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Liège, Belgium

J. Karger-Kocsis
University of Technology
and Economics
Budapest, Hungary

Byung K. Kim
Pusan National University
Pusan, South Korea

J. M. Lagaron
Packaging Lab., IATA-CS1C
Valencia, Spain

Jean L. Leblanc
Universit�e Pierre et Marie Curie
Paris, France

Alan J. Lesser
University of Massachusetts
Amherst, MA, USA

Yongfang Li
Chinese Academy of Sciences
Beijing, China

Michael Malkoch
KTH Royal Institute of Technology
Stockholm, Sweden

Robert Matheson
DuPont Automotive Products
Troy, MI, USA

Kenneth Mauritz
University of Southern Mississippi
Hattiesburg, MS, USA

Jimmy W. Mays
University of Tennessee
Knoxville, TN, USA

Michael A. R. Meier
Karlsruhe Institute of Technology
Karlsruhe, Germany

Han E. H. Meijer
Eindhoven University of Technology
Eindhoven, Netherlands

Goerg H. Michler
Martin Luther University
Halle Wittenberg
Halle, Germany

Philip Molyneux
Macrophile Associates
Nottingham, UK

Koon-Gee Neoh
National University of Singapore
Singapore, Singapore

Cheolmin Park
Yonsei University
Seoul, South Korea

Donald R. Paul
University of Texas
Austin, TX, USA

Nicholas A. Peppas
University of Texas at Austin
Austin, TX, USA

Robert E. Prud’homme
Princeton University
Princeton, NJ, USA

D. K. Setua
Defense Materials and Stores
Research & Development
Establishment
Kanpur, India

Arthur W. Snow
Naval Research Laboratory
Washington, DC, USA

Bluma G. Soares
Universidade Federal do
Rio de Janeiro
Rio de Janeiro, Brazil

S. C. Tjong
City University of Hong Kong
Kowloon, Hong Kong

Ricardo Vera-Graziano
Instituto de Investigaciones en
Materiales, UNAM
Mexico DF, Mexico

Christoph Weder
University of Freiburg
Freiburg, Germany

Robert A. Weiss
University of Connecticut
Storrs, CT, USA

Andrew K. Whittaker
University of Queensland
Brisbane, Australia

Paula Wood-Adams
Concordia University
Montreal, QC, Canada

Kenneth J. Wynne
Virginia Commonwealth University
Richmond, VA, USA

Liqun Zhang
Beijing University of Chemical
Technology
Beijing, China

J_ID: Z8Q Customer A_ID: Cadmus Art: Ed. Ref. No.: Date: 30-January-12 Stage: Page: 1

ID: thambikkanue I Black Lining: [ON] I Time: 14:29 I Path: N:/3b2/APP#/Vol00000/090005/APPFile/APP_EDBD_1

VOL 1 | NO 1 | 1 JANUARY 2013

Special Issue: Microfiltration and Ultrafiltration 
Membrane Science and Technology

Guest Editors:  Prof. Isabel C. Escobar (University of Toledo) and 
			                Prof. Bart Van der Bruggen (University of Leuven)

http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41661/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41712/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41712/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41712/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41844/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41844/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41870/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41870/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41870/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41435/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41435/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41435/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41651/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41553/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41778/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41778/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41874/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41874/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41540/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41540/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41540/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41610/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41610/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41550/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41550/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41437/abstract
http://onlinelibrary.wiley.com/doi/10.1002/app.41437/abstract


Membrane adsorbers comprising grafted glycopolymers for targeted
lectin binding
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ABSTRACT: This work details the design and testing of affinity membrane adsorbers for lectin purifications that incorporate glucose-

containing glycopolymers. It is the selective interaction between the sugar residues of the glycopolymer and the complementary

carbohydrate-binding domain of the lectin that provides the basis for the isolation and purification of lectins from complex biological

media. The design approach used in these studies was to graft glycopolymer ‘tentacles’ from macroporous regenerated cellulose mem-

branes by atom transfer radical polymerization. As shown in earlier studies, this design approach can be used to prepare high-

