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Abstract

Metal-chelating ligand and/or comonomer 2-methacrylolyamidohistidine (MAH) was synthesized by using methacryloyl
chloride andL-histidine methyl ester. MAH was characterized by NMR and FTIR. Spherical beads with an average diameter
of 75–125mm were produced by suspension polymerization of methylmethacrylate (MMA) and MAH carried out in an

2aqueous dispersion medium. Poly(MMA-MAH) beads had a specific surface area of 37.5 m /g. Poly(MMA-MAH) beads
were characterized by water uptake studies, FTIR, SEM and elemental analysis. Elemental analysis of MAH for nitrogen was

21 21estimated as 34.7mmol /g of polymer. Then, Cu ions were chelated on the beads. Cu -chelated beads with a swelling
ratio of 38% were used in the adsorption of human-immunoglobulin G (HIgG) from both aqueous solutions and human

21plasma. The maximum adsorption capacities of the Cu -chelated beads were found to be 12.2 mg/g at pH 6.5 in phosphate
buffer and 15.7 mg/g at pH 7.0 in MOPS. Higher adsorption value was obtained from human plasma (up to 54.3 mg/g) with
a purity of 90.7%. The metal-chelate affinity beads allowed one-step separation of HIgG from human plasma. The
adsorption–desorption cycle was repeated 10 times using the same beads without noticeable loss in their HIgG adsorption
capacity.
   2003 Elsevier B.V. All rights reserved.
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1 . Introduction globulins (IgGs) have been thoroughly purified using
a combination of various physicochemical methods,

Monoclonol antibodies have been developed as mainly precipitation and chromatography[2]. Frac-
diagnostic tools and therapeutic agents for hemato- tionation by ethanol precipitation is the most used
logical malignancies and also serve as affinity lig- process to purify IgG from human plasma on in-
ands for purifying other high-value proteins of dustrial scale (27 ton/year)[3]. Protein A chroma-
pharmaceutical importance such as cytokines and tography is a well known and popular method of
blood-clotting factors[1]. For diagnostics and espe- purifying IgGs[4–7]. Protein A binds with different
cially for medical applications, specific immuno- affinity to the Fc region of IgGs from a variety of

sources, e.g., it binds to IgG from human, rabbit and
pig with high affinity, binds horse and cow IgG with*Corresponding author. P.K. 51, Samanpazarı, 06242 Ankara,
lower affinity and binds rat IgG only a very weaklyTurkey. Tel. / fax:190-312-299-2163.

E-mail address: denizli@hacettepe.edu.tr(A. Denizli). [8]. Protein A chromatography exhibits a very high

1570-0232/03/$ – see front matter   2003 Elsevier B.V. All rights reserved.
doi:10.1016/S1570-0232(03)00550-6

mailto:denizli@hacettepe.edu.tr


94 A. Denizli et al. / J. Chromatogr. B 795 (2003) 93–103

specificity and can therefore be employed as a one- Aromatic amino acids and the amino terminus of the
step procedure for the purification of antibodies. Due peptides also have some contributions[35]. The low
to this specificity, protein A chromatography is now cost of metals and the reuse of adsorbents for
commonly used on a pilot scale for the purification hundred of times without any detectable loss of
of IgGs to be used in clinical tests[9]. However, in metal-chelating properties are the attractive features
spite of its high selectivity, protein A chromatog- of metal affinity separation.
raphy also has some drawbacks which are worth In this study, we propose metacryloylamidohis-
considering: (i) a considerable amount of protein A tidine (MAH) as a new metal-chelating ligand for
may leak from the matrix and such contamination use in the IMAC for IgG. Imidazole group of MAH
cannot, of course, be tolerated in clinical applica- has a chelating property with transition metal ions.
tions; (ii) the cost of these materials tends to be very The purification of IgG is generally required for the
high. In addition, it is difficult to immobilise protein purposes of immuno-diagnostics, immunoch-
A in the proper orientation. It is also susceptible to romatography and immunotherapy. Moreover, IgG
degradation. removal from human plasma is employed for the

