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Generation of Equally Sized Particle Plaques Using SolidLiquid Suspensions

Tim Herrmann, Magnus Schroder, and Jurgen Hubbuch*

Institute of Biotechnology, Research Center Juelich, 52425 Juelich, Germany

A device is presented for the generation of equally sized plaques of sensitive particles in a
96-well format. The resulting particle plaques can be used for the measurement of adsorption
isotherms and uptake kinetics in protein chromatography or for immobilization reactions. The
particle plagues are formed from suspensions with a vacuum device that is designed as a reusable
sandwich module. The particles are retained by a mesh while the solvent is removed by the
vacuum. As most particles used for protein chromatography are sensitive to mechanical stress
and dehydration, the vacuum device is gentle enough to allow the use of these particles, thus
eliminating the uncertainty of slurry preparation and pipetting. Apparatus characteristics and
preparation procedures are described precisely. The physical intactness of the particles after the
preparation procedure is proved by microscopic analysis. Data on the uniformity of the obtained
resin plagues with respect to the reproducibility of their adsorption performance is given. Finally,
adsorption isothermal and kinetic data of BSA on an ordinary HIC system obtained by high-
throughput measurements are shown as an application example.

Introduction based systems. While there are existing technologies for dry
eparticles that can be pressed to pellets or weighted, particles
used for protein purification or for immobilization reactions
"Sften cannot be dispensed in this way. Some authors use

é)ipetting to dispense their particle suspensiéy put this

X - ) . . X approach is hampered by the fact that the mixing of the particle
using finite bath experiments build the basis for a rational slurry is not ensured. This leads to a nonconstant particle

process design that f_acilitates the setup of purification SChemes'concentration and size distribution in each sample that is being
Both systems have in common that mass balances have to bepip etted

set up in order to obtain the respective parameters. . . .
This said, many particles used for protein chromatography The presented vacuum manifold device (VMD) circumvents
. ' the problems that arise with pipetting or drying by simply filling

especially those based on natural polymers, are sensitive to ; . 4 .
mechanical stress and dehydration. Other systems that shar pa pref_ormed gapin "’?g”d plate V\."th parucles “”d9f vacuum.
' he particles are filled into the device in a suspension and are

theses properties are, for example, particles used for enzyme . .
. Aor . . . in a moist state when the particle plaques are formed so that
immobilization. The high amount of variable parameters in their full structural integrity is ensured. The device is suited
chromatographic process characterization or enzymatic conver-c“o6-well plate a Iicgtioﬁs by virtue ‘Of its desian. Alterna-
sion studies and mostly restricted feedstock availability calls tively to ngumati(?ﬁ:orces cen>t/rifu ation can beguééﬂf 6r
for an intensive use of finite bath studies substituting time and ytop AR g - ) .
. N slurry conveyance. With the vacuum manifold device high-
feedstock consuming column optimization procedures. L - LS
Thi hi itable f | | ducti dthroughput screening in protein chromatography or in im-
IS approach IS suitable for sample volume re uction and ., gpilization reactions becomes easier and more precise.
process automation to reduce feedstock consumption and to
increase the data throughput, a general trend usually referred
to as high-throughput screening (HTS). HTS assays for bio-
process optimization experience a growing acceptafce)( Vacuum Manifold Device. There are two model versions,
and are commonly performed in homogeneous suspension inprototype and serial model, of the VMD presented in this paper.
microtiter plates to analyze solute concentration or solution The prototype version, which was developed at our Institute,
parameters3—5). Robotic systems have been constructed to was licensed by Atoll§ and developed into a serial model
automatically process microtiter plates in conjunction with unit (MediaScout Resi Quo8|). Both model versions have a similar
operations such as mixing or filtration and suitable detection setup consisting of four main parts (see Figure 1, parts 1, 3,
systems. Determination of mass balances, however, requires th&/6/10, 11) that can be screwed together but vary in the materials
precise knowledge of the amount of stationary phase, the used for the construction of some parts.

