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Abstract

The primary objective of work was to characterize, optimize and model a chromatographic process based on
ethylenediamine-N,N,N9,N9-tetra(methylphosphonic) acid (EDTPA)-modified zirconia particles. Zirconia particles were
produced by spray-drying colloidal zirconia. Zirconia spheres produced were further classified, calcined and modified with
EDTPA to yield a solid-phase support for use in bio-chromatography (r PEZ). Specifically, the ability of r PEZ to selectively

] ]
bind and enrich IgG, IgA, and IgM from biological fluids was evaluated and demonstrated. To better understand the force of
interaction between the IgG and the r PEZ, the equilibrium disassociation constant (K ) was determined by static bindingd]
isotherms, as a function of temperature and by frontal analysis at different linear velocities. The maximum static binding
capacity (Q ) was found to be in the range 55–65 mg IgG per ml of beads, and unaffected by temperature. The maximummax

dynamic binding capacity (Q ) was found to be in the range 20–12 mg IgG per ml of beads. The adsorption rate constantx
21 21(k ) was determined by a split-peak approach to be between 982 and 3242 l mol s depending on the linear velocity. Thea

standard enthalpy and entropy values were estimated for this interaction of IgG with this novel support.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction therapeutics, clinical validation has become the over
riding cost in process restructuring as well as in

Antibodies, serum proteins present in the circula- determining the safety and efficacy of the biologics.
tion of all vertebrates, are the body’s natural defense Purification costs have been attributed to account for
against foreign substances. All immunoglobulins as much as 80% of the total cost of production [2].
(Igs) belong to the super family of proteins termed Process savings are still important in the light of the
Ig. The importance of immunoglobulins in humans simultaneous increase in the demand for large quan-
has been well researched and documented [1]. In the tities of biologics with high purity. With the growing
large scale manufacture of immunoglobulin based increase in the trend of production of new biologics,

the shear number of new antibodies to be purified,
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Production of human and humanized antibodies as to address: (1) the structure-function of EDTPA and
well as novel hybrid monoclonals will require the understand the basis of affinity for immunoglobulins;
development of alternate separation strategies other (2) alternate methodologies to Protein-A based sepa-
than those utilizing protein A or G, as neither rations; and (3) an optimized criteria for scale-up.
recognize IgG from different species. In addition The aim of this study is to show the utility of this
separation methodologies based on protein A are phase in the separation and purification of antibodies
prone to fouling [3–5], less amenable to scale-up and from human serum and cell-culture supernatants and
are expensive (US$8000–US$12 000 per liter of to further characterize and optimize the chromato-
resin). graphic parameters.

Colloidal zirconia was spray dried as outlined
elsewhere [6] to generate zirconia particles, which
were further classified, sintered and modified with 2 . Materials and methods
ethylenediamine-N,N,N9,N9-tetra(methylphosphonic)
acid (EDTPA) to yield a pseudo-biospecific support 2 .1. Reagents
for use in biochromatography. Current methods used
in the preparative purification of antibodies use a All chemicals were of analytical-grade or better.
multistep procedure, which includes a cation-ex- Sodium chloride was purchased from Fischer Sci-
change column, anion-exchange column and a entific (Hanover Park, IL, USA). EDTPA was pur-
protein-A based affinity column [7]. The pseudo- chased from TCI America (Portland, OR, USA).
biospecific matrices being developed in this research Bovine serum albumin (BSA), pure human immuno-
study may offer a cost-effective alternative to the globulin G (hIgG), all horseradish peroxidase conju-
three-column approach. gated anti-immunoglobulins used for enzyme-linked

