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Cell-to-support interaction and cell-to-cell aggregation phenomena have been studied in a model system
composed of intact yeast cells and Phenyl-Streamline adsorbents. Biomass components and beaded adsor-
bents were characterized by contact angle determinations with three diagnostic liquids and zeta potential
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-
irect sequestration
iomass attachment
luidized beds
orption performance
urface energetics
ioprocess design
ydrophobic interaction

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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expanded bed adsorption

. Introduction

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

Previous studies on biomass–adsorbent interactions were
estricted to simple diagnostic tests to determine the extent of
ell – or cell debris – attachment to the desired chromatographic
upports [3]. More recently, a single property of the suspended bio-

ogical particle, i.e. the zeta potential has been proposed for a better
nderstanding and prediction of biomass–adsorbent interactions
uring expanded bed adsorption. Since then a number of studies
ave been developed to illustrate the usefulness of this approach
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hen adsorption is performed onto anion-exchangers [4,5]. Such
ystems are obviously dominated by Coulomb-type interactions
nd therefore, non-electrostatic interactions are anticipated to play
minor role [6].

Experimental evidence gathered by many authors has addressed
he importance of non-electrostatic forces for biomass adhesion
o process surfaces in the broader context provided by a group of
ystems of technical and environmental relevance. For example,
ydrophobic interaction as measured by partition tests has been
roposed as a generalized assay to measure adhesion-potential of
acteria to low-energy surfaces [7]. Complementarily, differences

n the hydrophobic surface characteristics of bacterial strains were
evealed by hydrophobic interaction chromatography [8]. Recently,
cid–base interactions have been employed to understand yeast
eposition onto chemically modified substrates [9]. However, very

ittle is known on biomass attachment onto chromatographic
aterials like hydrophobic interaction media (HIC) under real

ownstream process conditions. The mentioned chromatographic
ode represents a widely utilized industrial operation [10], which

s amenable for direct sequestration of bioproducts. Since sorption

erformance limitations were already observed due to biomass

nterference during HIC-based EBA, a better understanding and
ontrol of such phenomena is needed [11].

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

http://www.sciencedirect.com/science/journal/1369703X
http://www.elsevier.com/locate/bej
mailto:m.fernandez-lahore@jacobs-university.de
dx.doi.org/10.1016/j.bej.2008.08.004
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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
�G interfacial free energy at 1.57 Å approach (mJ m−2)
h0 closest distance of approximation (1.57 Å)
H distance between surfaces, measured from outer

edge (m)
HIC hydrophobic interaction chromatography
IC intact yeast cell particles
k Boltzmann constant (J K−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
˛ lumped biomass attachment coefficient
ε dielectric constant of the medium
�AB polar or acid–base component of surface tension

(mJ m−2)
�LW apolar or Lifshitz–Van der Waals component of sur-

face tension (mJ m−2)
�− electron-donor component of surface tension

(Lewis base) (mJ m−2)
�+ electron-acceptor component of surface tension

(Lewis acid) (mJ m−2)
� inverse of Debye length (m)
� zeta potential (mV)
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employing biomass pretreated as described before (under Section
2.3.1) and utilizing the same buffers utilized for contact angle deter-
rinciples of colloid theory to explain biomass–adsorbent attach-
ent at the local (particle) level [12]. This approach is based on

xtended DLVO calculations performed via experimentally deter-
ination of contact angles and z-potential values for the interacting

urfaces or particles. The comprehensive method takes into account
everal types of possible interaction forces, i.e. Lifshitz–Van der

aals (LW) and acid–base (AB) and, therefore, it is not limited to
hose purely electrostatic in nature (EL). Biomass adhesion behav-
or onto chromatographic beads predicted on the basis of XDLVO
alculations was validated by independent biomass deposition
xperiments [13].

The aim of this paper was to contribute to a deeper under-
tanding of biomass–adsorbent interactions to further open the
ave for optimized EBA processing in industry. Studies targeted
iomass adhesion to hydrophobic interaction materials which
ave not been extensively studied so far. The physicochemi-
al properties of biomass-derived material, taken as colloidal
articles, vs. the physicochemical properties of the adsorbent
eads, taken as a process surface, were determined indirectly
ia contact angle and zeta-potential measurements. Subsequently,
otal interfacial interaction energy values were calculated as

function of surface distance in aqueous media, e.g. process
uffer. Cell-to-support interactions and cell-to-cell aggregation

henomena were independently confirmed by colloid deposi-
ion experiments and laser diffraction spectroscopy, respecti-
ely.
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. Materials and methods

.1. Materials

Chromatographic matrices (Phenyl Sepharose FF, high sub-
titution; Phenyl Streamline) and columns (Tricorn 5/50)
ere purchased from GE Health Care (Munich, Germany).
-Bromonaphtalene and formamide were obtained from Fluka

Buchs, Switzerland). Water was Milli-Q quality. All other chemicals
ere analytical grade.