Metal chelate affinity chromatography of proteins, treatment of immune disorders, allo-immunization
with metal chelate linked to Sepharose, was intro- and cancer[36]. For this reason, clinical applications
duced by Porath et al. in 1975[10] and since then it of metal-chelated beads could be a potentially attrac-
has been adopted for the purification of many tive tool[37,38]. MAH was synthesized by
therapeutic proteins, peptides, nucleic acids, hor- methacryloyl chloride and histidine. Poly(methyl-
mones and enzymes[11–17].Plasminogen activators methacrylate-methacryloylamidohistidine) [p(MMA-
from both normal tissue (human uterus) and human MAH)] beads were produced by suspension poly-

21melanoma cells have been isolated by metal chelate merization of MAH and MMA. Then, Cu ions
affinity chromatography[18] as have human growth were chelated on these beads. MAH was character-
hormone [19], cytochrome c[20], pectinase[21], ized by FTIR and NMR. p(MMA-MAH) beads were
carboxypeptidase B[22], histidine tagged glutathione characterized by FTIR, SEM, elemental analysis and
S-transferase[23] and peptides containing histidine swelling test. Then, HIgG adsorption on the beads
residues [24] and phosphopeptides[25] poly-his- from aqueous solutions containing different amounts
tidine tagged glutaryl acylase[26], trypsin inhibitor of HIgG, at different pH values, and also from
[27], poly-histidine tagged recombinant proteins human plasma were also performed. Desorption of
[28], apoflavoproteins[29]. Many transition metals HIgG and reusability of these metal-chelate affinity
can form stable complexes with electron-rich com- adsorbents were also tested.
pounds and may coordinate molecules containing O,
N and S by ion dipole interactions. Metal ion ligands

21 21 21are first-row transition metal ions (Zn , Ni , Cu 2 . Experimental
31and Fe ) incorporated by iminodiacetic acid, nit-

rilotriacetic acid, tris(carboxymethyl)ethylene- 2 .1. Materials
diamine. IMAC introduces a new approach for
selectively interacting materials on the basis of their Human immunoglobulin-G (lyophilized),L-his-
affinities for chelated metal ions. The separation is tidine methylester dihydrochloride (97%),
based on the interaction of a Lewis acid (electron methacryloyl chloride and morpholinopropanesul-
pair donor), i.e., a chelated metal ion, with an fonic acid (MOPS) were supplied by Sigma (St
electron acceptor group on the surface of the protein Louis, MO, USA). Methylmethacrylate (MMA) and
[30–34]. Proteins are assumed to interact mainly ethylene glycol dimethacrylate (EGDMA) were ob-
through the imidazole group of histidine and, to a tained from Fluka (Buchs, Switzerland), distilled
lesser extent, the indoyl group of tryptophan and the under reduced pressure in the presence of hydro-
thiol group of cysteine. Co-operation between neigh- quinone inhibitor and stored at 48C until use.
boring amino acid side chains and local conforma- Benzoylperoxide (BPO) was obtained from Fluka.
tions play important roles in biomolecule binding. Poly(vinyl alcohol) (PVAL; MW 100 000, 98%
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hydrolyzed) was supplied from Aldrich (USA). All move the diluent and any possible unreacted mono-
other chemicals were of reagent grade and were mers and other ingredients from the beads. The
purchased from Merck (Darmstadt, Germany). All polymer beads were filtered and resuspended in ethyl
water used in the experiments was purified using a alcohol. The suspension was stirred for about 1 h at
Barnstead (Dubuque, IA, USA) ROpure LP reverse room temperature and the beads were separated by
osmosis unit with a high flow cellulose acetate filtration. The beads were washed twice with ethyl
membrane (Barnstead D2731) followed by a Barn- alcohol and then four times with deionized water
stead D3804 NANOpure organic /colloid removal using the same procedure. When not in use, the beads
and ion-exchange packed-bed system. were kept under refrigeration in 0.02% sodium azide

solution for preventing of microbial contamination.
2 .2. Synthesis of MAH

2 .4. Characterization studiesFor synthesis of MAH, the following experimental
procedure was applied: 5.0 g ofL-histidine methyles-