The preparation of alternative stationary phase immunosorbent assay (ELISA) were obtained from
supports is an important area that aims to develop Sigma (St. Louis, MO, USA). All proteins were used
new support materials that offer novel selectivities or without further purification. Immulon II microtiter
overcome the shortcomings of silica and polymeric plates were purchased from Fisher Scientific
supports [8]. In addition, there is a need to develop (Hanover Park, IL, USA). Affinity purified goat anti-
new matrix technologies or purification protocols mouse (whole molecule) immunoglobulins and goat
that are amenable to scale up without presenting anti-mouse immunoglobulins conjugated to horserad-
excessive operational complexities. Hence there was ish peroxidase (HRP) were purchased from Sigma.
an interest to develop adsorbents that operated based Cell culture supernatant rich in monoclonal anti-
on physiochemical affinities or on mixed mode bodies (mAbs) was provided as a generous gift by Dr
synthetic chemistries coupled with engineered ma- W.H. Velander (Blacksburg, VA, USA).o-Phenyl-
trices. The development of zirconia as a stationary enediamine?2HCl (OPD) tablets were purchased
phase material is an example where both aspects may from Abbott Labs. (Chicago, IL, USA). Pre-cast
be achieved [9–12]. Its high density and excellent NuPage 4-12% Bis-Tris gels were purchased from
thermal and chemical stability provide several advan- Invitrogen (Carlsbad, CA, USA). A Genesys 5 model
tages over traditional silica or polymeric supports. In from Spectronic Instruments UV–visible spectro-
particular, the thermal and chemical stability of photometer (Rochester, NY, USA) was used to
zirconia allows the usage of harsh cleaning agents, record the adsorption measurements. A bench top
depyrogenation procedures, viral inactivation by microcentrifuge (Eppendorf Centrifuge 5415C) was
detergents, decontamination by heat treatment, or used to sediment the r PEZ particles for batch

]
combinations thereof which are routinely performed experiments.
in the pharmaceutical industry. Hence the objective
of this research undertaking is to gain a systematic 2 .1.1. Support matrix preparation
understanding of the factors impacting the scale-up Colloidal zirconia was spray dried to yield zir-
and design of a chromatographic process based on conia particles, which were further classified, modi-
the r PEZ solid-phase support. Specifically we seek fied with EDTPA and characterized as reported

]
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elsewhere [6]. EDTPA-modified zirconia particles baseline. The adsorbed hIgG was then eluted with
will be referred to as r PEZ in this manuscript. r PEZ the 20 mM MES, 4 mM EDTPA, 1.0 M NaCl, pH

] ]
particles were packed into a 5030.46 cm I.D. 5.5 (further referred to as EB). For each linear
analytical column, and a 2031 cm I.D. semi-prepara- velocity the dynamic capacity of the column was
tive column, supplied by ZirChrom (Anoka, MN, determined as the amount of hIgG maintained per
USA). milliliter of bead.

2 .2. Ligand binding isotherms 2 .4. Determination of adsorption rate constants

Small-scale batch experiments were conducted to This experiment was done by using the split-peak
determine static equilibrium binding capacity of approach as described elsewhere [13,14]. For this
r PEZ beads. Then, 200ml of a 50% (v/v) slurry of experiment a 0.83-ml column equilibrated with LB.
]

r PEZ beads were transferred into 1.5 ml micro- Then, 30 ml of a 2.0 mg/ml solution of hIgG was
]

centrifuge tubes to yield approximately 100ml of prepared in LB. Aliquots of 1 ml were consecutively
beads. The beads were allowed to settle for at least injected into the column. Unabsorbed protein was
5 min and the liquid overlay was pipetted off after collected for each aliquot injected giving a total of
centrifuging for 5 min at 8000 rev. /min. Then, 400 10 fractions collected for a particular linear velocity.
ml of 0.0, 1.0, 3.33, 6.67, 8.33, 10.0, 13.33, 16.67 In each peak the total amount of protein was
and 20.0 mg/ml of hIgG in 4 mM EDTPA, 20 mM determined by measuring absorbance at 280 nm.
2-(N-morpholino)ethanesulfonic acid (MES), 50 mM After all ten 1 ml aliquots were injected the retained
NaCl, pH 5.5 (LB) were added to the microcentri- protein was eluted and absorbance was measure at
fuge tubes. Tubes were placed on an end-to-end 280 nm.
rotator and allowed to rotate for 24 h at room
temperature (|27 8C). At the completion of the 2 .5. Identification of the binding site
experiment the tubes were centrifuged on the bench
top microcentrifuge at 8000 rev. /min for 5 min. The It is important to determine whether hIgG was
supernatant was subsequently pipetted off and its bound to r PEZ at the F or F or F . Antibodyc ab (ab)2]
protein concentration was measured via the absor- fragments (F or F or F ) were purchasedc ab (ab)2

bance at 280 nm. The difference in the amount of commercially or prepared by enzymatic hydrolysis of
hIgG in the feed and the amount of hIgG in the HIgG with commercially available pepsin and papain
supernatant yielded the amount of hIgG bound. kits from Pierce (Rockford, IL, USA). Antibody
Separate binding isotherm experiments were carried fragments were chromatographed separately under
out as a function of temperature, salt concentration identical conditions, as used for IgG retention and
and pH of the loading buffer, keeping all other elution protocol as described earlier. The column-
parameters constant. wash and elution fractions were assayed by specific

ELISA assays [15]. Total recovery and yield of each
2 .3. Determination of dynamic bead capacity fragment will be assessed quantitatively.