.2. Generation of biomass

Yeast cells (Saccharomyces cerevisiae) wild strain was utilized.
ive ml of 24 h culture were inoculated in 500 ml of 3.5% (w/v) YES
edium (yeast extract with supplements of yeast extract, 5 g l−1;

lucose, 30 g l−1; 225 mg l−1 adenine, histidine, leucine, uracail and
ysine hydrochloride) and grown at 30 ◦C. Cells are harvested at
ate exponential phase by centrifugation, and washed three times

ith 10 mM phosphate buffer solutions, as previously described
14]. Cells were employed immediately after preparation for further
xperimental measurements or routines.

.3. Physicochemical characterization of cells and beads

.3.1. Contact angle measurements
Preparation of intact yeast cells for contact angle measurements

as performed as described [15]. To evaluate the effect of pH,
ashed cells were suspended to 10% (w/v) in 20 mM phosphate
uffer, pH 7 or 50 mM sodium acetate buffer, pH 4 and to evaluate
he effect of salt concentration, biomass was suspended in 20 mM
hosphate buffer (pH 7) and 50 mM sodium acetate buffer (pH 4)
ontaining added ammonium sulphate (0.2, 0.4, 0.8, 1.2, 1.6 and
.0 M). Cells were equilibrated in the appropriate buffer condition
nd the suspension subsequently poured onto agar plates contain-
ng 10% glycerol and 2% agar-agar. The plate was allowed to dry
or 24–36 h at room temperature on a properly leveled surface free
rom dust. Salt crystallization was avoided. Agar plates without cell
preads were utilized as control.

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

Contact angle determination on buffer-equilibrated chromato-
raphic beads was performed utilizing the same physicochemical
onditions and experimental procedures described for cell parti-
les. Previous to pouring onto the agar plates, matrix beads were
rozen in liquid nitrogen and crushed mechanically. Crushing effi-
iency was assessed by microscopic examination and particle size
etermination so as to assure particle fragment diameters ≤10 �m.
henyl Sepharose (high-sub) was utilized. Square pieces of the agar
upported chromatographic bead fragments were utilized for mea-
uring contact angles.

.3.2. Zeta-potential determination
Zeta-potential measurements were performed with a ZetaSizer

ano-ZS (Malvern instruments, Worcestershire, United Kingdom),
s previously described [12]. Zeta-potential values were gathered
ination.
Zeta-potential values for crushed and equilibrated chromato-

raphic beads were calculated from the electrophoretic mobility
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ata according the Smoluchowski’s equation [18]. Data was gath-
red under identical buffer compositions as shown for biomass
elated determinations.

.3.3. Particle size determination and cell aggregation behavior
Particle size determinations and cell aggregation studies were

erformed by laser diffraction employing a MasterSizer 2000,
ydro 2000 G (Malvern instruments, Worcestershire, United King-
om), according to manufacturer instructions. Cell aggregation was
tudied as a function of pH and ammonium sulphate concentration
tilizing the buffers systems already described. For each condition,
inetic studies were performed within a time interval of 60 min
19]. Measurements were performed utilizing cell suspensions hav-
ng an optical density ≈0.1 for better reproducibility.

Visual inspection of aggregate formation was performed with
confocal laser scanning microscope, equipped with argon and

elium/neon mixed gas laser with excitation wavelengths of 488 or
43 nm (LSM 510, Carl Zeiss, Oberkochen, Germany). Washed yeast
ells in 20 mM phosphate buffer (pH 7) or buffered 1.6 M ammo-
ium sulphate solution were mounted on glass slides and observed.
cans at a resolution of 1024 × 1024 pixels were taken in the line-
veraging mode. Micrographs were stored in LSM format (Carl Zeiss
SM Image Browser).

.4. Bio-colloid deposition experiments

Biomass deposition experiments were performed automatically
mploying an ÄKTA Explorer 100 system (GE Health Care, Munich,
ermany) as previously described [13]. These experiments were

un by introducing a population of yeast cells particles is intro-
uced into a system composed of collector (adsorbent) beads; the
uspended biomass effluent is monitored as a function of process
ime. This type of experiments can provide useful and quantita-
ive information when assessing factors like cell size and shape,

icroorganisms strain, growth phase, bead size, surface coatings,
uid velocity, and ionic strength on cell deposition onto process
edia [13]. A common approach to evaluate biomass deposition in

aboratory packed-bed experiments employs the “clean-bed” fil-
ration model (CBFM). In this case, mass transport phenomena are
ccounted by the “single-collector contact efficiency” (�0) while
he physicochemical phenomena related to biomass attachment are
eflected by the “attachment efficiency parameter” (˛).

Streamline Phenyl materials (high-sub) were packed in com-
ercial chromatographic columns (5 mm internal diameter, 50 mm

ength). The quality of the packing was evaluated by residence
ime distribution analysis employing 1% acetone as tracer [20].
iomass deposition studies were done by injecting a 4 ml biomass
ulse (OD at 600 nm ≈ 0.8 AU). Experiments were performed uti-

izing 20 mM phosphate buffer pH 7 or 50 mM acetate buffer pH
. Buffers contained various amounts of ammonium sulphate as
dded salt (0.0, 0.4, 0.8, 1.2, 1.6, 2.0 M). The operational flow rate was
6.4 cm h−1. Particle breakthrough curves were obtained by moni-
oring the effluent suspensions at 600 nm. On the basis of such data,
he biomass deposition parameter (˛) was calculated [21]. Biomass
eposition experiments were performed in triplicate and showed
o be reproducible within ± 20%.