reaction volume, and solute concentrations. The top part (Figure 1, part 1) functions as a slurry reservoir
Current technology is capable of precise fluid transfer in the and has 96 openings. It is made of plexiglass in the prototype
microliter regime, especially in robotic systems, but there is version and of anodically oxidized Duralumin in the serial
still a challenge to control the volume of particles in suspension- version. The spacing between the 96 openings fit to a standard
96-well plate. The bottom of the reservoir is surrounded by an

* To whom correspondence should be addressed. P#9-2461-61- O-ring (Figure 17. part 9). The second part (Figure 1, parts 5/6/
6044. Fax: +49-2461-61-3870. Email: j.hubbuch@fz-juelich.de. 10) forms the grid, where the adsorber plaques are generated.

Chromatography is a column-based separation method wher
particles are most frequently used as stationary phases. Colum
performance is influenced by thermodynamic and kinetic
parameters. Measurement of adsorption isotherms and kinetic
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Figure 1. Diagram of fully assembled MediaScout ResiQuot unit (A) and expanded diagram of the unit with the upper manifold removed (B). Part
description: (1) upper manifold device, (2) knurled assembly screws, (3) lower manifold plate, (4) insertion clamps, (5) stopper plate, (6) slider
handle, (7) feet, (8) vacuum connection, (9) gasket seal, (10) perforated plate, (11) frit holder with stainless steel frit. Published withnpermissi
of Atoll (8).

In the prototype version the grid plate is a flat piece of Plexiglas 122ie 1 Adsorber Materials Used for Plaque Preparation

with 96 holes drilled with a diameter of 1.5 or 2 mm each, adsorber  bead diam
whereas it is made of stainless steel with hole diameters of 1.4 product backbone [«m] manufacturer
mm in the serial model. The 96 holes are aligned with the 96 gpcgfaﬂr:ic HYPELD Cgfafﬂic 5090 GEPE” "

P P : epharose epharose e ealthcare
openings of the slurry reservoir. At one end of the grid plate a otreamiine SP quartz-Sepharose 200 GF Hoalthear®

handle is located with its inside being surrounded by an O-ring Toyopearl 650 M SP
that ensures a tight fit between the top and bottom piece of the According © tacturef.Pall GmbH. Dreieich. G 9.GE

H H H e a Accor INg 10 manuracturer.Fal m , vreleicn, ermany.
VMD. .The frit hOIder (F_lgurg L, part_ 11) is positioned un.der Healthcare Europe GmbH, Munich, Germafy.osoh Biosciences, Stut-
the grid plate and fits into indentations of the bottom piece igart Germanye Mean bead diameter.