For this study, a solution of pure hIgG in LB was 2 .6. Chromatography
used. This protein solution was added to the column,
which was equilibrated with the loading buffer, at EDTPA modified particles were packed in 2031.0
concentration of hIgG ranging at 0.5 and linear cm I.D. column, which was provided by Zirchrom.
velocities of 3.01 to 48.19 cm/min. The absorbance The chromatographic system used was a high-per-
of the effluent at 280 nm was monitored continuous- formance liquid chromatography (HPLC) system
ly. The injection was continued until the absorbance using a Spectroflow 783 detector at 280 nm and an
of the effluent reached 80% of the inlet concen- isocratic pump from Chromtech (Apple Valley, MN,
tration. The column was then washed with loading USA). For separation and isolation of mAb from the
buffer until the absorbance at 280 nm reached the cell culture supernatant the loading buffer consisted
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Table 1of 4 mM EDPTA, 20 mM MES, and 50 mM NaCl at
Summary of binding parameterspH 5.5 (LB). Typically the supernatant was diluted

aParameter K (M) Q (mg/ml)ten times with LB and pumped through the column. d max

Upon completion of the feed step, the column was Temperature (8C)
26sequentially washed with LB, followed by 4 mM 4 5.47310 51.0265.0
2615 5.27310 49.2662.8EDTPA, 20 mM MES, 100 mM NaCl, pH 5.5 (LB1).
2625 5.67310 47.8564.8A step gradient to 1.0M NaCl was used to affect 2637 4.13310 50.0062.1

elution of bound IgG. The column was regenerated
with 4 mM EDTPA, 20 mM MES, 2.0M NaCl, pH pH

265.5 for 15 min prior to the next injection (flow-rate 5.5 4.6667310 5863.0
256.0 3.4667310 2261.85.0 ml /min). All proteins including cell culture
256.5 7.0000310 3264.0supernatant samples were dissolved in the mobile 257.0 9.8667310 4061.0

phase. All chromatographic fractions were saved and 248.0 3.0000310 2060.5
analyzed for total protein content at 280 nm, mAb
content by specific ELISA assays and electrophoretic [NaCl] (M)

260.05 4.67310 5561.9analysis [6,15].
260.10 8.20310 5562.7In a separate experiment, 2.0-ml protein A im- 250.20 2.81310 3061.3

mobilized on Hyper D support was packed into a 0.40 n.a. 0
Pharmacia column (1.0310 cm) and cell culture

Static adsorption isotherms for the binding of hIgG to r PEZ
]supernatants were chromatographed according to the

were carried out at different temperatures, pH and salt con-
manufacturer’s instructions. In a typical application, centration. r PEZ beads were contacted with different concen-

]1-ml of the cell culture supernatant was diluted with trations of hIgG as described in the Materials and methods section.
The equilibrium data are plotted as mg of hIgG adsorbed per ml of1.0 ml of 0.5 M sodium citrate buffer at pH 8.4
r PEZ beads (wet) against the concentration of HIgG in the(LB ). Feed was filtered using a Millipore 0.45 ]1
supernatant. Experiments were done in duplicate and the standardmicrons membrane filter and loaded on to the
deviation was in the range 5–15%. n.a.5not available.

acolumn at a linear velocity of 1.0 cm/min. Loosely The standard deviation in the values ofK reported in the tabled

bound proteins were washed with LB . The elution are in the range 5–8%.1

of the bound mAb was effected with 0.5% acetic
acid. The pH of the elution fraction was immediately
raised to 7.0 with 1M Tris base. All chromato- scatchard analysis to determine the values of the
graphic fractions were saved and analyzed for total static binding capacity (Q ) and the equilibriummax

protein content at 280 nm and specific antibody dissociation constant (K ). The Q was found tod max

fragment content by specific ELISA assays [6,15]. range from 47 to 51 mg hIgG bound per ml of beads.
The K values were found to be in range fromd

26 264.13310 to 5.67310 M [moles of hIgG bound
3 . Results per liter of (wet) r PEZ beads].