FTIR spectra of MAH and poly(MMA-MAH)ter and 0.2 g of hydroquinone were dissolved in 100
beads were obtained by using a FTIR spectro-photo-ml of dichloromethane. This solution was cooled
meter (FTIR 8000 Series, Shimadzu, Japan). The drydown to 08C; 12.7 g of triethylamine were added to
beads (about 0.1 g) were mixed with KBr (0.1 g, IRthe solution; 5.0 ml of methacryloyl chloride were
Grade, Merck), and pressed into a pellet form andpoured slowly into the solution under nitrogen
the FTIR spectrum was then recorded.atmosphere and then this solution was stirred mag-

The proton NMR spectrum of MAH monomer wasnetically at room temperature for 2 h. At the end of
taken in CDCl on a Jeol GX-400 300 MHz instru-the chemical reaction period, unreacted methacryloyl 3

ment. The residual non-deuterated solvent (CHCl )chloride was removed from the medium by ex- 3

served as an internal reference. Chemical shifts aretraction with 10% NaOH solution. Aqueous phase
reported in ppm (d ) downfield relative to CHCl .was evaporated in a rotary evaporator. The residue 3

The specific surface area of the poly(MMA-MAH)(i.e., MAH) was dissolved in ethanol.
beads was measured by nitrogen adsorption with an
ASAP2000 instrument (USA, Micromeritics). The2 .3. Preparation of poly(MMA-MAH) beads
average size and size distribution of the polymer
beads were determined by screen analysis performedPoly(MMA-MAH) beads were prepared by a
by using Tyler Standard Sieves.suspension polymerization. A typical procedure may

Water uptake ratio of the poly(MMA-MAH) beadsbe summarized as follows: The stabilizer, PVAL, was
were determined in distilled water. The experimentdissolved in 50 ml deionized water for the prepara-
was conducted as follows: initially dry beads weretion of the continuous phase. The dispersion phase
carefully weighed before being placed in a 50-mlwas prepared by mixing MMA (4.0 ml), EGDMA
vial containing distilled water. The vial was put into(8.0 ml), MAH (1.0 g) and toluene (12.0 ml) in a
an isothermal water bath with a fixed temperaturetest tube. The initiator, BPO (100 mg), was dissolved
(25 8C) for 2 h. The bead sample was taken out fromin this homogeneous solution. The dispersion phase
the water, wiped using a filter paper, and weighed.was added to the continuous medium in a glass-
The weight ratio of dry and wet samples wassealed polymerization reactor (100 ml) placed in a
recorded. The water content of the poly(MMA-water bath equipped with a temperature-control
MAH) beads were calculated by using the followingsystem. The polymerization reactor was heated to
expression:65 8C within about 30 min by stirring the poly-

merization medium at 600 rpm. The polymerization
Water uptake ratio (%)5 [(m 2m ) /m ] 3100 (1)was conducted at 658C for 4 h and at 908C for 2 h. s o o

After completion of polymerization, the reactor
content was cooled to room temperature. A washing wherem andm are the weights of beads before ando s

procedure was applied after polymerization to re- after uptake of water, respectively.
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 The surface morphology of the beads was ex-
amined using scanning electron microscopy (SEM).
The beads were initially dried in air at 258C for 7
days before being analyzed. A fragment of the dried
bead was mounted on a SEM sample mount and was
sputter coated with gold for 2 min. The sample was
then mounted in a scanning electron microscope
(JEM 1200 EX, Jeol, Tokyo, Japan). The surface of
the sample was then scanned at the desired magnifi-
cation to study the morphology of the poly(MMA-
MAH) beads.

