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ABSTRACT: The adsorption of proteins on poly(2-hydroxyethyl methacrylate) (PHEMA) brushes was
systematically studied by quartz crystal microbalance (QCM) and fluorescence microscopy as a function of graft
density and protein size. The graft densitychains/nr) ranged from 0.007 (dilute or semidilute brush regime)

to 0.7 (concentrated brush regime), and the protein size ranged from 2 to 13 nm in an effective diameter. The
lowest-density brusho(= 0.007) adsorbed all the tested four proteins, while the highest-density larasi.(7)
adsorbed none of them. The middle-density brusk=(0.06) showed an intermediate behavior, adsorbing the
smallest two proteins but effectively repelling the largest two. PHEMA cast films adsorbed a probe protein with
the adsorbed amount increasing approximately proportionally to the film thickness, indicating that the adsorption
mainly occurred in the bulk of the film. The noted results for the brushes support the idea of size-exclusion
effect, an effect characteristic of concentrated polymer brushes, in which the graft chains are highly extended
and highly oriented so that large molecules, sufficiently large compared with the distance between the nearest-
neighbor graft points, arphysicallyexcluded from the entire brush layer. In this regard, the behavior of the
lowest-density brush should be essentially similar to that of the cast film, as was in fact observed.

Introduction last observation suggests that concentrated brushes in the melt
Living radical polymerization (LRP) has been applied to have a size-exclusion effect of (conformational) entropic origin.

surface-initiated graft polymerization, allowing controlled graft- A similar effect is expgctable for concentrated brushes swollen.

ing of well-defined polymers from various solid surfaces with N @ good solvent, as, in fact, was demonstrated chromatographi-

dramatically high surface densitié® The surface density cally by using the silica monolith column coated with concen-
reached as large as 0.7 chainshfor common polymers like  trated PMMA brushe&:4
poly(methyl methacrylate) (PMMA) and polystyrene (PShis As one of the most interesting potential applications of

density was more than 1 order of magnitude higher than thosepolymer brushes, attention has been directed toward biointer-
of typical “semidilute” brushes, going deep into the “concen- faces to tune interactions of solid surfaces with biologically
trated brush” regime which had been little explored systemati- important materials. For example, proteins will adsorb on
cally because of the unavailability of such brush samples. Recentsurfaces through nonspecific interactions, often triggering a
studies revealed that these concentrated brushes have structutisiofouling, e.g., the deposition of biological cells, bacteria, and
and properties quite different and even unpredictable from thoseso on. Attempts have been made to modify surfaces with
of semidilute brushe3most strikingly, the PMMA concentrated  polymer brushes to prevent protein adsorption. To understand
brushes swollen in a good solvent (toluene) exhibited an the process of protein adsorption, the interactions between
equilibrium film thickness as large as 880% of the full proteins and brush-coated surfaces can be modeled by the three
(contour) length of the graft chains, indicating that the chains generic modes illustrated in Scheme 1a (after Curie ¥aith

are extended to a similarly high degreé®.The surface density  some modifications). One is the primary adsorption, in which
of 0.7 chains/nihfor a PMMA brush, for example, also means g protein diffuses into the brush and adsorbs on the substrate
that the thickness of the dry film reaches about 40% of the full syrface. The secondary adsorption is the one occurring at the
length of the chains, which is much larger than the mean size gutermost surface of the swollen brush film. The last one is the
of the chains in a random-coil (or so-called “mushroom”) tertiary adsorption, which is caused by the interaction of protein

conf_ormation. Presumably reflecting this characteristic confor- \yith the polymer segments within the brush layer. For relatively
mational feature of concentrated brushes, dry PMMA brushes g4 proteins, the primary and tertiary adsorptions would be

had a glass transition temperature significantly highemnd a particularly important, but they should become less important

plate compressibility markedly small#than those of the i increasing protein size and increasing graft density, since
equivalent cast films. More interestingly, they were immiscible 5 larger protein would be more difficult to diffuse against the

even with free PMMA of an oligomeric chain lengtf? This concentration gradient formed by the polymer brush, and this
gradient, clearly, is a function of graft density. However, the

