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measurements. Subsequently, free energy of interaction vs. distance profiles between interacting surfaces
was calculated in the aqueous media provided by operating mobile phases. The effect of pH and ammo-
nium sulphate concentration within the normal operating ranges was evaluated. Calculation indicated
that moderate interaction between cell particles and adsorbent beads can develop in the presence of salt.
Cell-to-cell aggregation was suspected to occur at high salt concentration and neutral pH. Predictions
based on the application of the XDLVO approach were confirmed by independent experimental methods
like biomass deposition experiments and laser diffraction spectroscopy. Understanding biomass attach-
ment onto hydrophobic supports can help in alleviating process limitations normally encountered during
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1. Introduction

Expanded bed adsorption (EBA) has been proposed as an integra-
tive downstream processing technology allowing the direct capture
of targeted species from an unclarified feedstock, e.g. a cell contain-
ing fermentation broth. The application of EBA implies, however,
that intact cell particles or cell debris present in the feedstock will
interact - in a minor or larger extent — with fluidized adsorbent
beads. It is already known that interaction between biomass and
the adsorbent phase may lead to the development of poor sys-
tem hydrodynamics and therefore, impaired sorption performance
[1,2].

Previous studies on biomass—adsorbent interactions were
restricted to simple diagnostic tests to determine the extent of
cell - or cell debris — attachment to the desired chromatographic
supports [3]. More recently, a single property of the suspended bio-
logical particle, i.e. the zeta potential has been proposed for a better
understanding and prediction of biomass-adsorbent interactions
during expanded bed adsorption. Since then a number of studies
have been developed to illustrate the usefulness of this approach
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when adsorption is performed onto anion-exchangers [4,5]. Such
systems are obviously dominated by Coulomb-type interactions
and therefore, non-electrostatic interactions are anticipated to play
a minor role [6].

Experimental evidence gathered by many authors has addressed
the importance of non-electrostatic forces for biomass adhesion
to process surfaces in the broader context provided by a group of
systems of technical and environmental relevance. For example,
hydrophobic interaction as measured by partition tests has been
proposed as a generalized assay to measure adhesion-potential of
bacteria to low-energy surfaces [7]. Complementarily, differences
in the hydrophobic surface characteristics of bacterial strains were
revealed by hydrophobic interaction chromatography [8]. Recently,
acid-base interactions have been employed to understand yeast
deposition onto chemically modified substrates [9]. However, very
little is known on biomass attachment onto chromatographic
materials like hydrophobic interaction media (HIC) under real
downstream process conditions. The mentioned chromatographic
mode represents a widely utilized industrial operation [10], which
is amenable for direct sequestration of bioproducts. Since sorption
performance limitations were already observed due to biomass
interference during HIC-based EBA, a better understanding and
control of such phenomena is needed [11].

A more comprehensive approach to understand biomass deposi-
tion onto chromatographic supports has been proposed by utilizing
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Nomenclature

A Hamaker constant (kT)

AB acid-base

DLVO  classical DLVO theory (Derjaguin, Landau, Verwey

and Overbeek)
EBA expanded bed adsorption

EL electrostatic

AG interfacial free energy at 1.57 A approach (mJ m—2)

hg closest distance of approximation (1.57 A)

H distance between surfaces, measured from outer
edge (m)

HIC hydrophobic interaction chromatography

IC intact yeast cell particles

k Boltzmann constant (JK-1)

LW Lifshitz-Van der Waals

R radius of the particle (m)

T absolute temperature (K)

U interfacial energy of interaction (kT)

XDLVO extended DLVO theory, according to Van Oss

Greek letters

o lumped biomass attachment coefficient

£ dielectric constant of the medium

yAB polar or acid-base component of surface tension
(mJm~2)

yW apolar or Lifshitz-Van der Waals component of sur-
face tension (m] m~2)

Y- electron-donor component of surface tension
(Lewis base) (m] m~2)

py* electron-acceptor component of surface tension
(Lewis acid) (mJ m~2)

K inverse of Debye length (m)

¢ zeta potential (mV)

principles of colloid theory to explain biomass—adsorbent attach-
ment at the local (particle) level [12]. This approach is based on
extended DLVO calculations performed via experimentally deter-
mination of contact angles and z-potential values for the interacting
surfaces or particles. The comprehensive method takes into account
several types of possible interaction forces, i.e. Lifshitz—Van der
Waals (LW) and acid-base (AB) and, therefore, it is not limited to
those purely electrostatic in nature (EL). Biomass adhesion behav-
ior onto chromatographic beads predicted on the basis of XDLVO
calculations was validated by independent biomass deposition
experiments [13].

The aim of this paper was to contribute to a deeper under-
standing of biomass-adsorbent interactions to further open the
pave for optimized EBA processing in industry. Studies targeted
biomass adhesion to hydrophobic interaction materials which
have not been extensively studied so far. The physicochemi-
cal properties of biomass-derived material, taken as colloidal
particles, vs. the physicochemical properties of the adsorbent
beads, taken as a process surface, were determined indirectly
via contact angle and zeta-potential measurements. Subsequently,
total interfacial interaction energy values were calculated as
a function of surface distance in aqueous media, e.g. process
buffer. Cell-to-support interactions and cell-to-cell aggregation
phenomena were independently confirmed by colloid deposi-
tion experiments and laser diffraction spectroscopy, respecti-
vely.

2. Materials and methods
2.1. Materials

Chromatographic matrices (Phenyl Sepharose FF, high sub-
stitution; Phenyl Streamline) and columns (Tricorn 5/50)
were purchased from GE Health Care (Munich, Germany).
a-Bromonaphtalene and formamide were obtained from Fluka
(Buchs, Switzerland). Water was Milli-Q quality. All other chemicals
were analytical grade.