(Figure 1, part 3). The frit consists of stainless steel with a

thickness of 0.07 mm and a pore size of A@. Finally the Stock solutions with different concentrations of lysozyme
bottom piece (Figure 1, part 3) is a rectangular block that holds gissolved in 20 mM sodium acetate buffer at pH 5.0 at room
the_ withdrawn liquids anql has an adaptor (Fi_gure 1, part 8) to temperature were prepared. For each adsorber type 96
which a vacuum pump is connected. Materials used for the plagues with a cylinder volume of 74 were produced using
bottom piece are analogue to those used for the top part. e serial model. In addition, 96 plaques with a cylinder
Generation of PlaguesTo generate 96 equally sized plagues, volume of 8.0uL and 2 x 96 plaques with a cylinder volume
a slurry of particles is filled in all openings of the reservoir of of 15.1 uL. were produced with SP Sepharose FF using the
the VMD. After that a vacuum pump is connected to the device prototype model with two respective grids. Finally, a 1:4 slurry
and is activated for 15 min. The slurry is sucked into the grid of SP Sepharose FF was prepared in a cylinder resulting in a
plate, and the particles are retained by the filter mesh. A 15 desired cylinder volume of 1%L of adsorber material per
min vacuum ensures a consistent packing density and humidity pipetting step when 6@L was pipetted manually.
of the plaques which are then ready for immediate use. To obtain  The preparation procedure described above resulted in a
them the screws of the device have to be removed and the griddouble series of seven different 96er sets of adsorber aliquots.
plate has to be pulled out of the device with the attached hand|e.They were dispensed in deep well plates, where one pair of
A clean grid plate with its 96 holes filled with particles is each series was incubated with two different protein concentra-
obtained by integrated wipers in the serial version and by wiping tions. On a robotic workstation (Tecan Deutschland GmbH,
it off manually when working with the prototype. The particles  Crailsheim, Germany) 50@L of protein solution was transferred
can then be pushed out of the holes quantitatively with a into each well, and the plate was tightly capped and incubated
complementary pin or with a 96-well format removal tool overnight on a horizontal shaker. The mixing behavior in these
aligned to the 96 holes. The fit tolerance between the pins andmicroliter scale vessels had been investigated),(and thus
the holes is 0.857 to 1 in case of the stainless steel grid of the syfficient adjustments were made to provide complete mixing.
serial model and 1 to 1 for the plexiglass grid of the prototype Following incubation the plate was centrifuged for 2 min at
model. 50g and the supernatant subsequently analyzed. Liquid transfer
Characterization of Plaques. The uniformity of particle and UV measurements of the supernatants were conducted via
plaques was characterized indirectly by measuring the reproduc-an automated script on the robotic workstation employing 96-
ibility of the plaques adsorption capacities due to a constant well UV plates (Greiner UV star, Greiner Bio-One GmbH,
adsorber amount per plaque. A cation exchange mechanism withSolingen, Germany) and a photometer (Genios Pro, Tecan
sulfopropyl ligands as functional groups and lysozyme (Sigma, Deutschland GmbH, Crailsheim, Germany). This procedure was
Taufkirchen, Germany) as adsorptive in a sodium acetate bufferapplied identically to the two series of protein adsorber systems
at pH 5.0 was selected as working platform. Experiments were as well as to the different reference protein solutions.
conducted in batch mode in 96 deep well plates. Different kinds  Microscopic Analysis of Single Particles after Plaque
of adsorber backbones were used (see Table 1) to determindroduction. After the plaques were analyzed as described above
possible dependencies of the plaque forming performance onl16 wells of each 96 deep well plate were chosen arbitrarily.
the material used. The particles were manually mixed with the remaining liquid,

methacrylate 65 To%oh
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Table 2. Summary of Adsorber Aliquots Generated; for Each Line
2 x 96 Aliquots Were Produced

grid adsorber

apparatus adsorber materiél  vol2 [ul]  vol® [ul]
8-channel pipet SP Sepharose FF 15.0 9.5
prototype model, Grid 1~ SP Sepharose FF 8.0 5.0
prototype model, Grid 2  SP Sepharose FF 151 9.5
serial model, Grid 1 SP Sepharose FF 7.7 4.8 ; ’ E - e ELEE
serial model, Grid 1 S Ceramic Hyper D 7.7 4.8 |¥i¥iifi¥i{!ii;iEHi{iiifHEI!II%;?IHH;!H:{
serial model, Grid 1 Streamline SP 7.7 4.8 | i ! |
serial model, Grid 1 Toyopearl 650 M SP 7.7 4.8 O 1 (2 3 4

aSee Materials and Methods, Vacuum Manifold Devit8ee Table 1
for further referencet Calculated from the grid volume with a packed bed
porosity factor of 0.37 proposed by Brau®).(

Figure 2. Adsorber plaques witch a cylinder volume of ZZ made
of SP Sepharose FF are shown together with a scalebar (major

and 50uL of the slurry was pipetted on a microscope slide. jycrements in cm).