.5. Energy–distance profile calculations
The total interaction energy between a colloidal particle and a
olid surface can be expressed in terms of the extended DLVO theory
s:

XDLVO
mwc = ULW

mwc + UEL
mwc + UAB

mwc (1)

m
b
(
t
2

neering Journal 43 (2009) 16–26

here UXDLVO is the total interaction energy in aqueous media,
LW is the LW interaction term, and UEL is the EL interaction term.
he subscript m is utilized for the chromatographic matrix (adsor-
ent bead), w refers to the watery environment, and c to the
olloidal (cell) particle. A third short-range (≤5 nm) Lewis AB term
s included to account for “hydrophobic attractive” and “hydrophilic
epulsive” interactions [22].

Material surface energy parameters (tensions) can be calculated
rom contact angle measurements utilizing three diagnostic liquids,
ccording to [23]. In turn, this data can be employed to evalu-
te the free energy of interaction between two defined surfaces
�GLW and �GAB). �G represents here the interaction energy per
nit area between two (assumed) infinite planar surfaces bearing the
roperties of the adsorbent bead and the cell (interaction) or two
ells (aggregation), respectively. Interaction between any of these
wo surfaces are evaluated at a closest distance of approximation
h0 ≈ 0.158 nm) [17]. When integrated into mathematical expres-
ions accounting the geometric constraints existing between two
nteracting bodies, �G values can be utilized to calculate the corre-
ponding energy–distance profile (U vs. H). Details of this procedure
ere published [12,17]. �GLW are also related to the Hamaker con-

tant, as follows:

= −12�h2
0�GLW (2)

EL energy–distance profile can be calculated, assuming either
late–sphere or sphere–sphere geometry, upon experimental
etermination of particle zeta-potential values. Zeta-potential val-
es are measured by electrophoretic mobility experiments [12].
alculations were performed employing a commercial software
ackage (GraphPad Prism, GraphPad Software Inc., San Diego, CA,
SA).

. Results and discussions

.1. Contact angle measurements and surface energy components

The diagnostic liquids water, formamide, and �-bromonaphta-
ene were employed to measure contact angles onto homoge-
eous lawns of the materials under study, i.e. intact yeast cells or
rushed Phenyl-Sepharose beads. The sessile drop technique was
mployed. The utilization of the agar plate method assured that
ontact angle values were obtained for the mentioned materials
n the hydrated state. Diagnostic liquids were chosen to have a
igher surface tension than the sample materials so as to allow

or stable drop formation and accurate contact angle determina-
ion. Both materials were carefully equilibrated with either 20 mM
hosphate buffer (pH 7) or 50 mM acetate buffer (pH 4), which are
uffers commonly encountered as mobile phases during hydropho-
ic interaction chromatography (HIC). Since conditions for binding
roteins and macromolecules onto this particular chromatographic
edia are usually found at increased concentrations of ammonium

ulphate, i.e. within the range 0.2–2.0 M, this salt was included
uring sample preparation. Therefore, contact angles with three
ifferent liquids were performed as a function of pH and salt
oncentration so as to evaluate material(s) properties within the
ormal HIC operational range.

Table 1 summarizes the contact angle values obtained after mea-
urements performed onto homogeneous layers of intact yeast cells
t pH 7 and pH 4. The agar plate technique utilized allowed the

easurement of contact angles under the assumption that only

ound water is present in the sample materials. Irrespective of pH
phosphate buffer pH 7 vs. acetate buffer pH 4) and salt concentra-
ion (the ammonium sulphate concentration increased from 0 M to
M in the corresponding buffer solution), data gathered for contact
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ngles measured with both water and formamide overall showed
ow and nearly constant values. Average values for water were ≈10
nd for formamide ≈12. This indicates the very hydrophilic nature
f the samples. On the contrary, contact angles values gathered with
-bromonaphtalene decreased from ≈54 to ≈30 and from ≈46 to
30 at pH 7 and pH 4, respectively, upon addition of salt. A more
rogressive decrease in the contact angle values was observed –
s a function of salt concentration – at pH 7 than at pH 4. In the
ater case, values for contact angles at varying salt concentrations
ended to keep a constant level (≈30) a condition which differenti-
tes from the contact angle measured in plain buffer solution (≈46).
his indicates that a non-polar liquid can be employed to discrim-
nate between biomass types or conditions in relation to surface
ydrophobic character [24].

