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Biomass deposition onto an adsorbent matrix can severely affect
early downstream bioprocessing performance e.g., during expanded
bed adsorption. Cell deposition phenomena are sensitive to the nat-
ure of the interacting cells and matrix bodies and to the solution
chemistry, but also depend on the exerted hydrodynamic shear
forces. Strong adhesion forces require high hydrodynamic shear
for cell detachment, e.g., �1400 pN would be needed to detach a
yeast cell from a DEAE Sepharose bead. Both adhesion and detach-
ment forces can be reduced by spontaneous coverage of the adsorb-
ent surface with polyvinyl pyrrolidone. For comparison, only �270
pN would be required to remove such a cell deposited onto a
Chelating-Cu2þ bead. First examples of corroborating calculated
XDLVO interaction energies by direct force measurements with
an atomic force microscopy are presented. Evaluating interfacial
forces at the nanoscale can allow for an optimized bioprocess and
adsorbent design.

Keywords atomic force microscopy; biomass adhesion;
expanded bed; hydrodynamics; integrated down-
stream bioprocesses

INTRODUCTION

Expanded bed adsorption (EBA) is an advanced unit
operation for the purification of biological products in
which the clarification, concentration, and purification
are integrated in a single step, thus reducing the complexity
of primary downstream processing. This, in turn, can
reduce the overall biomanufacturing costs. The application
of EBA implies, however, that also intact cell particles, cell
debris, and suspended materials present in the feedstock
will interact—in a minor or larger extent—with fluidized
adsorbent beads. The high voidage between the adsorbent

beads in the expanded bed allows for the elutriation, but
also the deposition, of such particulate entities. The com-
bination of a gentle hydrodynamic environment, a high
surface area, and low mixing within the expanded bed
makes this system highly susceptible for biocolloid attach-
ment. Unfortunately, unwanted interaction between the
biomass and the adsorbent phase may lead to the devel-
opment of a poor system hydrodynamics and therefore,
impaired sorption performance (1,2). Such biomass depo-
sition phenomena have been hampering the industrial uti-
lization of EBA since its introduction in the mid-90s (3).
A deeper understanding of the interaction phenomena
and forces between chromatographic beads and biomass
might therefore help to improve and optimize process
performance.

Taking into consideration the complexity of interfacial
phenomena at the (sub) micrometer scale, a comprehensive
approach should not only consider just purely electrostatic
interactions but also other interaction forces especially
when applying the principles of colloid chemistry to explain
biomass-adsorbent attachment at the local (particle) level
(4,5). An extended approach of the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory for biomass adhesion
and colloidal stability was already presented elsewhere (6).
The XDLVO theory includes a (short-range) acid–base
(AB) component besides the long-range interfacial interac-
tions which are electrodynamic ‘‘Lifshitz-van der Waals’’
(LW) and ‘‘electrostatic’’ interactions (EL). The application
of these principles to bioprocess science and technology
would lead to the development of appropriate tools for
better process design and material development for down-
stream processing. The XDLVO approach has proved suc-
cessful to explain cell–surface interactions phenomena
where hydrophobic (7), hydration (8), and electrostatic
(9) forces are dominant. LW and AB forces are experimen-
tally accessible via contact angle measurement with three
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diagnostic liquids (10). On the other hand, EL forces are
accessible by experimental determination of zeta (or
streaming) potential values (11).

To understand biomass interaction during direct cap-
ture processes, our group has evaluated the total free
interfacial energies between different typical chromato-
graphy adsorbents and model cells, suspended in an aque-
ous buffer. Interaction energies were presented as a
function of the distance between the mentioned interacting
bodies (5,12,13). Such graphs reveal the existence of two
regions in the energy landscape of bead-biomass interac-
tions where biomass can be trapped: a primary energy
minimum, indicating a strong irreversible interaction,
but also a less pronounced secondary energy minimum
where particles are more weakly adsorbed, indicating a
reversible deposition. These studies are indicating that
deposition and re-entrainment of cells can occur within
secondary energy minima, at separating distances of a
few nanometers. It follows that the ‘‘nano-environment’’
adjacent to the solid surface in buffer media can determine
the mechanisms and extent of cell deposition.