To evaluate the amount of MAH incorporation the
poly(MMA-MAH) beads were subjected to elemen-
tal analysis using an Elemental Analyzer (Model

21CHNS-932, Leco, USA). Fig. 1. Schematic diagram for the chelation of Cu ions through
the beads.

212 .5. Incorporation of Cu ions

21Chelates of Cu ions with poly(MMA-MAH) 2 .6. Adsorption of HIgG from aqueous solutions
beads were prepared as follows: 1.0 g of the beads
was mixed with 50 ml of aqueous solutions con- The capacity of the adsorbent for HIgG was

21taining 5 ppm Cu ions, at constant pH of 4.1 determined in batch mode. In short, 100 mg of the
(adjusted with HCl and NaOH), which was the adsorbent prepared as described above were equili-

21 21optimum pH for Cu chelate formation and at room brated, after charging Cu ions with 25 mM MOPS
temperature. A 1000 ppm atomic absorption standard and phosphate buffers. Then, the beads were incu-
solution (containing 10% HNO ) was used as the bated with 10 ml of HIgG solution for 2 h, in flasks3

21source of Cu ions. The flask was stirred magneti- agitated magnetically at 150 rpm. Effects of initial
cally at 100 rpm for 1 h (sufficient to attain equilib- concentration of HIgG, pH and buffer type on the

21rium). The concentration of the Cu ions in the adsorption capacity were studied. To observe the
resulting solution was determined with a graphite influence of buffer to the adsorption capacity, the
furnace atomic absorption spectrometer (AA800, adsorption studies were carried out using 25 mM

21Perkin-Elmer, Bodenseewerk, Germany). The Cu MOPS and phosphate buffers (contained 0.15M
chelation step is depicted inFig. 1. The amount of NaCl) within their respective buffering ranges. To

21adsorbed Cu ions was calculated by using the observe the effects of the initial concentration of
21concentrations of the Cu ions in the initial solution HIgG on adsorption, it was changed between 0.1 and

and in the equilibrium. 2.0 mg/ml. HIgG concentration determined by
21Cu leakage from the poly(MMA-MAH) beads measuring the absorbance at 280 nm, with a molar

was investigated with media pH (6.0–8.0), and also absorptivity of 14.0 for a 1% solution of IgG. The
in a medium containing 2.0M NaCl. The bead amount of adsorbed HIgG was calculated as:
suspensions were stirred 24 h at room temperature.Q 5 [(C 2C)V ] /m (2)21 oCu ion concentration was then determined in the
supernatants using an atomic absorption spec- Here,Q is the amount of HIgG adsorbed onto unit
trophotometer. It should be also noted that immobil- mass of beads (mg/g);C and C are the con-o

ized metal containing beads were stored at 48C in centrations of HIgG in the initial solution and in the
the 10 mM Tris–HCl buffer (pH 7.4) with 0.02% aqueous phase after treatment for certain period of
sodium azide to prevent microbial contamination. time, respectively (mg/ml);V is the volume of the
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aqueous phase (ml); andm is the mass of the beads ml plasma. Plasma samples were diluted with MOPS
used (g). and phosphate buffer solutions, in which the pH of

the buffers were 7.0 and 6.5, respectively. Dilution
ratios were 1/2 and 1/10. The amounts of HIgG2 .7. Desorption and repeated use
adsorbed on the beads were determined by a solid-
phase enzyme-linked immunosorbent assay methodHIgG desorption experiments were performed in a
(ELISA). Human anti-IgG antibody (Sigma, I-9384)buffer solution containing 1.0M NaCl. HIgG ad-
diluted 1/1000 in 50 mM NaHCO , pH 9.6, was3sorbed beads were placed in the desorption medium
adsorbed onto polyvinyl chloride microtitre plates atand stirred for 1 h at 258C, at a stirring rate of 100
4 8C for 12 h. The plates were washed with phos-rpm. The final HIgG concentration within the de-
phate buffer containing 0.05% Tween 20 (washingsorption medium was determined by spectrophotom-