" Kyoto University. size and density dependence of protein adsorption would
* Kagoshima University. ifest itself h learly f d brushes d

s Tokyo Medical and Dental University. manifest itself much more clearly for concentrated brushes due
* Corresponding author: e-mail fukuda@scl.kyoto-u.ac.jp. to a different mechanism. As already noted, the graft chains in
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Scheme 1. Schematic lllustration of (a) Possible Interactions of Scheme 2. Schematic lllustration of Graft Polymerizations on
Probe Molecules with a Polymer Brush and (b) Size-Exclusion an Inorganic Substrate: (a) Surface-Initiated ATRP and (b) a
Effect of Concentrated Brush Grafting-To Method
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concentrated brush Experimental Section

. . Materials. 2-Hydroxyethyl methacrylate (HEMA) (99%, Nacalai
a concentrated brush are highly extended and hence h'ghlyTesque, Japan) was purified according to the literattieau(l)Br

oriented so that the entire brush layer, from the subgtrate surfac 99.9%, Wako Pure Chemical, Japan), ethyl 2-bromoisobutylate
to the outermost surface throughout, c_ould have a S|ze-exclu5|on(EB|B) (99%, Wako), 2,2-bipyridine (bpy) (99%, Nacalai), metha-
effect (Scheme 1b). By the terms “size exclusion”, we stress no| (99%, Nacalai), phosphate-buffered saline (PBS) &pH .4,
thephysicalaspect of the phenomenon, meaning that the protein Wako), ammonia (28% aqueous, Nacalai), 3-mercaptopropyltri-
(or probe molecule) is excluded from the brush layer to avoid methoxysilane (S810) (Chisso, Japan), and-2zdbis(4-methoxy-
the large (mainly conformational) entropy loss caused on the 2,4-dimethylvaleronitrile) (V70) (99.9%, Wako) were used as
highly extended chains by the entrance of the large molecule. received. 6-(2-Bromo-2-isobutyloxy)hexyltriethoxysilane (BHE), a
Since the degree of chain extension is much less significant in fixable initiator for ATRP, was prepared, as previously repoffed.
semidilute brushes, this effect should be minor for them. Bovine serum aprotinin (Aprotinin), bovine serum albumin (BSA),
In the past, poly(ethylene oxide) (PEO)-grafted surfaces were fluorescein isothiocyanate-labeled BSA (FITC-BSA), bovine serum

) . . ' . : o lobulin G (IgG), and h heart lobin (Myoglobi
extensively studied to discuss their protein adsorption behawor:,r\],;Teugﬂgc?lagé% frc()r% S)igertr?a-A(I)orlrsiih Z?\Z:i r;wsygg gslpesze?\//%%.o in)

as a function of graft density. > However, since those surfaces  sjlicon wafers were cleaned by ultrasonication in Ckfor 30
were prepared by physisorption of block copolymers or comb- min and ultraviolet (UV)/ozone treatment for 10 min. The UV/
like polymers using a self-assembling or the Langm@ilodgett ozone treatment effectively removed organic contaminants on the
technique, the graft density should have been in a semidilute wafer surfaces. QCM chips (optically polished square-shaped AT-
regime, i.e., too low to observe the mentioned effect clearly, if cut quartz crystals (k 1 cn¥) with gold electrodes) (Seiko EG&G,
any present. Well-defined concentrated brushes achievable byS€iko Instruments Inc.) were similarly cleaned. On the cleaned chip,
surface-initiated LRP would set up size-exclusion limits at much Cr @nd then Si@were deposited in a vacuum with the thicknesses
smaller sizes of probe molecules, thus allowing us to explore ofg and 40 nm,frss;;}eglvely. Brush — 0.7 Chains/nn?

them with available proteins. Most recently, poly(acrylamitie), reparation of High-Density Brushes ¢ = 0. ains/n).

