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The potential effectiveness of poly(vinyl pyrrolidone) (PVP) as a
zirconia surface modifier for protein adsorption reduction was in-
vestigated using lysozyme (LYS). The relatively small size of LYS
(45 x 30 x 30 A) allowed for testing the adequacy of the graft poly-
merization method for producing a dense surface chain coverage
to exclude LYS from direct interaction with the zirconia surface.
The study demonstrated that a PVP brush layer is capable of re-
ducing lysozyme adsorption. Overall, the maximum adsorption ca-
pacity decreased (by up to about 76%) due to surface modification
with increasing polymer/silane surface coverage ratio (mol/mol).
Adsorption reduction, due to protein exclusion from the surface
by the tethered polymer layer, increased significantly when the dis-

the various surface modification methods, the use of polymers
alter the surface chemistry is of particular interest in the prese
work.

Polymer coatings designed to reduce protein adsorption ha
been used to modify a variety of polymeric substrates such :
polycarbonate (8), polysulfone (8, 9), polypropylene (10), low
density polyethylene (11), polystyrene latex (12), as well as gla:
(13) and ceramic surfaces (14—21). Over the last decade, varic
researchers have also investigated the potential use of adsor!
diblock and triblock copolymers for reduction of protein ad-
sorption (22-27). In the latter approach, the hydrophobic pa
of the polymers is first adsorbed onto the substrate, with the h

tance between surface chains was less than the large axis of LYS
(i.e., 45 A). The present results are encouraging and suggest further
consideration of polymer-modified ceramic surfaces for reducing
fouling of ceramic membranes during protein ultrafiltration and
producing ceramic biocompatible surfaces for biomedical applica-
tions.  © 2001 Academic Press
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drophilic end serving as the barrier for protein adsorption fron
aqueous solutions. PEO and di-/triblock copolymers of PPO ar
PEO (PPO-PEO and PEO-PPO-PEOQ) have been particula
popular and demonstrated reasonable levels of protein adso
tion reduction (10-12, 16-19). Coatings of other nonionic poly
mers such as poly(vinyl pyrrolidone) (PVP), poly(vinyl alcohol)
(PVA), poly(vinyl methyl ether) (PVME), dextran, and methyl-
cellulose have also proven effective in reducing adsorption ¢
certain proteins g-lactoglobulin and bovine serum albumin)
onto polysulfone surfaces (26). It has been suggested that t
degree of protein adsorption reduction is determined largely k
Adsorption of proteins occurs on a variety of solid—liquide effectiveness of protein exclusion from the native surface dt

interfaces. In many instances, protein adsorption results in d-the polymer surface chains that provide a steric barrier (10
desirable effects such as surface-induced thrombosis due to ad®eduction of protein adsorption onto polymeric substrates c
sorption of plasma proteins (1) or fouling of membranes used! also achieved through chemical binding of preformed poly
food and beverage processing (2—4) and performance degrdB8! chains (29), i.e., polymer grafting, iarsitu polymerization

tion in analytical protein liquid chromatography (5). Protein ad2nto the surface (30), i.e., graft polymerization. Graft polymer
sorption is affected by numerous factors including protein siZgation involves the growth of polymer chains from surface ac
charge, shape, hydrophobicity, pH, surface charge, surface topy€ Sites by sequential monomer polymerization, while polyme
ogy, coadsorption of low-molecular-weight ions, intermoleci@rafting involves chemical bonding ofI_|ve polymer chains to the
lar forces between adsorbed molecules, strength of functiof#PPOrt surface. In both cases, and in contrast to coated po
groups bonds, composition of the protein solution, and chef€r Phases, the resulting polymer phase is highly stable sin
istry of the solid surface (6, 7). Although various factors affedfi€ Polymer chains are covalently bonded to the surface. Wi
protein adsorption, the surface chemistry of the substrate Rgymer grafting it is p053|b'le to graft monodisperse polymer
been studied most intensively with the goal of affecting proteRt0 the surface; however, since polymer molecules must diffu:

adsorption via a variety of surface modification techniques. @t the solid surface, diffusional limitations and steric hindranc
effects can severely reduce the degree of surface chain de

sity and overall polymer graft yield. In contrast, in graft poly-
1 To whom correspondence should be addressed. E-mail: voram@ucla.edmerization diffusion limitations and steric hindrance effects ar
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minimized owing to the much smaller size of the monomeric TABLE 1
units that diffuse to react with surface chains or active sur- Properties of Zirconia Particles
face sites. Therefore, with graft polymerization it is possible

