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The use of atom transfer radical polymerization to grow poly(2-hydroxyethyl methacrylate) (PHEMA)
brushes in porous alumina followed by functionalization of the PHEMA with nitrilotriacet@té"
complexes yields membranes that adsorb proteins via coordinatiorfof@histidine residues. Adsorption
isotherms show that these membranes have binding capacities as high as 0.9 mg of bovine serum albumin
(BSA)/cn? of external membrane surface area (150 m§/ofnmembrane), and breakthrough curves
indicate that saturation of the membranes with BSA or myoglobin occurs in less than 15 min. The efficiency
of protein elution with ethylenediaminetetraacetic acid (EDTA) solutions is essentially 100%, and the
membranes show no detectable decrease in capacity over nine cycles of binding, elution, and regeneration
with Cui?*. The unusually high capacity of these membranes for rapid protein binding makes them attractive
for applications such as purification of His-tag proteins.

Introduction used as substrates that can be modified for protein im-

Potential therapeutic applications of proteins along with mobilization.

rapid developments in biotechnology and genetic engineering Despite their potential, the major disadvantage of mem-
have greatly increased the rate of production of various Prane absorbers is their low binding capacity relative to
proteins and enzymég£.Accompanying this increase in the beads. The specific surface area of membranes is simply not
scale of protein production is a need for fast and convenient@s great as that of beads. This can be overcome to some
purification techniques. Affinity chromatography is probably extent through the use of polymer chains grafted in mem-
the most convenient way to purify proteins due to its ability brane pores and binding of multilayers of proteins to these
to separate biomolecules on the basis of their biological Polymers. For example, Ulbricht and Ydfigachieved a
interactions?? but the rate of separations with packed-bead lysozyme-binding capacity of 20 mg/érby grafting poly-
affinity columns is limited by slow diffusion of biomacro- ~ (acrylic acid) to polypropylene membranes modified with
molecules within bead porés® adsorbed photoinitiators.

Affinity membrane chromatography, which was initially This research aims at utilizing the controlled growth of
introduced by Henis et al. in 1987has the potential to  polymer brushes in porous supports to develop affinity
overcome this disadvantage of packed-bead columns becaussmmembranes with remarkably high protein-binding capacities.
the protein solutions being treated must flow through the The use of atom transfer radical polymerization (ATRP) to
membrane pores?® Additionally, membrane chromatogra- grow poly(2-hydroxyethyl methacrylate) (PHEMA) from
phy avoids challenges in packing of columns, which makes initiators bound to a porous alumina surface affords relatively
it an attractive technique for large-scale separation processesfine control over polymer molecular weight, which allows
A number of adsorptive membranes are now available large increases in capacity without clogging of membrane
commercially:® and a wide range of porous materials such pores. PHEMA brushes are particularly attractive because
as cellulosé} chitin,*213 chitosan'* and nylor® have been  they can be functionalized to exploit a number of affinity
interactionst’° Specifically, functionalization of PHEMA
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alumina support provides &500-fold increase in surface trichlorosilane initiator in DMF through the membrane h at a
area relative to two-dimensional supports. Overall, the rate of 10 mL/min, and subsequent rinsing with ethanol (20 mL),
combination of the alumina supports and functionalized water (20 mL), and acetone (20 mL) at a flow rate of 10 mL/min
polymer brushes yields a remarkable binding capacity of 0.9 yielded an initigtor-modified membrane. Ffo.lymerization of HEMA
mg of bovine serum albumin (BSA)/éof external mem- occurred by circulating a solution containing 15 mL of purified
brane surface (150 mg/@mof membrane). Previously HEMA, 15 mL of methanol, 82.5 mg (0.825 mmol) of CuCl, 54

. . g (0.24 mmol) of CuBy;, and 320 mg (2.04 mmol) of bpy through
reported membrane absorbers have protein capacities o he initiator-modified membrane by use of a peristaltic pump (7
4—20 mg/cni. 162021

mL/min) for 1 h. This HEMA solution was initially degassed via

A few recent studies demonstrated the possibility of using three freeze pump-thaw cycles and prepared as described previ-
ATRP and other polymerization techniques to prepare ouslyl? After polymerization, the membrane was cleaned by
protein-adsorbing polymer brush&¥:2224 Matyjaszewski flowing ethanol (20 mL), water (20 mL), and acetone (20 mL)
and co-worker¥ reported electrostatic adsorption of 10 to through the membrane at 7 mL/min.