. : . High-density PHEMA brushes were prepared by surface-initiated
poly(2-(dimethylamino)ethyl methacrylat®)poly(oligo(ethyl- ATRP, as shown in Scheme 2a. A silicon wafer and a,SiO

ene glycol) methyl methacrylaté) and poly(2-methacryloxy-  deposited QCM chip were immersed in a tetrahydrofuran (THF)
ethylphosphorylcholine) (PMP&) ?’ brushes were prepared by  solution of BHE (1 wt %) and Nkl (1 wt %) for 12 h at room
surface-initiated LRP and observed to show good adsorption temperature and washed with THF. The BHE-immobilized substrate
resistance for proteins and cells. From a mechanistic point of (wafer and chip) was immersed in a degassed methanol solution
view, however, these studies remained purely qualitative, paying of HEMA (4.5 M), Cu(l)Br (25 mM), bpy (63 mM), and the free

little attention to the mentioned characteristics of concentrated initiator EBIB (22.5 mM), sealed under vacuum in a glass tube (1
brushes. cm diameter), and heated at 4Q for a prescribed time. This

polymerization condition was referred to Armes et al., who

In this work, we have attempted to substantiate the postulated . .
. lusi ffect of trated | brush b successfully prepared low-polydispersity free polymers of HERA.
Slze-exclusion efiect of concentrated polymer Drushes DY sgar polymerization, the solution was diluted withyN-dimeth-

systematically studying the adsorption behavior of varying sizes yjsormamide (DMF) to a known concentration and analyzed by
of proteins on the substrates grafted with a poly(2-hydroxyethyl ge| permeation chromatography (GPC). The conversion was
methacrylate) (PHEMA) brush of varying surface densities, by determined from the GPC peak area. The substrate was rinsed in a
means of quartz crystal microbalance (QCM) and fluorescence Soxhlet apparatus with methanolrf6 h to remove physisorbed
microscopy. PHEMA is a hydrophilic, biocompatible polymr,  free polymers and impurities.

but the biocompatibility of PHEMA cast film is reported to be ~ Preparation of Middle- and Low-Density Brushes ¢ = 0.06

not as good as e.g. PMPE%and poly(2-methoxyethyl acrylate) ~ and 0.007 Chains/nri). Middle- and low-density PHEMA brushes
cast films3L32Hence, any favorable results that PHEMA brushes We'e Prepared by a grafting-to method, as shown in Scheme 2b.
may present could be ascribed more to the structural, rather thad\lamely’ PHEMA chains with an alkoxysilyl group at one chain

h d . " f th ¢ o ltimat i end were immobilized on a silicon wafer and a gif@posited QCM
ermodynamic, properties or the system. Uur uitimate goal 1S chip in solution. Two end-functionalized PHEMAs with different

to develop, by utilizing the advantages of surface-initiated ERP,  ¢hain lengths were used. The shorter olg & 9800 andVi,/M,

a concentrated brush-base_d, new biointerface that will com- = 1.2) was synthesized by ATRP with BHE (with a triethoxysilyl
pletely suppress the adsorption of small as well as large proteins.group) used as a free initiator: a degassed methanol solution of
This work should be an important step for this goal. HEMA (4.5 M), BHE (22.5 mM), Cu(l)Br (25 mM), and bpy (68DV
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Table 1. Characteristics of Studied PHEMA Surfaces

surfac@ Mn.con? Mn.pec® Mu/Mpe LY(nm) o¢/(chain nnT?) d(nm) 09/(deg)
high-density brush 1700 3500 1.21 2 0.7 1 29
high-density brush 9700 8000 1.26 10 0.7 1
high-density brush 16800 12300 1.30 15 0.7 1 29
middle-density brush 19000 15300 1.27 2 0.06 4 27
low-density brush 1.2 10° 1.24 2 0.007 12 29
cast film >4 x 10° 30 23
cast film >4 x 10° 90 23
cast film >4 x 10° 330 23
BHE! 55

a Characteristics of brushes were almost identical on silicon wafers and QCM chips, and typical values on silicon wafers &i€distddted according
to eq 3.¢ Estimated by PEG-calibrated GPEFilm thickness, the error is within 10% Graft density, calculated with and My cony according to eq 2.
f Average distance between the nearest-neighbor graft points, calculated accordirgdo®2. 9 Contact angle; the error is withir® 2" The My maLLs iS
17600 (see text).Calculated withL and M, maLts (1.8 x 10°) according to eq 2.BHE-immobilized surface.