to achieve a higher degree of surface coverage (especially for Particle size ) <>
g g, . ge (¢ p y Surface area (Rig) 6.13
porous supports) than via polymer grafting (5). It is important  average pore radius (A) 71.65
to note that, with all of the above approaches, it is possible to  —OH surface number densityol/nn?) 9.8
create a polymer surface with terminally anchored chains that  Point zero charge 5.8
pH stability range X pH<12

are completely soluble in aqueous systems. Terminally anchored
(tethered) polymer chains can be effective in reducing protein

adsorption provided that polymer chains completely cover the . . ] ) .
surface to effectively exclude proteins from the native surfadgristics of the zirconia particles are provided in Table 1. Surfac

At sufficiently high surface densities, the grafted polymer chaiflylation was carried out with vinyltrimethoxysilane (VTMS)
are forced to extend away from the surface to minimize their frédtained from Petrach Systems Inc. (Bristol, PA). Reagen
energy, in a conformation analogous to the bristles of a brugfade xylene purchased from Fisher Scientific (Tustin, CA
In this so-called “brush regime,” a high degree of protein reje¥as used as a solvent. Vinylpyrrolidone (1-vinyl-2-pyrrolidone
tion is generally observed for a variety of proteins, irrespectifBOnomer, containing 0.1% potassium hydroxide as inhibito
of whether covalent grafting or physical adsorption of dibloc¥@S supplied by Kodak Chemical Company (Rochester, NY)..
copolymers is used (13, 31-33). 50% aqueous solution of ammonium hydroxide (Mallinckrod

Given the interest in producing highly stable polymer surfad8C-, Paris, KY) was the source of ammonium ions used in tr
layers, polymer grafting and graft polymerization modificatiofaft polymerization. Ammonium hydroxide acts as a buffer fo
techniques have become popular, especially for the modifi¢d€ reaction mixture and prevents the formation of acetaldehyc
tion of polymeric ultrafiltration membranes (34-38). In con@ Py-product that promotes chain transfer (5, 46). The initiat
trast, less effort has been devoted to evaluating the effectivenf¥dhe PVP grafting reaction was reagent-grade hydrogen pe

of terminally and covalently anchored chains for reduction &Xide available as a 30% solution (Aldrich). _
_Lysozyme (LYS) grade | (L6876), obtained from Sigma (St

protein adsorption onto ceramic surfaces. In particular, it a ’ ;
pears that the effectiveness of PVP, a known water-soluble aER}”S' MO), was the model protein selected for the protei

biocompatible polymer (39) which is of interest in this work&dsorption studies. The properties of LYS are summarized
as a surface modifier of ceramic surfaces has not been fully é@ble 2. Reagent-grade potassium dihydrogen phosphate ¢
plored. The recent review of Cohenal. (5) suggests that Pvp disodium hydrogen phosphate of reagent quality, used as a buf
brush layers can be effective in reducing surface adsorptionf8f the aqueous protein solutions, were obtained from Bak
water-soluble macromolecules and thus suitable for protein &d?€mical Company (Phillipsburg, NJ). The ionic strength o
sorption reduction. Other recent studies (37, 38) have reporiB§ solutions was adjusted with NaCl (S640-500) obtained frol
that low-temperature plasma graft polymerization\bkinyl- Fisher SC|ent|f|c. Finally, prote|.n concentration was determine
2-pyrrolidone (NVP) onto poly(ether sulfone) membranes r&Y UV analysis (HP 8452A Diode Array Spectrophotomete
duced membrane fouling during the filtration of bovine serufféwlett-Packard, Palo Alto, CA), at= 280 nm.
?;2?;22}] (?onflrmlng the relevance of PVP for protein adsorptmé\uncace Modification

In the present study, the potential effectiveness of PVP asPVP-grafted zirconia particles were prepared by a graft poly
a modifier for reducing protein adsorption onto zirconia sumerization process consisting of two main sequential step
faces was investigated using lysozyme as the model prote(i).silylation, and (ii) surface graft polymerization. The graft
Lysozyme is a well-characterized protein commonly used apalymerization process followed the method of Cohen and c
model protein in adsorption (40—42) and membrane ultrafiltravorkers (5, 46) and a brief description of the synthesis metho
tion (43—-45) studies. Moreover, its relatively small size demangisprovided below.
a high surface polymer chain density to effectively exclude the The initial surface treatment step involves modification o
protein from the native surface, thereby testing the adequacy-@H groups, present on the ceramic surface, by silylatic
the graft polymerization method used in the present study. with vinyltrimethoxysilane, HC=CH-SiHOCH)s, to generate