productivity membrane adsorbers. The model lectin, concanavalin A (conA), was used to evaluate membrane performance in

bind-and-elute purification, using a low-molecular-weight sugar for elution. The membrane capacity for binding conA was measured

at equilibrium and under dynamic conditions using flow rates of 0.1 and 1.0 mL/min. The first Damkohler number was estimated to

relate the adsorption rate to the convective mass transport rate through the membrane bed. It was used to assess whether adsorption

kinetics or mass transport contributed the primary limitation to conA binding. Analyses indicate that this system is not limited by

the accessibility of the binding sites, but by the inherent rate of adsorption of conA onto the glycopolymer. VC 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2015, 132, 41437.

KEYWORDS: functionalization of polymers; grafting; membranes; polysaccharides; proteins
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INTRODUCTION

Lectins are proteins that associate with sugars through specific,

affinity type interactions. In the past three decades, the impor-

tance of these plant-derived proteins has evolved from being the

focus of nutritional studies to becoming the tool for investigat-

ing cell surface sugars.1 Because of their carbohydrate-specific

affinity, lectins are used to assess the role of cell surface sugars

in cell growth and differentiation. Additionally, lectins can be

used to distinguish between the same protein with differing

number of sugar residues, that is, different degrees of sialylation.

When tethered to stationary chromatography media, lectins

have been shown to separate antibodies with differing anti-

inflammatory activity.2

As lectins find more uses in biological applications, the demand

for affordable, high-purity lectins will continue to increase. Car-

bohydrate affinity chromatography is a high selectivity approach

for the purification of lectins, and was introduced for the puri-

fication of Concanavalin A (conA) by Agrawal and Goldstein in

1967.3 ConA has since become the basis for many applications,

including immobilized lectin affinity chromatography, which

incorporates conA onto the stationary phase for the purification

of glycoproteins and glycopeptides.4

Many research studies have employed conA for lectin affinity

chromatography. Of special interest to the authors, Clemmitt

and Chase5 investigated the roles of operating variables and

established optimal parameters for designing expanded bed col-

umns for high capacity and high efficiency capture of specific

glycosylated cells. Reichelt et al.6 describe efforts to improve the

throughput of lectin affinity chromatographic media, including

the development of monolithic spin-type columns that employ

conA for enriching and purifying glycan mixtures. Babac et al.7

attached conA to the stationary phase of a monolithic cryogel

and demonstrated the capture of large proteins with specific

sugar moieties from complex feeds, such as IgG and other

blood proteins from blood plasma.

The traditional isolation and purification of conA was devel-

oped in the late 1960s and consists of a series of initial separa-

tion steps including centrifugation and dialysis after which the

Additional Supporting Information may be found in the online version of this article.
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conA-containing solution is loaded onto a column of Sephadex

G-50, which contains dextran residues that bind conA. An elu-

ent solution containing a competing sugar displaces the lectin,

yielding a solution with higher purity and concentration.3

Although processes implementing dextran gels (Sephadex) for

the selective adsorption of conA achieve a reasonable yield from

the crude jack bean meal and high recovery from the chroma-

tography elution step, there are features that make it undesir-

able. The process has low throughput due to batch operation or

because of the low flow rates used for bind-and-elute operations

required by these traditional chromatography media. Advances

needed in lectin purification include methods with potential for

faster processing speeds.

In addition to slow processing speeds using dextran gels, there

are issues associated with microbial degradation of the dextran

that could be avoided with a different substrate material. Khan

et al.8 provide one example of current research to develop and

test new materials for conA purification in which calcium

alginate-cellulose beads containing transition metal Ni(II) as a

substrate for purifying the lectin. In this immobilized metal ion

chromatography (IMAC) process, the Ni(II) is believed to asso-

ciate with the hystidine and tryptophan amino acid residues of

con A.8 Despite the widespread lab-scale use of IMAC, there are

issues that have limited its use at commercial scale. Two signifi-

cant disadvantages of IMAC are metal ion transfer and metal

ion leakage into the purified protein solution. Metal ion transfer

leads to protein loss and low protein yields,9 and can disrupt

protein bioactivity. As commonly used metal ions such as

Ni(II) and Co(II) are known carcinogens,10 protein products

may be hazardous for use. Even though additional columns

could be added to a manufacturing process to capture metal

ion contaminants that leak from the IMAC column, there are

other factors that make industrial scale IMAC processes difficult

to implement.11 As a result, IMAC separations have low predict-

ability, frustrating optimizing and scale-up.