mM) was heated at 3TC for 1 h. After reprecipitation with cooled Other Measurements.The GPC analysis for PHEMA was made
water, there was isolated a PHEMM{ = 1.5 x 10* andM/M, on a Tosoh CCP&8020 series high-speed liquid chromatograph
= 1.2) possessing a triethoxysilyl group (derived from BHE) at (Tokyo, Japan) equipped with two Shodex gel columns LF804 (300
one chain end. A silicon wafer and a $i@eposited QCM chip x 80 mm; bead size= 6 um; pore size= 20—3000 A) (Tokyo).
were immersed in a methanol solution of the PHEMA (1 wt %) DMF was used as eluent with a flow rate of 0.8 mL/min (4%).
and NH; (2 wt %) for 12 h at room temperature and rinsed in a The column system was calibrated with Tosoh standard poly-
Soxhlet apparatus with methanol for 5 h, yielding a middle-density (ethylene glycol)s (PEGs). Sample detection and quantification were
brush ¢ = 0.06 chains/nr). made with a Tosoh differential refractometer RI-8020. Sample
The longer end-functionalized PHEMA was prepared by the detection was also made with a multiangle laser light scattering
conventional radical polymerization with the chain transfer agent (MALLS) detector, a Wyatt Technology DAWN EOS (Santa
S810: a methanol solution of HEMA (4.5 M), S810 (chain transfer Barbara, CA), equipped with a Ga&s laser £ = 690 nm). The
agent; 9 mM), and V70 (9 mM) was heated at4Dfor 2 h. The refractive index incrementrddc was determined to be 0.075 mL
obtained polymer was fractionated by use of a preparative GPC, g~! by a Wyatt Technology OPTILAB DSP differential refracto-
yielding a PHEMA M, = 1.2 x 1(° andM,,/M, = 1.2) possessing  meter ¢ = 690 nm).
a trimethoxysilyl group (derived from S810) at one chain end. This  For the GPC analysis of proteins, the above-noted chromatograph
polymer was immobilized on a silicon wafer and a gif@posited equipped with a Shodex gel column KW804 (3RB0 mm; bead
QCM chip as described above, yielding a low-density brusk-( size = 7 um; pore size= 300 A) (Tokyo) was calibrated with
0.007 chains/niA). Shodex standard pullulans. PBS was used as eluent with a flow
Preparation of Cast Films. PHEMA (M, = 10°) (Aldrich), after rate of 0.8 mL/min (3C°C).
having purified by reprecipitation from a methalol solution into The fractionation of PHEMA was made on a preparative LC-
cold water, was dissolved in methanol. The cast films were obtained 918 liquid chromatograph (Japan Analytical Industry, Tokyo)
by spin-casting the PHEMA solution onto a silicon wafer using a equipped with JAIGEL GS-510 poly(vinyl alcohol) gel columns
homemade spin-coater at a spinning speed of 2000 rpm for 2 min, (500 x 21.5 mm; bead size- 16 um). Methanol was used as eluent
followed by annealing at 80C for 24 h in a vacuum. The film with a flow rate of 5.0 mL/min (room temperature).
thickness was controlled by changing the concentration of PHEMA  The thicknesses of the deposited Cr and  Sé@d the grafted
solution. and spin-casted PHEMA layers were determined by a compensator-
QCM Measurement. Protein adsorption was studied at 25 rotating, spectroscopic ellipsometer (M-2000U, J.A. Woolam,
with a quartz crystal analyzer 917 (Seiko EG&G) driyia 9 MHz Lincoln, NE) equipped with Pand QTH lamps. The polarizer angle
QCM chip. The QCM chip was mounted in a thermostated was 45, and the incident angles were%®5°, and 70. From the
homemade QCM cell by means of O-ring seals, which allowed ellipsometric data, the thickness of PHEMA layer was evaluated
only one face of the chip to come in contact with the solution. using the optical constants determined for the spin-cast layer with
Before injection of a PBS solution of a protein, the QCM cell was a thickness of ca. 200 nm. The graft densgitwas estimated from
initially filled with PBS and rinsed several times until a stable