EXPERIMENTAL

TABLE 2
Materials Properties of Lysozyme
Zirconia powder with a particle size of &m was obtained Molecular weight (kDa) 14.4
from Aldrich (Milwaukee, WI). The specific surface area was Molecular dimensions (A 45 x 30 x 30
[ i i i - pl 11
determined by BET nitrogen adsorption analysis (Autosorb-1, Conformational stability High

Quantachrome Inc., Syosset, NY) to be 6.13gnThe charac-
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vinyl surface sites for subsequent surface polymerization. Pridgtermined by a potentiometric acid—base titration

to silylation, the zirconia particles were washed with 1% HCI

solution and dried at 12C overnight under vacuum. Vinylsily-  [(V4Cy — VorCor) — Vo([H1] — [OH™D]F/S =00, [1]
lation was subsequently carried out for a perié& & in a 3-L

batch slurry reactor filled with a 10% (v/v) solution of VTMS inwhereVH’ Voun, Cn, andCgpy are the volumes (L) and initial

xylene. The condenser temperature was kept a/@bove the concentrations (M) of acid and base added, respectiviglis
boiling point of methanol, but below the boiling of the xylenghe final volume of the solution, [H and [OH] are the ionic
solution, to remove alcohol produced by the reaction. At reaCti@BncentrationS (M) in the solution calculated from the FHS
termination, the particles were washed several times with xylefie Faraday constant (C/mol), aBds the specific area (B ¢
and allowed to cure at 14Q in a vacuum oven for 24 h. The potential measurements were performed with a Laser Zee M
surface methoxy groups were subsequently hydrolyzed by ifar 501 (Pen Kem Inc., Bedford Hills, NY). The measurement
mersion in an aqueous NaOH solution (pH 9.5) for 3 days. Thigere conducted by dispersing about 0.5 g of particles (nati\
latter step partially restored the hydrophilicity of the particlesr modified) in a 1-L solution of 0.1 M NaCl solution with pH
thereby enabling dispersion in the aqueous polymerization midjustment using aqueous NaOH or HCI solutions.
ture. The treated particles were then rinsed, dried, and reserveglentification of chemical groups on the surface of the unmoc
for the graft polymerization reaction. ified, silylated, and PVP-grafted particles was made by diffus
PVP graft polymerization of a batch of 10 g of silylatedeflectance infrared-Fourier transform (DRIFT) spectroscop
particles was performed in a 1-L jacketed reaction flask ulising a Bio-Rad FTS-40 FTIR (Digilab Division, Cambridge,
der nitrogen atmosphere. Nitrogen atmosphere was neces$anj with a diffuse reflectance accessory. Quantitative measur:
to eliminate atmospheric oxygen, which is known to increasfients of the yield gmol/m? or mg/n?) of VTMS and PVP
the latent period of polymerization and reduce the rate of polyrafted onto the ceramic substrate were performed by therm
merization. The silylated particles were dispersed in an aque@j{gvimetric analysis (TGA). References were taken with respe
vinylpyrrolidone solution (30% by volume) and then heated @ the cleaned unmodified substrate and hydrolyzed particles. |
the desired reaction temperature (typicallyCR The grafting nally, the silylation and polymer graft yields were determined by
reaction was initiated with 2 mL of hydrogen peroxide solutiomGA conducted with a Perkin—Elmer TGS-2 thermogravimetric
(30%) and 0.8 mL of ammonium hydroxide solution (50%)analyzer, for a range of temperatures between 100 antd>900
Ammonium hydroxide acts as a buffer for the reaction mix- Direct observation of the topology of the grafted PVP surfac
ture and prevents the formation of the undesirable acetaldehyiase was accomplished by atomic force microscopy (AFN
by-product under acidic conditions. In addition, ammonium hYmagmg of a PVP-modified silicon100 prime_grade wafer
droxide has a strong activating effect on the polymerization rgp/afernet, San Jose, CA). The wafer was soaked first in aceto
action, shortening the latent period and increasing the rategfd subsequently in methanol to remove soluble organic contal
reaction. At the termination of the ponmerization reaction, thﬂants_ The waferwas cleaned (47) using a7:3 (byv0|ume) sol
grafted particles were filtered, rinsed with water, and oven drig@n of sulfuric acid (certified ACS grade, Fisher Scientific) anc
at 100C overnight. 30% hydrogen peroxide in water (certified ACS grade, Fishe
Scientific). Drying of the wafer was accomplished by oven dry
ing, under vacuum at 12Q. Subsequently, the wafer was sily-
lated and graft polymerized under the same reaction conditiol
Analytical Methods as for the particles. AFM images were obtained using a Dig
A@| Instruments (Santa Barbara, CA) multimode atomic forc
icroscope with a Nanoscope Illa SPM controller, operating il
ping mode.