The particles were analyzed under a light microscope with a
water immersion objective lens (63-fold magnification, NA: 1.2,
Carl Zeiss AG, Jena, Germany).

Application Examples. Adsorption Isotherms.adsorption
isotherms were measured in batch experiments with varying
starting protein concentrations in 96 deep well plates. After the
particle plaques were dispensed into the deep well plate, 800
uL of protein solution was transferred into the wells and the
plate was tightly capped. The deep well plate was incubated
for 2 h on ahorizontal shaker after which the plate was
centrifuged for 2 min at 5@ Together with the analysis of the
supernatant before and after incubation the adsorption isotherm
was constructed from a mass balance (eq 1)

(2] L e} o ~
1 1 1 1 1

Relative standard deviation [%]
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Figure 3. Relative standard deviations of nine lysozyme reference

with geq as adsorbed protein concentratiovysiem as total solutions and the buffer used are plotted against their mean absorption

reaction volumeVagsorer@S Stationary phase volume, aogk value (abscissa). Lysozyme is dissolved in different concentrations in
and ceq as starting and equilibrium protein concentration, 20 mM sodium acetate buffer, pH 5 at room temperature. Each solution
respectively. was measured 96 times on a UV plate employing an automated script

. L L - on a robotic workstation. The data set can be described through an
Adsorption K_lnetlcs.Klnetlc uptake experiments were _Con- extended Freundlich modgl= a + b x x® with a stability index of
ducted employing one adsorber plaque and 80®f protein 0.9983.

solution of fixed initial concentrations. After all reaction tubes

were filled with one plaque the respective protein solutions were simply using a grid plate with larger/smaller openings as shown
added at different time pOintS and afterward incubated on a above. Figure 2 shows partide p|aques with a Cy”nder volume
horizontal shaker. All incubation reactions were stopped simul- of 7.7 4L made of SP Sepharose FF with the serial model. The
taneously by a 30 s centrifugation and subsequent transfer ofgimensions of the openings, however, have to be within the
the supernatant to a new reaction tube. The whole proceduremechanically feasible range of plaque preparation and handling,
took less than 2 min. Protein concentration in the supernatantyyhich corresponds to a plaque volume of® uL with the
before and after the addition of the adsorber plaque was gpparatus currently used. Additionally, the multiwell format can
determined and normalized (eq 2) also be adapted to other well numbers such as the commercially
available 384 well format.
2 UV Measurements.The adsorption capacities of the 14
nit different sets of adsorber aliquots were determined as described
in Materials and Methods. To make the supernatant UV
With Cnorm, Cinit, @aNdCiinal being the normalized, initial and final  absorption signals as precisely ascribable to the plaque amount
protein concentration in the supernatant. deviation as possible, equilibrium adsorption capacities were
. ) determined. They are preferable in comparison to dynamic
Results and Discussion adsorption measurements, which have a potential higher sys-
Characterization and Scalability of Particle Plaques. tematic error due to the time dependency of the measurements.
Plaque Production.Two series of 7x 96 adsorber aliquots  Experimental conditions were deliberately set to provide
were prepared by means of different materials (see Table 1)complete saturation of the adsorber particles. For each set a mean
and different devices. A summary is shown in Table 2. The extinction value and its standard deviation were calculated from
volume of the adsorber beads being packed in the grid cylindersthe 96 single measurements. The signals obtained at 280 nm
can be approximated using a packed bed porosity factor of 0.37lie in a range of 0.10< (0.26 cnt?) to 1.05x (0.26 cnt!) and
proposed by Brauef9j. show a direct proportionality to the respective protein concentra-
Depending on the suitable amount of resins in an experimentaltion resulting in a calibration curve with a stability index of
study the amount of adsorber material obtained can be varied0.9994 (data not presented). UV measurement conditions are
either by using multiple resins of a distinct size per well or by identical for supernatant as well as for reference protein solutions

_ Ginit — Ciinal

C =
norm C.
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Table 3. UV Measurements of 14 Sets of Adsorber Aliquots Incubated with Different Stock Solutiohs