baseline was established. The stability of the frequency of QCM o = LpN,/M, 2)
was=+0.3 Hz within 1 h at 25°C in water. The adsorbed amount
Am (ng) is represented BY wherelL is the thickness of graft layep is the bulk density of
PHEMA (1.15 g/cn), Na is the Avogadro number, and, is the
Am= —Af A(ugp ) (2F )" 1) number-average molecular weight.

Contact anglesf) were measured at room temperature with a
whereAf is the frequency change (H#j, is the parent frequency ~ contact angle meter CA-X (Kyowa Interface Science, Saitama,
of QCM (9 MHZ), i is the shear modules of quartz (2.94 71011 Japan). The measurement was made on at least five spots for each
g/(cm 9)), pq is the density of quartz (2.648 g/émandA is the sample, and thes@ values were averaged.
surface area of electrode (0.196¥m . .

Fluorescence Microscopic ObservationThe sample was im-  Results and Discussion
mersed in a PBS solution of FITC-BSA (1.0 g/L) for a prescribed Preparation and Characterization of PHEMA Brushes.
time at room temperature. The sample was washed by softly The “high-density” PHEMA brushes were prepared by surface-
immersing in PBS, and this procedure was repeated five times with jitigted ATRP. A few previous reports dealt with surface-
fresh P(?zsi' Fluo_rreEszcggge 'i\lmkages_rwlt(ere tike” 0)” an .Opti%al r.T:qucro'initiated LRP of HEMA37-39 but we made an independent effort
scope (=clipse . NIKON, 1 0Kyo, Japan) equipped with a 4, optimize polymerization conditions to meet our purpose.
highly sensitive CCD camera (ORCA-ER, Hamamatsu Photonics, hree samples with different chain lengths of PHEMA (and

Shizuoka, Japan). The observation was made on at least five spoti ) .
for each sample, and the fluorescence intensities of these spots wer@€nce, different thicknesses of the graft layer) were prepared

averaged. To check reproducibility of the FITC-BSA adsorption, Py varying the polymerization time. Table 1 lists th and
at least three samples were prepared under the same condition®w/M, of the free polymers simultaneously produced from the
and examined. free initiator in the solution. These values can be use(&ﬁ%
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Figure 1. Plot of L vs My cony for the high-density brushes prepared
on (@) silicon wafer and ©) QCM chip.

sufficiently accurate indices for those of the graft polynfers.
The My/M,, was 1.2-1.3 in all cases, suggesting a well-
controlled polymerization. Thel, convWas calculated using the
following equation:

M [HEMA] /[EBIB], x MW x C/100

n,conv

®)

where [HEMA] and [EBIB} are the feed concentration of
HEMA and EBIB, respectively, MW is the molecular weight
of HEMA, and C is the monomer conversion in percent. This
value is the theoreticall, for an ideal living polymerization.
To evaluate the absolute value g, the GPC detection was
made with a MALLS detector for the highest-molecular-weight
sample (prepared by the ATRP): the thus-determihkd
(MnmaLLs = 17 600) agreed well with the theoretical value
(Mn conv = 16 800) rather than the PEG-calibrateld (Mn pec

= 12 300). For the oligomeric PHEMAs prepared by nearly

Poly(2-hydroxyethyl methacrylate) Brushe2287
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Figure 2. Plot of fluorescence intensity of adsorbed FITC-BSA vs
soaked time (25 °C) for the cast films witl. = (a) 330 nm, ) 90
nm, and @) 30 nm and the high-density brush with= 15 nm @).
The FITC-BSA concentration was 1.0 g/L.

with PHEMA segments in all cases. The effect of the chain
end (bromine for the high- and middle-density brushes and
hydrogen for the low-density brush) is not evident even for the
high-density brushes, in which, because of their oriented
structure stressed above, the free chain ends and hence the
bromine groups should be populated in the outermost surface
of the film.