Titration of the zirconia particles was conducted to determi
the —OH surface concentration on the native and modified s
faces and to evaluate the surface charge density of the partic‘gg
The particles were titrated at constant temperatureggand N
blanket to avoid acidification of the solution due to dissolution
atmospheric C@ A carefully weighted particle charge (about Adsorption experiments were carried out by standard batc
0.2 g) was dispersed in a 50-mL solution of 0.1 M NaCl. Segquilibrium adsorption studies at25. Carefully weighed quan-
arate acid and base titrations were conducted using 0.1 M Hifies of unmodified, silylated, or grafted ceramic particles wer
and 0.1 M NaOH, respectively, with the pH continuously moradded to 10-mL glass vials with Teflon-lined screw-cap tops
itored with a pH-meter (Accumet Model 805A, Allied FishefThe vials were filled with previously prepared aqueous protei
Scientific, Pittsburgh, PA). Blank titrations were also conductexblutions to a level that kept the headspace negligible. Prote
for salt solution without particles. adsorption vials and blanks containing water and water wit

The effectiveness of surface hydroxyl replacement and maskafted-ceramic particles were prepared in triplicates. The via
ing by graft polymerized PVP surface phase was also evaluateere agitated using a 3-ft-long rack (capacity of 66 adsorptio
by both determination of the surface charge density @apo- vials) that rotated the tubes end-over-end at 12 rpm. An eqL
tential measurements. Surface charge densitfC/n¥), was libration time of about 30 h was determined to be sufficien

c,ﬁ.dsorptlon
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for the adsorption study. At the end of the adsorption periabncentrations (mg/L), respectivel, is the solution volume
the particles were removed from the solution by filtration usingd.), mis the mass of particles in the vial (g), anis the amount
a 0.8um cellulose acetate membrane. The supernatant sabfiadsorbed protein (mg/g).

tions were then analyzed in triplicate by UV spectrophotometry

(A =280 nm). RESULTS AND DISCUSSION
Protein adsorption capacity was determined from a mass bal-
ance on the adsorption vials Surface Characterization
Vi The presence of the silylated vinyl silane and graftel
q= E(CO — Ceg)s [2] poly(vinylpyrrolidone) on the ceramic surface was verified by

DRIFT spectroscopy as illustrated in Fig. 1 for silylated anc
inwhichCq andCeqare the initial and final (equilibrium) protein PVP-grafted zirconia. As shown in Fig. 1, a clear identificatiol

v |
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FIG. 1. DRIFT spectrographs of the surface of unmodified (bottom), silylated (middle), and PVP-grafted (top) zirconia particles.
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of the peak corresponding to the isolated hydroxyl groups at 25
3770 cnt? or corresponding to neighboring hydroxyl groups at € I
3670 cnT?! (46) on the unmodified ceramic surface could not ? 2t
be made due to the broad spectrum associated with surface wa- T 15
ter. However, for the silylated surfaces, the presence of vinyl E ;
groups on the silylated surface was confirmed by the bands at £ 1
1600 and 1410 cmt, corresponding to the stretch of the=C— f’
double bond, and by the bands between 2900 and 3106,cm z 0 F
corresponding to the C—H bond next to alkene. The above peaks 0

(4]

remain visible in the spectrum of the PVP-grafted particles since 10 15 20 25

there is a residual fraction of unreacted vinyl groups (belong- Silane coverage (umol/m’)

Ing t(_) the surface anchored \,/TMS) an@=C- double bond- FIG. 3. Effect of vinyl silane surface concentration on PVP graft yield.
terminated surface PVP chains (46). The presence of PVP on

the grafted surface was confirmed by the peaks in the region

1705-1680 cm?, which correspond to the¥0 groups in the
PVP chain.