The influence of hydrodynamic shear on the attachment
and detachment of particles in secondary energy minimum
is an important observable fact that has received little
attention in the literature (14,15). However, bio-colloidal
particles within a secondary minimum are expected to be
much more sensitive to hydrodynamic shear than the
colloids trapped in a primary minimum because of their
weak association with the solid phase (16). Hence, attach-
ment of biocolloids to process surfaces is anticipated to
depend on the nature of the interacting surfaces (biomass
type=nature of the adsorbent beads), on system hydro-
dynamics (flow regime), and on solution chemistry (mobile
phase composition). The effect of hydrodynamic drag
forces on XDLVO primary (irreversible deposition) and
secondary minimum (reversible deposition) were exper-
imentally evaluated by Xiaing Li et al. (16). Studies per-
formed observing the deposition of polystyrene colloids
on a column packed with glass beads have demonstrated
that a hydrodynamic drag force can actually suffice to
detach the colloidal particles from the solid surface (17).

Besides being a powerful imaging device, atomic force
microscopy (AFM) has evolved as an instrument for
measuring actual interaction forces at the nanometer
and molecular scale (18–21). AFM allows the assessment
of the various types of phenomena occurring during the
adhesion or adsorption of biological entities, where a
mixture of macro- and microscopic forces are involved.
For example, it has been demonstrated that AFM can
be applied to measure interaction forces between single
cell adhesion molecules but also between microbial cells
and a substratum surface, including the contribution
of microbial membrane polysaccharides to such interac-
tions (9,22).

The aim of this study was to contribute to the under-
standing of the interplay between biomass adhesion and
hydrodynamic forces in the EBA system. This is a crucial
effect related to the overall performance of such primary
recovery operations. Moreover, the suitability of AFM to
produce independent experimental data on the total inter-
action force between the biomass and adsorbent beads is
highlighted.

MATERIALS AND METHODS

Materials

Chromatographic materials and columns were pur-
chased from GE Healthcare (Munich, Germany). Water
was ultrapure quality. All other chemicals are obtained
from AppliChem GmbH (Darmstadt, Germany) and were
of analytical grade.

Yeast Cells

Yeast cells (Saccharomyces cerevisiae) were cultivated,
harvested at late exponential phase, and washed three times
with dilute buffer solutions (23). Cells were employed for
hydrodynamic experiments immediately after harvesting
and washing. Intact yeast cell diameter was taken as
8 mm. A Hamaker constant value of 0.34 kT and 0.40 kT
for DEAE and Chelating Cuþ2 beads, respectively, was
employed for calculations (24).

Hydrodynamic Experiments

Hydrodynamic experiments were performed in
TricornTM glass chromatographic columns (5mm internal
diameter, 50mm length) packed with StreamlineTM adsor-
bents (GE Healthcare, Munich, Germany). These macro-
porous adsorbents are made of cross-linked agarose (6%)
containing a crystalline quartz core. Chelating particles
were loaded with copper metal ions utilizing the standard
procedures (25). The quality of the packing was evaluated
by residence time distribution analysis employing 1%
acetone as tracer. Highly porous frits were utilized in order
to allow for non-restricted passage of yeast cells through
the system (26). The packed material was fully loaded with
biological particles by injecting three biomass pulses (4ml
each) at a velocity of 0.9m � h�1. Cell concentration was
adjusted to �6.4� 107 cell � cm�3 to reach an optical
density of 0.8 at 600 nm. Cell number was determined
employing a Coulter Counter (MultisizerTM 3, Beckman
Coulter, CA, USA). Hydrodynamic experiments were run
in an automated ÄKTA Explorer 100 system (GE Health-
care, Munich, Germany). Mobile phase was composed of
20mM phosphate buffer (pH 7.6) for DEAE beads and
20mM phosphate buffer (pH 7.6) with 250mM sodium
chloride and 1mM imidazol for IMAC Cuþ2 beads. Flow
velocities were adjusted according to the system from 1.5
to 90m � h�1. The cumulative peak area as a function of
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linear flow velocity (m � h�1) was plotted for each system by
continuously monitoring the release of particles @ 600 nm.
Normalized plots of the cumulative peak area vs. the flow
rate were used to estimate the flow velocity at which half of
the cumulative peak maxima occurred for both systems.
These flow rates were used for the calculation of the hydro-
dynamic shear rate for each system. Regeneration of the
material was performed by extensive treatment with 1M
sodium hydroxide and 1M imidazol for DEAE beads
and IMAC beads, respectively.