Vadsorbecr Cprotein.stocE A280,meaﬁ RSDJV,supe; RSDJVyrefg RSDpIaqueQ
apparatus adsorber material [uL] [mg mL™Y] [0.26 cnm Y] [%] [%] [%]

PT Seph FF 9.5 25 0.42 42.42 1.26 6.08
PT Seph FF 9.5 3.0 0.75 24.02 1.16 6.10
PM Seph FF 5.0 2.0 0.68 4.69 1.17 1.97
PM Seph FF 5.0 25 1.01 3.26 1.13 1.96
PM Seph FF 9.5 25 0.42 8.36 1.26 1.12
PM Seph FF 9.5 3.0 0.75 4.65 1.16 1.08
SM Seph FF 4.8 15 0.38 6.39 1.28 1.56
SM Seph FF 4.8 2.0 0.71 3.53 1.17 1.54
SM Cer HD 4.8 1.0 0.21 9.77 1.53 1.80
SM Cer HD 4.8 2.0 0.86 2.62 1.15 1.79
SM Streaml 4.8 1.0 0.31 5.96 1.35 1.96
SM Streaml 4.8 2.0 0.96 2.19 1.14 1.98
SM Toyop 4.8 1.0 0.37 3.78 1.29 1.72
SM Toyop 4.8 2.0 1.02 1.70 1.13 1.71

a Apparatuses used: PF 8-channel pipet, PM= prototype model, SM= serial model? Adsorber material used: Seph FFSP Sepharose FF, Cer HD
= S Ceramic Hyper D, Streamt Streamline SP, Toyop Toyopearl 650 M SP¢ Adsorber volume calculated from cylinder volume of the grid holes times
the packed bed porosity factor (0.37) proposed by Bra@jerd Concentration of the stock solutions:mg lysoyme in 20 mM sodium acetate buffer, pH
5 at room temperaturé Mean absorption values at 280 nm calculated from 96 measurerBatgtive standard deviations of absorption values at 280 nm
calculated from 96 measurementfRelative standard deviations caused by error sourcegii{)) derived from Figure 3" Relative standard deviations
calculated applying eq 5Lysozyme was dissolved in different concentratiosofein.sioc) in 20 MM sodium acetate buffer, pH 5 at room temperature.
Adsorber aliquots were generated using different apparatuses (appér@tus) and materials (adsorber material). The distribution of the 96 absorption
values is characterized by a mean valAgs§mea) and a relative standard deviation (R&Rupe). RSDs of the adsorber amount per plaque can calculated

from eq 5.
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Figure 4. Adsorption isotherms (left) and kinetics (right) of bovine serum albumin (BSA) on butyl-Sepharose FF in 0.02 M potassium phosphate
buffer, pH 7 with additional 0.5 MN), 1.0 M (@), or 1.5 M (&) (NH4).SQO.. Left: The protein concentration on the stationary phagg is plotted

against the corresponding fluid phase concentratigg. Model parameter&, and g are fitted with the Langmuir model (straight lines). Right:

The time-dependent adsorber capacity is plotted against the imdqdel parametek, (hollow symbols) is fitted with the Langmuir model.

