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Ultrathin poly(methyl methacrylate) (PMMA) stereocomplex films with macromolecularly double-
stranded regular nanostructures were prepared by layer-by-layer (LbL) assembly of isitgetiel (
syndiotactic §f) PMMAs on solid substrates, and these films were used for enzyme immobilization
supports. Hydrolysis gb-nitrophenyl$-p-galactopyranoside (PNPG) by the immobilizégalactosidase
(B-Gal) on the complex film was 2- and 4-fold faster than those by the enzyme immobilized on single-
componentt-PMMA and atactic &) PMMA films, respectively. Quartz crystal microbalance (QCM)
analysis revealed that greater amountg-@al were immobilized on the complex film through physical
adsorption than those on the single-component films. Michaelis constapfso{ the enzyme were
independent of film components; however, catalytic efficienciegim) were increased by regulation
of PMMA conformation at film surfaces. Attenuated total reflection infrared (ATR-IR) analysis revealed
that structural denaturation of the enzyme after immobilization processes was well-suppressed on the
complex film, although the enzyme on the bare gold or single-component PMMA films were denatured.
We propose here that a slight difference of polymer surface structures strongly affects activities of
immobilized enzymes, even though polymers have the same chemical component.

Introduction native proteins in homogeneous solutions is a loss in original

Thei bilizati f ins in biologicall . protein activity. Therefore, it is important to choose a suitable
e immobilization of proteins in biologically active states ¢ t2 e as a support matrix as well as an appropriate

on solid support S“Tfaces has attract_ed mU(_:h at_ten.tlon, N0t mobilization method to minimize losses in activities of
only because of the interesting role of immobilization in pure

surface sciences but also because of the important role o
immobilization in the development of biosensor chips and
their applications in areas such as enzyme reaétonsyu-
noassays, diagnostics, and more recently, protein and
peptide microarrays/chigslt is well-known that unlike
DNA, the chemical and physical properties of protein, often
change upon immobilization. The most serious side effect
associated with protein immobilization when compared to

tjmmobilized proteins.

Recent strategies have used single covalent linkages
between support matrices and proteins to improve active site
accessibility as well as overall conformational stabflifite-
directed mutagenesis permits the introduction of a single
cysteine residue at a position that is known to be surface-
exposed in the protein’s native conformation. Through the
unique SH group on the protein surface, the protein could
subsequently be site-directly immobilized on thiol-activated
surfaces. The aforementioned method is very practical and
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bionano.rcast.u-tokyo.ac.jp. o attractive for maintaining protei_ns act?ve on immol_ailizec_i
IgomabahocpentLa?oreery, Th% Lémyersﬂy ofd TToky'?- | The Universit surfaces; however, the method is restricted to proteins with
of Tokyo, e jor Advanced seience and Teehnolod, The IVEREY known amino acid sequences and to proteins lacking cysteine
iNihon Léniversity. 4 Technol residues.
Japan Science and Technology Agency. . .
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Figure 1. Schematic representation of the enzymatic hydrolysis of PNPG by the immobifizédl on the double-stranded PMMA stereo-
complex film.

In random immobilization with physical adsorption, the tigation about not only the immobilized state of enzymes
protein is usually immobilized to the support matrix via but also its functional activity on PMMA surfaces with
multiple amino acid groups on the protein. Therefore, the different structures. Effect of PMMA conformations at
large number of bonds may result in unfolding of the active the surface on the enzymatic activity was discussed in
site of the protein and hence reduce its activity. In fact, it detail. A schematic representation of this study is shown in
has been demonstrated that activities of proteins immobilized Figure 1.
on solid supports coated with hydrophobic polymers are
higher than activities from those that are coated with Experimental Section
hydrophilic polymers.