Energy Distance Profiles

Free energy of interaction between bodies was calcu-
lated as a function of distance as previously described (5),
employing the input from experimental contact angles
(3 diagnostic liquids) determinations, and zeta potential
measurements. XDLVO forces were calculated according
to Torkzaban et al. (15).

Atomic Force Microscopy

AFM force measurements with a colloidal probe were
carried out using a Multi Mode Picoforce AFM with a
Nanoscope IIIa controller (Veeco, Santa Barbara, CA).
Colloidal probes were prepared by gluing several ten
micrometer Q HyperZ1 bead (PALL BioSepra, Cergy,
France) at the tip of a triangular silicon nitride cantilever
using two-component epoxy glue (Pattex, Düsseldorf,
Germany). The cantilever spring constant, which was
nominally between 0.005Nm�1 and 0.02Nm�1 (Veeco,
Santa Barbara, CA), was determined to be 0.015Nm�1

on average with the thermal tune method. All presented
AFM force distance curves were obtained with the same
colloidal probe with a bead of around 60 mm, on bare mica
and on mica covered with poly-L-lysine in ultrapure water,
1mM, and 100mM sodium chloride (NaCl) solutions. For
each surface-solution combination, 64 force-distance
curves were taken on different places on the sample using
a pulling velocity of 2 nm=s. The presented force distance
curves are typical examples of these curves.

Sorption Performance

Expanded bed sorption performance was evaluated as
previously described (25). Briefly, breakthrough curves
were obtained using Streamline materials with an UpFront
EBA column (40 cm height and 1 cm inner diameter). The
mobile phase was a 20mM sodium phosphate buffer (pH
7.4; Conductivity 4mS=cm). Superficial velocity was
152 cm=h. Naked or PVP-covered beads were utilized.
For PVP coating, the mobile phase containing 1% PVP
360 (Sigma-Aldrich Chemie GmbH, Steinheim, Germany)
was pumped through the column for about �3 column
volumes and then subsequently washed with plain mobile
phase for carrying out the sorption experiments. Biomass
concentration was 12.0% on wet basis. BSA was employed

as a model protein (C0¼ 4mg=ml); protein breakthrough
was monitored off-line by the Bradford method with bovine
serum albumin as standard. The results are expressed as the
ratio between the dynamic binding capacity and the static
binding capacity at equilibrium (Qdyn=Qeq).

RESULTS AND DISCUSSION

Biocolloid Deposition on Chromatography Bead
Surfaces

During EBA operation, the crude feedstock is normally
in contact with the adsorbent beads in the presence of sus-
pended biomass. Cells or cell fragments can attach to the
fluidized beads due to adhesion forces of diverse nature.
Considering system hydrodynamics, conditions susceptible
for the attachment of biomass onto the solid surface will
only occur when the resisting torque due to the adhesive
(extended) DLVO forces is greater than the applied hydro-
dynamic torque. In laminar flow systems characterized by a
very low Reynolds number, as it is the case for EBA, the
lift forces can be considered irrelevant in comparison to
drag forces (27). Therefore, when analyzing the biocolloid
detachment mechanism the drag force has to be viewed
as the main factor inducing biomass particle removal.
Alternatively, the hydrodynamic drag force can play a role
in preventing biomass deposition (28,29). Figure 1 sum-
marizes the interplay of forces acting on a cell attached
to the surface of an adsorbent bead.