15 monolayers of BSA to poly(dimethylamino ethyl meth-  To prepare films for reflectance FTIR characterization, Au-coated
acrylate) brushes grown on flat surfaces. Husson and co-silicon wafers were coated with a mercaptoundecanol monolayer
workerg® used ATRP to prepare poly(2-vinylpyridine) that was subsequently derivatized with 2-bromoisobutyryl bromide
brushes in porous poly(vinylidene difluoride). Although these as described previous#:28 Polymerization of HEMA from these
brushes were reported to enhance lysozyme adsorption, ngubstrates occurred as described above, except the substrate was
capacity was provided. The PHEMA-modified membranes simply immersed in a polymerization solution that was kept in a
described here clearly demonstrate the advantages of polymef!©vebag:

brushes for membrane-based affinity separations. PHEMA Derivatization and Protein Immobilization. To
derivatize PHEMA-coated alumina membranes, a°85DMF
solution containing SA (10 mg/mL) and DMAP (15 mg/mL) was
first passed through the membrane &h at 7mL/min, followed
Materials. Anodisc porous alumina membranes with @& by rinsing with DMF (20 mL), water (20 mL), and ethanol (20
diameter surface pores were obtained from Fisher Scientific. mL) at 7 mL/min (Scheme 1). Next, a room-temperature solution
Scanning electron microscopy (SEM) images suggest that porecontaining EDC/NHS (0.1 M each in pure water) was circulated

diameters in the bulk of these membranes are about Q&5 for 30 min (6.8 mL/min) through the membrane, which was then

Experimental Section

Dimethylformamide (DMF, anhydrous, 99.8%), 11-mercaptoun-
decanol (97%), 2-bromoisobutyryl bromide (98%), CuCl (99.999%),
CuBr, (99%), 2,2-bipyridyl (bpy, 99%), 1-[3-(dimethylamino)-
propyl]-3-ethylcarbodiimide hydrochloride (EDQY;hydroxysuc-
cinimide (NHS), 4-(dimethylamino)pyridine (DMAP), ethylenedi-
aminetetraacetic acid (EDTA), bovine serum albumin (BSA), and
myoglobin were used as received from Sigrdddrich. CuSQ-
5H,0 (Columbus Chemical)Ny,Ny-bis(carboxymethyl)-lysine

briefly washed with water and ethanol (20 mL each). The EDC/
NHS-activated membrane was then reacted with a 0.1 M aminobu-
tyl-NTA solution (adjusted to pH 10.2) fd. h at 6.5mL/min, rinsed

with 20 mL of water, and finally exposed to a 0.1 M CugSlution

(6.5 mL/min) for 30 min and rinsed with 20 mL of water. The
membrane was then taken out of the Swinnex 25 cell, rinsed
sequentially with 5 mL of water, ethanol, and acetone by use of a
pipet, and dried with a flow of nitrogen. The water remaining in

hydrate (Fluka, aminobutyl-NTA), succinic anhydride (SA, Mathe- the pump tubing was then pumped out, and the membrane was put
son Coleman & Bell), and Coomassie protein assay reagent (Pierce)oack into the cell. A solution containing BSA or myoglobin (in
were also used as received. 2-Hydroxyethyl methacrylate (HEMA, 20 mM pH 7.2 phosphate buffer) was next forced through the

Aldrich, 97%, inhibited with 300 ppm hydroquinone monomethyl
ether) was purified by passing it through a column of activated
basic alumina (Spectrum), and the trichlorosilane initiator (11-[(2-
bromo-2-methyl)propionyloxy]undecyltrichlorosilane) was synthe-
sized according to a literature procedét&uffers were prepared
from analytical-grade chemicals and deionized (Milli-Q, 18.2M
cm) water.