A PMMA stereocomplex, a crystalline-like structure with Fabrication of PMMA Films. PMMA stereocomplex films were
a high thermal stability composed of stereoregiitamand coated on 96-well multiplates (F96 MicroWell Plates, Nunc) by
stPMMA chains, adopts a double-stranded helical structure the LbL method. Each well was filled with 2Q@. of a 1.7 mg
via van der Waals interactions betweitnand stPMMA mL~1 it-PMMA (the starting polymer) solution in acetonitrilg
chains. In PMMA stereocomplexet;PMMA is surrounded = 19 000,Mw/M, = 1.10,mm> 98%, Polymer Source, Inc.) and
by SEPNNA n the lengh ato of one fo wbIn our SIS 1 3 cer beae e bend e i
previous studies, the alj[ernatlve layer-by-layer (LpL) as- i L PMMA solution My = 18 600.My/M, — 1.23,17 > 85%,
sembly metho?jwas a}pplled for the'StereocompIexaltlon on Polymer Source, Inc.) and incubated (at this step, the complex was
various solid material surfaces in a stepwise manner

L . ) . ' completed), followed by rinsing in the same manner. THRMMA
fabricating ultrathin complex films with regular nanostruc-  angstpMMA adsorption steps were alternatively repeated 14 times.
tures at molecular levé?.
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. : 608-616.
adsorption constant&,y of proteins on the complex Surfa}ce (8) (a) Speadek, J.; Schneider, BAdv. Colloid Interface Sci1987, 27,
were commonly smaller than those on the conventional 25715??3 ﬁ)) Schomaker, E.; Challa, ®acromoleculesl989 22,

o L . .
film.11 In addition, interactions of human wholt_e blood with (9) (a) Decher, GSciencel997, 277, 1232-1237. (b) Ariga, K. Lvov,
the complex surface supported nondenaturing of serum Y.; Ichinose, I.; Kunitake, TAppl. Clay Scil1999 15, 137-152. (c)
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; i A ; K.; Akashi, M. Langmuir200Q 16, 7112-7115. (c) Hamada, K.-I.;
for immobilizing greater amount_s of a(_:t|_ve State_ proteins, Serizawa, T.: Kitayama, T.. Fujimoto, N.. Hatada, K.. Akashi, M.
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as enzymes. Detailed analysis of enzymatic reactions as well ~ Kitayama, T.; Akashi, MAngew. Chem., Int. E®003 42, 1118~
L . 1121. (e) Serizawa, T.; Hamada, K.-I.; Akashi, Nature2004 429,
as other quantitative and spectroscopic data would show g5 55

significant information about the relationship between protein (11) (a) Hamada, K.-I.; Yamashita, K.; Serizawa, T.; Kitayama, T.; Akashi,

St M. J. Polym. Sci., Part A: Polym. Cher2003 41, 1807-1812. (b)
activities and polymer surface structures. Serizawa, T.; Yamashita, K.; Akashi, NPolym. J.2006 38, 503

In this study, we report greater activities of enzymes 506. (c) Serizawa, T.; Nagasaka, Y.; Matsuno, H.; Kurita, K.
i ili i Bioconjugate Chen007, 18, 355-362.
immobilized on suppor?s coated with StrUCt.ura”y regular (12) Serizawa, T.; Yamashita, K.; Akashi, M. Biomater. Sci., Polym.
PMMA surfaces by using the stereocompléxPMMA, Ed. 2004 15, 511-526.

andat-PMMA films. Escherichia colif-Gal (EC.3.2.1.23),  (13) (a) Jacobson, R. H.; Zhang, X.-J.; DuBose, R. F.; Matthews, B. W.

s - . . . Nature1994 369, 761—-766. (b) Juers, D. H.; Jacobson, R. H.; Wigley,
with its well-characterized its three-dimensional structdre, D.. Zhang, X.-J.. Huber, R. E.. Tronrud, D. E.: Matthews, B. W.

was chosen as a model protein enzyme for precise inves-  Protein Sci.200Q 9, 1685-1699.
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Figure 2. (A) Enzymatic activity of 5-Gal immobilized on PMMA-coated surfaces as a function of time; stereocomplex (red citdR)IMA (blue
triangle), andat-PMMA (light blue square). Before hydrolysis, enzyme was immobilized onto PMMA-coated surfaces @1102 5-Gal. Hydrolysis
conditions: [PNPG} 2 mM, 86 mM sodium phosphate, 116 mBAmercaptoethanol, 1 mM Mgg&lpH 7.3. (B) Effect of substrate concentration on the
initial rate of the enzyme-catalyzed reaction; stereocomplex (red ciitcleMMA (blue triangle), ancat-PMMA (light blue square). Lined curves are the
fitting to the Michaelis-Menten equation. Plots show the mean values=(3) &+ standard deviation.