Adhesive Forces Acting in EBA

Previous studies, performed with a variety of adsorbent
materials, have demonstrated that XDLVO calculations
can reasonable predict biomass deposition in EBA systems
(5,12,13). Figure 2 shows the correlation observed between

FIG. 1. A simplified schematic representation of the relevant forces

during biomass deposition and release from an adsorbent bead.

The XDLVO adhesion force (FA) can be counterbalanced by the

hydrodynamic drag force (FD).
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adhesion forces (FA) for the yeast cell=adsorbent bead
pairs and the corresponding (experimental) biomass depo-
sition coefficient (a) values. The parameter a is defined as
the probability for a biomass particle to adhere to the sur-
face of the chromatography bead upon collision, under
clean bed conditions. This dimensionless parameter takes
values from 0 to 1. Values for a� 0.15 – when determined
according to an established routine are generally regarded
as appropriate to define safe EBA operation conditions
(26). Adhesion forces were estimated according to:

FA ¼ Umin

h
ð1Þ

Where Umin is the absolute value of the secondary (or pri-
mary) interaction energy minima, and h is the separation
distance between the interacting bodies at which such
energy minima occur (15). The free energy of interaction
was calculated as per the extended DLVO theory, as pre-
viously reported (5) and therefore included Lifshitz-van
der Waals, acid-base, and electrostatic double layer interac-
tion energies. XDVLO profiles were calculated using a
sphere–plate geometry by assuming that biomass particle
diameters are much smaller than bead diameters.

The correlation presented in Fig. 2 indicates that some
adsorbent types are prone to biomass fouling, due to an
increase in cell deposition and strong adhesion forces
between the interacting bodies. Therefore, it was interesting
to explore whether an increased adhesion force could be
indirectly confirmed by observing the hydrodynamic drag

required to remove the deposited cell. In doing so, we chose
two different chromatography beads for further study:

a. the anion-exchanger DEAE bead, which would gener-
ate a strong adhesion force (FA� 200 pN) and,

b. the low-to-moderate interacting copper loaded CHE
adsorbent (FA� 20 pN).

Systems presenting lower adhesion forces (FA< 20 pN)
and, consequently, lower deposition coefficient values
(a� 0.15) should present negligible biomass interactions.
Figure 3 depicts the total free energy of interaction (U)
vs. distance (H) profiles for the two selected adsorbent
beads interacting with a yeast cell, under typical mobile
phase conditions. For comparison, the U vs. H curve is
shown for a native agarose bead (no ligand, only the bare
base matrix). Table 1 shows the calculated total free energy
value for the secondary energy minimum, the distance at
which this pocket would exist, and more precisely, the
corresponding adhesion forces.

Drag Forces Acting in EBA

Biomass particles attach to chromatography beads most
likely in the pocket of the secondary energy minimum. It
follows that reversible binding shall be observed. Therefore,
it is reasonable to assume that hydrodynamic shear caused
by the incoming mobile phase (or feedstock) would produce
cell detachment if sufficiently high drag forces are exerted
on the attached cells or biomass. The hydrodynamic drag
force can be determined according to Li et al. (16):

FD ¼ ð1:7Þ6pl n ac ð2Þ

where ac is the radius of the retained biomass particle, l is
the fluid viscosity, n is the fluid linear flow velocity, and

FIG. 3. Total free energy of interaction (U) as function of distance (H)

between intact yeast cells and several adsorbent types. Shown are the sec-

ondary energy minima. Mobile phase compositions are assumed to be the

ones commonly employed for each chromatography mode. DEAE (—);

[DEAE]pvp(– –); CHE Cuþ2 (—); Agarose bead (– –).

FIG. 2. Correlation between the experimentally observed deposition

coefficient (a) and the calculated adhesion force (FA). Intact yeast cells

were employed as biomass type and agarose-based adsorbent beads with

various functionalities were used. The points corresponding to the DEAE

and Chelating-Cuþ2 adsorbents are highlighted as large bold symbols. The

safe operational region is inside the grey box.

2238 R. R. VENNAPUSA ET AL.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
3
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



the leading coefficient of 1.7 accounts for wall effects near
the adsorbent surface.