Thus, remains the need for new materials and methods to more

effectively recover and purify lectins from crude media. While

the focus in this article is given to conA, the need is general, as

the cost associated with the isolation and purification of other

natural lectins is prohibitively high. In fact, to overcome the

costly purification of natural lectins, researchers are looking to

create synthetic lectins. For example, Mahalingam et al.12 have

studied the anti-HIV activity of synthetic lectins that bind to

the surface sugars on the virus, inhibiting the entry of HIV into

cells.

New methods and materials for lectin purifications include

magnetic separation, aqueous two-phase extraction, affinity pre-

cipitation, monoliths, and membranes.13 In 2001, Guo and

Ruckenstein14 introduced cellulose membranes as a matrix for

purifying conA by immobilizing maltose as the affinity ligand.

The binding capacity for conA ranged from 0.48 to 1.05 mg/mL

membrane. Khan et al.8 used calcium alginate-cellulose beads as

a low-cost matrix for purification of conA from jack bean

extract that resulted in higher protein yields compared with the

traditional Sephadex process. However, both of these materials

were used in a batch process. Percin et al.15 studied the effect of

flow rate, temperature, ionic strength, and conA concentration

for a mannose affinity ligand attached to a poly(hydroxyethyl

methacrylate) cryogel in a bind-and-elute operation and found

the highest dynamic binding capacities at the lowest flow rates.

However, it is not clear if the lower capacities at high flow rate

were due to mass-transfer constraints of conA diffusion through

the cryogel or short residence times relative to the timescale for

adsorption to occur. One aspect of the work described in this

manuscript is to relate the adsorption rate to the convective

mass transport rate through the membrane bed and use this

relationship to assess whether adsorption kinetics or mass trans-

port contribute the primary limitation to conA binding.

Recent developments in conA affinity membranes include glyco-

sylated microporous polypropylene membranes,16 SPG (Shirasu-

porous-glass) membranes containing brush-like glycopolymers,17

and glycosylated polypropylene nonwoven meshes.18 Ulbricht

and coworkers19 have shown that polymeric glycoligands selec-

tively bind specific lectins, mimicking the gluco-receptors found

on cell surfaces that recognize and bind bacteria. The literature

also reports the use of model substrates to elucidate optimal

polymerization conditions, and kinetic studies relating polymer-

ization time to the degree of polymerization.20 The affinity

binding of a homotetrameric conA molecule to its complemen-

tary polysaccharide results from multivalent hydrogen bonds

and hydrophobic interactions. Because the number of carbohy-

drates needed to create a binding site for this lectin molecule is

greater than one, the adsorbing material should contain a large

number of carbohydrate groups. The location and structure of

these carbohydrates influence the capacity of the material to

capture lectins, as demonstrated in the glycoside cluster effect

observed for the comparison of comb-like versus linear glyco-

polymer layers grafted from poly(ethylene terephthalate) track-

etched membrane surfaces to bind peanut agglutinin.20,21 Thus,

methods to prepare membrane adsorbers should yield binding-

site architectures with a high density of glycoligand groups.

Surface-initiated atom transfer radical polymerization (ATRP)

has been used extensively in the formulation of membrane

adsorbers for protein isolation and purification.22–35 ATRP is

suitable for incorporating glyco-ligand affinity groups onto

membranes for the same reasons it has been a successful

method for constructing membrane adsorbers for other chro-

matographic processes, which have been discussed in detail pre-

viously.22,36 Namely, surface-initiated ATRP methods provide

the ability to optimize and control the grafting density and

chain length of low-polydispersity polymers without signifi-

cantly altering the substrate structure, and without initiating

solution-phase polymerization that can lead to pore blocking.