21 buffer) and blocked with PBS containing 0.05%etry. In the case of Cu carrying adsorbents,
21 Tween 20, 1.5% bovine serum albumin, and 0.1%desorption of Cu ions were also measured in the

sodium azide (microorganism blocking buffer). Sam-desorption media by means of an atomic absorption
ples (2.5 ml, neutralized with 0.5 ml of 1.0Mspectrometry. The desorption ratio was calculated
trisodium citrate) or controls containing knownfrom the amount of HIgG adsorbed on the beads and
amounts of HIgG were added and incubated at 378Cthe amount of HIgG desorbed by using the following
for 1 h. Bound HIgG was detected with the anti-expression:
HIgG labeled with biotin (Sigma, B-3773) followed

Desorption ratio (%) by peroxidase-conjugated streptavidin (Sigma) and
o-phenylenediamine. The absorbance was measured21amount of HIgGhor Cu j desorbed
at 492 nm.]]]]]]]]]]]]]5 21amount of HIgGhor Cu jadsorbed on the beads In order to show the selectivity, adsorption of
other blood proteins (i.e., albumin and fibrinogen)3 100 (3)
was also studied. The beads (100 mg) were incu-

21To check reusability of the Cu -chelated poly- bated with a human plasma (10 ml) containing
(MMA-MAH) beads, HIgG adsorption–desorption albumin (37.3 mg/ml), fibrinogen (2.3 mg/ml) and
operation was done 10 times by using the same IgG (9.5 mg/ml) at room temperature for 2 h. Total
adsorbent. After each HIgG adsorption–desorption protein concentration was measured by using the

21experiment, the Cu ions was stripped with 25 mM total protein reagent (Ciba Corning Diagnostics,
21EDTA at pH 4.9, and the Cu loading procedure Halstead, Essex, UK; Catalog Ref. No: 712076) at

was applied again. For sanitization, the beads were 540 nm which is based on Biuret reaction.
washed with 50 mM NaOH solution for 30 min after Chronometric determination of fibrinogen was per-
each adsorption–desorption cycle. After this pro- formed by using Fibrinogen-Kit (Ref No: 68452 and
cedure, beads were washed with distilled water for 68582, bioMerieux Laboratory Reagents and Instru-
30 min, then equilibrated with the MOPS buffer for ments, Marcy-l’Etoile, France). Albumin concentra-
the next adsorption–desorption cycle. tion was determined by using Ciba Corning Albumin

Reagent (Ciba Corning Diagnostics); Catalog Ref.
2 .8. Adsorption of HIgG from human plasma No: 229241) which is based on bromocresol green

dye method. HIgG concentration was determined by
Adsorption of HIgG from human plasma were ELISA as described above.

studied batch-wise. The plasma pool used in initial The purity of HIgG was assayed by sodium
adsorption experiments consisted of platelet-poor dodecylsulfate–polyacrylamide gel electrophoresis
plasma, prepared from freshly drawn human blood. using 10% separating gel 937.5 cm) and 6%
The plasma was aliquoted and stored at220 8C. The stacking gels were stained with 0.25% (w/v)
total IgG concentration in this pool was 9.45 g/ l. Coomassie Brilliant R 250 in acetic acid–methanol–
The beads were incubated at 208C for 2 h with 10 water (1:5:5,v /v /v) anddestained in ethanol–acetic
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 acid–water (1:4:6,v /v /v). Electrophoresis was run
for 2 h with a voltage of 110 V. Human serum
albumin, lysozyme and HIgG were used as stan-
dards.

3 . Results and discussion

3 .1. Properties of polymer beads

Poly(methylmethacrylate - methacryloylamidohisti-
dine) [poly(MMA-MAH)] beads were in the spheri-
cal form mostly in the size range of 75–125mm.
Specific surface area of the beads was found to be Fig. 2. The molecular formula of poly(MMA-MAH) beads.