]
In a separate experiment, r PEZ was found to bind

]
3 .1. Effect of temperature on the binding of hIgG pure pig immunoglobulin, human IgG and bovine
to r PEZ IgG with similar K and static binding capacities ind]

the range of 25–35 mg IgG per ml of beads were
The effect of temperature on the equilibrium obtained (data not shown). Additionally, the r PEZ

]
binding of hIgG to r PEZ is shown in Table 1. The was found to interact with IgG subclasses IgG1,

]
temperature does not seem to have any significant IgG , IgG and IgG with similar binding affinities2a 2b 3

effect on the binding capacities of hIgG to r PEZ, as (data not shown).
]

observed from the similar shapes of the isotherms. In order to determine whether there were any
Furthermore, the binding isotherms follow the satu- cooperative effects due to protein–protein interaction
ration pattern as predicted by the Langmuir model. during the adsorption process, the isotherm data
Data was reduced by both lineweaver-burk and (from static experiments) were analyzed by a Hill
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oplot using the transformed Langmuir equation [14]. RT ln[K ]). DG can then be calculated at a givend

A cooperativity coefficient (n) of unity indicates no temperature from the value ofK . The slope of thed
o ocooperativity. Analysis of the isotherms at 4, 10, 22 plot of ln[K ] vs. 1 /T yieldedDH , assumingDH isd

and 358C indicated a ‘‘n’’ value of 0.82, 1.10, 1.10 independent of temperature. ADH (adsorption)o
21and 0.97, respectively, which suggests that there is value of25.64 kJ mol and aDS (adsorption)o

21no cooperativity due to protein–protein interactions. value of 120 kJ K were obtained for the inter-
action of IgG with r PEZ.

]
3 .2. Effect of pH on the binding of hIgG to r PEZ

]

3 .5. Determination of the dynamic capacity andThe effect of pH on theQ and K of hIgG tomax d

adsorption rate constantr PEZ is shown in Table 1. pH seems to have an
]

effect on the binding of hIgG to r PEZ. Isotherm
]

The effects of dynamic bead capacity,Q , ondata as a function of pH was analyzed by both x

r PEZ beads as a function of linear velocity is shownLineweaver–Burk and Scatchard analysis, similar to
]

in Fig. 1. A dynamic hIgG adsorption capacity ofthe aforementioned section. The static binding ca-
20.00, 13.85, and 11.53 mg/ml bead was obtained atpacities were found to be 58, 22, 32, 40 and 20 mg
linear velocities of 3.01, 6.02 and 12.04 cm/min,hIgG bound per ml of beads at pH values of 5.5, 6.0,
respectively. Fig. 2 shows the effect of the linear6.5, 7.0 and 8.0, respectively. TheK was found tod

26 26 velocity on the adsorption rate constant. An associa-increase from 4.60310 to 299.7310 M [moles
tion rate constant (k ) of 982.48, 1731.65, andhIgG bound per liter (wet) r PEZ beads] with an a] 21 213242.49 l mol s was obtained for linear veloci-increase in pH.
ties of 3.0, 6.0 and 12.0 cm/min, respectively. A best
fit of the data in Fig. 2 reveals a linear trend for the3 .3. Effect of salt on the binding of hIgG to r PEZ

]
data that is described by the equationk 5689.12 (u)a

21 21Ligand binding experiments were conducted under 2903.39, wherek is the rate constant (l mol s )a

isothermal conditions with varying salt concentra- andu is the linear velocity (cm/min), gives a good
2tions to determine the effect of salt on the binding of linear fit with anR value of 0.994 within the range

hIgG to r PEZ. The data was observed to follow the tested.
]

Langmuir model and was reduced by Scatchard plot
and Lineweaver–Burk plot analysis. The salt con-
centration has a significant effect on the shape of the
binding profiles. TheQ was found to be 55, 55max

and 30 mg hIgG bound per ml of beads at NaCl
concentration of 0.05, 0.1, and 0.2M, respectively.

26The K was found to vary from 4.67310 tod
2628.1310 M [moles HIgG bound per liter of (wet)

r PEZ beads] with the change in salt concentration.
]

(Table 1).