ATRP, among other methods, has been researched as a means of

incorporating glycoligands into polymers for interaction with

specific lectins. Ting et al.37 provide a review that summarizes

synthesis methods of glycopolymers for lectin recognition.

This work contributes a new approach to creating membrane

adsorbers for carbohydrate chromatography. The heart of the

approach is a graft polymerization step that provides a high
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number of binding sites per basis of adsorbing material. The

objectives of this study were (1) to produce affinity membrane

adsorbers with a high-binding capacity of conA and (2) to per-

form a comparison of kinetic rate of conA adsorption versus

convective mass transport of conA to the binding sites on the

membrane surface. Adsorptive membranes were prepared under

different reaction conditions to incorporate D-glucosamine-HCl

into PGMA that was grafted by surface-initiated ATRP from

regenerated cellulose membranes. The reaction condition with

the highest binding capacity was selected as the focus of the sec-

ond objective.

EXPERIMENTAL

Materials

Regenerated cellulose membranes (RC60) with reported nomi-

nal pore size of 1.0 mm, thickness of 70 mm and diameter of

47 mm were purchased from Whatman (Dassel, Germany).

The following chemicals and solvents were purchased from

Sigma-Aldrich (St. Louis, MO) with purities reported in weight

percent: a-Bromoisobutyryl bromide, 98% (BIB); concanavalin

A from Canavalia ensiformis (Jack bean), type IV (conA); gly-

cidyl methacrylate, 97%, contains 100 ppm monomethyl ether

hydroquinone as inhibitor (GMA); inhibitor removers, for

removing hydroquinone and monomethyl ether hydroquinone;

copper(I) chloride, �99.995% (Cu(I)Cl); D-(1)-glucosamine

hydrochloride, �99%, (dGluc-HCl); dichloromethane, �99.5%,

contains 50 ppm amylene (DCM); dimethyl sulfoxide, �99.9%

(DMSO); 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid,

�99.5% (HEPES); methyl a-D-mannopyranoside for microbiol-

ogy, �99.0% (Me-Manp); methyl a-D-glucopyranoside for

microbiology, �99.0% (Me-Glcp); manganese (II) chloride solu-

tion, 1.00M, tetrahydrofuran anhydrous,� 99.9%; inhibitor-free

(THF); triethylamine, �99.5% (TEA). 1,1,4,7,7-pentamethyldie-

thylenetriamine, 981% (PMDETA) was purchased from Acros

Organics (Geel, Belgium). The following chemicals were pur-

chased from Fisher Scientific (Fairlawn, NJ): calcium chloride

diydrate, Lab Grade; tetrahydrofuran, certified, contains about

0.025% butylated hydroxytoluene as a preservative (THF).

Sodium hydroxide, 97.0% (NaOH) was purchased from Alfa

Aesar (Ward Hill, MA). The following were purchased from

VWR (Radnor, PA): cellulose acetate syringe filter, 0.45 mm,

sodium chloride (NaCl).

Buffers used in this study include binding buffer, B: 10 mM

HEPES, 0.1 mM Mn21, 0.1 mM Ca21, 0.15 M NaCl adjusted

with 5 M NaOH to pH 7.0 and elution buffer, E: 200 mM

methyl a-D-mannopyranoside (Me-Manp), 200 mM Methyl a-D-

glucopyranoside (Me-Glcp)) in binding buffer, pH 7.0. The lec-

tin solution used was 1 mg/mL conA in B, which was filtered

with a 0.45 mm cellulose acetate syringe filter.

Membrane Surface Modification

Up to 10 membranes were modified at one time; however, reac-

tion amounts are reported on the basis of one 47 mm

membrane.