Previous studies on vinyl pyrrolidone graft polymerizatio
have shown that the molecular weight distribution of the graft
polymer chains is typical of the expected distribution for fre
radical polymerization (5, 49). The example AFM image of & o-jum areas on the wafer, was less than about 10%.
graft-polymerized PVP surface topology, shown in Fig. 2, is The level of polymer graft yield is affected by the surface

clearly consistent with the expected polydispersity of the SLﬁgncentration of vinyl groups as shown in Fig. 3 for grafting

face chains. It is important to note that the AFM images Wepém Zifc‘?”‘a particles. It is expected tha}t_ the po_Iym_er gral
acquired under dry conditions and thus do not reflect the acté’éﬁld .W”ll mfrease 6;5 more chains ‘nge 'gg'atad with mg:re;s
conformation of the surface layer when exposed to the protéﬂg Vmi/ t&;ne surtace cover;ge_ I(d ' )Ibt Qwedve;, n i (
solution. Nonetheless, the images clearly demonstrate that ghgsent study afml;;\xwtnrén gra|/n)]/2leA|t\r,~|vaS ?] tr?me ab a S'fy‘
surface is fully covered with PVP chains, with regions betweéEH":c cover.agle ot abou /oMo 'ih ithougn the r_1|u|mt_er 0

the larger chains (or collection of large chains) populated with/rface \t/myﬁgr.ou;tals Ecr;\aaslels ;’.V' mcreasmgihy yiation cov
shorter PVP chains. Surface topology indicates layer featufd§9¢, at sutliciently high silylation coverage the progressiv
that rise in excess of 20 nm (relative to the native wafer SJP_rmatlon of a_polygllane network can screen.underlylng viny
face) which is consistent with recent hydrodynamic thickne§§0UPS: especially inbetween surface protrusions on the rou

measurements for grafted PVP layers, prepared under the ighconia surface. As a consequence, the degree of inaccessi

tical grafting conditions (51). The root-mean-square (RMS) sdpY of surface vinyl groups also increases, leading to the ot

f h for th . 00l : PVP surf rved decrease in the polymer graft yield. A limiting poly-
ace roughness for the depicted graft-polymerized sur a§18ér graft yield should be expected at sufficiently high surfac

vinyl silane concentration; however, this limit was not reache
in the present set of experiments. We note that silylation coy
erage above a monolayer on zirconia (about @mdol/n?) is
indicative of the formation of polysilanes. Irrespective of the
silylation coverage, the molecular weight of the grafted polyme
should be similar for different batches of PVP-modified parti
cles since the graft polymerization reaction conditions were ke
identical.

The number-average molecular weight of the PVP surfac
chains,M,,, was estimated aM, = 1000- G/f S,, whereG
is the polymer graft yield (mg/f), f is the polymer grafting
efficiency (49), andS, is the vinyl silane surface concentra-
tion (umol/m?). An estimate of the molecular weight is best
achieved using the zirconia-2 batch for which the silylatior
coverage of 10.6:mol/n? is near the theoretical monolayer
value of 9.8umol/m?. Accordingly, using the above approach
and a grafting efficiency of 0.0047 under the present reactic
conditions (51) results iM, =14,600. The molar density of
polymer chains r{chaing ON the surface is given ahains=
FIG.2. AFM image of PVP-grafted silicon surface. (G/1000yM,, and the distance between grafted polyme

prepared with initial monomer concentrations of 2.81 M, wa:
etermined to be about 0.8 nm, relative to 0.1-nm RMS su
gce roughness for the unmodified wafer. Average RMS su
ce roughness deviation, based on analysis of five differe

20,000 nm
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TABLE 3 100.1 T T
Arrangement of Graft-Polymerized PVVP Chains on Modified
Zirconia Surface and LYS Adsorption Parameters? 1000 1
PVP- Silylation PVP
Modified  coverage  graftyield DP Amax’ Kg 99.9
zirconia  @mol/m?) (mg/m?) (A) o x10% (mg/n?) (L/g) 2 :
S
Zirconia-1 ~ 21.93 045 732 3.0 0.42 50 = 998
Zirconia-2 10.60 0.73 57.6 4.8 0.45 41.5 ‘D ’
Zirconia-3  21.93 0.8 54.9 5.3 0.42 30 s
Zirconia-4 21.80 1.03 48.4 6.8 0.48 60 R 997 |
Zirconia-5 20.01 1.69 37.8 11.2 0.28 14.9 ’
Zirconia-6 13.33 1.72 37.5 11.4 0.29 9.5
Zirconia-7 17.40 2.31 324 15.2 0.23 7.9 996 |
apH 7; buffer: phosphate, ionic strength: 0.1 M.
b Calculated from Eq. [3]. 99.5 i N
c . . . _ ipe . . . T T T T
Maximum adsorption capacitgax = 0.94 mg/n? for unmodified zirconia. 0 200 400 600 300 1000
T (°C)