2.2. Generation of biomass

Yeast cells (Saccharomyces cerevisiae) wild strain was utilized.
Five ml of 24 h culture were inoculated in 500 ml of 3.5% (w/v) YES
medium (yeast extract with supplements of yeast extract, 5g1-1;
glucose, 30g1-1; 225 mgl-! adenine, histidine, leucine, uracail and
lysine hydrochloride) and grown at 30°C. Cells are harvested at
late exponential phase by centrifugation, and washed three times
with 10mM phosphate buffer solutions, as previously described
[14]. Cells were employed immediately after preparation for further
experimental measurements or routines.

2.3. Physicochemical characterization of cells and beads

2.3.1. Contact angle measurements

Preparation of intact yeast cells for contact angle measurements
was performed as described [15]. To evaluate the effect of pH,
washed cells were suspended to 10% (w/v) in 20 mM phosphate
buffer, pH 7 or 50 mM sodium acetate buffer, pH 4 and to evaluate
the effect of salt concentration, biomass was suspended in 20 mM
phosphate buffer (pH 7) and 50 mM sodium acetate buffer (pH 4)
containing added ammonium sulphate (0.2, 0.4, 0.8, 1.2, 1.6 and
2.0 M). Cells were equilibrated in the appropriate buffer condition
and the suspension subsequently poured onto agar plates contain-
ing 10% glycerol and 2% agar-agar. The plate was allowed to dry
for 24-36 h at room temperature on a properly leveled surface free
from dust. Salt crystallization was avoided. Agar plates without cell
spreads were utilized as control.

Contact angles were measured as per the sessile drop method
[16] utilizing a commercial goniometric system (OCA 20, Data
Physics instruments GmbH, Filderstadt, Germany). The three diag-
nostic liquids a-bromonaphtalene, formamide, and water were
employed [17]. All the measurements were performed in triplicate
and at least 20 contact angles per samples were measured.

Contact angle determination on buffer-equilibrated chromato-
graphic beads was performed utilizing the same physicochemical
conditions and experimental procedures described for cell parti-
cles. Previous to pouring onto the agar plates, matrix beads were
frozen in liquid nitrogen and crushed mechanically. Crushing effi-
ciency was assessed by microscopic examination and particle size
determination so as to assure particle fragment diameters <10 wm.
Phenyl Sepharose (high-sub) was utilized. Square pieces of the agar
supported chromatographic bead fragments were utilized for mea-
suring contact angles.

2.3.2. Zeta-potential determination

Zeta-potential measurements were performed with a ZetaSizer
Nano-ZS (Malvern instruments, Worcestershire, United Kingdom),
as previously described [12]. Zeta-potential values were gathered
employing biomass pretreated as described before (under Section
2.3.1)and utilizing the same buffers utilized for contact angle deter-
mination.

Zeta-potential values for crushed and equilibrated chromato-
graphic beads were calculated from the electrophoretic mobility



18 R.R. Vennapusa et al. / Biochemical Engineering Journal 43 (2009) 16-26

data according the Smoluchowski’s equation [18]. Data was gath-
ered under identical buffer compositions as shown for biomass
related determinations.

2.3.3. Particle size determination and cell aggregation behavior

Particle size determinations and cell aggregation studies were
performed by laser diffraction employing a MasterSizer 2000,
hydro 2000 G (Malvern instruments, Worcestershire, United King-
dom), according to manufacturer instructions. Cell aggregation was
studied as a function of pH and ammonium sulphate concentration
utilizing the buffers systems already described. For each condition,
kinetic studies were performed within a time interval of 60 min
[19]. Measurements were performed utilizing cell suspensions hav-
ing an optical density ~0.1 for better reproducibility.

Visual inspection of aggregate formation was performed with
a confocal laser scanning microscope, equipped with argon and
helium/neon mixed gas laser with excitation wavelengths of 488 or
543 nm (LSM 510, Carl Zeiss, Oberkochen, Germany). Washed yeast
cells in 20 mM phosphate buffer (pH 7) or buffered 1.6 M ammo-
nium sulphate solution were mounted on glass slides and observed.
Scans at a resolution of 1024 x 1024 pixels were taken in the line-
averaging mode. Micrographs were stored in LSM format (Carl Zeiss
LSM Image Browser).

2.4. Bio-colloid deposition experiments

Biomass deposition experiments were performed automatically
employing an AKTA Explorer 100 system (GE Health Care, Munich,
Germany) as previously described [13]. These experiments were
run by introducing a population of yeast cells particles is intro-
duced into a system composed of collector (adsorbent) beads; the
suspended biomass effluent is monitored as a function of process
time. This type of experiments can provide useful and quantita-
tive information when assessing factors like cell size and shape,
microorganisms strain, growth phase, bead size, surface coatings,
fluid velocity, and ionic strength on cell deposition onto process
media [13]. Acommon approach to evaluate biomass deposition in
laboratory packed-bed experiments employs the “clean-bed” fil-
tration model (CBFM). In this case, mass transport phenomena are
accounted by the “single-collector contact efficiency” (7o) while
the physicochemical phenomenarelated to biomass attachment are
reflected by the “attachment efficiency parameter” (o).

Streamline Phenyl materials (high-sub) were packed in com-
mercial chromatographic columns (5 mm internal diameter, 50 mm
length). The quality of the packing was evaluated by residence
time distribution analysis employing 1% acetone as tracer [20].
Biomass deposition studies were done by injecting a 4 ml biomass
pulse (OD at 600 nm~ 0.8 AU). Experiments were performed uti-
lizing 20 mM phosphate buffer pH 7 or 50 mM acetate buffer pH
4. Buffers contained various amounts of ammonium sulphate as
added salt(0.0,0.4,0.8,1.2,1.6,2.0 M). The operational flow rate was
76.4cmh~1, Particle breakthrough curves were obtained by moni-
toring the effluent suspensions at 600 nm. On the basis of such data,
the biomass deposition parameter (o) was calculated [21]. Biomass
deposition experiments were performed in triplicate and showed
to be reproducible within + 20%.