Membrane Activation. Membranes were activated by reacting

with BIB (18 lM, 0.11 mL) in THF (50 mL) for 2 h under con-

stant stirring at 35�C in a glovebox (MBRAUN UNIlab) with a

nitrogen environment (O2< 10 ppm, H2O< 1 ppm), as

reported earlier.31 Membranes were further modified by surface-

initiated atom transfer radical polymerization (ATRP) of gly-

cidyl methacrylate (GMA) (3.6M, 17.06 g) in THF (16.35 mL)

with a catalyst complex of Cu(I)Cl (9 mM, 29.7 mg) and

PMDETA (9 mM, 0.063 mL) for 21 h. Details about this proce-

dure were reported earlier by Wang et al.34

Incorporation of Lectin-Specific Glycoligand. Activated mem-

branes were soaked in 12 mL THF twice, followed by 12 mL of

DMSO twice, then introduced to a solution of D-glucosamine-

HCl (0.080M, 0.863 g) and TEA (0.120M, 0.838 mL) in DMSO

(49 mL) and heated to 70�C, as represented in Scheme 1. The

reaction solution was stirred at 150 rpm for 8.5 h and then

cooled to room temperature. Modified membranes were soaked

in DMSO (12 mL, twice) followed by THF (12 mL, twice) and

stored in THF. They were dried with nitrogen gas before charac-

terization or performance testing.

Surface Characterization by ATR-FTIR. Attenuated total reflec-

tance Fourier-transform infrared spectroscopy (ATR-FTIR)

measurements were taken using a Thermo Scientific Nicolet 550

Magna-IR Spectrometer with a diamond crystal equipped with

Omnic ESP version 6.1a software. An ATR correction was

applied to each spectrum and the baseline was corrected man-

ually. A background spectrum was collected before each mea-

surement of a dried membrane sample, taken with 16 scans and

a resolution of 4.0 cm21.

Membrane Performance Testing

Static Binding Capacity Measurements. Each membrane was

placed in binding buffer B before being introduced to 5 mL of

a 1 mg/mL conA solution in buffer B. The volume of solution

absorbed in the membrane pores during this equilibration step

was accounted for in the mass balance used to calculate conA

binding capacity. Membranes were incubated for 21 h, which

was sufficient according to other static measurements reported

in literature14,15 on a shaker table at 80 rpm at 22�C. Initial and

final lectin concentrations were measured using a calibration

curve relating the conA concentration to absorbance at 280 nm

with a Carey UV-vis spectrophotometer. Static binding capacity

was calculated as the mass of conA adsorbed per membrane

volume (mg/mL) by performing a mass balance.

Dynamic Binding Capacity Measurements. Membranes were

cut to the appropriate module size before preparation and

soaked in binding buffer B before use. Eight membranes of the

Scheme 1. Reaction of D-Gluc to ATRP-grafted PGMA.
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same degree of modification were loaded into a Pall Mustang

CoinVR module (ID 5 18 mm), sandwiched between two What-

man 5 membranes. The module was connected to an AKTA

Purifier (GE Healthcare). The system applied an equilibration

step of at least 10 column volumes (CV) until the absorbance

baseline (280 nm) was stable. Following column equilibration,

the lectin solution was injected (10 mL, 1.0 mg/mL in binding

buffer B, pre-filtered through a 0.45 mm syringe filter). Follow-

ing lectin loading, the system applied a wash step with buffer B

(10 mL) to wash unbound lectin, followed by an elution step

with buffer E (10 mL). The flow rate during the protein loading

step was varied, while the flow rates for column equilibration,

washing, and elution were 1.0 mL/min. Fractions were collected

throughout the load, wash, and elution step for analysis. Protein

binding capacities were obtained for various loading flow rates.

Data were recorded and processed by Unicorn 5.11 software

(GE Healthcare, Bio-sciences). All buffers and protein solutions

were used at room temperature. Chromatograms were analyzed

by calibrating area under the A280 curves (mAU 3 mL) to con-

centration (mg/mL) to estimate protein adsorption.