237.5 m /g. The beads are crosslinked matrices. The
equilibrium swelling ratio of the poly(MMA-MAH)

21beads is 38%. Compared with PMMA (5.6%), the OH stretching vibration), at 1516 cm amide II
21water uptake ratio of the poly(MMA-MAH) beads vibration. The carbonyl peak appears at 1645 cm

increased. Several explanations can be offered. First, is associated with the amide and carbonyl vibration
incorporating MAH actually introduces more hydro- of MAH. These data confirmed that the poly(MMA-
philic functional groups into the polymer chain, MAH) copolymer beads was formed with functional
which can interact with more water molecules within groups MAH.
the polymer matrices. Second, reacting MMA with The surface structure of poly(MMA-MAH) beads
MAH effectively decreased the molecular mass. is exemplified by the electron micrograph inFig. 4.
Therefore, water molecules penetrate into the poly- As seen here, the beads have a rough surface. The
mer network more easily, resulting in an improve- presence of pores within the bead surface is clearly
ment of water uptake in aqueous solutions. seen in this photograph. It can be concluded that the

2-Methacryloylamidohistidine (MAH) was select- beads have a microporous interior surrounded by a
ed as the metal complexing ligand. In the first step, rough surface. The roughness of the bead surface
MAH was synthesized fromL-histidine methylester should be considered as a factor providing an
and methacryloyl chloride. Then, MAH was incorpo- increase in the surface area. In addition, these
rated into the bulk structure of the PMMA beads by micropores reduce diffusional resistance and facili-
suspension polymerization. The molecular formula tate mass transfer because of high internal surface
of poly(MMA-MAH) beads is given inFig. 2. area.

1H NMR was used to determine the synthesis of Concentration of the incorporated chelating groups
1MAH structure. H NMR spectrum is shown to was found from nitrogen analysis using an elemental

indicate the characteristic peaks from the groups in analyzer. The incorporation of MAH was found to be
MAH monomer. These characteristic peaks are as 34.7mmol MAH/g polymer. Note that MMA and

1follows: H NMR (CDCl ): d 1.99 (t; 3H, J57.08 other ingredients in the polymerization recipe do not3

Hz, CH ), 1.42 (m; 2H, CH ), 3.56 (t; 3H, –OCH ) contain nitrogen. This nitrogen amount determined3 2 3

4.82–4.87 (m; 1H, methin), 5.26 (s; 1H, vinyl H), by elemental analysis comes from only incorporated
5.58 (s; 1H, vinyl); 6.86 (d; 1H, J57.4 Hz, NH), MAH groups into the polymeric structure.

217.82 (d; 1H, J58.4 Hz, NH), 6.86–7.52 (m; 5H, The amount of immobilized Cu on poly(MMA-
aromatic). MAH) beads was measured and it is about 39.5

FTIR spectrum was undertaken to determine the mmol /g polymer. Unit mass of the poly(MMA-
structure of the copolymer beads (Fig. 3). The FTIR MAH) beads carries 34.7mmol MAH which was
spectrum of poly(MMA-MAH) with characteristic found by elemental analysis. From the mass stoi-

21peaks appear at 3586 cm (characteristic hydroxyl, chiometry, it seems that one incorporated MAH
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Fig. 3. FTIR spectrum of poly(MMA-MAH) beads.

21molecule interacts around one Cu ion. Since MAH desorption media, and implied that the washing
has two coordinating sites of nitrogen atoms, it can procedure was satisfactory for the removal of the

21form a ternary complex which is coordinated water non-specific adsorbed Cu ions from the beads.
21molecules at vacant coordination sites of Cu -MAH

complexes (Fig. 1). Studies aimed at detecting 3 .2. Adsorption of human-IgG from aqueous
21leakage of Cu from the poly(MMA-MAH) beads solutions

revealed no leakage in any of the adsorption and
3 .2.1. Effect of pH

HIgG adsorption onto chelating affinity beads
 seemed to depend on the buffer system used[39,40].