Adsorption of BSA. By fluorescence microscopy, we
examined the adsorption of BSA on PHEMA cast film as a
function of thickness: the cast films with different thicknesses
(L = 30, 90, and 330 nm) prepared on silicon wafers were
soaked in a FITC-BSA solution (1 g/L) at room temperature
for a prescribed time, rinsed with PBS, and then observed by a
fluorescence microscope. The fluorescence intensity was almost
unchanged by further rinsing with PBS, confirming an irrevers-

the same ATRP system, Armes et al. reported that the absoluteible adsorption. The fluorescence images suggested that BSA

M, determined by NMR was approximately equal to the
Mn.conv>® We will use My, cony for the absolute value.

The thicknesd. of the graft layer measured by ellipsometry
linearly increased with increasingn conv Of the free polymer
(see Figure 1), suggesting a uniform growth of graft polymer
with a constant surface density. From the slope of the line in
Figure 1, the graft density was estimated to be ca. 0.7 chains/
nn?, which is similar to the highest values reported for PMMA
and PS brushes.Brushes with lower graft densities were

was homogeneously adsorbed (in an optical microscopic scale).
Figure 2 shows the plot of fluorescence intensity vs soaked time.
Unfortunately, the fluorescence intensity was not calibrated to
the amount of adsorbed BSA, but the proportional relationship
between them may reasonably be assumed. As a rough measure
of the adsorbed amount, we may refer to the previous study
reporting that 0.38.g/cn? of BSA was adsorbed on PHEMA

cast films32 The fluorescence intensity and hence the amount
of adsorbed BSA gradually increased in several hours, ap-

prepared by a grafting-to method using two end-functionalized proaching a constant (saturation) value. As Figure 3 shows, the

PHEMAs withM, = 1.5 x 10* and 1.2x 1C°. They gave the
“middle-density” @ = 0.06 chains/n®) and “low-density” ¢
= 0.007 chains/nA) brushes, respectively. These PHEMA

intensity at 12 h, as a measure of the saturation value, increased
almost proportionally to film thickneds. This means that BSA
diffuses deeply into the bulk of the cast film, and that the

brushes can be grouped into two series: one series is the highadsorption in this system consists mainly of the tertiary
density brushes with a nearly constant graft density of 0.7 chains/adsorption with minor contributions of the primary and second-

nn? and different dry film thicknesses 2, 10, and 15 nm, and

ary ones. It naturally took a very long time to reach the saturation

the other is the brushes with nearly the same dry film thickness value (as compared with the case of high-density brush samples,
of 2 nm and different graft densities 0.007, 0.06, and 0.7 chains/ for example, to be described below).

nme.
The contact anglé was measured in water by the air-bubble

Next, we examined the adsorption of BSA on the brushes
and the BHE-immobilized surfaces by QCM. This method

method for these brushes as well as a BHE-immobilized wafer allows in situ monitoring of the adsorption process with a usually
and three PHEMA spin-cast films of thicknesses 30, 90, and high sensitivity. However, when it is applied to a viscoelastic

330 nm (Table 1). The BHE-immobilized surface (nongrafted

layer in solution, the dissipation effect causes an error in

surface) was much more hydrophobic than the PHEMA-coated estimating the mass according to eq 1. This error becomes larger

samples (brushes and cast films). The brushes h@d/aue
slightly (about 8) higher than the cast films (the experimental
error in @ was +2°), for an unclear reason. The observed
dependence (or independence)tobn graft density and film

with increasing layer thickness, and for this reason, our cast
films were too thick to apply QCM. We confirmed that the
QCMs with different fundamental frequencies (5 and 9 MHz)
gave a consistent result for the brush samples With 10 nm

thickness suggests that the substrate was completely coveredr thinner, meaning that the dissipation effect was minoré%rv
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Figure 3. Plot of intensity of adsorbed FITC-BSA \sfor the cast
films soaked for 12 h (258C). The FITC-BSA concentration was 1.0
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Table 2. Absolute and Pullulan-Calibrated Molecular Weights,
Crystallographic Dimensions, and Ry for Studied Proteins

mol wt pullulan- crystallographic 2R/
protein M calibratedM dimensions/nm nm
Aprotinin 6 500 1500 2
Myoglobin 17 000 5900 X4x4 4
BSA 67 000 223800 X8x9 10
19G 146 000 35000 13

a Calculated (see text).