Polymerization of HEMA in Porous Alumina Membranes
and on Au Substrates The alumina membrane was first cleaned
in a UV/ozone cleaner (Boekel model 135500) for 12 min and
sandwiched inside a membrane cell (Millipore, Swinnex 25). A
Masterflex 7518-60 peristaltic pump was used to circulate 1 mM
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membrane, and the permeate was collected for analysis at specific
time intervals. Permeate volume was estimated by use of a
graduated cylinder. Subsequently, the membrane was rinsed with
pH 7.2 phosphate buffer, and protein was eluted with a 50 mM
EDTA solution (pH adjusted to 7.2). To prepare films for reflectance
FTIR characterization, a PHEMA film on a gold substrate was
treated in a similar procedure by immersing the substrate in
appropriate solutions and rinsing with solutions from a pipet.

Determination of Protein Concentrations. To determine the
concentration of protein in permeate and eluent solutiong/l50
of the sample was added to 2.95 mL of a solution of Coomassie
reagent, and the mixture was shaken a few times and allowed to
react for 5 min at room temperature. The UV/vis absorbance spectra
of these solutions were then obtained with a Perkin-Elmer UV/vis
(model Lambda 40) spectrophotometer. Calibration curves for the
absorbance of BSA and myoglobin/Coomassie solutions at 595 nm
were obtained for a series of protein solutions (concentration range
of 100ug—2 mg of protein/mL) that were mixed with Coomassie
reagent. All spectra were measured against a Coomassie reagent
background.
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Scheme 1. Derivatization of PHEMA for Protein

Immobilization
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Figure 1. Reflectance FTIR spectra of a PHEMA film before (a) and after
the following sequential steps: (b) reaction with SA, immersion in a pH
9.9 buffer, and rinsing with ethanol; (c) activation with EDC/NHS; (d)
reaction with aminobutyl NTA followed by immersion in pH 9.9 buffer;
(e) exposure to 0.1 M Cti to form NTA—Cu?" complexes; (f) exposure
to 1 mg/mL BSA followed by immersion in pH 9.9 buffer. Spectrum g is
the difference spectrum resulting from subtraction of d from f and
multiplication by a factor of 2.

the remaining polymer prior to FESEM and EDS examination.
Reflectance FTIR spectra of films on gold-coated wafers were
obtained on a Nicolet Magna-IR 560 instrument with a Pike grazing
angle (80) accessory. The spectrum of reflection from a UV/ozone-
cleaned, gold-coated wafer was used as a background.

Results and Discussion

FTIR Characterization of PHEMA Derivatization and
Protein Binding. Reflectance FTIR spectra of PHEMA films
and their derivatives on Au-coated Si confirm the steps of
the derivatization and protein-adsorption procedure shown
in Scheme 1. To prepare brushes capable of protein binding,
we first reacted PHEMA with SA to create free -COOH
groups in the film. Prior to obtaining the reflectance IR
spectrum of SA-derivatized films, we immersed the film-
coated gold slide in pH 9.9 buffer for 15 min and rinsed
with ethanol. At pH 9.9, the newly introduced carboxylic
acid groups should be deprotonat€@nd consistent with
derivatization and deprotonation, the FTIR spectrum of these
films contains a new peak around 1594 @én(Figure 1b),
which is likely due to the -COO symmetric stretch. The
absorbance at-1740 cnt!, which is assigned to ester
carbonyl groups, approximately doubled after SA derivati-
zation, suggesting a high degree of conversion of the -OH
groups of PHEMA to ester groups. The disappearance of
the -OH stretch of PHEMA (36563100 cn1?; Figure 1,
Supporting Information) also indicates nearly 100% deriva-
tization.

After activation of the -COOH groups of modified
PHEMA with EDC/NHS, peaks due to the succinimide ester
appeared at 1817 and 1786 ¢m(Figure 1c)* 32 The
asymmetric stretch of succinimide-{753 cnm?) overlaps

membranes was verified by field-emission scanning electron With the C=0 stretch (1740 crtt) of the previously formed
microscopy (FESEM, Hitachi S-4700I1, acceleration voltage of 15 €sters to yield a broad peak with an absorbance that is about

kV) and energy-dispersive X-ray spectroscopy (EDS, Phoenix

EDAX instrument). For SEM and EDS observations, the alumina (29) Hong, Y. K.; Hong, W. HSep. Purif. TechnoR005 42, 151.
membrane was attached to a Si wafer by double-sided tape, and30) Dordi, B.; Schoenherr, H.; Vancso, G.Langmuir2003 19, 5780.

the alumina was dissolved by immersing itdrt M NaOH at 25
°C for 2 h, followed by careful washing several times with distilled
water and ethanol. Subsequently, 7 nm of gold was sputtered onto

(31) Lahiri, J.; Isaacs, L.; Tien, J.; Whitesides, G. Mhal. Chem1999
71, 777.