RESULTS AND DISCUSSION

To develop a working formulation for reacting the dGluc-HCl

with the epoxide side groups of the PGMA chains grown by

ATRP from the surface of regenerated cellulose membranes, the

glycoligand was tested in multiple solvents to find the solvent

condition with the best dissolution. Challenges arose with initial

reaction attempts, as heat seemed to be necessary to facilitate

ring-opening and incorporate the glycoligand. The dGluc

appeared to undergo the Maillard reaction. This reaction occurs

between carbonyl groups of the sugar and amines in the pres-

ence of heat and is responsible for the browning of foods. Mar-

tins et al.38 discuss more information on the Maillard reaction

including the effects of temperature, pH, and initial concentra-

tion. To identify solutions to the challenges that arose with reac-

tion conditions at elevated temperature, reactions using

different concentrations, temperatures, and time-scales were per-

formed and the resulting membranes were tested using static

binding of conA. The results of this substantial body of prelimi-

nary formulation and characterization work are discussed in the

Supporting Information. Supporting Information Table S1 lists

the concentrations of dGluc-HCl in different solvents, and Sup-

porting Information Table S2 summarizes the reaction condi-

tions and observations of the formulation work. Supporting

Information Figures S1 and S2 present ATR-FTIR spectra of

membrane samples prepared using different formulations. Sup-

porting Information Figure S3 reports the corresponding static

binding capacities. The formulation that yielded the best results

was used to prepare membranes for the work described in this

manuscript. An alternative approach was considered for low

temperature coupling using an epoxide ring-opening catalyst

(Zn(BF4)2�xH2O), but dGluc had low solubility in the solvents

needed for this reaction.

Surface Characterization

Figure 1 presents the FTIR spectra used to evaluate the differ-

ence in membrane surface chemistry after modification with gly-

copolymer chains. After surface-initiated ATRP was performed

to graft PGMA chains from the membrane (spectrum b) a peak

change was observed near 1730 cm21 that is assigned to the

stretching of carbonyl groups in PGMA and was anticipated

based on previous work.34 Thus, PGMA has been grafted from

the membrane surface. Additionally, there is a reduction in the

intensity of the strong broad peak centered at 3400 cm21,

(attributed to –OH stretching) and of the peaks in the 1000–

1200 cm21 region (C-O stretching and C-H wagging). Because

the range of penetration depth of ATR-FTIR is 0.5–2.0 lm, and

the PGMA dry layer thickness is on the order of 70 nm34, the

cellulose bond vibrations are expected to be reduced only

slightly. After introduction of the glycoligand along the PGMA

Figure 1. ATR-FTIR spectrum of (A) unmodified RC60 membrane, (B)

grafted PGMA layer, (C) glycoligand incorporated via reaction condition

E. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4143741437 (4 of 7)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


backbone according to Scheme 1 (spectrum c), these same

regions show a stronger absorbance. The bonds that contribute

to these vibrations are common to cellulose and D-Gluc. The

peak near 1730 cm21 is more pronounced after the glycoligand

addition, perhaps due to C5O stretching that would be present

if some of the attached glycoligand exists in the open-chain

form. Peaks unique to the incorporated glycoligand would be N-

H stretching and wagging. However, because very little of this

compound is present relative to the cellulose substrate, in the

case of N-H stretching, the peak in these region is small (700–

730 cm21). In the case of N-H wagging, the peak is undetectable

because it appears in the same region as the broad hydroxyl

group stretching.

Membrane Performance

Static Binding. The result of the mass balance indicated the

unmodified RC60 membrane adsorbed no conA after 21 hours.

The membrane modified with PGMA and D-Gluc adsorbed

6.0 6 0.6 mg conA/mL of membrane, reported as an average

and standard deviation of three measurements. This binding

capacity is comparable with other materials described in the lit-

erature, as summarized in Table I. For the polypropylene mac-

roporous membrane (PPMM) substrate, a dramatic increase in

adsorbed conA occurred when the grafting density was above

90 lg/cm2. For the sake of comparison, the reported values

were converted to common units using the approximate surface

area. Approximate values were found to be 10 and 45 mg/mL.