2.5. Energy-distance profile calculations

The total interaction energy between a colloidal particle and a
solid surface can be expressed in terms of the extended DLVO theory
as:

XDLVO w EL AB
Umwc = Umwc + Umwc + Urnwc (1)

where UXPVO s the total interaction energy in aqueous media,
UW is the LW interaction term, and UEL is the EL interaction term.
The subscript m is utilized for the chromatographic matrix (adsor-
bent bead), w refers to the watery environment, and c to the
colloidal (cell) particle. A third short-range (<5 nm) Lewis AB term
isincluded to account for “hydrophobic attractive” and “hydrophilic
repulsive” interactions [22].

Material surface energy parameters (tensions) can be calculated
from contact angle measurements utilizing three diagnostic liquids,
according to [23]. In turn, this data can be employed to evalu-
ate the free energy of interaction between two defined surfaces
(AGW and AG"B). AG represents here the interaction energy per
unit area between two (assumed) infinite planar surfaces bearing the
properties of the adsorbent bead and the cell (interaction) or two
cells (aggregation), respectively. Interaction between any of these
two surfaces are evaluated at a closest distance of approximation
(hg~0.158 nm) [17]. When integrated into mathematical expres-
sions accounting the geometric constraints existing between two
interacting bodies, AG values can be utilized to calculate the corre-
sponding energy-distance profile (U vs. H). Details of this procedure
were published [12,17]. AG'W are also related to the Hamaker con-
stant, as follows:

A= -12mh{ AGW (2)

UEL energy-distance profile can be calculated, assuming either
plate-sphere or sphere-sphere geometry, upon experimental
determination of particle zeta-potential values. Zeta-potential val-
ues are measured by electrophoretic mobility experiments [12].
Calculations were performed employing a commercial software
package (GraphPad Prism, GraphPad Software Inc., San Diego, CA,
USA).

3. Results and discussions
3.1. Contact angle measurements and surface energy components

The diagnostic liquids water, formamide, and a-bromonaphta-
lene were employed to measure contact angles onto homoge-
neous lawns of the materials under study, i.e. intact yeast cells or
crushed Phenyl-Sepharose beads. The sessile drop technique was
employed. The utilization of the agar plate method assured that
contact angle values were obtained for the mentioned materials
in the hydrated state. Diagnostic liquids were chosen to have a
higher surface tension than the sample materials so as to allow
for stable drop formation and accurate contact angle determina-
tion. Both materials were carefully equilibrated with either 20 mM
phosphate buffer (pH 7) or 50 mM acetate buffer (pH 4), which are
buffers commonly encountered as mobile phases during hydropho-
bic interaction chromatography (HIC). Since conditions for binding
proteins and macromolecules onto this particular chromatographic
media are usually found at increased concentrations of ammonium
sulphate, i.e. within the range 0.2-2.0 M, this salt was included
during sample preparation. Therefore, contact angles with three
different liquids were performed as a function of pH and salt
concentration so as to evaluate material(s) properties within the
normal HIC operational range.

Table 1 summarizes the contact angle values obtained after mea-
surements performed onto homogeneous layers of intact yeast cells
at pH 7 and pH 4. The agar plate technique utilized allowed the
measurement of contact angles under the assumption that only
bound water is present in the sample materials. Irrespective of pH
(phosphate buffer pH 7 vs. acetate buffer pH 4) and salt concentra-
tion (the ammonium sulphate concentration increased from 0 M to
2 Min the corresponding buffer solution), data gathered for contact
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angles measured with both water and formamide overall showed
low and nearly constant values. Average values for water were ~10
and for formamide ~12. This indicates the very hydrophilic nature
of the samples. On the contrary, contact angles values gathered with
a-bromonaphtalene decreased from ~54 to ~30 and from ~46 to
~30 at pH 7 and pH 4, respectively, upon addition of salt. A more
progressive decrease in the contact angle values was observed -
as a function of salt concentration - at pH 7 than at pH 4. In the
later case, values for contact angles at varying salt concentrations
tended to keep a constant level (~30) a condition which differenti-
ates from the contact angle measured in plain buffer solution (~46).
This indicates that a non-polar liquid can be employed to discrim-
inate between biomass types or conditions in relation to surface
hydrophobic character [24].

Table 2 shows contact angle values obtained by performing
measurements onto layered fragments (<10 wm) of the hydropho-
bic interaction media, Phenyl-Sepharose. This method was utilized
since for soft gel particles other approaches, e.g. the capillary raise
method are difficult to implement. Moreover, measurements onto
layered materials showed good reproducibility, i.e. within +£10% in
triplicate measurements (Table 2). As described with biomass, a
range of conditions was explored. At pH 7 contact angle values
were ~6-7 for water and ~8-11 for formamide, irrespective of
salt concentration. On the other hand, a step change in the con-
tact angle with a-bromonaphtalene from ~48 (no salt) to ~30
(0.2-2.0M ammonium sulphate) was noticed. At pH 4 recorded
contact angle values were ~7-8 with water and ~9-10 with
formamide but observed values with a-bromonaphtalene were
progressively reduced from ~36 (no salt) to ~22 (2.0 M ammonium
sulphate). As a whole, these results stressed the known hydrophilic
nature of the chromatographic beads, which are composed by an
agarose backbone. Contact angles values observed with the apo-
lar liquid also indicate an increased hydrophobic character in the
presence of ammonium sulphate.