Table 2 shows contact angle values obtained by performing
easurements onto layered fragments (<10 �m) of the hydropho-

ic interaction media, Phenyl-Sepharose. This method was utilized
ince for soft gel particles other approaches, e.g. the capillary raise
ethod are difficult to implement. Moreover, measurements onto

ayered materials showed good reproducibility, i.e. within ±10% in
riplicate measurements (Table 2). As described with biomass, a
ange of conditions was explored. At pH 7 contact angle values
ere ≈6–7 for water and ≈8–11 for formamide, irrespective of

alt concentration. On the other hand, a step change in the con-
act angle with �-bromonaphtalene from ≈48 (no salt) to ≈30
0.2–2.0 M ammonium sulphate) was noticed. At pH 4 recorded
ontact angle values were ≈7–8 with water and ≈9–10 with
ormamide but observed values with �-bromonaphtalene were
rogressively reduced from ≈36 (no salt) to ≈22 (2.0 M ammonium
ulphate). As a whole, these results stressed the known hydrophilic
ature of the chromatographic beads, which are composed by an
garose backbone. Contact angles values observed with the apo-
ar liquid also indicate an increased hydrophobic character in the
resence of ammonium sulphate.

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

Experimental contact angle determinations were utilized to
alculate surface energy parameters for both biomass and chro-
atographic media according to the acid–base approach [17].

alculated parameters reflect the contribution of the various energy
omponents, i.e. Lifshitz–Van der Waals and acid–base (electron-
cceptor, electron-donor) to the total surface energy of a defined
aterial. Table 3 depict the surface energy components (�) cal-

ulated for layered intact yeast cells as a function of pH (7 and
) and ammonium sulphate concentration (0–2.0 M). As a gen-
ral trend it was observed that �LW increased (e.g. from 28 mJ m−2

o 38 mJ m−2 at pH 7 and from 32 mJ m−2 to 39 mJ m−2 at pH 4)
hile �AB decreased (e.g. from 30 mJ m−2 to 18 mJ m−2 at pH 7 and

rom 25 mJ m−2 to 18 mJ m−2 at pH 4) as salt concentration was
ncreased. Table 4 shows surface energy components for crushed
hromatographic media as a function of pH and salt concentra-
ion, as before. At pH 7, �LW increased from 31 mJ m−2 (no salt)
o 39 mJ m−2 (0.4–2.0 M ammonium sulphate) while �AB decreased
rom 28 mJ m−2 (no salt) to 17 mJ m−2 (2.0 M ammonium sulphate).

t pH 4 a similar trend was noticed: �LW increased from 36 mJ m−2

no salt) to 41 mJ m−2 (1.2–2.0 M ammonium sulphate) while �AB

ecreased from 21 mJ m−2 (no salt) to 15 mJ m−2 (2.0 M ammonium
ulphate). As observed from Tables 3 and 4, the parameter �Giwi
ook always values +23–27 mJ m−2 reflecting the hydrophilic nature



20
R

.R
.Vennapusa

et
al./Biochem

icalEngineering
Journal43

(2009)
16–26

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)2SO4 (M) Water (◦) Formamide (◦) �-Bromonaphtalene (◦)

pH 7 pH 4 pH 7 pH 4 pH 7 pH 4

0.0 6.0 ± 1.0 7.0 ± 1.0 10.0 ± 1.0 9.0 ± 1.0 48.0 ± 4.8 36.0 ± 3.5
0.2 6.0 ± 1.0 7.3 ± 0.5 8.0 ± 1.0 10.0 ± 1.0 28.0 ± 1.0 28.5 ± 0.5
0.4 6.0 ± 1.0 8.0 ± 1.0 8.0 ± 1.0 10.0 ± 1.0 23.7 ± 2.5 25.0 ± 2.2
0.8 7.0 ± 1.0 7.4 ± 0.5 11.0 ± 1.0 9.0 ± 1.0 30.7 ± 3.1 23.0 ± 1.0
1.2 7.0 ± 1.0 7.0 ± 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 30.3 ± 3.0 22.3 ± 1.0
2.0 7.0 ± 1.0 8.0 ± 1.0 11.0 ± 1.0 10.0 ± 1.0 32.0 ± 3.5 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)2SO4 (M) �LW (mJ m−2) �+ (mJ m−2) �− (mJ m−2) �AB (mJ m−2) � tot (mJ m−2) �Giwi (mJ m−2)

pH 7 pH 4 pH 7 pH 4 pH 7 pH 4 pH 7 pH 4 pH 7 pH 4 pH 7 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 54.3 24.1 18.0 56.9 55.8 +26.0 +26.7
0.4 35.6 38.6 2.0 1.4 54.0 54.1 20.7 17.5 56.5 56.0 +26.8 +26.0
0.8 37.4 38.6 1.6 1.5 54.7 54.0 18.6 17.9 56.0 56.5 +27.2 +25.7
1.2 37.9 38.6 1.5 1.5 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 54.3 18.0 18.0 56.0 56.6 +27.1 +26.0
2.0 38.5 38.6 1.5 1.5 54.3 54.4 18.0 18.0 56.6 56.6 +26.0 +26.0
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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)2SO4 (M) �GLW (mJ m−2) �GAB (mJ m−2) �Gtot (mJ m−2)

pH 7 pH 4 pH 7 pH 4 pH 7 pH 4

0.0 −1.1 −2.6 +27.2 +32.4 +26.1 +29.8
0.2 −3.4 −4.7 +33.4 +36.1 +30.0 +31.4
0.4 −4.1 −5.2 +35.0 +36.5 +30.9 +31.3
0.8 −4.6 −5.3 +36.5 +36.5 +31.9 +31.2
1
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.2 −4.8 −5.4 +36.5 +36.5 +31.7 +31.0