(32) Xiao, S.-J.; Brunner, S.; Wieland, M. Phys. Chem. 2004 108,
16508.
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double that for the ester carbonyl after SA derivatization.
The new peak at 1817 crhis due to the carbonyl stretch of
the active ester formed by reaction with NHS, while the [
absorbance at 1786 crhresults from the symmetric suc- |
cinimide stretch#9-32

The EDC/NHS-activated PHEMA was then reacted with
aminobutyl-NTA [Ng,Ng-bis(carboxymethyl)-lysine hy- '
drate], immersed in pH 9.9 buffer for 15 min, and rinsed
with ethanol. Reaction of the activated ester with both
aminobutyl-NTA and water resulted in the loss of the active
ester absorbances and the shift of the 1753'qmeak back
to 1740 cm?!® (Figure 1d). The new peak at 1680 cn
provides evidence for NTA immobilization and is probably
due to the COO groups from NTA as well as the amide
bond formed during aminobutyl-NTA attachment. The broad p*
absorbance centered at 1600 énsould result from car- S ' ( .
boxylate groups in either NTA or the hydrolyzed active _ ) _
esters. Expostrre of NTA-derivatized PHEMA (0 0.1 M F9ure 2, PESEM mages of SHEwa ranctubes sybesized by ATRE 0
CuSQ followed by rinsing with water yielded immobilized  image showing the length of the nanotubes. (c) Highly flexible PHEMA
NTA—Cw" that is capable of binding proteins through their nanotubes. (d) Top view of the nanotubes obtained by removing the surface
histidine groups. Unfortunately, there was no significant fgg&g%gg'f;&gﬁ’hVg'ft?h:iﬂgeg?per' The arow in panel b shows the
change in the IR spectrum (Figure 1e) of the film afte? Cu

coordination except that the peak at 1600 ¢mppeared to  syrface area for protein capture. By pumping the initiator
shift to 1630 cm* and become sharper. However, this shift  and monomer solutions through the membrane, we were able
could be due to the fact that spectrum d was measured afteg achieve polymerization throughout the support and
treatment with pH 9.9 buffer, while the sample for spectrum jncrease the surface area from which polymerization occurred
e was not treated with this buffer because Cu(©t)ght Ly 500-fold. One challenge in such polymerizations is to
precipitate in the film at high pH. XPS data confirmed the grow polymer brushes without clogging the membrane. To
presence of CUI in the film and showed a Cu:N ratio of  gyercome this difficulty, we used methanol instead of water
0.4:1, which is consistent with our previous results and a5 the solvent for brush growth to decrease the rate of
indicative of nearly one Ct per NTA moiety® polymerization.

After an overnight exposure of the PHEMANTA—Cu** The SEM images in Figure 2 clearly demonstrate the
fimtoal mg/mL BSA solution in pH 7.2 buffer followed formation of hollow PHEMA tubes in the membrane
by immersion in pH 9.9 buffer for 15 min and rinsing in  pores3:36To obtain these images, we dissolved the alumina
EtOH, we saw growth in the absorbance at 1680°cfamide  template h 1 M NaOH and collected the polymer tubes
| band) and the appearance of a small peak at 1545 cm pefore the SEM images were taken. (PHEMA likely does
(amide Il band) (Figure 1f). Subtracting the spectrum of not dissolve m 1 M NaOH because it is lightly cross-
PHEMA—NTA (Figure 1d) from that of PHEMANTA— linked 3") The right side of Figure 2a shows an image of the
Cw"—BSA (Figure 1f) yielded a bound-BSA spectrum, top of the brushes, which is similar to images of bare porous
which is dominated by amide absorbances (Figure 1g). We glumina. Figure 2b indicates that the length of the resulting
chose to subtract the PHEMANTA rather than the PHE-  nanotubes is about 4mm, which is slightly less than the
MA—NTA—Cuw** spectrum because the former was taken thickness of the alumina support (6@n), perhaps because
after immersion in a pH 9.9 buffer, as was the spectrum of the tubes curled up. Figure 2c shows the flexibility of the
PHEMA—-NTA—-Cw*—BSA. Comparison of the amide tubes. The image in Figure 2d was obtained after removal
intensities in Figure 1g with those of spin-coated films of of the skin layer of the membrane by polishing with
pure BSA suggests that about 40 nm of BSA adsorbed to sandpaper to expose the interior of the pores. (Although