3 .4. Estimation DH and DS of adsorptiono o

Fig. 1. Relationship betweenQ and linear velocity. A solutionmax
The thermodynamic parameters for the adsorption of pure hIgG at concentrations ranging from 0.5 to 25 mg/ml was

can be obtained by determiningK at different continuously fed to the column until the absorbance of the effluentd
reached 0.8–0.97 of the inlet concentration. The column was thentemperatures. The dependence ofK as a function ofd
washed with loading buffer and the adsorbed hIgG was eluted. Fortemperature was evaluated from the Langmuirian
each concentration the dynamic capacity of the column was

analyses of the isotherm data [14]. From the Van’t determined as the amount of HIgG maintained per milliliter ofoHoff reaction isothermDG5DG 2RT ln[K ]; when bead. Separate experiments were carried out at linear velocities ofd
o o

DG50, the value ofDG can be calculated (DG 5 3.01, 6.02 and 12.04 cm/min.
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3 .6. Identification of binding site

Table 3 lists the total yield and recovery obtained
with each IgG fragment, as separate chromatographic
experiments. The F and the F fragment wereab (ab)2

both retained on the r PEZ column. It appears that
]

the F and F fragments were retained to aab (ab)2

similar extent or in other words r PEZ has similar
]

affinity for the F and F fragments. F fragmentab (ab)2 c

was also retained but to a lesser extent. Similar
trends and percentages were obtained when the
binding of the IgG fragment were tested under batch
conditions (data not included).

In contrast, the F fragment was quantitativelycFig. 2. Relationship between adsorption rate constant and linear
retained on the Protein A column as expected (Tablevelocity. At a given constant linear velocity, 15 aliquots (1-ml
3). Both F and F fragments were not retainedeach aliquot) ml of a 3.5 mg/ml solution of hIgG were consecu- ab (ab)2

tively injected into the column. The cumulative amount of injected on the Protein A column. Similar trends and per-
protein, and unadsorbed protein was calculated. The ratio of centages were obtained when the binding of the IgG
unadsorbed protein to the injected protein was expressed asf and fragment to protein A-beads was tested under batch
12f gave the adsorption yield. The rate constantk was de-a conditions (data not included).termined from the linear region of the graph and plotted as a
function of the linear velocity. Similar experiments were per-
formed at other linear velocities studied (3.01, 6.02 and 12.04 3 .7. Expression level and purification yields
cm/min).

Table 4 summarizes the total protein recovery and
mAb yield in the eluate fractions for both r PEZ and

]
The effect of hIgG feed concentration on the protein–Hyper D columns. The mAb concentration

adsorption rate of hIgG on r PEZ was evaluated as a in different chromatographic fractions in each in-
]

function of linear velocities. The adsorption rate dividual run was estimated by the ELISA protocol
increases with increasing hIgG feed concentration described in the Materials and methods section. The
and linear velocity. Empirical equations that relate percent yield of mAb in the eluate fraction was
the adsorption rate changes with feed concentration determined as a ratio of the total mAb in the eluate
at linear velocities of 1.1, 3.0, 5.6 and 9.0 cm/min fraction to the total mAb challenge. In most cases,
are shown in Table 2. The adsorption rate is the total mAb recoveries of 80–99% were obtained. The
highest at the highest experimental feed concen- r PEZ column runs shown in Table 4 had mAb

]
tration of 10 mg hIgG/ml, more than 20 times than yields of 65.4 and 72.5%, while the protein A–Hyper
that of the lowest concentration at 0.5 mg hIgG/ml. D column runs had mAb yields of 77.2 and 82.6%,

Table 2
Effect of the flow-rate on the rate of adsorption

Feed concentration Emperical equation
(mg/ml)

28 270.5 y59310 x12310
27 272 y53310 x18310
26 275 y51310 x22310
26 2810 y52310 x26310

The data obtained was approximated to the following equation:AR5 au 1 b wherea andb are constants and ‘‘u’’ is the linear velocity
21 21and ‘‘AR’’ is the adsorption rate. The adsorption rate (mg ml min ) was calculated as follows: Amount of protein retained per ml of

support (mg/ml) / time of adsorption (min).
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Table 3
Percent total recovery and yield of antibody fragments on r PEZ and Protein A column

]

Fragment F Fragment F Fragment Fc (ab)2 ab

%TR %Y [%Y] / [%TR] %TR %Y [%Y] / [%TR] %TR %Y [%Y] / [%TR]