.6 −4.8 −5.4 +36.3 +36.7 +31.5 +31.3
.0 −4.9 −5.4 +36.5 +37.0 +31.6 +31.6

f the yeast cells and the chromatographic beads. For comparison,
he �Giwi of hydrophilic repulsion for Dextran T-150 is +41.2 mJ m−2

22]. Concerning the materials acid–base character, particularly
oticeable was a decrease of the values of the electron-acceptor
arameter, i.e. up to 60% when comparing �− in the absence and
resence of salt, respectively (Tables 3 and 4). �− values obtained
ia contact angle measurements more often pertain only to the
lobal or averaged surface properties of the materials under study.
herefore, the agarose backbone onto which Phenyl ligands are
mmobilized is expected to have a major contribution to the over-
ll material properties. On the other hand, differences in surface
nergy components might arise due to macromolecular changes
ithin the cell envelop which can occur as a function of pH and salt

oncentration. The observed AB repulsion in aqueous media often
xplains the formation of stable suspensions of biological particles
r stable dispersions of proteins and polysaccharides [25].

.2. Cell-to-support interaction

.2.1. Interfacial free energy interaction and energy–distance
rofiles

Interaction between biomass particles and chromatographic
eads can be understood by calculating interfacial free energy
U) vs. distance (H) profiles. These calculations are based on the
xperimental determination of contact angles with three diagnostic
iquids and the additional information gathered from zeta-potential
eterminations. Hydrophobic interaction chromatography is oper-
ted in a context characterized by an increased salt concentration
high ionic strength and conductivity) in the mobile phase, as
ell as, by uncharged beaded adsorbents. Therefore, it is expected

hat the information provided by contact angle determination will
e more relevant to understand cell-to-support interactions than
he information provided via z-potential determinations. Indeed,

easurements of zeta potentials performed for Phenyl-Sepharose
dsorbent particles under the experimental conditions reported
n this work revealed very low values: −2.0 mV (base buffer) to
0.1 mV (high salt concentration). Zeta-potential values for yeast

ells in diluted buffer solutions have been reported elsewhere but
hese values are expected to approach negligible values at high salt
oncentrations [5]. This situation is radically different from the case
f the ion-exchangers where, due to the low conductivity of the
obile phases and the charged nature of the adsorbents, z-potential

as been established as a parameter describing biomass deposition
nto process supports [5].

Table 5 depicts the interfacial free energy of interaction between
biomass particles and a hydrophobic interaction bead, in aqueous

edia at pH 7 or pH 4, at closest distance of approximation (1.57 Å).

he separation distance is determined by the balance between
orn repulsion and Van der Waals attractive forces. At pH 7 it can
e observed that �GLW decreased from −1.1 mJ m−2 (phosphate
uffer) to −4.9 mJ m−2 (salt containing buffer) indicating increas-
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matographic laboratory and utilized to gather information without
ig. 1. Energy vs. distance profiles for interaction between intact yeast cells and
ydrophobic interaction beads, at varying ammonium sulphate concentration. (a)
0 mM phosphate buffer pH 7, (b) 50 mM acetate buffer pH 4.

ng LW attraction while �GAB increased from +27.2 (buffer) to +36.5
salt) indicating enhanced repulsion by AB forces. At pH 4 a similar
rend was noticed.

The Hamaker constant (A) for the interaction pair Phenyl-
epharose/yeast cells was calculated from �GLW according to Eq.
2). When calculated for dilute buffer solution, i.e. phosphate buffer
H 7 and acetate buffer pH 4, a value of 0.42 kT was obtained.
he calculated value for A in buffers containing ammonium sul-
hate was 1.1 kT. Therefore, an influence of salt concentration but
ot of pH was observed on interaction Hamaker constant values;

nteraction refers to support–cell phenomena [24].
Utilizing the data provided before, i.e. �GLW, �GAB, and zeta-

otential values, interaction energy (U) vs. distance (H) profiles
ere calculated according to the XDLVO approach. Fig. 1(a and b)

hows the calculated secondary energy pockets occurring at ≈5 nm
pon interaction of a yeast cell and the adsorbent surface. Calcula-
ions assumed sphere-to-plate geometry. This is justified since the
dsorbent particles are bigger than the yeast particles by the factor
f ∼40. The depth of such energy pockets shifted from low to mod-
rate values ≈−20–50 kT in dilute buffer solutions down to values
−120 kT at high salt concentrations. A more gradual modification
f the involved interaction energies took place at pH 7 than at pH
. This is agreement with previous findings utilizing bacterial cells