In the case of single-component film coating, each well was filled Table 1. Reaction Kinetics of the Immobilized and Freef-Gal

with 200 4L of a 0.17 mg mL? it- or at-PMMA (M, = 22 200, coating Km® (MM)  KeaP (1) kea/Kn® (MM~1s!)  R2d
Mw/M, = 1.03, Polysciences, Inc.) and left at room temperature stereocomplex 0.51 44 86 0.81
until acetonitrile had completely evaporated, followed by rinsing it-PMMA® 0.49 30 61 0.96
with Milli-Q water. For quantitative measurements of PMMA film  atPMMA® 0.51 19 37 0.90

thickness, PMMA coating was also performed on a 9-MHz QCM  re€ 0.33 130 390 0.99
substrate with gold electrodes (4.5 mm diameter, USI) as described 2K, Michaelis constant, the substrate concentration at which the reaction

in a previous pape®@which estimates the mass of adsorbeXtj rate is half-maximal® k., turnover number, the number of reaction events

. _ per enzyme molecule and secontlk,a/Km, catalytic efficiency of enzyme.
from frequency decreases {F) as follows: —Am (ng) = 0.87 x 4 R?, coefficient of determination for the Michaelidlenten fitting (Figure

AF (Hz).14 2B). ¢ Enzyme was immobilized onto PMMA-coated surfaces atV@
Immobilization and Activity Analysis of f-Gal on PMMA fHydrolysis was performed in solution with 0.013/1 of enzyme.9 The
Films. For physisorption of-Gal fromEscherichia col(465 kDa, amount of enzyme was estimated by QCM.

lot CEH0261, Wako), the PMMA-coated wells were filled with

1.2 uM enzyme solution in buffer (S0 mM sodium phosphate, 1 step LbL method was estimated to be 4.8 nm, and that of
mM MgCl,, pH 7.3) and incubated fdl h at 37°C, followed by single-componentitt or atPMMA) casting films were

rinsing with the buffer solution. Amounts of adsorbed enzymes on estimated to be 180 nm, assuming the film density to be
film surfaces were also estimated by QCM. The enzymatic activity . : .
1.188 g cm?. The thickness of the complex film is

of physisorbegs-Gal was determined by followin@-glycosyl bond . . - -

cleavage of PNPG. The solution of PNPG at various concentrations reasonable compared with prewous filtfisIn this paper, .
was put into the well, and absorbance of a progusitrophenolate W€ have compared the potential of the complex surface with
(PNP) at 405 nm was followed as a function of time using a those of single-componeitt PMMA or at-PMMA surfaces,

microplate reader (model 680 microplate reader, BIO-RAD). to understand effects of surface polymer chains with regular
Experiments were repeated three times. conformation on activities of immobilized enzymes.

ATR-IR Analysis of ﬁ-Gal on PMMA Fil_ms. ATR spectra of _ Enzymatic activities on PMMA films were estimated by
p-Gal adsorbed on PMMA films were obtained using the refractive following initial rates {/o) of the hydrolytic reaction of PNPG
substrates (Tanaka Precious Metals, Japan) with a Perkin-EImerO_94 cnd). As shown in Figure 2A, PNPG hydrolyzes by
Spectrum One (USA_) in air at amble_nt temperature. Interferograms immobilized enzymes were observed successfillywas
were co-added 50 times, and Fourier transformed at a resolution . ) - -

1 : ' estimated by the maximum slope of time dependences within
of 4 cnl. Experiments were repeated three times. . . . L .

10 min. Relatively slower hydrolysis at initial 10 min must
be due to the fact that substrate diffusion was incomplete.
Vo apparently depended on species of PMMA surfa®fgs.