Global analysis of contact angle data suggests a decrease
in the contact angle values, as a function of ammonium sul-
phate concentration, measured with a-bromonaphtalene for cells
and chromatographic beads. Contact angle values obtained for
Phenyl-Sepharose with water and formamide were nearly constant
irrespective of salt concentration. On the other hand, contact angles
determined with the later two diagnostic liquids showed a trend to
decrease when yeast cells were tested in the presence of salt.

Experimental contact angle determinations were utilized to
calculate surface energy parameters for both biomass and chro-
matographic media according to the acid-base approach [17].
Calculated parameters reflect the contribution of the various energy
components, i.e. Lifshitz-Van der Waals and acid-base (electron-
acceptor, electron-donor) to the total surface energy of a defined
material. Table 3 depict the surface energy components (y) cal-
culated for layered intact yeast cells as a function of pH (7 and
4) and ammonium sulphate concentration (0-2.0M). As a gen-
eral trend it was observed that YW increased (e.g. from 28 mJ m—2
to 38mJm~2 at pH 7 and from 32mJm~2 to 39mJm~2 at pH 4)
while B decreased (e.g. from 30 mJ m~2 to 18 mJm~2 at pH 7 and
from 25mJm~2 to 18 mJm~2 at pH 4) as salt concentration was
increased. Table 4 shows surface energy components for crushed
chromatographic media as a function of pH and salt concentra-
tion, as before. At pH 7, ™V increased from 31 mJm~2 (no salt)
to39mJ m~2 (0.4-2.0 M ammonium sulphate) while 2B decreased
from 28 m] m~2 (no salt) to 17 mJ m~2 (2.0 M ammonium sulphate).
At pH 4 a similar trend was noticed: ¥V increased from 36 mJ m—2
(no salt) to 41 mj m~2 (1.2-2.0 M ammonium sulphate) while yAB
decreased from 21 mJ m~2 (no salt) to 15 mJ m~2 (2.0 M ammonium
sulphate). As observed from Tables 3 and 4, the parameter AG;y;
took always values +23-27 mJ] m—2 reflecting the hydrophilic nature
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Table 2

Contact angle values for Phenyl-Sepharose particles in 20 mM phosphate buffer pH 7, 50 mM acetate buffer pH 4 as a function of salt concentration

(NH4)>2S04 (M) Water (°) Formamide (°) a-Bromonaphtalene (°)
pH7 pH4 pH7 pH4 pH7 pH4

0.0 6.0 + 1.0 70 + 1.0 10.0 £+ 1.0 9.0+ 1.0 48.0 + 4.8 36.0 + 3.5
0.2 6.0 + 1.0 73 £0.5 8.0+ 1.0 10.0 £ 1.0 28.0 £ 1.0 28,5+ 05
0.4 6.0 + 1.0 8.0 £ 1.0 8.0 + 1.0 10.0 + 1.0 237 £ 25 250+ 22
0.8 70 + 1.0 74 + 0.5 11.0 £ 1.0 9.0+ 1.0 30.7 +£ 3.1 23.0 + 1.0
1.2 70 + 1.0 70 + 1.0 10.0 £+ 1.0 10.0 £+ 1.0 24.0 £ 2.5 21.0 £ 1.0
1.6 6.0 + 1.0 7.7 £ 0.5 8.0+ 1.0 9.0 £+ 1.0 303 + 3.0 223+ 1.0
2.0 70 + 1.0 80+ 10 11.0 £ 1.0 10.0 £+ 1.0 32.0+ 35 23.6 + 1.9
Table 3
Surface energy parameters of intact yeast cells in 20 mM phosphate buffer pH 7, 50 mM acetate buffer pH 4 as a function of ammonium sulphate concentration
(NH4)2S04 (M) Y™ (mJm~2) y* (mJm~2) y~ (mJm~2) 78 (mJm2) y© (mJm2) AGiyi (mJm~2)

pH7 pH 4 pH7 pH4 pH7 pH4 pH7 pH 4 pH7 pH4 pH7 pH 4
0.0 28.0 31.7 4.4 2.9 51.5 54.1 30.1 24.9 58.3 56.6 +23.5 +27.2
0.2 33.0 37.8 2.7 1.5 53.2 543 241 18.0 56.9 55.8 +26.0 +26.7
0.4 35.6 38.6 2.0 14 54.0 54.1 20.7 17.5 56.5 56.0 +26.8 +26.0
0.8 374 38.6 1.6 1.5 54.7 54.0 18.6 17.9 56.0 56.5 +27.2 +25.7
12 379 38.6 1.5 15 54.8 54.2 18.2 18.0 56.0 56.5 +27.0 +25.9
1.6 38.0 38.6 1.5 1.5 54.8 543 18.0 18.0 56.0 56.6 +27.1 +26.0
2.0 38.5 38.6 1.5 1.5 54.3 544 18.0 18.0 56.6 56.6 +26.0 +26.0
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Table 4

Surface energy parameters of Phenyl-Sepharose particles in 20 mM phosphate buffer pH 7, 50 mM acetate buffer pH4 as a function of ammonium sulphate concentration
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pH7
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pH7
58.4
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pH7
275

y~ (mJm~2)

pH7

y* (mjm~2)
pH7
35

Y™ (mJm~2)

pH7
30.8

(NH4);S04 (M)

pH 4

pH4

pH 4
20.8
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pH4
54.4

pH 4
2.0
13
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36.3
39.1
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Table 5

Interfacial free energy of interaction between intact yeast cells and Phenyl-
Sepharose in 20 mM phosphate buffer pH 7, 50 mM acetate buffer pH 4 as a function
of ammonium sulphate concentration