close to the value (0.2%g/cn?) reported for the side-on
monolayer adsorption of BS&.To confirm reproducibility of

the measurement, we conducted at least five runs for each
sample (an example is given for the low-density brush in Figure
4a, suggesting an experimental erroedf0%). BSA was readily
(within 10 min) adsorbed on the low-density brush as well as
the BHE surface and not desorbed by washing with PBS,
indicating an irreversible adsorption. The amount of BSA
adsorbed on the low-density brushlah was ca. 0.0%g/cn?

(see Figure 4a), which is smaller than that for the BHE surface
but still significant. On the other hand, there was no detectable
adsorption on the middle- and high-density brushes (Figure 4a)
with L = 2 nm. Figure 4b also shows that the high-density
brushes with different thicknessds= 2, 10, and 15 nm) were

all free from adsorption. These data clearly demonstrate that,
by increasing the graft density, the adsorption of BSA can be
suppressed. BSA has an ellipsoidal shape with an approximate
dimension of 3x 8 x 9 nm?,*%~43 while the average distance

d (= o7Y? between the nearest-neighbor graft points is
approximately 12, 4, and 1 nm fer = 0.007, 0.06, and 0.7
chains/nr, respectively (Table 1). This reasonably suggests that
BSA is difficult to diffuse into the swollen layer of the middle-
and high-density brushes, on which no adsorption of BSA was,
in fact, observed. The longer-term stability of protein repellency
on the high-density brushes was studied by fluorescence
microscopy, for the QCM experiment was difficult due to a
baseline drift: no adsorption of FITC-BSA was detected on
them even after 2 days.

Adsorption of Proteins with Different Sizes. QCM experi-
ments were conducted with the brush samples for a series of
proteins with different sizes: Aprotinin (molecular weight
6500), Myoglobin (17 000), BSA (67 000), and 1gG (146 000).
The characteristics of the four proteins are listed in Table 2. As
the size of protein, crystallographic data are available for
Myoglobin and BSA but not for the other two. The apparent
molecular weights of these four proteins estimated by pullulan-
calibrated GPC were 1500, 5900, 23 000, and 35 000 for
Aprotinin, Myoglobin, BSA, and IgG, respectively, from which
their radii of gyration i) were estimated to be 1, 2, 5, and 6.5
nm, respectively, by using the known relatibf® between the
Ry and molecular weight of pullulan. As shown in Table 2, the
values of Ry may be good indices for the protein size (compare
these values with the crystallographically determined dimensions
of Myoglobin and BSA).

Figure 5 shows the amount of adsorbed proteinrdfta of
soaking. The low-density brush adsorbed all the proteins, the

them. Figure 4 shows the results of the QCM measurement (25middle-density one adsorbed only Aprotinin and Myoglobin,

°C) at an early stage of adsorption] h), where the concentra-
tion of BSA in solution was 1 g/L. The adsorbed amount of
BSA given in the ordinate axis was calculated from the

and the high-density one adsorbed none. These data show a
clear dependence of adsorption on protein size and brush
density: very crudely, we can state that no significant adsorption

frequency change according to eq 1. A sharp peak appearing,of protein takes place on a PHEMA brush when the brigh

in some cases, immediately after the injection of BSA is due to
the slight change in pressure and/or temperature on injection.
The amount of BSA adsorbed onto the BHE-immobilized

smaller than the proteinR.
All these results confirm the size-exclusion effect of con-
centrated brushes. This effect would reduce the primary and

