule adsorption. The PVA adsorption layer was later
cross-linked with glutaraldehyde to provide a chemically stable
coating and, finally, the microparticles were functionalized with
the triazine dye Cibacron Blue F3GA.

Structural changes in the microparticles were studied after
each modification step. Thus, with regard to the coating with
PVA, both micropores and low-interval mesopores were clogged,
and hence very low values of the BET specific surface area
were obtained. Regarding high-interval mesopores and macrop-
ores, these only remained in the structure of the microparticles
which, initially, displayed a higher pore volume. Considering
the immobilization of the ligand, no significant change was
observed.

The adsorption properties of the dye-immobilized adsorbents
were tested using lysozyme as a model protein. It was found that
the adsorption of Lys was only possible on microparticles that
largely continued to exhibit high-interval mesopores and macro-
pores after functionalization. For these microparticles, it was seen
that the adsorption of Lys obeyed the Sips model, with a maximum
adsorption capacity of 100.8 mgg~! dry functionalized adsorbent.
Also, the adsorption kinetics of Lys onto these microparticles was
studied with two simplified diffusion models, that is, the shrinking-
core model and the simplified solid-diffusion model. The results
revealed that the latter model fitted the experimental data satis-
factorily across the entire time range studied, with a solid-diffusion
coefficient of 1.4 x 1079 cm?s~1,
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The non-specific adsorption of Lys on the dye-immobilized
microparticles was also studied in a batch system and it was found
to be 2.6 mg of protein per gram of functionalized adsorbent. Addi-
tionally, a high desorption ratio (over 73% of the Lys adsorbed) was
obtained by using a 1 mol L~! NaCl solution in a batch process.
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