7]. Stronger interaction energies between cells and fluidized beads
n the presence of ammonium sulphate might explain observed
iomass interference during direct HIC/EBA capturing of bioprod-
cts from a crude feedstock [26].

t
c
t
c

neering Journal 43 (2009) 16–26

Application of the extended DLVO approach is justified since
ue to the very polar nature of the buffer solutions where
ell–adsorbent interactions take place, these interactions are
nown to be strongly influenced by polar Lewis acid–base (AB) or
lectron-acceptor/electron-donor forces. Contributions by electric
ouble layer (EL) forces and particularly contributions by apolar
ifshitz–Van der Waals (LW) forces are also expected to occur.
mportant to the particular system considered here EL and AB
orces decay exponentially with distance but as opposed to EL, the
ate of decay of AB forces with distance is independent on low
o moderate variations in the ionic strength. On the other hand,
W interactions decay gradually and proportional to the separa-
ion distance between two bodies. As observed from Table 5, LW
nteractions were promoted upon salt addition. On the other hand,
he pronounced asymmetry of the polar properties of hydrophilic

aterials like agarose-based chromatographic supports or bio-
ogical particles promotes a strong AB repulsion, i.e. hydrophilic
epulsion. Taken as a whole, calculations performed in relation
o interaction phenomena, i.e. cell-to-support interactions have
hown hydrophilic AB repulsion, increased LW attraction, and
arginal contribution of EL forces under standard operational con-

itions.
The extended DLVO approach has served to explain the behav-

or of many other colloidal systems. Brandt and Childress have
emonstrated that short-range interactions between synthetic
embranes and bio-colloids can be better explained by taking into

onsideration the role of AB forces [27]. Van Oss and coworkers have
tudied the stability of a thixotropic suspension of 2 �m hectorite
articles and concluded that Lewis acid–base interactions play a
ey role in the coagulation dynamics of such system [28].

.2.2. Biomass deposition experiments
Biomass deposition experiments were performed to evaluate

east cells attachment to hydrophobic interaction supports. This
llowed an independent experimental verification of the predic-
ions made on the basis of energy vs. distance calculations (Fig. 1(a
nd b)).

Fig. 2(a and b) depicts the cell effluent profiles measured as
function of the chemical environment provided by the mobile

hase. Ammonium sulphate concentration was systematically
aried to observe its influence on cell attachment onto Phenyl-
treamline beads. Cell deposition was evaluated a pH 7 and 4.
iomass deposition experiments showed a profound effect of salt
oncentration on cell effluent profiles, e.g. higher cell deposition
ith increased ammonium sulphate concentrations. From Fig. 2(a

nd b) it can also be noticed that and increased tendency exists for
articles to be retained at pH 7 (a) that at pH 4 (b) when cell deposi-
ion was evaluated as a function of increasing ammonium sulphate
oncentration (0–2 M).

This trend, i.e. increased deposition with neutral pH and
ncreased salt concentration is reflected by ˛, a lump parame-
er describing such phenomena (Table 6). For example utilizing
ither phosphate buffer pH 7 or acetate buffer pH 4, values for
were 0.065 and 0.031, respectively. When ammonium sulphate
as included in the mobile phase at a concentration of 2.0 M, ˛

alues were 0.443 at pH 7 and 0.214 at pH 4. This “attachment
fficiency” parameter depends on the experimental conditions set
y the experimenter. In this case the method has been adapted
o a chromatographic workstation that can operate in automatic

ode. Therefore, the procedure can be implemented in any chro-
he need of more complicated experimental determinations like
ontact angle measurements or zeta-potential estimations. Quali-
ative and quantitative evaluation of cell deposition experiments
an reveal several underlying phenomena like cell-to-support
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ig. 2. Biomass deposition experiments as a function of salt concentration. (a) Phos-
hate buffer pH 7, (b) acetate buffer pH 4.

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

The biomass deposition experiment employs a bed of packed
ollectors which creates a more stable hydrodynamic situation
n comparison with fluidized or expanded bed systems. Addi-
ionally, the biomass deposition experiment operates at a flow
ate (∼75 cm/h) that is lower than the flow rates expected dur-

ng expanded bed operation (∼300 cm/h). These experiments,
owever, were designed to confirm XDLVO calculations, e.g. to
btain information related to cell deposition onto the solid sur-
ace. Biomass deposition experiments were run under optimized

able 6
alculated lumped biomass-attachment parameter from biomass deposition exper-

ments for Phenyl-StreamlineTM particles vs. intact yeast cells in 20 mM phosphate
uffer pH 7, 50 mM acetate buffer pH 4 as a function of ammonium sulphate
oncentration

NH4)2SO4 (M) C/Co(−) ˛(−)

pH 7 pH 4 pH 7 pH 4

.0 0.677 0.829 0.065 0.031

.4 0.561 0.647 0.097 0.073

.8 0.493 0.551 0.118 0.100
.2 0.234 0.397 0.243 0.155
.6 0.129 0.321 0.343 0.190
.0 0.071 0.279 0.443 0.214
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ig. 3. Correlation between depth of free energy of interaction pocket and lumped
ttachment coefficient for several systems.

onditions with demonstrated sensibility to changes in XDLVO
nteractions. Studies performed as a function of superficial veloc-
ty were utilized to evaluate the interplay between cell–support
ttraction and cell detachment by hydrodynamic drag; no evidence
f filtration effects was observed. This data will be published else-
here.