Protein A Run 1 88.8 85.0 0.96 91.0 0.9 0.01 97.8 0.1 0.01
Run 2 92.5 88.0 0.95 83.0 2.0 0.02 94.9 1.9 0.02

r PEZ Run 1 57.5 16.3 0.28 47.5 35.8 0.75 57.3 42.0 0.73
]

Run 2 67.5 20.0 0.30 48.0 38.0 0.79 62.5 39.1 0.63

r PEZ were challenged with pure antibody fragments (F or F or F ) as separate experiments. Chromatographic fractions werec ab (ab)2]
assayed for the specific fragment content by ELISA, as detailed in the Materials and methods section. In general, an average of triplicate
application of three different dilutions in ELISAs were used for yield calculations. Percent total recovery (TR) is defined as the ratio of the
sum of the total protein in the elutate and column fall-through fractions to the total protein present in the feed. Percent yield (Y) is defined as
the ratio of the IgG present in the eluate fraction to the total amount of IgG in the feed. Fragments were also chromatographed on Protein
A–Hyper D column according to manufacturer’s instructions. The chromatographic fractions were assayed as outlined in the Materials and
methods section.

respectively, with little or no detectable mAb in the Protein A Hyper D column and r PEZ gave a band
]

unretained and wash fractions. aroundM 150 000 similar to the pure mAb in laner

3. In addition to the major mAb band atM 150 000,r

3 .7.1. Gel electrophoresis a minor band atM 56 000 accounting for less thanr

Fig. 3 shows the sodium dodecylsulfate–poly- 0.5% of the area obtained by digital image process-
acrylamide gel electrophoresis (SDS–PAGE) of the ing was observed. Lane 8 shows an application pure
purified fractions from a typical chromatographic mAb reference standard under denatured conditions
separation. Chromatographic fractions from Run A1 at a total protein level of 3mg. Lane 9 shows an
and Run B1 (see Table 4) were selected for electro- application mAb purified with Protein A–Hyper D
phoretic analysis. Lanes 1 shows a molecular mass column under denatured conditions at a total protein
ladder. Lanes 2 and 3 show applications of pure BSA level of 3mg. Lane 10 shows an application mAb
and mAb at a total protein level of 2mg, respective- purified with r PEZ column under denatured con-

]
ly. Lanes 4 and 5 show an application of mAb ditions at a total protein level of 3mg. The purified
purified with r PEZ column, at a total protein level mAb gave two distinct bands aroundM 50 000 andr]
of 3 mg. Lanes 6 and 7 show an application of mAb 25 000 similar to the pure mAb in Lane 8. The purity
purified with Protein A–Hyper D column, at a total of the mAb in the eluate fraction (lanes 4–7) is
protein level of 3mg. The eluate fraction from both estimated to be greater than 98%, respectively by

Table 4
Summary of the total recovery and yields of mAbs on r PEZ and Protein A–Hyper D

]
bRun Column type Total Total Yield (%)

a brecovery (%) recovery (%)

A1 r-PEZ 95 83.9 65.4
A2 r-PEZ 90.8 99.2 72.5
B1 Protein A–Hyper D 81.9 80 77.2
B2 Protein A–Hyper D 91.8 87.1 82.6

Percent total recovery is defined as the ratio of the sum of the total protein in eluate and column fall-through fractions to the total protein
present in the feed. Percent yield is defined as the ratio of the Ig present in the eluate fraction to the total amount of Ig in the feed. ELISA
values were used to estimate the yields. In general, an average of triplicate application of three different dilutions in ELISA assays was used
for yield calculations.

a Determined by ELISA assays.
b Determined spectrophotometrically at 280 nm.
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Fig. 3. Silver stained gel of reduced and non-reduced elutions from r-PEZ and Protein A–Hyper D. Sodium dodecylsulfate (0.1%)–
polyacrylamide gel (4–12% gradient) electrophoresis of mAbs that were purified from cell culture supernatant using r-PEZ. Lanes: 1,
molecular mass ladder; 2 and 3, applications of pure BSA and reference mAb standard, respectively; 4 and 5, applications of purified mAb
product from r PEZ runs; 5 and 6, applications of purified mAb product from protein A–Hyper D runs; 8–10, reference mAb standard,