(NH4)2804 (M)  AG™W (mJm~2) AGPB (mJm~2) AGPt (mJm~2)
pH7 pH4 pH7 pH4 pH7 pH4
0.0 -11 -2.6 +27.2 +32.4 +26.1 +29.8
0.2 -34 4.7 +334  +36.1 +30.0 +31.4
0.4 —-4.1 -5.2 +35.0 +36.5 +30.9 +31.3
0.8 -4.6 —-53 +36.5 +36.5 +31.9 +31.2
1.2 —4.8 —-54 +36.5 +36.5 +31.7 +31.0
1.6 —4.8 -54 +36.3 +36.7 +31.5 +31.3
2.0 -4.9 -54 +36.5 +37.0 +31.6 +31.6

of the yeast cells and the chromatographic beads. For comparison,
the AG;,; of hydrophilic repulsion for Dextran T-150 is +41.2 m] m 2
[22]. Concerning the materials acid-base character, particularly
noticeable was a decrease of the values of the electron-acceptor
parameter, i.e. up to 60% when comparing y~ in the absence and
presence of salt, respectively (Tables 3 and 4). y~ values obtained
via contact angle measurements more often pertain only to the
global or averaged surface properties of the materials under study.
Therefore, the agarose backbone onto which Phenyl ligands are
immobilized is expected to have a major contribution to the over-
all material properties. On the other hand, differences in surface
energy components might arise due to macromolecular changes
within the cell envelop which can occur as a function of pH and salt
concentration. The observed AB repulsion in aqueous media often
explains the formation of stable suspensions of biological particles
or stable dispersions of proteins and polysaccharides [25].

3.2. Cell-to-support interaction

3.2.1. Interfacial free energy interaction and energy-distance
profiles

Interaction between biomass particles and chromatographic
beads can be understood by calculating interfacial free energy
(U) vs. distance (H) profiles. These calculations are based on the
experimental determination of contact angles with three diagnostic
liquids and the additional information gathered from zeta-potential
determinations. Hydrophobic interaction chromatography is oper-
ated in a context characterized by an increased salt concentration
(high ionic strength and conductivity) in the mobile phase, as
well as, by uncharged beaded adsorbents. Therefore, it is expected
that the information provided by contact angle determination will
be more relevant to understand cell-to-support interactions than
the information provided via z-potential determinations. Indeed,
measurements of zeta potentials performed for Phenyl-Sepharose
adsorbent particles under the experimental conditions reported
in this work revealed very low values: —2.0mV (base buffer) to
—0.1 mV (high salt concentration). Zeta-potential values for yeast
cells in diluted buffer solutions have been reported elsewhere but
these values are expected to approach negligible values at high salt
concentrations [5]. This situation is radically different from the case
of the ion-exchangers where, due to the low conductivity of the
mobile phases and the charged nature of the adsorbents, z-potential
has been established as a parameter describing biomass deposition
onto process supports [5].

Table 5 depicts the interfacial free energy of interaction between
a biomass particles and a hydrophobic interaction bead, in aqueous
media at pH 7 or pH 4, at closest distance of approximation (1.57 A).
The separation distance is determined by the balance between
Born repulsion and Van der Waals attractive forces. At pH 7 it can
be observed that AGW decreased from —1.1 mJm~2 (phosphate
buffer) to —4.9 mJ m~2 (salt containing buffer) indicating increas-
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Fig. 1. Energy vs. distance profiles for interaction between intact yeast cells and
hydrophobic interaction beads, at varying ammonium sulphate concentration. (a)
20 mM phosphate buffer pH 7, (b) 50 mM acetate buffer pH 4.

ing LW attraction while AG”B increased from +27.2 (buffer) to +36.5
(salt) indicating enhanced repulsion by AB forces. At pH 4 a similar
trend was noticed.

The Hamaker constant (A) for the interaction pair Phenyl-
Sepharose/yeast cells was calculated from AGW according to Eq.
(2). When calculated for dilute buffer solution, i.e. phosphate buffer
pH 7 and acetate buffer pH 4, a value of 0.42 kT was obtained.
The calculated value for A in buffers containing ammonium sul-
phate was 1.1 kT. Therefore, an influence of salt concentration but
not of pH was observed on interaction Hamaker constant values;
interaction refers to support-cell phenomena [24].

Utilizing the data provided before, i.e. AG*W, AGAB, and zeta-
potential values, interaction energy (U) vs. distance (H) profiles
were calculated according to the XDLVO approach. Fig. 1(a and b)
shows the calculated secondary energy pockets occurring at ~5 nm
upon interaction of a yeast cell and the adsorbent surface. Calcula-
tions assumed sphere-to-plate geometry. This is justified since the
adsorbent particles are bigger than the yeast particles by the factor
of ~40. The depth of such energy pockets shifted from low to mod-
erate values ~—20-50 kT in dilute buffer solutions down to values
~—120kT at high salt concentrations. A more gradual modification
of the involved interaction energies took place at pH 7 than at pH
4, This is agreement with previous findings utilizing bacterial cells
[7]. Stronger interaction energies between cells and fluidized beads
in the presence of ammonium sulphate might explain observed
biomass interference during direct HIC/EBA capturing of bioprod-
ucts from a crude feedstock [26].

Application of the extended DLVO approach is justified since
due to the very polar nature of the buffer solutions where
cell-adsorbent interactions take place, these interactions are
known to be strongly influenced by polar Lewis acid—-base (AB) or
electron-acceptor/electron-donor forces. Contributions by electric
double layer (EL) forces and particularly contributions by apolar
Lifshitz-Van der Waals (LW) forces are also expected to occur.
Important to the particular system considered here EL and AB
forces decay exponentially with distance but as opposed to EL, the
rate of decay of AB forces with distance is independent on low
to moderate variations in the ionic strength. On the other hand,
LW interactions decay gradually and proportional to the separa-
tion distance between two bodies. As observed from Table 5, LW
interactions were promoted upon salt addition. On the other hand,
the pronounced asymmetry of the polar properties of hydrophilic
materials like agarose-based chromatographic supports or bio-
logical particles promotes a strong AB repulsion, i.e. hydrophilic
repulsion. Taken as a whole, calculations performed in relation
to interaction phenomena, i.e. cell-to-support interactions have
shown hydrophilic AB repulsion, increased LW attraction, and
marginal contribution of EL forces under standard operational con-
ditions.