In this study, chromatography beads were loaded with
yeast cells under standard operational conditions and
subsequently, the amount of detached cells was observed
as a function of a stepwise increase of the superficial velo-
city (shear stress) under which the collector system was
operated (Fig. 4). The two selected interacting pairs,
namely DEAE=yeast cell and CHE=yeast cell, exhibited
very different detachment behavior. The observed effect
was quantified by defining a threshold superficial velocity

required to elute 50% of the bound cells (FH50%). The
FH50% for two pairs were obtained by fitting the experi-
mental data in the sigmoidal dose response model. This
parameter can be expected to be a function of biomass type
and cell wall composition, solution chemistry and ionic
strength, and contact time (30). All these factors have
already been taken into account for biomass deposition
and sorption performance in expanded bed systems (25,31).

As said, Fig. 4 depicts the effect of an increasing hydro-
dynamic force on microbial cell detachment from the chro-
matography beads. For the low-to-moderate CHE=yeast
cell pair, a rapid and complete removal of the attached cells
can be observed: increasing the flow rate from 1ml �min�1

(3.0m � h�1) to 5ml �min�1 (15m � h�1) caused the release
of �90% of the deposited biomass. The superficial velocity
required to elute 50% of the bound cells (FH50%) was
�3ml �min�1 (9.0m � h�1). A mono-modal distribution of
exiting cell particles can be observed. On the contrary,
for the strongly interacting DEAE=yeast cell pair, a
bi-modal distribution was observed within the microbial
cell population leaving the collector surface: a first
sub-population of cells are behaving similarly to the
CHE=yeast cell system (e.g., FH50%¼ 6m � h�1 i.e.,
2ml �min�1) while a second sub-population has required
a much higher flow velocity to actually be removed by
the hydrodynamic drag applied (e.g., FH50%¼ 45m � h�1

i.e., 15ml �min�1). This observation can be explained by
considering the existence of dual deposition which may
be driven by heterogeneity in surface characteristics among
the microbial cell population. Charge heterogeneity, which
is relevant to deposition on anion exchangers, is known to
exist in several types of biomass particles (32,33). There-
fore, different orientation of the attached cell on the bead
surface may cause a differential release of them. Since the
bi-modal distribution was observed in the DEAE=yeast
but not in the CHE=yeast system, heterogeneity on the
porous media is less likely to be the reason for the segre-
gation of two existing sub-populations. Other factors to

TABLE 1
Calculated free energy of interaction, adhesion force and hydrodynamic shear force for the systems under study.

Errors from input values are below 5%

Condition Free energy (kT) Distance (nm) Adhesion force (pN) Hydrodynamic shear force (pN)

DEAE=Yeast �207 4.4 194 1430
(DEAE)pvp=Yeastþ �98 4.9 82 ND�

CHE Cuþ2=Yeast �37 6.4 24 277
Agarose Bead �21 7.9 12 ND�

�ND: Not determined.
(DEAE)pvp: DEAE bead coated with 1% w=v PVP 360.
þThe XDLVO parameters used to compute U (h) curve for [DEAE]pvp are Hamaker constant 0.37 kT, acid-base free energy

þ20mJ=m2, zeta potential for (DEAE)pvp coated is þ5mV where as for yeast is �18mV. For the others pairs the XDLVO parameters
are published elsewhere (24).

FIG. 4. Hydrodynamic biocolloid removal experiments. A strong inter-

acting adsorbent DEAE (^) and a low-to-moderate interacting adsorbent

CHE-Cuþ2 (&) were utilized with yeast cells as a model biomass type.

Once cells were deposited on the collector surface, cell release from the

adsorbent was studied as a function of the linear flow rate. For DEAE

two different populations (early and late release) could be identified.