To clarify this point, equilibrium adsorption studies
were carried out using MOPS and phosphate buffers
within their respective buffering ranges.Fig. 5 shows
IgG adsorption capacity in these buffer systems at
different pH values. Buffer ranges are 6.5–8.0 for
MOPS and 6.0–8.0 for phosphate. In MOPS buffer,
adsorption capacity is higher than phosphate buffer.
Maximum adsorption capacities are observed at pH
7.0 for MOPS (14.5 mg/g) and at pH 6.5 for
phosphate buffer (11.7 mg/g). Below and over the
maximum adsorption pH values, adsorption capaci-
ties decreased significantly. It should be also noted
that the adsorption onto PMMA beads were about
0.5 mg/g for MOPS at pH 7.0 and 0.4 mg/g for
phosphate at pH 6.5. From the structure of the buffer

Fig. 4. SEM micrograph of poly(MMA-MAH) bead. ion used, it is obvious that phosphate carries one or
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Fig. 6. Effect of initial HIgG concentration on adsorption capaci-Fig. 5. Effect of buffer type on HIgG adsorption. HIgG con-
21

21 ty; MAH content, 34.7mmol /g; Cu loading, 39.5mmol/g; pHcentration, 1.0 mg/ml; MAH content, 34.7mmol /g; Cu loading,
6.5 for MOPS; pH 7.0 for phosphate; time 2 h;T525 8C.39.5mmol /g; time, 2 h;T525 8C.

more charge of the same sign (negative), whereas that this increase is due to specific interaction
21zwitterionic buffer MOPS carries two charges of between chelated Cu ions and HIgG molecules.

opposite sign below its pK (6.2). In MOPS buffer ata

pH 7.0, HIgG conformational structure enhance the
interaction of the biomolecule with the matrix 3 .3. Regeneration of the beads

21[Cu -chelated poly(MMA-MAH beads] against in
phosphate buffer. Regeneration is a crucial step in all affinity

chromatography techniques. It was thus necessary to
3 .2.2. Effect of HIgG concentration evaluate the regeneration efficiency of the affinity

Fig. 6 shows the effect of initial HIgG concen- adsorbents after each cycle. In this study, more than
tration on HIgG adsorption. As presented in this 90% of the adsorbed HIgG molecules was removed
figure, with increasing HIgG concentration, the easily from the chelating beads in all cases when
amount of HIgG adsorbed per unit mass increases NaCl was used as desorption agent. Note that there

21almost linearly at low concentrations, below about was no Cu release in this case which shows that
211.0 mg/ml, then increases less rapidly and ap- Cu ions are attached to MAH groups on the beads

proaches saturation. The steep slope of the initial surface by strong chelate formation. With the desorp-
part of the adsorption isotherm represents a high tion data given above, we concluded that NaCl is a

21 21affinity between HIgG and Cu -chelated groups. It suitable desorption agent for the Cu -chelated
21becomes constant when the protein concentration is beads. In order to show the reusability of the Cu -

greater than 1.0 mg/ml. Negligible amount of HIgG chelated poly(MMA-MAH) beads, the adsorption–
molecules adsorbed on the plain PMMA beads which desorption cycle was repeated 10 times using the
was about 0.4 mg/g for phosphate buffer and 0.5 same modified beads from aqueous HIgG solution.