The extended DLVO approach has served to explain the behav-
ior of many other colloidal systems. Brandt and Childress have
demonstrated that short-range interactions between synthetic
membranes and bio-colloids can be better explained by taking into
consideration the role of AB forces [27]. Van Oss and coworkers have
studied the stability of a thixotropic suspension of 2 wm hectorite
particles and concluded that Lewis acid-base interactions play a
key role in the coagulation dynamics of such system [28].

3.2.2. Biomass deposition experiments

Biomass deposition experiments were performed to evaluate
yeast cells attachment to hydrophobic interaction supports. This
allowed an independent experimental verification of the predic-
tions made on the basis of energy vs. distance calculations (Fig. 1(a
and b)).

Fig. 2(a and b) depicts the cell effluent profiles measured as
a function of the chemical environment provided by the mobile
phase. Ammonium sulphate concentration was systematically
varied to observe its influence on cell attachment onto Phenyl-
Streamline beads. Cell deposition was evaluated a pH 7 and 4.
Biomass deposition experiments showed a profound effect of salt
concentration on cell effluent profiles, e.g. higher cell deposition
with increased ammonium sulphate concentrations. From Fig. 2(a
and b) it can also be noticed that and increased tendency exists for
particles to be retained at pH 7 (a) that at pH 4 (b) when cell deposi-
tion was evaluated as a function of increasing ammonium sulphate
concentration (0-2 M).

This trend, i.e. increased deposition with neutral pH and
increased salt concentration is reflected by «, a lump parame-
ter describing such phenomena (Table 6). For example utilizing
either phosphate buffer pH 7 or acetate buffer pH 4, values for
a were 0.065 and 0.031, respectively. When ammonium sulphate
was included in the mobile phase at a concentration of 2.0 M, «
values were 0.443 at pH 7 and 0.214 at pH 4. This “attachment
efficiency” parameter depends on the experimental conditions set
by the experimenter. In this case the method has been adapted
to a chromatographic workstation that can operate in automatic
mode. Therefore, the procedure can be implemented in any chro-
matographic laboratory and utilized to gather information without
the need of more complicated experimental determinations like
contact angle measurements or zeta-potential estimations. Quali-
tative and quantitative evaluation of cell deposition experiments
can reveal several underlying phenomena like cell-to-support
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Fig. 2. Biomass deposition experiments as a function of salt concentration. (a) Phos-
phate buffer pH 7, (b) acetate buffer pH 4.

attachment (interaction), prevention of cell depositions by already
deposited biomass particles (blocking), and cell-to-cell ripening
(aggregation).

The biomass deposition experiment employs a bed of packed
collectors which creates a more stable hydrodynamic situation
in comparison with fluidized or expanded bed systems. Addi-
tionally, the biomass deposition experiment operates at a flow
rate (~75cm/h) that is lower than the flow rates expected dur-
ing expanded bed operation (~300cm/h). These experiments,
however, were designed to confirm XDLVO calculations, e.g. to
obtain information related to cell deposition onto the solid sur-
face. Biomass deposition experiments were run under optimized

Table 6

Calculated lumped biomass-attachment parameter from biomass deposition exper-
iments for Phenyl-Streamline™ particles vs. intact yeast cells in 20 mM phosphate
buffer pH 7, 50mM acetate buffer pH 4 as a function of ammonium sulphate
concentration

(NH4)2504 (M) ClCo(-) (=)

pH7 pH4 pH7 pH 4
0.0 0.677 0.829 0.065 0.031
0.4 0.561 0.647 0.097 0.073
0.8 0.493 0.551 0.118 0.100
12 0.234 0.397 0.243 0.155
1.6 0.129 0.321 0.343 0.190
2.0 0.071 0.279 0.443 0.214
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Fig. 3. Correlation between depth of free energy of interaction pocket and lumped
attachment coefficient for several systems.

conditions with demonstrated sensibility to changes in XDLVO
interactions. Studies performed as a function of superficial veloc-
ity were utilized to evaluate the interplay between cell-support
attraction and cell detachment by hydrodynamic drag; no evidence
of filtration effects was observed. This data will be published else-
where.

Fig. 3 shows the correlation between the attachment efficiency
parameter and the depth of the secondary free energy of interaction
between a cell particle and a chromatographic bead. Points corre-
sponding to hydrophobic interaction systems are presented within
the frame of previous results gathered with ion-exchangers. It can
be observed that conditions were no salt is present, and irrespective
of pH and buffer chemical composition, are characterized by low
deposition parameter values (<0.15) which correlate with limited
energy pockets (<|25-50| kT). However, by adding ammonium sul-
phate to the flowing phase an increase in « values was noticed. The
magnitude of this increment depended on pH. For buffers at neu-
tral pH the parameter « changed from ~0.1 (0.4 M salt) to ~0.45
(2.0M salt). On the other hand, at pH 4 moderate changes in «
were observed, e.g. from ~0.07 (0.4 M salt) to ~0.21 (2.0 M salt).
Therefore, cell deposition in the presence of ammonium sulphate
generally resulted in « > 0.15. The later criterion has been set as
threshold for problem-free operation during direct capture of bio-
products from a crude feedstock [13]. From a process performance
point of view this could indicate hydrodynamic and sorption perfor-
mance limitations from example, during expanded bed adsorption
of bioproducts [26]. Sorption performance utilizing HIC/EBA sys-
tems has previously been reported [11]. Until now, however, it has
been difficult to correlate such behavior with simple cell trans-
mission indexes [3]. Biomass-impulse experiments, however, have
shown to correlate with ion-exchanger sorption performance were
electrostatic-driven cell-to-matrix interactions effects are predom-
inant.