The FH50% was obtained by fitting the experimental data in the sigmoidal

dose response model. FH50% are circled in the figure which are utilized for

the calculation of hydrodynamic drag force.
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be considered in explaining the above-mentioned results
are hydrodynamic collisions between mobile and attached
cells that result in the escape of weakly bound biocolloids
(34), the deformability of microbial cells (35), the presence
of microscale flow fluctuations at the collector surface,
and cell detachment and subsequent re-entrainment at
lower flow velocities (32). Since approximately 70% of the
initially loaded yeast cells were detached within the second
sub-population, at higher superficial velocities, we adopted
the corresponding FH50% parameter as the characteristic
value for the calculation of the hydrodynamic drag force.
Table 1 shows the calculated values for the hydrodynamic
drag forces for the DEAE=cell and the CHE=cell systems.
It can be observed that the force required for cell detach-
ment is roughly 10 times higher than the corresponding
adhesion force. These values would overestimate the
hydrodynamic force necessary to prevent adhesion.

Counteracting Adhesive Forces: Bead Shielding

The reduction of the adhesive force between a chroma-
tography bead and biomass-biocolloids in the feedstock
would facilitate the removal of such particles and therefore
would promote biomass elutriation from the EBA system,
with very positive consequences on process performance.

Several studies have demonstrated that a ‘‘conditioning
film’’ can form on the surface of collector (adsorbent)
beads which thereby either increase or decrease biomass
deposition on the naked surfaces. Whether a facilitated cell
deposition or a protective effect against biomass is pro-
duced depends on the physicochemical nature of the film.
In a bioprocess context such a film could be produced,
e.g., by macromolecules that are present in the fermen-
tation broth. The formation of the conditioning film
would then be related to the spent culture media but would
also be a function of the processing (contact) time during
EBA. An increased biomass deposition with EBA proces-
sing time has been already reported (25,1). A conditioning
film caused by the culture media could also be the reason
why simple measurements performed on cell or cell debris
particles and adsorbent beads alone may fail to predict
actual process performance. Moreover, such a film could
also explain why different feedstock histories may produce
changes in overall bed hydrodynamics and sorption per-
formance. Summarizing, there is a need to study each
combination of biomass=soluble component(s)=adsorbent
bead to fully understand deposition behavior; this has to
include the possible change in surface properties with time.

Besides the negative consequences that a macromolecu-
lar film with sticky characteristics may have, an opport-
unity window opens for those chemical additives that
possess the following properties:

a. They strongly adhere spontaneously to the chromato-
graphy bead by self-assembling,

b. they counteract cell deposition by interfering with
otherwise existing biomass to surface interactions,

c. they do not interfere with product binding, and
d. they are safe for using in bioprocessing.

In a previous study, we have observed that polyvinylpyrro-
lidone (PVP 360), a synthetic polymer of pharmaceutical
grade, can actually offer such advantages. On one hand,
PVP 360 can form hydrogen bonds with the hydroxyl
groups present on the agarose backbone of a bead which
leads to cooperative multipoint attachment and film forma-
tion (36,37). Due to the high molecular weight of the poly-
mer only superficial attachment is possible, therefore
avoiding ligand masking which remain available for bio-
product binding and capture. XDLVO calculations per-
formed assuming a coated-bead vs. a native counterpart
showed an important reduction in the total interaction
energies (Fig. 3). Calculated interaction energies with yeast
cells in 20mM phosphate buffer showed a ��200 kT
minima occurring at a 4.4 nm distance for naked bead
but a much lower ��100 kT minima for the PVP-
conditioned bead at 4.9 nm distance (Table 1). Conse-
quently, also a decrease in the adhesion force with the
PVP-coated DEAE bead can be observed (Table 1). Fur-
thermore, these calculations correlated with cell deposition
experiments and cell partition tests (5).

The formation of a cell-repelling conditioning film
would have a positive impact on the hydrodynamic
condition of the expanded bed and, consequently, would
produce an increased sorption performance than the one
expected with a naked adsorbent. To link process perform-
ance with the events predicted at the micro- nano- scales,
dynamic sorption performance was evaluated via break-
through curve analysis. Table 2 shows the observed

TABLE 2
Dynamic binding capacity (Qdyn) as compared to the

equilibrium binding capacity (Qeq) obtained during EBA.
BSA was utilized as model protein in 20mM sodium

phosphate buffer (pH 7.4). DEAE-Streamline adsorbents
were employed. Yeast cells were used as model biomass at
a 12% concentration (wet basis). Standard deviations from

the experimental values are below 5%

BSA on streamline
DEAEx

Qeq

(kgm�3)
Qdyn

(kgm�3) Qdyn=Qeq

Cell free
solution

Naked 74.0 51.1 0.69
PVP-coated� 72.0 48.2 0.67

Biomass Naked 60.0 20.6 0.34
PVP coated� 71.1 43.4 0.61

x12 cm settled bed height; 1.0 cm inner column diameter;
Co¼ 4mg �ml�1; U¼ 150 cm � hr�1.