surface was 0.2@g/cn¥ at 1 h (the data not shown), which is  tertiary adsorptions but not necessarily the secondary adsor&tB{‘l/
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0.14f (a) Aprotinin ] (B_SA) equa_lly effectively. T_his means, on one hand, that no
By 012} ] thick brush is needed for this purpose and, on the other hand,
55 010f Small that a thick brush has a size-exclusion effect from its bottom to
k] § 0.08[ the outer surfaces through out. This is the very feature expected
*g £ 005 for a concentrated brush.
gg 004 Finally, a comment is due regarding the block copolymer of
D | PHEMA-PS type. Even though PHEMA cast films themselves
T e=0007 07006 0207 o=07 have rather poor biocompatibility, as we have observed for the
£=2mm) (L=2nm) (L =2nm) (L '2"”"“) protein repellency, PHEMA-PS block copolymers are known
The graft density o/ chains nm to show improved biocompatibilit§e-49 At first, this improved
biocompatibility was considered to have something to do with
05¢ (b) Myoglobin a microdomain surface structure caused by the phase separation
B 04f ] of the PHEMA and PS segments. However, the ground for this
3 § 03} interpretation seemed to have been lost, when the later structural
s % ol studies on the cast films of these block copolymers revealed
’5 %, | that the outermost surface of the films in water was preferentially
£Eg o covered with the laterally phase-separated PHEMA 18y¢é%2
00— 01—1(77 cr—la On the basis of our resu!ts, we would suggest the formulatlpn
(L=2nm) (L =2 nm)(L =2 nm)(L = 10 nm) o of a concentrated bru_shhke structure of th_e PHEMA layer, in
The graft density o / chains nm® Protein Size which the PHEMA chams are extruding out into the water phgse
from the hydrophobic (unswollen) PS layer, thereby repelling
proteins or other large molecules by a size-exclusion effect.
010 (c) BSA
ng 0.08} | Conclusions
3 § 0.06} | The cast films and low-density brust € 0.007 chains/ni)
:g g 004l of PHEMA showed poor resistance against protein adsorption,
go osol which was reasonably ascribed to the tertiary adsorption, i.e.,
< : the adsorption induced by the interaction within the bulk of the
0.00 220007 oz 006 o2 07 0 107 PHEMA layer. On the other hand, the high-density brush~(
(L=2nm)(L=2nm)(L=2nm) (L= 1Onm) 0.7 chains/nrf) showed excellent resistance even for a protein
The graft density  / chains nm> as small as Aprotinin, independently of the brush thicknéss (
= 2—15 nm). The middle-density brush showed an intermediate
behavior, adsorbing smaller proteins but effectively repelling
0.30¢ d)1gG ] larger proteins. There was a good correlation between the protein
gq 0.25[ ] size and the threshold graft density beyond which the protein
25 o020f does not adsorb. (The secondary adsorption, occurring on the
5 2 o5 outermost surface of the PHEMA brushes, was inherently weak
§ % o.10l v for the studied proteins.) These results confirmed the idea of
2 oosf m Large size-exclusion effect of concentrated brushes. In general, it is
0.00 I‘]’I I‘H suggested that the surface adsorption of large molecules like

6=0.007 6=006 o6=07 =07

rotein n reatl r nsely graftin
oL 2 2 wnm) proteins can be greatly suppressed by densely grafting a

polymer, i.e., controlling th@hysical structureof the polymer

layer. With other unique properties of concentrated polymer
Figure 5. Amounts of adsorbed proteins onto PHEMA brush surfaces, pryshes along with a range of possibility to design chain
soaked fo 1 h (25°C): (a) Aprotinin, (b) Myoglobin, (c) BSA, and : S f
(d) IgG. The protein concentration was 1.0 giL in all cases. architecture by LRP, PHEMA concentrated brushes will find a

wide variety of applications as a novel biointerface, such as

The secondary adsorption can be induced by two possibleyigchips, biosensors, bioseparators, and medical body implants.
interactions: one is the van der Waals and/or Coulombic
interaction between the protein and the substrate, which should  Acknowledgment. We thank Japan Analytical Industry

depend on the thickness of the brush lajfeThe other is the  (Tokyo) for the fractionation of PHEMA by preparative GPC.
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