Analysis of the correlation between the depth of the interaction
energy pockets and the attachment efficiency values for hydropho-
bic interaction materials in the presence of ammonium sulphate
reveled differences with ion-exchange adsorbents. For HIC systems,
a modification in « values correlated with discrete modifications
in energy pocket values (Fig. 3). Moreover, extreme values of both
attachment efficiency and energy valleys were not observed. These
results, as a whole, might indicate that total deposition of biomass
particles is mediated not only by cell-to-matrix interaction but
also by cell-to-cell aggregation phenomena (ripening). Deposition
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Fig. 4. Laser diffraction experiments performed with intact yeast cells as a function of salt concentration, pH of the suspending buffer, and contact time. (a) Control yeast
cells in plain buffer at pH 7 and 4; (b) yeast cells after 10 min in contact with buffer containing 1.6 M (NH4),SO04; (c) yeast cells after 45 min in contact with buffer containing

1.6 M (NH4)2S04; (d) Visual aggregation of yeast cells suspended in 1.6 M of salt.

experiments also seem to indicate that ripening is occurring in a
larger extent at pH 7 than at pH 4. Summarizing, for hydrophobic
interaction systems modifications within a secondary interaction
energy pocket occurred only from —70 kT to —120 kT but « values
increased up to 0.45 when ammonium sulphate increased from 0 M
to 2 M (Fig. 3).

Experiments performed to evaluate the influence of the age of
the culture on cell attachment - as observed by biomass deposi-
tion experiments — showed increased « values when aged cells
were employed. For example, in phosphate buffer pH 7 contain-
ing 1.0 M ammonium sulphate « increased from 0.20 to 0.36 when
fresh cells were compared to an aged culture (data not shown). At
pH 4 a similar trend was observed with « increasing for 0.14-0.26
when considering late exponential phase vs. one day aged culture.

3.3. Cell-to-cell aggregation

Cell-to-cell aggregation might represent and important mecha-
nism promoting overall cell attachment during biomass deposition
experiments. Therefore, increased values for the lumped o parame-
ter might indicate not only stronger cell-to-support interaction but
also enhanced cell-to-cell aggregation. Consequently, results from
biomass deposition experiments will reveal conditions prevailing
during real process performance where both interaction and aggre-
gation phenomena can coexist.

Contact angle and zeta-potential determinations, as reported
in this work and elsewhere [5] have been utilized to calculate
energy vs. distance profiles between two intact yeast cells. Sphere-
to-sphere geometry was assumed. These XDLVO calculations have
indicated that:

(a) Atclosestdistance of approximation AGW took values between
—1.5mJm~2 (20 mM phosphate buffer pH 7) and —3.8 mj m—2
(50mM acetate buffer pH 4) under the chemical environ-
ment provided by the buffering solutions employed. By adding
increasing amounts of ammonium sulphate, i.e. up to2 M AG*W
values decreased to —9.5m]m~2, irrespective of system pH.
Therefore, attraction between cell particles due to LW forces
is similar at both pH values but increased with salt concentra-

tion (Table 7). Hamaker constant values were 0.6 kT (diluted
buffer solution) and 2.0 kT (added salt >0.4 M) for yeast-to-
yeast aggregation.

(b) Under similar conditions, AG*B showed more repulsion when
calculating interfacial energy values at pH 4 (from +31.0 mJ m~—2
and up to +35.6 m] m~2 under buffer and added salt conditions,
respectively) than when calculating interfacial energy values at
pH 7 (from +25.0 mJ m~2 and up to +36.0 m] m~2 under buffer
and added salt conditions, respectively). Therefore, the model
biomass utilized in this work might have a tendency to be more
stable, e.g. less aggregation under acidic pH conditions due to
enhanced repulsion by AB forces (Table 7).

(c) Coulomb-type interactions are repulsive in nature, but of
marginal importance when salt concentration is higher than
0.1 M ammonium sulphate, e.g. EL are irrelevant under normal
processing conditions.

(d) Calculations performed to evaluate energy vs. distance profiles
for interaction between two cells in aqueous media have shown
secondary energy pockets taking values within the range —3 kT
and —11 kT under diluted buffer conditions and ~—30kT in the
presence of 2.0 M ammonium sulphate (data not shown).

In order to elucidate cell aggregation behavior as a function of
pH and salt concentration laser diffraction spectroscopic measure-
ments were employed [19]. The implementation of an independent
method to specifically evaluate cell-to-cell aggregation can help in

Table 7
Interfacial free energy of aggregation of intact yeast cells in 20 mM phosphate buffer
pH 7,50 mM acetate buffer pH 4 as a function of ammonium sulphate concentration

(NH4)2S04 (M)  AG™W (mJm~2) AGP® (mJm~2) AGPt (mJm~2)

pH7 pH4 pH7 pH4 pH7 pH4
0.0 -15 -3.8 +25.0 +31.0 +235 4272
0.2 -45 88 +30.5 +35.5 +26.0 +26.7
0.4 -6.7 -95 +33.5 +35.6 +26.8  +26.0
0.8 -84 -95 +35.5 +35.2 +27.1 +25.7
1.2 -88 -95 +359 +354 +270  +25.9
1.6 -89 -95 +36.0 +35.5 +27.1 +26.0
2.0 -95 -95 +35.6  +35.6 +26.0 +26.0