Hydrolysis Reaction of PNPG by Immobilized -Gal. on the complex surface was greatest and approximately 2-
Ultrathin PMMA films were coated on solid supports, and and 4-fold faster than those aaPMMA and at-PMMA
enzymatic activities of-Gal adsorbed on PMMA films were  surfaces. Becaus¥, depends on total amounts giGal
investigated quantitatively. By QCM analysis, the mean immobilized, we estimate@-Gal amounts by using the QCM
thickness of the stereocomplex film prepared by the 14- substrate to be 512 14, 392+ 16, and 430t 16 ng cnT?
for the complex, it-PMMA, and at-PMMA surfaces,

(14) Sauerbrey, GZ. Phyz.1959 155, 206-222. respectively. Therefore, one of the reasons for the greatest

Results and Discussion
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Table 2. Adsorption Parameters off3-Gal on Stereocomplex and 600 4
Single-Component PMMA Films
coating Kapg (M71) 20 (Ng cnT?) R2c D'JE 500
stereocomplex 4.87 508 0.98 o
It-PMMA 6.42 388 0.95 =
APMMA 8.31 406 0.94 = 400
2 kapp @pparent adsorption constahBmay, maximum adsorption amount. 5
KappandAmax Were obtained from the Langmuirian adsorption fittifdr?, o)
coefficient of determination for the Langmuirian adsorption fitting. % 300
o
Vo measured on the complex surface is attributed to the 8 200
greatest amount off-Gal. -Gal amounts were then S
considered to estimate MichaetiMenten parameters. The -g
effect of substrate concentrations Wgis shown in Figure e 100
2B. In all casesY, was saturated at high concentrations of -
PNPG, suggesting enzymatic reactions occurred by im- 0 1 1 1 L L I
mobilized 5-Gal. PNPG autohydrolysis on PMMA-coated 0 01 02 03 04 05 0612
surfaces lacking3-Gal was not observed, also suggesting [3-Gal)/ uM
that products were produced by reactions of immobilized _ . _
Figure 3. Langmuir isothermal plots gi-Gal for the surfaces coated with
enzymes. PMMA stereocomplex (red circlell-PMMA (blue triangle), orat-PMMA

Michaelis—Menten parameters after standardization with (light blue square) obtained by 9 MHz QCM. Conditions: 50 mM sodium
-Gal amounts are summarized in Table 1. Ragk, values i@f‘fiﬁgﬁggg‘gg‘ﬁ M MEpH 7.3, Plots show the mean values (
for the immobilized enzyme were unfortunately lower than '
those for the free enzyme in aqueous phase, possibly due to
changes in protein structures after immobilization even on 1663.0 16991
the complex surface. However, the enzyme on the complex
surface composed of structurally well-ordered polymer chains
with double-stranded helical conformation was more active
than those on the single-component surface \titlor at-
PMMA. The difference irKy, values was small or the same
for PMMA surfaces, suggesting that the substrate binding
ability of enzymes at equilibrium state is almost the same in
all surfaces. On the other hand, turnover numbégs) (
significantly depended on the PMMA conformation at the
surface, followed by changing total enzymatic activities. On
the complex surface, thky value was greatest (44°%;
however, on the single-component films composed of
it-PMMA and at-PMMA chains, thek., values were 303 \ \ | \ ]
and 19 s?, respectively. It is noted that the order of 1700 1680 1660 1640 1620 1600
hydrophobicity of aforementioned PMMA film surfacéis!s
is not the same as that ki, indicating that hydrophobicity Wavelength/ nm
does not determine activities of immobilized enzymes (see Figure 4. ATR-IR spectra of the immobilizefi-Gal on various PMMA-

mechanistic speculation). coated or gold surfaces in the range 16Q@00 cni! (amide I). Stereo-

. . . complex-coated (red)it-PMMA-coated (blue),at-PMMA-coated (light
When comparing single-component film surfaces, an pe) and bare gold (black, dashed).

approximately 1.6 times difference kg, values betweeit-

andat-PMMA surfaces may also result from the conforma- hand, because total enzymatic activities could be analyzed
tion of each PMMA chain, because it is known tiig@MMA here, we successfully demonstrated the slight difference
partially forms a double-stranded 1@elix or a single-  betweenit- and at-PMMA surfaces. As a consequence, it
stranded Bhelix.!® In our previous study:°various antibod-  was found that activities of enzymes immobilized on PMMA
ies were immobilized through the physically adsorbed protein films were dependent on the complex formation as well as
A on PMMA surfaces and used for antigen detection. polymer stereoregularities, which determine regular chain
However, we could not observe the significant advantage conformation.