The hypothesis is that below a certain grafting density, conA

capacity is low because of the sparsely distributed sugar mole-

cules. However, above a certain chain density, the proximity of

sugar molecules is sufficient to create the necessary multivalent

binding sites for conA. Although grafting density was not varied

in the current study, it is possible that the current modification

technique has not incorporated enough glucosamine to meet

the threshold grafting density to observe this glycoside cluster

effect. The binding capacities of the PHEMA cryogel and Sepha-

dex G 50 resin are comparable to our membrane platform;

however, the membrane-based substrate has the key advantage

of easier scale-up to large volumes, which has been demon-

strated in the case of ion-exchange membrane chromatogra-

phy.40 It also has been shown that, under high loading

conditions, membranes can offer higher resolution over some

resin chromatography columns.41 This is an aspect of mem-

brane chromatography worth exploring for this system.

Effect of Flow Rate. Dynamic capacities were measured using a

bind-and-elute process. In these measurements, one stack of

membrane adsorbers was used for all flow rates tested (more

than four runs). There was no measureable irreversible binding.

The elution peak areas were the same for duplicate runs at the

same flow rate. Figures 2 and 3 show representative chromato-

grams for loading flow rates of 1.0 mL/min and 0.1 mL/min,

respectively. For a flow rate of 1.0 mL/min, no lectin was

observed when the elution buffer was applied. However, at a

flow rate of 0.1 mL/min, a small elution peak was observed.

This peak corresponded to a capacity of 0.6 mg/mL. This result

is counter to what was expected; that is, dynamic binding

capacities often are independent of flow rate using membrane

adsorbers. Multiple examples of this phenomenon are presented

in a review of affinity membrane materials, in which mem-

branes with porosities suitable for high flow rates provide

enough surface area for binding, and access to those binding

Table I. Summary of conA Adsorbing Materials

Substrate Chemistry
Grafting
density(lg/cm2)

Adsorbed
species Adsorbed Flow rate

1 PPMM UV polymerization
alda-d-allyl glucoside (AG)

90 150 Con A 100 lg/cm2

450 lg/cm2
Static binding

2 PHEMA
cryogel

covalent attachment
of D-mannose

191.9 [mg/g] Con A 11.2 mg/g 1 mL/min, 2 h
recirculation

3 Sephadex
G 50

Cross-linked dextran – Con A 17 mg/g –

4 RC ATRP of GMA/
glucosamine addition

– Con A 6 mg/cm3 (13 mg/g) Static binding

The reported values are from the following studies: (1) Yang et al.,19 (2) Percin et al.,15 (3) Akhtar et al.,39 (4) this study.

Figure 2. Flow rate 1.0 mL/min. Conductivity remained at 15 6 1 ms/cm

and the pH at 7.4 6 0.1.
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sites is not restricted by diffusion.42 Additionally, for the same

substrate used in this study (Whatman RC60 1–lm regenerated

cellulose membrane), this effect has been observed by our

group.24,31 In fact, in Bhut and Husson,24 flow rates under

1 mL/min presented flow distribution challenges, resulting in

lower binding capacity. It appears, therefore, that lectin binding

kinetics may be the rate limiting step in this case.

Reaction Rate Analysis

It is recognized that the efficiency of many affinity-type chro-

matography processes may be limited by binding kinetics. To

assess whether the rate of adsorption or the convective mass

transport of the lectin through the membrane bed was limiting

the degree of lectin adsorption, the first Damkohler number

was estimated using the following analysis.

The first Damkohler number (Da) is a dimensionless quantity

representing the ratio of the reaction rate to the rate of convec-

tive mass transport through a reactor and is defined by eq. (1):

Da5kCps (1)

where k is the reaction rate constant, CP is the feed protein (i.e.,

lectin) concentration and s is the residence time, or space time.

The system is modeled as a plug flow reactor with a second order

reaction P 1 L ! PL, where P is the protein and L is the binding

site comprising one or more sugar groups. For this case, Da> 10

indicates that the rate of adsorption is sufficiently fast that 90% of

the available protein will adsorb to the column (X 5 Da/(11Da)

for conversion, X). As Da decreases, less protein will adsorb due to

a slow rate of adsorption and insufficient space time for the

adsorption to occur, with mass transport of the protein to the

binding site having relatively little impact on degree of binding.