Fig. 3 shows the correlation between the attachment efficiency
arameter and the depth of the secondary free energy of interaction
etween a cell particle and a chromatographic bead. Points corre-
ponding to hydrophobic interaction systems are presented within
he frame of previous results gathered with ion-exchangers. It can
e observed that conditions were no salt is present, and irrespective
f pH and buffer chemical composition, are characterized by low
eposition parameter values (≤0.15) which correlate with limited
nergy pockets (≤|25–50| kT). However, by adding ammonium sul-
hate to the flowing phase an increase in ˛ values was noticed. The
agnitude of this increment depended on pH. For buffers at neu-

ral pH the parameter ˛ changed from ≈0.1 (0.4 M salt) to ≈0.45
2.0 M salt). On the other hand, at pH 4 moderate changes in ˛
ere observed, e.g. from ≈0.07 (0.4 M salt) to ≈0.21 (2.0 M salt).

herefore, cell deposition in the presence of ammonium sulphate
enerally resulted in ˛ ≥ 0.15. The later criterion has been set as
hreshold for problem-free operation during direct capture of bio-
roducts from a crude feedstock [13]. From a process performance
oint of view this could indicate hydrodynamic and sorption perfor-
ance limitations from example, during expanded bed adsorption

f bioproducts [26]. Sorption performance utilizing HIC/EBA sys-
ems has previously been reported [11]. Until now, however, it has
een difficult to correlate such behavior with simple cell trans-
ission indexes [3]. Biomass-impulse experiments, however, have

hown to correlate with ion-exchanger sorption performance were
lectrostatic-driven cell-to-matrix interactions effects are predom-
nant.

Analysis of the correlation between the depth of the interaction
nergy pockets and the attachment efficiency values for hydropho-
ic interaction materials in the presence of ammonium sulphate
eveled differences with ion-exchange adsorbents. For HIC systems,
modification in ˛ values correlated with discrete modifications

n energy pocket values (Fig. 3). Moreover, extreme values of both

ttachment efficiency and energy valleys were not observed. These
esults, as a whole, might indicate that total deposition of biomass
articles is mediated not only by cell-to-matrix interaction but
lso by cell-to-cell aggregation phenomena (ripening). Deposition
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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)2SO4 (M) �GLW (mJ m−2) �GAB (mJ m−2) �Gtot (mJ m−2)

pH 7 pH 4 pH 7 pH 4 pH 7 pH 4

0.0 −1.5 −3.8 +25.0 +31.0 +23.5 +27.2
0.2 −4.5 −8.8 +30.5 +35.5 +26.0 +26.7
ig. 4. Laser diffraction experiments performed with intact yeast cells as a functio
ells in plain buffer at pH 7 and 4; (b) yeast cells after 10 min in contact with buffer
.6 M (NH4)2SO4; (d) Visual aggregation of yeast cells suspended in 1.6 M of salt.

xperiments also seem to indicate that ripening is occurring in a
arger extent at pH 7 than at pH 4. Summarizing, for hydrophobic
nteraction systems modifications within a secondary interaction
nergy pocket occurred only from −70 kT to −120 kT but ˛ values
ncreased up to 0.45 when ammonium sulphate increased from 0 M
o 2 M (Fig. 3).

Experiments performed to evaluate the influence of the age of
he culture on cell attachment – as observed by biomass deposi-
ion experiments – showed increased ˛ values when aged cells
ere employed. For example, in phosphate buffer pH 7 contain-

ng 1.0 M ammonium sulphate ˛ increased from 0.20 to 0.36 when
resh cells were compared to an aged culture (data not shown). At
H 4 a similar trend was observed with ˛ increasing for 0.14–0.26
hen considering late exponential phase vs. one day aged culture.

.3. Cell-to-cell aggregation

Cell-to-cell aggregation might represent and important mecha-
ism promoting overall cell attachment during biomass deposition
xperiments. Therefore, increased values for the lumped ˛ parame-
er might indicate not only stronger cell-to-support interaction but
lso enhanced cell-to-cell aggregation. Consequently, results from
iomass deposition experiments will reveal conditions prevailing
uring real process performance where both interaction and aggre-
ation phenomena can coexist.