�1% w=v polyvinylpirrolidone 360.
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dynamic binding capacity (Qdyn) as compared to the equi-
librium binding capacity (Qeq) for DEAE-Streamline. To
simulate a real process, the expanded bed was loaded with
an artificial feedstock composed of BSA (4mg=ml) and
intact yeast cells (12.0%; wet basis); the feedstock was
applied at a superficial velocity equal to 150 cm=h. In these
experiments a correlation could be established between
the sorption ability of the system in buffer where proper
fluidization is assumed or verified with conservative
tracers- and its resulting sorption performance in the
presence of biomass, typically in the range 2% to 12%
(wet basis). It was observed (see Table 2) that the ratio
Qdyn=Qeq decreased in the presence of cells from �0.69
(buffer) to �0.34 (biomass) when naked DEAE beads were
employed. On the contrary, when using PVP-conditioned
beads the mentioned performance indicator was marginally
reduced from 0.67 (buffer) to 0.61 (biomass). For compari-
son, the low-to-moderate interaction CHE=yeast pair
rendered under very similar conditions a ratio of 0.82
(buffer) and 0.79 (biomass) (25). Therefore, the formation
of a shielding film could open the way for a more efficient
protein capture in those systems which are more sensitive
to the presence of biomass.

The preceding information is also useful to analyse
which consequences can be expected when the shear rate
is modified: A naked DEAE-bead interacting with a yeast
cell would present an adhesion force of �200 pN while
the conditioned (or shielded) DEAE-bead would allow
for a reduction of this force to �80 pN. The shielded
system would then show adhesion forces and would be
sensitive to hydrodynamic shear, which are much closer
to the CHE=yeast pair, a less problematic combination
(12). In this case, a reduced adhesion force goes in line with
an easier detachment e.g., when the exerted hydrodynamic
shear force is close to �270 pN.

As a conclusion to this section it can be stated that:

a. The formation of a shielding film results in lower
biomass adhesion forces to anion-exchanger materials,

b. with a shielding film attached biomass can be removed
easily by the flowing mobile phase or other mechanical
means (e.g., movable parts) and,

c. sorption performance can be improved by polymer
shielding.

In Table 1 it was observed that the hydrodynamic shear
force required to remove an attached cell has to be 10 times
higher than the corresponding adhesion force; both forces
can be decreased by shielding.

Probing Adhesion Forces: The Role of AFM

Using Atomic Force Microscopy (AFM) to understand
the properties of bioprocess materials e.g., nano- and
ultra-filtration membranes, as well as their interactions
with bioparticles and macromolecules is well established.

AFM measurements could help to prove, by an inde-
pendent experimental method, the appropriateness of
XDLVO calculations to predict biomass deposition in
EBA. So far XDLVO-like interactions between commercial
adsorbent beads and typical biomass components in EBA
have not been verified by distance-dependent measure-
ments of the involved interactions. They rely so far on sin-
gle parameter measurements (such as contact angle and
zeta potential) from which distance dependent interaction
energies have been calculated.

In a preliminary attempt to evaluate the suitability of
AFM measurements to understand the interaction of
adsorbent beads with model surfaces, we chose a standard
adsorbent bead, a Q Ceramic HyperZ1 bead (positively
charged) which was attached to an AFM cantilever
(Fig. 5). Instead of using a whole yeast cell as a complex
test system we chose two simple and well-defined model
surfaces to test our approach to correlate surface thermo-
dynamics data with AFM measurements. With the modi-
fied cantilever we then probed two model surfaces:
hydrophilic mica (negatively charged) and poly-L-lysine
modified mica (positively charged). These systems were
chosen to simulate charge effects which can occur under
real process conditions (5).