this film.%* Assuming a monolayer height of 4.0 rifiithis Figure 2a shows that the pores are open at the surface of the
thickness corresponds to 10 monolayers of bound BSA. Themembrane, it does not necessarily imply that the interior of
PHEMA film was initially 50 nm thick. the pores is open.) Figure 2d shows open, interior pores, but

SEM and EDS Characterization of PHEMA inside the thickness of the polymers is much higher than what we
Alumina Membranes. In our previous research, we used calculated from flow experiments (see below). Because the
ATRP to graft PHEMA from the surface of porous alumina sanding process may cause the pores to appear thicker than
substrates and form composite membranes with ultrathinthey are, we do not think that Figure 2d can be employed to
PHEMA skins!” In contrast, this work aimed at grafting determine the inner diameter of the tubes. The energy-
PHEMA within the pores of the membrane to achieve a high dispersive X-ray spectrum of the nanotubes (Figure 2,

(33) Dai, J.; Bao, Z.; Sun, L.; Hong, S. U.; Baker, G. L.; Bruening, M. L.  (35) Hou, S.; Wang, J.; Martin, C. R. Am. Chem. So2005 127, 8586.
Langmuir2006 22, 4274. (36) Martin, C. R.Sciencel994 266, 1961.

(34) Tsuneda, S.; Saito, K.; Furusaki, S.; Suga).TChromatogr. AL995 (37) Huang, W.; Kim, J.-B.; Bruening, M. L.; Baker, G. Macromolecules
689, 211. 2002 35, 1175.
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Figure 3. Breakthrough curve for BSA adsorption in porous alumina _. I - .

membranes coated with PHEMANTA—Cu2+. The BSA concentration in Figure 4. Equilibrium binding capacity of PAANTA_—Cu2+-coate_d .
the feed solution was 0.56 mg/mL and the initial flow rate was 2.4 mL/ alumina membranes as a function of BSA concentration. The solid line
min, decreasing to 0.9 mL/min at the end of the experiment. represents the fit of the data to the Langmuir isotherm.

Supporting Information) reveals C and O and not Al membrane surface area, and the dissociation constant is 0.09

demonstrating that these images are indeed those of PHEMAMY/ML, which also corresponds to 1u81. This Kq value is
BSA Binding to PHEMA —NTA —Cu?* Brushes.To test reasonably consistent with the previously reported value of

the binding capacity of PHEMANTA—CW* films, we 2.3 uM for chitosan-Cuw?*—BSA* and indicates a strong
initially pumped a 0.56 mg/mL BSA solution through the Pinding affinity between BSA and immobilized NFACU#

membrane, collected the permeate over specific time inter- COMPIEXes.

vals, and analyzed these solutions by their absorbance at 595 1N€ high protein-binding capacity of these membranes is
nm in a Bradford assay. Figure 3 of the Supporting also consistent with decreases in flow rate after protein

Information presents typical UWvis spectra from the binding. As noted in Figure 3, flow rate decreased from 2.4

Bradford assays. The breakthrough curve (Figure 3) obtainedt® 0-9 ML/min during binding of 0.8 mg of BSA/chrof
from these measurements shows that essentially all of the€Xtérnal membrane surface area (130 méjcitve achieved