chains,D, can be estimated from

D= (nchainsNA)_l/z’ [3]

whereN, is Avogrado’s number. This distance can be used fYP modification of the ceramic particles, the concentration
evaluate surface graft density, defined as surface hydroxyls as determined by the titration method we

only 0.39 —OH/nm (about 7% residual surface hydroxyls). In
contrast, it is interesting to note that studies with adsorbed PE
o have reported to leave about 15—-70% of the initial —OH groug
wherea is the monomer size estimated to beAdfor PVP  nmasked (18).

repeating units. The properties of the grafted chaihs(do),  The effectiveness of PVP graft polymerization was also qual
estimated as described above, are provided in Table 3. &fiRd by surface charge density agdbotential measurements
regime of surface chain density can be determined followiRg the unmodified and modified particles. The surface char
the scaling criterion of de Gennes (52), which specifies th@énsity for the PVP-grafted zirconia was found to be near ze
terminally anchored chains, exposed to a good solvent, arepifer a wide pH range (Fig. 5). In contrast, the unmodified zircc
the “brush” (stretched) regime when> N~%°, whereN is nja particles display a strongly positive surface charge as the |

the degree of polymerization of the grafted polymer chaingecreases below about 6.5 and strongly negative surface cha
For PVP of M, = 14,600,N~%° = 2.87 x 1073, and thus the

above inequality is satisfied for all the PVP-grafted particles
(Table 3); i.e., the polymer layer on the modified particles is in 0.3
the brush regime. .
Protein adsorption onto inorganic oxide surfaces is known to I o
be significantly impacted by the presence of surface hydroxyls
(—OH) on these substrates (5, 18, 53). Therefore, the success of
screening or eliminating surface —OH groups, by a surface mod-
ification method, is best quantified by determining the presence
of hydroxyls on the surface before and after the modification
procedure. The concentration of hydroxyls on the surface of the
unmodified zirconia particles was determined to be about 5.06
—OH/n? using the acid-base titration method described earlier.
Following Rigneyet al. (54), hydroxyl concentration can be -
also approximated from the TGA curve of the unmodified par- i .
ticles assuming that up to 350 the weight lost is due to loss of .
strongly hydrogen bonded water, while surface hydroxyls con-
dense at 350-80C (Fig. 4). This analysis method results in "4 5 6 7 8 9 10 11
an estimated surface —OH concentration of 5.65 —OH/rim pH
good agreement with Rignest al. (54), who reported a con-
centration of 5.9 —OH/nf It is important to note that, after FIG.5. Surface charge density of unmodified and PVP-grafted zirconia.

FIG. 4. Thermogravimetric analysis of unmodified zirconia.

o = (a/D). [4]

unmodified ZrO,
PVP-grafted ZrO,
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FIG. 6. Electrophoretic mobilities of unmodified and PVP-grafted zirconia
particles, measured in a 0.1 M NaCl solution.

density at pH above about 8. The surface charge density for the
unmodified zirconia particles approaches zero atkpH5, in
agreement with previously reported values (55, 56). The above
results suggest that indeed any surface —OH groups that may
be present on the modified zirconia are efficiently masked by
the PVP-grafted chains. These results are also supported by
the near-zerg potential for the PVP-grafted zirconia, in the
range of studied pH (Fig. 6). In contrast, thepotential for

the unmodified zirconia particles is 35 at pH2 and strongly
decreases with increasing pH. At p#b.8, the unmodified par-
ticles did not show any significant mobility (isoelectric point,
pl), in agreement with other studies (44, 57, 58) that reported
zero mobility for unmodified zirconia particles at 6<5H < 7.

It is plausible that the potential could vary with the length of

the grafted polymer chains; such an effect, however, was not ob-
served in the present study since all grafted PVP surfaces were
prepared under identical reaction polymerization conditions.

Protein Adsorption

Lysozyme adsorption isotherms were obtained at pH 7 and
ionic strength 0.1 M. At pH 7, both the unmodified and PVP-
grafted surfaces reveal a similar point of zero chargezapd-
tential (Figs. 5 and 6). As a result, pH 7 LYS protein—surface
electrostatic interactions should be negligible; therefore, LYS
adsorption at this pH level should be indicative of the impact of
the polymer brush on LYS adsorption.