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

(a) At closest distance of approximation �GLW took values between
−1.5 mJ m−2 (20 mM phosphate buffer pH 7) and −3.8 mJ m−2

(50 mM 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 to 2 M �GLW

values decreased to −9.5 mJ 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-

0
0
1
1
2

alt concentration, pH of the suspending buffer, and contact time. (a) Control yeast
ning 1.6 M (NH4)2SO4; (c) yeast cells after 45 min in contact with buffer containing

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, �GAB showed more repulsion when
calculating interfacial energy values at pH 4 (from +31.0 mJ m−2

and up to +35.6 mJ 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 mJ 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 ≈−30 kT in the
presence of 2.0 M ammonium sulphate (data not shown).
.4 −6.7 −9.5 +33.5 +35.6 +26.8 +26.0

.8 −8.4 −9.5 +35.5 +35.2 +27.1 +25.7
.2 −8.8 −9.5 +35.9 +35.4 +27.0 +25.9
.6 −8.9 −9.5 +36.0 +35.5 +27.1 +26.0
.0 −9.5 −9.5 +35.6 +35.6 +26.0 +26.0
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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) pHa (NH4)2SO4 (M) d(0.1) (�m) d(0.5) (�m) d(0.9) (�m)

10/45
7 – 4.3 ± 1 5.6 ± 1 7.6 ± 1
4 – 4.6 ± 1 6.2 ± 1 8.7 ± 0.5

10
7 1.6 4.7 ± 0.5 160.5 ± 10 231.5 ± 20
4 1.6 3.5 ± 0.5 5.3 ± 1 117.5 ± 5
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5
7 1.6 5.2 ± 1 284.7 ± 15 409.0 ± 25
4 1.6 4.3 ± 0.5 18.4 ± 4 275.3 ± 15

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

nderstanding (lumped) deposition coefficient values. For exam-
le, high ˛ values in the absence of aggregation by light scattering
an be attributed to strong cell-to-support attachment. On the con-
rary, high ˛ values and strong aggregation can indicate a combined
ffect during biomass deposition. Fig. 4 depicts particle size for iso-
ated yeast cells and formed aggregates, if any. Determinations were
erformed in 20 mM phosphate buffer pH 7 and in 50 mM acetate
uffer pH 4, so as to reproduce the conditions found during biomass
eposition experiments. Under these conditions, results indicated
hat cells were suspended without any association and existed as
8 �m particles (Fig. 4(a)). This is in perfect agreement with the
nown size of intact yeast cells. Similar experiments performed in
he presence of 1.6 M ammonium sulphate showed a faster cell-to-
ell aggregation at pH 7 that at pH 4 at short contact times (10 min)
Fig. 4(b)). Furthermore, longer contact times (45 min) promoted
he formation of larger aggregates at pH 7 (≈400 �m) than at pH 4
≈250 �m) (Fig. 4(c)). Laser diffraction experiments performed in
he presence of salt were also able to show the shrinkage of indi-
idual yeast cell to ≈5 �m (data not shown). Cell clumping in the
resence of salt was confirmed by confocal microscopy (Fig. 4(d)).
able 8 summarizes quantitative information obtained after laser
iffraction spectroscopic evaluation of the samples. Results are
xpressed as percentiles. The d(0.1), d(0.5), and d(0.9) values shown in
able 8 are indicating that 10%, 50% and 90% of the particles mea-
ured were less than or the equal to the size stated in each case.
ample replicates (n = 5) have indicated that the shear exerted by
he instrument during the measurement process was not promot-
ng aggregate disruption (Table 8).

. Conclusions

A comprehensive approach to understand biomass deposi-
ion/adhesion onto process supports, with special emphasis on
ydrophobic interaction surfaces have included interaction forces
ther than those purely electrostatic in nature and have utilized
rinciples of colloid theory to explain biomass–adsorbent attach-
ent at the local (particle) level. Within the classical DLVO theory

pproach, Lifshitz–Van der Walls (LW) and electrostatic inter-
ctions (EL) were considered. Other forces like acid–base (AB)
nteractions were included in the extended approach (XDLVO)
o as to explain biomass interaction and aggregation phenom-
na.

Interaction between biomass particles and chromatographic
eads was understood by calculating interfacial free energy (U)
s. distance (H) profiles. These calculations were based on the
xperimental determination of contact angles with three diagnostic
iquids and the additional information gathered from zeta-potential

eterminations. Hydrophobic interaction chromatography is oper-
ted in a context characterized by an increased salt concentration
high ionic strength and conductivity) in the mobile phase, as well
s, by uncharged beaded adsorbents. Therefore, it was expected
hat information provided by contact angle determination would
neering Journal 43 (2009) 16–26 25

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

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

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

Summarizing, it was demonstrated that both cell-to-adsorbent
interaction) and cell-to-cell (aggregation) phenomena are respon-
ible to biomass deposition onto hydrophobic interaction chro-
atographic materials. Interaction and aggregation was inferred

rom XDLVO calculations on the basis of contact angle and zeta-
otential measurements. Moreover, experimental confirmation
as obtained by independent methods like biomass deposition

xperiments and laser diffraction spectrometry.
Further work is being performed in our laboratory in order to

xtent the observations reported in this paper to other adsorbent
hemistries, biomass types of various characteristics, and broader
perational windows. For example, cell debris shows stronger inter-
ctions with hydrophobic adsorbents than intact cells, because of
he hydrophobic inner membrane. Additionally, the information
rovided by the XDLVO approach is being utilized to alleviate pro-
ess limitations.
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