Figures 6 a,b show the experimental AFM forces—
distance curves between a Q-HyperZ1 bead to mica and
to poly-L-lysine as a function of sodium chloride concen-
tration. Both sets of curves are taken during the approach
of the bead towards the surface. Figure 6a shows the so
called ‘‘snap-in": the bead gets attracted to the surface
when the force gradient of the interaction exceeds the
cantilever spring constant and jumps to the surface. The
snap-in force decreases with increasing salt concentration
and is basically no longer present at 100mM salt.

FIG. 5. A 60 mm QHyperZ bead attached to a triangular silicon nitride

AFM cantilever.
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Figure 6b demonstrates the electrostatic repulsion between
the two positive surfaces and the increasing shielding of the
forces with increasing salt concentration.

So far, the AFM measurements were in qualitative
agreement with calculated XDLVO profiles for the same
interacting bodies (Fig. 7a=b). Corresponding XDLVO
profiles were calculated from the experimentally determ-
ined surface energy and streaming or zeta potential para-
meters reported in literature (38–41). Future experiments
will investigate the interaction of different chromato-
graphic beads with different molecules and up to entire

cells immobilized on an opposing surface and relevant for
EBA. As demonstrated, AFM can measure the presence
of long range forces between the beads and the sample,
but also (not shown here) the adhesion forces between
two interaction surfaces after initial contact. The measure-
ment of adhesion forces is also influenced by contact time
and maximum forces applied during contact, both of which
might influence or favor e.g., conformational changes
between interacting surface-biomass systems. In addition,
other time-dependent phenomena such as the swelling of
chromatographic beads upon change in salt concentration,
or the fouling of one of the surfaces after many approach-
retract cycles have to be taken into account when analyz-
ing AFM force curves. Summarizing, AFM measure-
ments could provide in the near future a complementary
approach for the direct measurement of adhesion forces
in the context of EBA, especially when extended from

FIG. 7. Total free energy of interaction as function of distance calcu-

lated for the same materials and geometry as in the AFM experiment

(Fig. 7): (a) Q-hyper Z and mica (b) QHyperZ and PLL surface at different

sodium chloride concentrations.

FIG. 6. Representative AFM force curves. An AFM cantilever with a

QHyperZ bead attached to it is approached towards a plane mica surface

and a mica surface covered with PLL at different sodium chloride concen-

trations. (a) Shows the attraction between the positive bead and negative

surface during approach of the cantilever. (b) Shows the electrostatic

repulsion between the positively charged surfaces and positive bead.
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molecular model systems to well-defined cell components
and entire cells. These measurements, in turn, would allow
for better operational control, process design, and the
improvement of existing adsorbents.

CONCLUSIONS

Adhesion forces between biomass and chromatography
beads can be calculated from interfacial free energies of
interaction. Such adhesion forces are useful parameters
that allow a better understanding and prediction of EBA
performance. A strong interaction force would result in
increased biomass deposition and, consequently, impaired
sorption performance. These interaction forces are related
to the chromatography mode (nature of the adsorbent),
to the feedstock characteristics (type of biomass, soluble
components), and to the solution chemistry (process
mobile phase). Additionally, understanding adhesion
forces permit an evaluation of the potential effect of hydro-
dynamic drag forces that are exerted on the already
deposited biomass. The hydrodynamic regime could be
tailored to counteract adhesion; this could explain the
efficiency of flow distribution systems which have intro-
duced movable parts or denser adsorbents that require
increased fluidization velocities. In this study, the force
required for cell detachment was found to be roughly 10
times higher than the corresponding adhesion force. It
has also been shown that, in some cases, the adhesion force
can be modified by simple polymer coating.

Further, the XDLVO interfacial energies for two model
interacting surfaces were compared with direct force mea-
surements using atomic force microscopy. A good qualitat-
ive agreement was observed. These observations confirm
the appropriateness of our approach and open the way
for direct measurement of adhesion forces at the nanoscale.
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