of it-PMMA surfaces, compared witat-PMMA surfaces. QCM Analysis of -Gal Adsorption. If proteins adsorb
Because all immobilized protein A with a smaller molecular onto the flexible polymer surface, a large number of

size than antibodies are not used for antibody immobilization, jnteractions between the polymer surface and the protein’s
we did not observe total protein A activities. On the other smino acids should lead to the formation of a stable
attachment. The folded structure of the protein may unfold
823 (Tr)etri<nnik0v, Q-HN.LTarhngkluirwﬁZ éﬁ t2988—M2992- eculed976 to expose its inner hydrophobic core, so that protein activity
a) Kusanagl, H.; laaokoro, H.; atani, iMlacromolecule : :
9, 531-532. (b) Tadokoro, H.: Chatani, Y. Kusanagi, H.; Yokoyama, M&Y subsequently decrease. For further discussion on the

M. Macromolecules197Q 3, 441—447. number of interactions (contacting points) between

Intensity (a. u.)




2178 Chem. Mater., Vol. 19, No. 9, 2007 Matsuno et al.

proteins and PMMA surfaces, apparent adsorption constantsvavenumbers on the surface are due to mainly two reasons.
(Kapp of p-Gal for PMMA surfaces were determined First, the protein hydration state changed on the surface after
from a Langmuir adsorption isotherm with the following immobilization compared to the free protéih.Second,

equation: unfolding of the protein on the surface took place, because
peak positions for an orderadthelix could be observed at
Kapfmax lower wavenumbers than those for unordeseblelices and
A= —— 7% B Gall 0 -
1+ K, p-Gall random coils® Therefore, the enzymes dt, at-PMMA,

and gold surfaces partially denatured following immobiliza-
whereA is the amount of3-Gal adsorbed,4-Gal] is the tion. On the other hand, the peak frequency of the enzyme

B-Gal concentrationfmayis the maximumA. ObtainedK,,, ~ ON the complex also shifted (1659:11.0 cm™); however,
andAnax values are summarized in Table 2. g, values the degree of the shift was smaller than that observed on
were dependent on PMMA film species. THgyp for the other surfaces. The aforementioned results suggest that

complex was smaller than those forandat-PMMAs. These  unfolding of the protein on the complex could be suppressed,
observations are similar to our data previously obtained from &lthough it is difficult to discuss the change in each
the characterization of other proteins such as bovine serumcomponent secondary structure because of the low intensity
albumin, human serum albumin, fibrinogen, lysozyme, and ©f the IR spectra. _ ' _
protein Al suggesting that more multiple bonds were formed ~ Mechanistic. Speculation of Protein Adsorption on
between single-component PMMA surfaces and proteins. Various PMMA Film Surfaces. From the hydrolytic
When comparing single-component film surfaces, kg, reaction followed by QCM and ATR-IR analyses, we
for it-PMMA was smaller than that foat-PMMA. The propose a mechanism about the relationship between the
difference in single-component film surfaces may also result PMMA conformation at the surface and the immobilized
from the deference between partially helical structures of €nZyme conformation, as shown in Figure 5. In our previous
it-PMMA6 and nonregular structure ai-PMMA. studiest! adsorption constants of various proteins for the
The Amax for the complex was larger than that obtained stereocomplex were ordinarily smaller than those for single-
for it- andat-PMMAs, indicating that the complex surface ¢0mMPonent films. In addition, monolayer adsorption amounts
is suitable for immobilizing greater amounts of enzymes. The Of nine kinds of proteins with various molecular weights
functional form of 3-Gal is a tetramer (465 kDa) of four (12-69 kDa), 3D structures, and surface charges (isoelectric
identical subunits and is roughly ellipsoidal with dimensions POINts) for the complex were greater than those for single-

175 x 135 x 90 A3 along the 2-fold axe® Assuming that component films!¢ These results intended that protein
B-Gal adsorbs on the surface at monolayer coverage, ideafMmobilization on PMMA films was generally independent

adsorption amounts range from 330 to 640 ng &m of a kind of the functional groups at the protein surfaces.
Therefore, enzymes might adsorb on th@MMA and at- Furthermore, the hydrophobicity of the complex surface
PMMA surface with relatively large contact area (or point); 'anges betweeit- andat-PMMAs,1%*1°so that the functional
however, on the complex surface with relatively small contact 9ruPs of PMMAs also do not affect protein immobilization.
area (or point), possibly resulting in less denaturing of Therefore, state Qf proteins after immobilization on the
proteins on the complex surface. PMMA-coated solid supports was affected by not so much
The mean square roughnes)(of the complex andt- the functional groups but by the conformation of PMMAs
PMMA films were slightly different'2adsorption amounts at th_e_ surface. At the complex and thePMMA surfaces,
of f-Gal should not be affected by greafdGal sizes. mobility of polymer chains may be suppressed to some