BSA was adsorbed until breakthrough occurred and that & similar decrease in flow rate when we loaded protein in
saturation of the membrane took less than 15 839 the membrane using a dead-end filtration cell (Millipore,
Integration of the difference between the feed concentration M0del 8010) with a controlled pressure of 6:910" pascals

and the concentrations given in Figure 3 gives a remarkable(10 PSig). Assuming Poiseuille flow in the membranes (flow

0.8 mg of bound BSA/ckof external membrane surface rate is pr_oportional to pore radius raiseo! to the 4th power),
area. Repetition of this experiment on four different mem- the drop in flow rate suggests that the radius of the membrane

branes yielded an average BSA binding of 089.07 mg/ pores decreased_ by a factor of 1.28 after protein binding. If
cr?. This very high capacity is due in part to the high internal 2" OPen pore radius of 0.11n after PHEMA-NTA—Cu#"
surface area of the alumina, but even when the surface are&/€POsition is used (see below) and a 50% porosity prior to
of the pores is taken into account (assuming 50% porosity, film deposition is a§sumeq, the decre_ase in radius by_a factor
pore diameters of 0.26m, and a membrane thickness of 60 of 1.28 upon protein binding would yield a decrease in pore
um), the capacity is 1.6g of BSA/cn? of pore area. This volume of 0.16 criicn® of total membrane. With a protein
corresponds te-4 monolayers of BSA (assuming a BSA dgnsity of 1 g/lcri thi; dgcrease in pore volume agrees well
density of 1 g/crfand a monolayer thickness of 4.0 nm) With both the BSA binding capacity of 130 mg/ror the
adsorbed throughout the pores of these membranes. membrane used to obtain Figure 3 and the saturated binding
Figure 4 shows how the amount of equilibrium binding capacity of 150 mg/cfn(Figure 4). Thus, the high protein-
of BSA to PHEMA—NTA—CW2* films in alumina mem- binding capacity is consistent with the flow rates through

branes varies with the concentration of BSA. In this "€ membrane. — .
experiment, binding was performed at a specific BSA Flow rates before polymerization and after deposition of

concentration, and the membrane was regenerated with O.OEEHEM'A‘_'\”—'A‘,_Cu2+ were 10 a”‘?' 6.5 mL/min, respec-
M EDTA (pH 7.2) followed by 0.1 M C& prior to tively, suggesting that the pore radius decreased from 0.125

examination of adsorption at another BSA concentration, As #M before polymerization (radius estimated from FESEM
can be seen, BSA binding increases with its concentration IM2ges) to 0.112m after deposition of the PHEMANTA —

in the feed solution until it approaches saturation at concen-CY" film. This implies a film thickness of 12 nm, which

trations around 1 mg/mL. The data are reasonably describec?PPears o be less than that in the SEM images of PHEMA
by the Langmuir isother“-42 q = g.C/(Kq + C), where tubes in Figure 2, but as mentioned previously, the polymers

g is the amount of protein bounds, represents the saturation mhight bemeCh thiCkir a} dtheir St;]rfa;:le than ir:jthe bg"; of
capacity,C is the concentration of protein in solution, and the membrane. We should note that flow rate dropped from

Kq is the dissociation equilibrium constant. The valueygf 6.5 to 2.5 mL/min almost instantaneously when we began
determined from the Langmuir plot is 0.9 mg&af external

(41) Arica, M. Y.; Denizli, A.; Salih, B.; Piskin, E.; Hasirci, \0. Membr.
Sci. 1997 129 65.

(38) Shi, W.; Zhang, F.; Zhang, G. Chromatogr. A2005 1081, 156. (42) Bayramoglu, GJ. Appl. Polym. Sci2003 88, 1843.

(39) Hao, W.; Wang, JChromatographia2005 62, 55. (43) Shi, Q.-H.; Tian, Y.; Dong, X.-Y.; Bai, S.; Sun, Biochem. Eng. J

(40) Iwats, H.; Saito, K.; Furusaki, ®iotechnol. Prog1991 7, 412. 2003 16, 317.