21mg/g for MOPS buffer at pH 7.0. Cu -chelation As seen inFig. 7, there was no significant loss in the
significantly increased the HIgG adsorption capacity adsorption capacity of the beads. Moreover, no
of the beads up to 12.2 mg/g at pH 6.5 in phosphate obvious changes of the morphology of the beads
buffer and 15.7 mg/g at pH 7.0 in MOPS. It is clear were found in the recycling process when examined
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 T able 1
HIgG adsorption from human plasma: HIgG concentration before
dilution: 9.45 mg/ml

Dilution agent Adsorption
capacity (mg/g)

Plasma (undiluted) 54.362.12
1/2 diluted plasma (MOPS, pH 7.0) 41.361.42
1/2 diluted plasma (phosphate, pH 6.5) 35.861.24
1/10 diluted plasma (MOPS, pH 7.0) 34.261.12
1/10 diluted plasma (phosphate, pH 6.5) 26.960.97

molecular mass of 150 000 and consists of four
peptide chains; two identical light chains. These
chains are linked by strong disulphide bonds into a
Y- or T-shaped structure with hinge-like flexible

Fig. 7. Repeated use of poly(MMA-MAH) beads: MAH content, arms. Thus an IgG molecule would expand and
2134.7mmol /g; Cu loading, 39.5mmol /g; initial concentration of contract significantly with the variation of the ioniz-

HIgG, 2.0 mg/ml; pH 6.5 for MOPS; pH 7.0 for phosphate; time
able groups in the molecule. This high HIgG ad-2 h; T525 8C.
sorption may also be due to suitable conformation of
HIgG molecules within their native medium (i.e.,
human plasma pH 7.4) for interaction with Cu(II)-

visually. These results demonstrated the stability of chelated groups onto the poly(MMA-MAH) adsor-
the present solid support as a metal-chelate affinity bents.

21adsorbent. In order to show the chelated-Cu specificity,
adsorption of other blood proteins (i.e., albumin and

3 .4. Adsorption of HIgG from plasma fibrinogen) was also studied. There was a pro-
21nounced adsorption of HIgG onto the Cu -chelated

L-Histidine proved useful for the capture of HIgG poly(MMA-MAH) adsorbent for undiluted plasma
directly from human plasma[41–43]. The IgG (54.3 mg/g). Adsorption capacities were found to be
molecules were found to be adsorb onL-histidine via 2.7 mg/g for fibrinogen and 18.5 mg/g for albumin.
their Fab part. The adsorption of IgG from normal The total protein adsorption was determined as 76.4
plasma diluted to varying extents with MOPS and mg/g. HIgG adsorption ratio is around 71% (54.3
phosphate buffers was measured after 2 h equilib- mg HIgG per gram adsorbent: 76.4 mg total proteins
rium adsorption time.Table 1 gives the adsorption per gram adsorbent). Fibrinogen and albumin ad-
data. As seen here, lower adsorption of HIgG was sorption ratios are 4.5% (3.5 mg fibrinogen per gram
obtained for human plasma diluted with phosphate sorbent:76.4 mg total proteins per gram sorbent) and
buffer. But, there was a pronounced adsorption of 24.2% (18.5 mg albumin per gram sorbent:76.4 mg
HIgG (up to 54.3 mg/g) onto the Cu(II)-chelated total proteins per gram sorbent). HIgG adsorbed
poly(MMA-MAH) adsorbent for plasma diluted with more than HSA under physiological condition, al-
MOPS. The purity of HIgG was assayed by SDS– though the initial concentration of HIgG to HSA was
PAGE. The purity of HIgG obtained was found to be in the ratio (9.5:37.3 mg/ml). This is probably due
90.7%. It is worth to point that the adsorption of to the specific interactions between IgG molecules

21 21HIgG onto the Cu -chelated adsorbents was higher and chelated Cu ions. Transition metal ions have a
than those obtained in the studies in which aqueous high affinity to the peptide sequences His–Gly–His,
solutions were used. This is due to the high initial His–Tyr–NH and His–Trp[44]. This significant IgG
concentration of HIgG in the plasma. HIgG, has a adsorption onto metal-chelated affinity gel beads
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could be due to its greater number of histidine further studies should be done to develop
21residues, which are interacting with the proteins. poly(MMA-MAH)/Cu metal-chelated adsorbents.
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