Clegg et al.43 measured the association and dissociation rate

constants for various saccharides to conA using a temperature-

jump relaxation technique and found the association rate con-

stant to be 5 3 104 M21 s21 and 4 3 104 M21 s21 for methyl

Me-Glcp and Me-Manp, respectively, at 25�C and pH 7.2. A

value of 4 3 104 M21 s21 was used to approximate the rate

constant for the adsorption of conA to the glucose site on the

grafted glycopolymer, recognizing that true value may be much

lower for the heterogeneous binding reaction.

The feed concentration in our study, CP was 1 mg/mL and the

molar mass of tetrameric conA is estimated at 108 kDa. In the

chromatography column used (CV 5 0.143 mL), a volumetric

flow rate of 1.0 mL/min equates to a residence time of 8.6 s.

Together these parameters result in a Da of 3.2. Under these con-

ditions, 69% of the available protein would be expected to adsorb

to a binding site as it passes through the membrane bed. Several

factors may contribute to the lack of binding seen experimentally.

First, if the glucose functional groups are not in a favorable posi-

tion to form a multivalent binding site, adsorption will be

restricted. Second, membranes have been shown to exhibit uneven

flow distribution especially at low flow rates24 and in columns

with short bed height.44 A nonuniform pore size distribution is

another factor that can result in less than theoretical performance.

In this scenario, proteins follow preferential flow paths through

larger pores, reducing the local protein concentration at binding

sites in smaller pores. As a result, larger pore size distribution

results in broader breakthrough curves, a well-known concept that

has been modeled and discussed in detail45 and continues to be

the focus of membrane materials research. Finally, and perhaps

most importantly, this model uses a literature value for the rate

constant. Boi et al.46 studied the adsorption kinetics of galactose-

specific Momordica charantia lectin on different membrane sup-

ports and found that the rate of adsorption differed. Furthermore,

the literature value is for reaction in solution. The true value for

this heterogeneous reaction may be significantly lower. Performing

a detailed study that measured the kinetic constant for this system

would enhance the accuracy of the model.

For the theoretical system to adsorb a high percentage (>90%) of

the available protein, such that the rate of adsorption is not hin-

dering the binding of conA to the glycopolymer, the bulk concen-

tration of conA or the residence time would need to be increased

by at least threefold. For a flow rate of 0.1 mL/min, the residence

time is 86 seconds, and the calculated Da is 32, which corre-

sponds to theoretically 97% protein adsorption. In this case,

0.6 mg/mL lectin binding capacity was measured. The ability to

observe faster, flow-rate independent separations, which is one

advantage of utilizing membranes, is restricted by the inherently

slow nature of the binding reaction occurring along the polymer

tentacles on the membrane surface. Nonetheless, regenerated cel-

lulose membranes have other advantages such as easy scale-up

and lower pressure drop relative to resins and gels that make it a

desirable platform even at equivalent throughput. Furthermore,

there still exists potential for tuning and optimizing the glycopol-

ymer architecture on this platform by altering the ATRP grafting

and ligand reaction conditions that may increase the capacity.

Membrane platforms also offer other advantages highlighted by

previous authors, such as better resolution than resin media

under high loading conditions,41 which improves product purity.

Figure 3. Flow rate 0.1 mL/min. Conductivity remained at 15 6 1 ms/cm

and the pH at 7.3 6 0.1.
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CONCLUSIONS

Affinity membranes for the adsorption of the lectin conA were fabri-

cated by reacting dGluc to epoxy groups grown from the surface of

regenerated cellulose through surface-initiated ATRP. Membranes

were characterized with ATR-FTIR to confirm ligand incorporation.

Static binding capacity was quantified and found to be comparable

to that of other substrates. Limitations in characterization prohibited

the quantification of ligand incorporation, which would elucidate if

experimental grafting densities were high enough to achieve optimal

binding under the “glycoside cluster effect.” Binding capacity meas-

urements in conjunction with an analysis of transport phenomena

indicate that the binding kinetics represent the limiting factor for

achieving high productivities. However, the membrane platform

offers easy scalability, low column pressure drop, and the opportu-

nity for continuous processing.
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