]
r PEZ purified mAb and Protein A–Hyper D purified mAb obtained performed under reducing conditions.
]

digital image processing. Similar electrophoretic ing the adsorption mechanism and the nature of
patterns were obtained with the fractions from other interactive forces between Igs and EDTPA modified
runs listed in Table 4 (data not shown). zirconia were undertaken. In affinity chromatog-

raphy, interaction between the immobilized ligand
and the solute molecule is based on complimentarity

4 . Discussion of charge, hydrophobic, ionic and Van der Waals
interactions. The same forces probably play a role in

The concentration of Lewis acid sites on the cation-exchange dominated pseudo-affinity systems,
surface of bare unmodified zirconia) is estimated to but their role and magnitude perhaps differ. It is

2be 4–5 mmol /mm [8]. The great affinity of zirconia desired to establish the type of interactions governing
for phosphate and the low solubility of zirconium and prevalent in pseudo-biospecific systems in order
phosphate in aqueous media made the intentional to better optimize the processing conditions, namely
modification of zirconia with EDTPA an attractive pH, ionic strength, salt concentration and tempera-
concept [8]. EDTPA is a special chelator the renders ture.
zirconia Lewis acid deactivated. Hence, zirconia In the interaction between a chromatographic
spheres 28–35mm in diameter were further modified support and the molecule that is being purified pH of
with EDTPA to yield a pseudo-affinity support for the buffer plays an important role. The net charge on
use in bioseparations. Additionally, we include 4 mM a protein is altered at varying pH values, which leads
EDTPA in all our buffers to ensure the surface to varying bonding interactions between it and a
concentration is constant. However, our ongoing chromatographic support. At the pH value for which
studies have demonstrated that EDTPA-modified binding of IgG to the r PEZ support was determined

]
zirconia is stable from pH 1 to 10 and the EDTPA to be optimal, a pH of 5.5, hIgG has a net positive
does not desorb from the surface. charge. Therefore, at the same pH, we hypothesize

In this study, further studies aimed at understand- that the EDTPA modified r PEZ must carry a net
]
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negative charge, for charge–charge interactions to differential in binding capacity mediated by pseudo-
occur. Additionally at this pH, human serum albumin affinity interactions. In other words, the r PEZ matrix

]
(HSA) carries a net negative charge [isoelectric is not specific for immunoglobulins as a Protein A
point, pI 54.9] which minimizes interaction with matrix would be, but the pseudo-affinity interactive[HSA]

r PEZ. This is verified by the fact that little HSA was forces confer a unique specificity for immuno-
]

present in the elution fractions. globulins over other serum proteins. This selectivity
Pseudo-affinity chromatography supports exploit facilitated the use of a step gradient for the sepa-

certain structural binding features of proteins. The ration of mAb from cell culture supernatant.
r PEZ, for example, utilizes structural characteristics
]

of hIgG to establish a protein–ligand interaction,
although the mechanism of binding is yet unknown. 5 . Summary
The presence of high salt concentration in the
binding buffer resulted in negligible binding of the We have successfully spray-dried colloidal zir-
hIgG in comparison to that in absence of NaCl. This conia to generate zirconia microspheres that can be
indicates the involvement of electrostatic and pos- used as a support in bio-chromatography. An semi-
sibly hydrogen bond interactions between the pro- preparative-scale column packed with zirconia
teins and the ligand. microspheres was employed to separate Igs from cell

When determining the factors that govern protein– culture supernatants. Our future efforts will focus on
ligand interactions it becomes important to under- the validation of optimization and scale-up parame-
stand how the chemical and physical properties of ters obtained in this study. Studies are underway to
the matrices binding sites affects protein adsorption. estimate the transport parameters relevant for scale-
It is therefore useful to study equilibrium adsorption up.
data with the intention of determining how the
support reacts to protein binding with increasing
concentrations. The shape of the equilibrium ad- A cknowledgements
sorption curve at all temperatures studied indicates a
Langmuir-type isotherm and is well fit to the simple This work was performed through a grant from the
Langmuir equation [16]. We hypothesize that at these National Institutes of Health (ZIRCHROM/5R44-
temperatures, hIgG binds uniformly with a high GM58354-03). The technical assistance of Blanca
affinity for the binding sites until it reaches a Martinez is truly appreciated.
maximum binding capacity. The static capacity of
r PEZ as determined by the Langmuir adsorption
]

data was calculated to be 55–58 mg IgG per ml of
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