ATR-IR Analysis of the Adsorbed f-Gal. ATR-IR study extent, but at thet-PMMA surface, polymers are random

also supported that structural denaturation of physically c(;a_nfo(rjmat:jonMarll)ql_ttheflr TOb'“ty t\,\t/rc:md t:e ver;f/f Ia:rgt(ra]
adsorbed enzymes might be suppressed on the comple>£ isordered). Mobility of polymers at the surfaces affects the

surface (Figure 4). It is known that the amide | band of enthalpy gain during protein immobilization Process. Bepguse
proteins (1608-1700 cn?) is sensitive to different second- gdsorptllon constants are composeq of the sum of.|nd|V|duaI
ary structures, wherax-helices, -sheets, B-tumns, and mteractlons_such as hydrogen bondlng,_hydrophoblc, and van
extended coil structures absorb at different frequerié¢i€be der Waals interactions bej[ween_ proteins and PMMASs, the
peak frequency of the amide | band of the ffz&al powder greater numbers of contacting points are necessary for greater
was 1632.7+ 0.6 cnr (spectrum not shown). The peak adsorption constants. Therefore, entropic disadvantages of
frequency of immobilized enzymes dtr and a-PMMA the surface polymer for protein adsorption have to be
surfaces shifted to 1663+ 0.7 and 1665.3- 0.9 cnr compensated by enthalpy gain through the multiple interac-
respectively, approximately equivalent to the value obtained tions. The greater numbers of the mteract!on betweeq proteins
on a bare gold surface (1664#41.1 cntY). It is noted that and the surface should result in denaturing of proteins from

the difference of-Gal structures orit- and at-PMMA native forms, followed by a loss of activities of proteins.

surfaces were unfortunately identified by ATR-IR. These (18) Grdadolnik, J.; Mdrhal, Y. Biopolymers2001, 62, 40-53.

aforementioned shifts from lower wavenumber to higher (19) (a) lconomidou, V. A.; Chryssikos, D. G.; Gionis, V.; Pavlidis, M.
A.; Paipetis, A.; Hamodrakas, S. J. Struct. Biol.200Q 132 112—

122. (b) Ringeisen, B. R.; Callahan, J.; Wu, P. K.; Pigue Spargo,

(17) (a) Dousseau, F.; Palet, M. Biochemistry199Q 29, 8771-8779. (b) B.; McGill, R. A.; Bucaro, M.; Kim, H.; Bubb, D. M.; Chrisey, D. B.
Lenk, T. J.; Horbett, T. A.; Ratner, B. D.; Chittur, K. Kangmuir Langmuir 2001, 17, 3472-3479. (c) Hernandez-Perez, M. A.; Ga-
1991, 7, 1755-1764. (c) Buijs, J.; Norde, W.; Lichtenbelt, J. W. Th. rapon, C.; Champeaux, C.; Shahgaldian, P.; Coleman, A.; Mugnier,

Langmuir1996 12, 1605-1613. J. Appl. Surf. Sci2003 208—209, 658-662.
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Figure 5. Schematic representation of enzyme immobilized on PMMA surfaces with different ordered levels. Each PMMA conformation referred from refs

8b and 16 is also depicted below. Red circles represent interactions between the enzyme and the PMMA surface.

Becauses-Gal can be adsorbed onto the complex surface complex film could be easily fabricated by the simple LbL

with weak interactions, protein denaturation following im- method on any solid support. We believe that PMMA

mobilization may be suppressed and the protein activity may stereocomplexes used in polymer surface modification might

remain high on the complex. be helpful in developing a new category of polymer

bionanomaterials. We proposed that regulation of surface

polymer conformation is an essential factor for maintaining
The surface modification of substrates for physical protein activities of physically immobilized enzymes on polymer

immobilization is important for a wide range of biomedical materials.

and bioengineering applications. Herein, the effect of the

surface PMMA conformation on enzymatic activity has been
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