4038 Chem. Mater., Vol. 18, No. 17, 2006 Sun et al.

Table 1. Comparison of the Protein-Binding Capacity of Alumina—PHEMA —NTA —Cu?" and Other Membrane Absorbers

thickness  surface  pore size porosity binding capacity binding capacity
membrane (um) area (crd) (um) (%) ligate (mg/cn?) (mglcn?®)
glass fibet® 8000 17.3 3 87 BSA 6.9 8.6
poly(acrylic acid) (polypropylene base polynmér) 150 3.14 0.4 lysozyme 0.3 20
cellulosé! 64 125 0.2 BSA 0.027 4.2
PHEMA? (alumina support) 60 3.14 0.2 50 BSA 0.9 150
aThis work.
. . . . ~12 =1 100%
filtering the BSA solution. We think that a thin layer of & —
. . n
contaminants may quickly adsorb at the membrane surface. > 9% &
Elution with EDTA and/or regeneration with 0.1 M &u § 1.0 80°% 3
did not return the flow rate to 6.5 mL/min. § ° &
Table 1 compares the BSA-binding capacity of PHEMA g 05l A a4t 70% §
NTA—Cuw?*-coated alumina membranes with the capacities 2T, - m
of several other membrane systems. Guo and Ruckeffstein 2 60%
modified glass fiber filters with trypsin or papain to bind 06 50%
proteins. They then packed 20 modified glass membrane 123456789

' v ) . Number of Cycl
filters (about 8 mm thick) into a cartridge and achieved an o umberotycles
Figure 5. Binding amounts &) and elution efficienciesl) for several

extremely high binding capacity of 6.9 mg Of BSARwf cycles of BSA adsorption and elution followed by €ueloading of an
external membrane surface area. However, if one takes théijumina membrane modified with PHEMANTA. Flow rate, 0.9 mL/min;
membrane thickness into account and converts binding BSA concentration, 0.6 mg/mL; elution buffer, 50 mM EDTA, pH 7.2.
capacity into milligrams per cubic centimeter, the modified _
alumina membranes described here show a 17-fold higherMents and the need to integrate data such as those in_F|gure
capacity (compare rows 1 and 4 in Table 1). Recently, 3 to obtain adsorption amounts, this is certainly possible.
Ulbricht and Yanéf used UV-initiated graft polymerization To more accurately assess elution efficiency, we passed
to grow poly(acrylic acid) from porous polypropylene 10 mL of 0.56 mg/mL BSA in pH 7.2 buffer through the
microfiltration membranes. The resulting membranes showed membrane and analyzed this entire solution to determine how
a promising performance in adsorption of lysozyme by ion- much BSA was adsorbed in the membrane. We also passed
exchange interactions (Table 1, row 2). Still, the capacity of 5—10 mL of rinsing buffer through the membrane and
those membranes was 7-fold lower than that described heredetermined the amount of protein in this effluent. Subtraction
Kubota et aP* modified porous cellulose membranes with of the total amount of protein that came through the
iminodiacetate-CL?" complexes, but those membranes (Table membrane from the amount of protein added to the initial
1, row 3) gave only/ss the binding capacity described here. 10 mL of BSA solution yielded the amount of bound BSA.
The growth of brushes from alumina via ATRP provides an (These experiments used mass rather than volume to more
unusually productive method for introducing a high concen- accurately determine the amount of solution passing through
tration of binding groups into membranes. the membrane.) We eluted the protein with-1 mL of
Elution of BSA and Reuse of Alumina—PHEMA — 0.1 M EDTA and analyzed the protein concentration in the
NTA—Cu?* Membranes.In addition to rapid, high-capacity ~ entire solution. For three cycles of adsorption, elution, and
adsorption, elution and regeneration are also vital in the useCW¥" binding, the average amount of BSA bound to the
of membrane absorbets:4” Figure 5 shows results from  membrane was 0.7& 0.02 mg/cr, which is in reasonable
multiple experiments comprising cycles of absorption of agreement with the previous measurements. The elution
BSA, elution with 50 mM EDTA, and regeneration with 0.1  efficiency was 101%t 1%. Hence, essentially all of the
M Cu?* on a single aluminaPHEMA—NTA—CW?" mem- protein is eluted.
brane. Within experimental errorx(5%), there was no loss Control experiments with membranes that were derivatized
in binding amount over nine cycles, ar®3% recovery of with PHEMA—NTA films but not exposed to Cti showed
protein occurred in each cycle. The consistency in capacity elution of <0.02 mg/cm BSA from a membrane loaded by
over nine loadings implies that the elution buffer removed a 0.56 mg/mL BSA solution and rinsed with buffer. These
essentially all of the adsorbed protein from the membranes, control experiments help to validate the experimental pro-
even though the average calculated elution efficiency was cedure and also indicate that the PHEMNTA films are
only 94%. There likely was a systematic error in the analyses not prone to high levels of nonspecific BSA adsorption under
that resulted in a slight underestimation of elution efficien- these conditions.