R.R. Vennapusa et al. / Biochemical Engineering Journal 43 (2009) 16-26 25

Table 8
Laser diffraction experimental data gathered for intact yeast cells as a function salt
concentration, pH of the suspending buffer, and contact time

Time (min)  pH*  (NH4)2SO4 (M)  d(o1) (wm)  dios) (pm)  diog) (rm)
7 - 43 +1 56 +1 76 +1
= 4 - 46 + 1 62 +1 8.7+ 0.5
10 7 1.6 47 +£ 0.5 160.5 + 10 231.5 £ 20
4 1.6 35+ 0.5 53+1 1175+ 5
45 7 1.6 52 +1 284.7 + 15 409.0 + 25
4 1.6 43 + 0.5 184 +4 2753 £ 15

2 pH 7: 20 mM phosphate buffer; pH 4: 50 mM acetate buffer.

understanding (lumped) deposition coefficient values. For exam-
ple, high « values in the absence of aggregation by light scattering
can be attributed to strong cell-to-support attachment. On the con-
trary, high o values and strong aggregation can indicate a combined
effect during biomass deposition. Fig. 4 depicts particle size for iso-
lated yeast cells and formed aggregates, if any. Determinations were
performed in 20 mM phosphate buffer pH 7 and in 50 mM acetate
buffer pH 4, so as to reproduce the conditions found during biomass
deposition experiments. Under these conditions, results indicated
that cells were suspended without any association and existed as
~8 nm particles (Fig. 4(a)). This is in perfect agreement with the
known size of intact yeast cells. Similar experiments performed in
the presence of 1.6 M ammonium sulphate showed a faster cell-to-
cell aggregation at pH 7 that at pH 4 at short contact times (10 min)
(Fig. 4(b)). Furthermore, longer contact times (45 min) promoted
the formation of larger aggregates at pH 7 (=400 pm) than at pH 4
(~250 pm) (Fig. 4(c)). Laser diffraction experiments performed in
the presence of salt were also able to show the shrinkage of indi-
vidual yeast cell to ~5 pum (data not shown). Cell clumping in the
presence of salt was confirmed by confocal microscopy (Fig. 4(d)).
Table 8 summarizes quantitative information obtained after laser
diffraction spectroscopic evaluation of the samples. Results are
expressed as percentiles. The d(g 1), d(g 5), and d(g gy values shown in
Table 8 are indicating that 10%, 50% and 90% of the particles mea-
sured were less than or the equal to the size stated in each case.
Sample replicates (n=5) have indicated that the shear exerted by
the instrument during the measurement process was not promot-
ing aggregate disruption (Table 8).

4. Conclusions

A comprehensive approach to understand biomass deposi-
tion/adhesion onto process supports, with special emphasis on
hydrophobic interaction surfaces have included interaction forces
other than those purely electrostatic in nature and have utilized
principles of colloid theory to explain biomass-adsorbent attach-
ment at the local (particle) level. Within the classical DLVO theory
approach, Lifshitz-Van der Walls (LW) and electrostatic inter-
actions (EL) were considered. Other forces like acid-base (AB)
interactions were included in the extended approach (XDLVO)
so as to explain biomass interaction and aggregation phenom-
ena.

Interaction between biomass particles and chromatographic
beads was understood by calculating interfacial free energy (U)
vs. distance (H) profiles. These calculations were based on the
experimental determination of contact angles with three diagnostic
liquids and the additional information gathered from zeta-potential
determinations. Hydrophobic interaction chromatography is oper-
ated in a context characterized by an increased salt concentration
(high ionic strength and conductivity) in the mobile phase, as well
as, by uncharged beaded adsorbents. Therefore, it was expected
that information provided by contact angle determination would

be more relevant to understand cell-to-support interactions than
the information provided via zeta-potential determinations.

Qualitative and quantitative evaluation of cell deposition
experiments have revealed several underlying phenomena like
cell-to-support sticking, prevention of cell depositions by already
deposited biomass particles (blocking), and cell-to-cell aggregation
(ripening). Analysis of the correlation between the depth of the
interaction energy pockets and the deposition coefficient values
for hydrophobic interaction materials in the presence of ammo-
nium sulphate reveled differences with ion-exchange adsorbents.
For HIC systems, modifications in « values were followed by dis-
crete modifications in energy pocket depths. Moreover, extreme
values of both deposition coefficients and energy valleys were not
observed. These results, as a whole, might indicate that total depo-
sition of biomass particles is mediated not only by cell-to-material
interaction but also mainly by cell-to-cell aggregation phenomena
(ripening).

Cell-to-cell aggregation has represented and important mech-
anism promoting overall cell adhesion during biomass deposition
experiments. These results would indicate that similar phenom-
ena would impact on real process performance. Cell aggregation
behavior, as a function of pH and salt concentration, was con-
firmed by laser diffraction spectroscopic measurements. Besides
direct attachment of cells to the beaded support, cell aggregation
has contributed to elevated o-parameter values, particularly at pH
7, during biomass deposition experiments.

Summarizing, it was demonstrated that both cell-to-adsorbent
(interaction) and cell-to-cell (aggregation) phenomena are respon-
sible to biomass deposition onto hydrophobic interaction chro-
matographic materials. Interaction and aggregation was inferred
from XDLVO calculations on the basis of contact angle and zeta-
potential measurements. Moreover, experimental confirmation
was obtained by independent methods like biomass deposition
experiments and laser diffraction spectrometry.

Further work is being performed in our laboratory in order to
extent the observations reported in this paper to other adsorbent
chemistries, biomass types of various characteristics, and broader
operational windows. For example, cell debris shows stronger inter-
actions with hydrophobic adsorbents than intact cells, because of
the hydrophobic inner membrane. Additionally, the information
provided by the XDLVO approach is being utilized to alleviate pro-
cess limitations.
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