The adsorption isotherms all appeared to be of the Langmuir-
type isotherm, as displayed in the representative isotherms for
zirconia-7 (Figs. 7a—7c). Accordingly, the experimental adsorp-
tion data were fitted with the Langmuir isotherm

FIG.7.
[5] (c) PVP-grafted zirconia particles (zirconia-7 batch; pH 7, buff@hosphate,
1+ KqC’ ionic strength 0.1 M).

KqC
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whereq is the adsorption capacity (g proteirdmdsorbent)C 0.008
is the liquid phase concentration (g/L of solutioghax is the
maximum binding capacity (g proteinfrof adsorbent), ant 4
(L/g) is the apparent dissociation constant. Although the theo-

retical basis of the Langmuir isotherm is not strictly applicable 00066
to protein adsorption, it is a convenient and popular model for |
estimating the maximum adsorption capadiysy, and assess-

ing adsorption affinity from the magnitude of the initial isotherm 0.004

slope. Scatterinthe reported value&qf for zirconia-1 through
zirconia-4 batches is due to the fact that few data points could
be obtained at low concentration for these high-affinity adsorp-
tion isotherms. Nonetheless, it is apparent that lysozyme has
lower affinity for PVP-grafted zirconia surfaces, relative to the
unmodified or silylated, as deduced from the lower initial ad-
sorption isotherm slope for the PVP-modified surface (Table
3). Also, the maximum adsorption capacitygx) is lower for

the modified surfaces, being lowest for the PVP-grafted surface. polymer graft yield (mg/m’)
Overall, maximum adsorption capacity reductions of about 76

FIG.9. Dependence of adsorption capacity of LYS on polymer graft yielc

0 . . - - F
and 52% were achieved, relative to the native and silylated SH PVP-grafted zirconia particles (pH 7; buffer: phosphate 0.1 M). The vertice

faces, respectively, upon the introduction of the PVP chains onf@ned line denotes a polymer surface chain density corresponding to ch
the surface (zirconia-7; polymer chain density of 0.158 m#l/mspacing of 45°A
graft yield of 2.31 mg/rf).

LYS atpH 7is positively charged and interacts with inorganityj the silylated surface are less significant relative to reducti

oxide surfaces mainly through surface —OH groups. IncreasO brotein interactions with surface —OH groups.

hydrophoblcn){ of the surfacg upon S|I.ylat|o.n results n reduc- The adsorption capacities for the PVP-grafted zirconia part
tion of the maximum adsorption capacity as illustrated in Fig. ?
th

adsorption capacity (g/g)

o=

2

(5]
oy

000y 05 10 15 20 25 30

The decrease in the maximum adsorption capacity for the si es decreased with increasing polymer gratft yield (Fig. 9), in

; S anner quantitatively similar to results reported in the literatur
lated surfacegmaxsiyi, appears to be linear with silane coverage

for the range of conditions in the present study. It is reasonab [ adsorption of LYS onto PEO-grafted layers (33) and in th

e L .
to expect that hydrophobic interactions between the protein 7g[ne range of flbrmogen adsorption onto PEO-gra'\fted laye

. : " : . (31). The above behavior suggests that LYS adsorption onto t
the silylated surface would increase with increased silylation

coverage. However, given the reduction in adsorption upon si pthered PVP layer, for the high-polymer-surface-density sar
lation, it is likely that hydrophobic interactions between LY%E(IeS (Table 3), is determined largely by the surface density.

he chains. The effect of polymer surface chain density can |
more effectively illustrated by displaying the maximum adsorp
0.008 ———————————T———T— tion capacity of lysozymegmay, as a function of the distance,
D, between polymer chain anchoring points (Fig. 10). Clearly
the adsorption capacity increases as the distance between ch
increases, a result that is consistent with previous experimen
0-006 ; ' and theoretical studies (13, 31, 32, 42, 59, 60). For example, [
et al. (13) demonstrated that, when polymer chains are sparse