cies. Given the small volumes involved in the breakthrough Adsorption of Myog|ob|n We also examined the adsorp_
experiments along with inaccuracies in the volume measure-tion of myoglobin to aluminaPHEMA—NTA—CW* mem-

branes to see if molecular mass affects protein adsorption.

(44) Guo, W.; Ruckenstein, B. Chromatogr. B2003 795 61. BSA has a molecular mass of 67 kDa, an isoelectric point
(45) Avramescu, M.-E.; Girones, M.; Borneman, Z.; Wessling, M. . . . .
Membr. Sci2003 218 2109. of 4.9, 17 histidine residues, and dimensions of 4.0 xm

(46) %géitpggn,lli’a.g; Andac, M.; Uzun, L.; Denizli, React. Funct. Polym. 4.0 nmx 11.5 nm34In contrast, myoglobin has a molecular
(47) Kubota, N.; Kounosu, M.: Saito, K.. Sugita, K.. Watanabe, K.; Sugo, @SS of 17 kDa, an isoelectric point of 7.0, 11 histidine

T. J. Membr. Sci1997 134, 67. residues, and a size of 4.4 nm4.4 nmx 2.5 nm?* Figure
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Conclusions

N
~

1 -= Myoglobin
1 -==BSA

Metal-affinity membranes were prepared by ATRP of
HEMA inside the pores of alumina substrates, followed by
a series of derivatization steps to immobilize NT&W"
complexes. FESEM measurements confirmed the growth of
PHEMA brushes inside the pores of alumina membranes,
and reflectance FTIR spectroscopy verified the efficacy of
0 o 4 & B 10 12 14 16 the derivatization procedures. Equilibrium binding essentially
Volume (mL) followed the Langmuir isotherm, and the saturation binding
Figure 6. Breakthrough curves for adsorption of 0.3 mg/mL BSA and 0.35 capacity of PHEMA-NTA—Cuw?" for BSA was 150 mg/
mg/mL myoglobin on the same alumin®HEMA-NTA—CL?* membrane. ¢ of membrane. Moreover, saturation of the membrane
After adsorption of BSA, the membrane was regenerated with 0.05 M EDTA . . . . .
and 0.1 M Ca". with protein occurred in less than 15 min. After nine cycles
of adsorption, elution, and regeneration, the membranes
6 shows the breakthrough curves for the two proteins on the showed no detectable loss of capacity, and elution efficiencies
same membrane. The membrane showed high bindingwere essentially 100%. The derivatized PHEMA brushes also
capacities for both BSA (0.67 mg/énfeed concentration  showed rapid, high-capacity binding of myoglobin.
0.30 mg/mL) and myoglobin (0.50 mg/énfeed concentra-
tion 0.35 mg/mL), but the breakthrough curve is sharper for Acknowledgment. We thank the National Science Founda-

myoglobin. Rapid myoglobin binding could be due to faster on (cHE-0316244) for financial support of this work. We also
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of binding varies with brush thickness and density should

be helpful in this regard.. (BTUSh 'thlcknes.s can b? controlled Supporting Information Available: Reflectance FTIR spectra
by varying the poly_menzatlon t_|me, _W_h_lle density can be ¢ bLEMA and PHEMA-SA films (3750-1250 cnt), energy-
controlled by changing the density of initiaté¥s') Another dispersive X-ray spectrum of PHEMA nanotubes, and-is

explana’Fion for Fh? rapid bi.nding_of m_yoglob?n _COU_ld be that spectra from selected Bradford protein assays. This material is
the fraction of histidine residues in this protein is higher than available free of charge via the Internet at http://pubs.acs.org.
in BSA#0
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