and are prone to three sources of measurement errors: (i)region of interest. Thus, systematic measurement errors mainly
pipetting error when transferring the 100 of protein solution caused by material inconsistencies of the UV plate prevail in
from the 96 deep well plate to the 96 UV plate, resulting in low absorbingregions, which are overshadowed by very similar
different heights of the fluid meniscus (no path length correction random errors in the higher absorbing regions. Therefore, the
was applied); (ii) material inconsistencies of the UV transparent lysozyme concentrations of the stock solutions used for the
bottom of the UV plate; and (iii) inherent errors of the plaque measurements were chosen so that the absorption signals
photometer due to deviations from the optimal beam path. The of the supernatants after adsorption lay in the range between
sum of errors (i)-(iii), further referred to agyy reference 2N be 0.2 x (0.26 cn7!) and 1.0x (0.26 cnT?).
quantified by calculating the standard deviations from 96 single  When analyzing the supernatant protein solutions of the
measurements of each reference protein solution. adsorption experiments, however, two additional error sources
The different reference protein solutions were measured ashave to be considered: (iv) pipetting errefid, when dispens-
described in Materials and Methods. Mean value, standarding the 500uL of protein solution into the deep well plate and
deviation, and relative standard deviation (RSD) as quotient of (v) a varying adsorber amount per plagégisorer The sum of
both were calculated (see Figure 3). The resulting data set canerrors (i)-(v), further referred to ascyy,supermatantCan be

be described through an extended Freundlich model (eq 3): quantified by calculating the standard deviations from 96 single
measurements of each supernatant of the adsorption experiments.

y=a+bxx° 3) Thus, construction of the mass balances (eq 1) leads to (eq 4):
The stability index of the fit is 0.9983, the values of the Co=C. — q Vadsorber™” €adsorber . _
parameters ara = 1.07722b = 0.05576, andt = —1.35394. T UV supematant

The RSD is highest (7.5%) for the pure buffer solution with an I + ¢ 4)
absorption coefficient of 0.03x (0.26 cntl). It declines feference © “UV reference
exponentially toward a constant value of about 1.2% within the with Cinit, Ceq, Creference@S initial, equilibrium, and reference protein
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Table 4. Coefficients of Determination for Langmuir Parameter Fits to fit the parametek, The coefficients of determination are
of Data Presented in Figure 2 shown in Table 4.
coefficient of determination Typical maximum adsorber capacities lie in a range-0120
Corgs0s [M] isotherms [1] kinetics [1] mg protein per milliliter of adsorber, which corresponds to a
05 0.9098 0.9648 capacity of 0-0.94 mg protein per adsorber plaque. Thus, at
10 0.9050 0.9358 most 1 mg of protein has to be consumed per well or data point,
15 0.9936 0.9189 respectively. For the isotherms shown in Figure 3, 40 mg of
aLangmuir parameterk, and gn were derived from isothermal data, protein V\_/as Cons_umed' If 12 _data points are deS|r_ed t(_)
parameteks, from kinetic data. characterize one isotherm, 8/4 isotherms can be obtained in

singular/duplicate measurements withtd h total work time

fluid phase concentrationgeqas equilibrium protein concentra-  including all preparative work. For the generation of kinetic
tion on the adsorber materiaVagsormer Viuia @S adsorber and  data material and time expenses are comparable to the isotherm
fluid phase volume, andinalytics €fluid, €adsorber EUV,supernatantar|d measurements.

€uv reference &S respective errors (absolute values). Assuming Conclusion

homogeneous binding conditions for each adsorber type and
applying the Gaussian error propagation lassormercan be
calculated for similar mean adsorption values, iCRserence=

The Vacuum Manifold Device is a useful tool to produce
equally sized amounts of particles that are sensitive to mechan-
ical stress and dehydration by forming them into plaques. For

Ceq (€0 5): most commonly applied protein chromatography resins the
_ variation of the adsorber amount per plaque is less than 2%
€adsorber— while their structural and functional integrity is ensured.
2 2
2 Viia Vadsorber2 Acknowledgment
(€0v,supernatani™ €UV, referencd 5> o2 Cfluid (5) . ' .
- Suid This work was financed by the German Research Community

(DFG). Special thanks go to Dr. Eric von Lieres for his support
on the subject of error propagation. Thanks to Thomas Rosen-
baum for taking the photograph of the adsorber plaques (Figure
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support in data processing.

The pipetting erroeg,ig of the 8-channel pipet was found to
be 0.4% (data not presented). The results obtained for the
different protein adsorber systems are summarized in Table 3.
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