| positioned on the surface, in the so-called “mushroom regime
0.004 T the adsorption capacity of BSA, laminin, and fibronectin, onto
PEO tethered surface decreased with increasing polymer surf:
T %, density as less of the surface was available for protein adsol
tion. For the above tethered PEO surface, a lower rate of adso
tion reduction was observed at higher polymer surface densiti
g in the brush regime. The decrease in protein adsorption cap:
ity was most pronounced at low polymer surface coverage. /
surface coverage higher than about 0.1 polymer chaifiamm
adsorption plateau was reported for LYS and fibrinogen adsor
tion onto PEO layers (33). It is also interesting to note that th
theoretical study of Szleifer (60), in which a single-chain mear
FIG. 8. Variation of adsorption capacity of LYS with silylation coveragefield (SCMF) theory was employed, also concluded that surfa
for PVP-grafted zirconia particles (pH 7; buffer: phosphate 0.1 M). chain density is a paramount parameter in determining prote

adsorption capacity (g/g)
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0.004 investigating. Finally, we note that the present results sugge
that total exclusion of a protein the size of lysozyme may re
quire grafted chain spacing lower than achievable even with tt

— : present method of free radical graft polymerization.

" 5 T % l CONCLUSIONS

0.002 ; 1 The present study demonstrated that adsorption of lysozyr
% ; onto zirconia can be reduced by a covalently bonded PVP bru

T layer. The adsorption capacity decreased with increasing pol

' mer surface coverage, due to the increasing barriers for acco
modating the protein molecule in the spacing between grafte
polymer chains. In principle, total exclusion should occur whei
chain spacing is smaller than the protein size. However, residu

adsorption capacity (g/g)

=}
=
(=]
=

0.000 Liseiir.. W T adsorption will depend on specific protein—polymer interaction:
20 30 40 50 60 70 80 The present results are encouraging and suggest further exg
DA) ration of the potential application of polymer-modified ceramic

surfaces for producing nonfouling ceramic protein ultrafiltra:

FIG. 10. Dependence of LYS adsorption capacity on distance between gfpn membranes and also for producing biocompatib|e ceram

chored polymer chains for PVP-grafted zirconia particles (pH 7; buffer: ph°§'urfaces for biomedical applications. Future work would nee
phate 0.1 M). The vertical dashed line denotes a polymer surface chain denglty L . .

corresponding to chain spacing of 45 A 0 address the optimization of surface chain density and leng

in relation to the specific selected polymer chemistry to reduc

adsorption reduction, although the size of the grafted chains n2s0rption over wide ranges of pH and ionic strength.

influence the kinetics of adsorption.
Above chain spacing of about 45(the large axis of LYS), it ACKNOWLEDGMENTS
is expected that lysozyme molecules could penetrate the poly-
mer surface layer to some degree. On the other hand wheHe present work was supported, in part, by the Ashai Chemical Industr
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chain spacing is sufficiently small that LYS molecules shoulg the AFM imaging.
be excluded from the dense brush layer; indeed, such behavior
is noticeable in Fig. 10. It is also noted that, at approximately
D < 45 A, gmax decreases faster with decreasibgsince it
becomes energetically more difficult for_ the prc_)t.ein t0 penei1. Horbett, T. A. Cardiovasc. Pathol2, 1375 (1993).
trate the brush layer at this range of chain densities. Malmsten Daufin, G., Labb; J.-P., Qaferais, A., and Michel, Ryeth. Milk Dairy
et al. (31) argued, based on studies with grafted PEO onto a J.45,259 (1991).
silicon surface, that once a SUfﬁCiently hlgh surface denSit§' Belleville, M. E., Brillouet, J.-M., Tarodo de la Fuente, B., and Moutounet.
i hieved ¢ /o9 = 3, whereog corresponds to the interfacial M., J. Food Sci57, 396 (1992).
IS ac (/C0 = < o -~ P ot i “'“ 4. Pouliot, M., Pouliot, Y., Britten, M., and Rodrigue, Nait 75,117 (1995).
po'Vmer chain overlap concentration, V\./h|Ch. IS estimated n the. cohen, Y., Faibish, R. S., and Rovira-Bru, M. Interfacial Phenomena in
studied system to be about 0.033 chairdprit is the protein Chromatography” (E. Pefferkorn, Ed.). Marcel Dekker, Strasbourg, 1999
size, relative to the average distance between grafted chaitfs,Andrade, J. D., and Hlady, \Adv. Polym. Sci79, 1 (1986).
that determines the rejection capacity of the grafted polymey Sadana AChem. Rew2,1799 (1992). _
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L . 15. Braatz, J. A., Heifetz, A. H., and Kehr, C. l1.,Biomater. Sci. Polym. Ed.
about 0.3 mM which is significantly above the highest concei- 3,451 (1992).
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