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Abstract: The development of bioelectronic enzyme applications requires the immobilization of active
proteins onto solid or colloidal substrates such as gold. Coverage of the gold surface with alkanethiol self-
assembled monolayers (SAMs) reduces nonspecific adsorption of proteins and also allows the incorporation
onto the surface of ligands with affinity for complementary binding sites on native proteins. We present in
this work a strategy for the covalent immobilization of glycosylated proteins previously adsorbed through
weak, reversible interactions, on tailored SAMs. Boronic acids, which form cyclic esters with saccharides,
are incorporated into SAMs to weakly adsorb the glycoprotein onto the electrode surface through their
carbohydrate moiety. To prevent protein release from the electrode surface, we combine the affinity motif
of boronates with the reactivity of epoxy groups to covalently link the protein to heterofunctional boronate-
epoxy SAMs. The principle underlying our strategy is the increased immobilization rate achieved by the
weak interaction-induced proximity effect between slow reacting oxyrane groups in the SAM and nucleophilic
residues from adsorbed proteins, which allows the formation of very stable covalent bonds. This approach
is exemplified by the use of phenylboronates-oxyrane mixed monolayers as a reactive support and redox-
enzyme horseradish peroxidase as glycoprotein for the preparation of peroxidase electrodes. Quartz crystal
microbalance, atomic force microscopy, and electrochemical measurements are used to characterize these
enzymatic electrodes. These epoxy-boronate functional monolayers are versatile, stable interfaces, ready
to incorporate glycoproteins by incubation under mild conditions.

1. Introduction of the gold surface with alkanethiol self-assembled monolayers
(SAMs) has made it possible to drastically reduce nonspecific
adsorption of proteinéto direct the binding of proteins to gold

ysupports, and to control their orientation by using SAMs with

onto clean gold surfaces with denaturation and a reduction of 192nds complementary to specific binding sites on native
their activity2 Direct adsorption does not discriminate among Proteéins® It is noteworthy to mention that many strategies for
protein populations nor control their orientation, features protein immobilization on SAMs have been based on previous

sometimes desirable for an immaobilization protocol. Coverage _develo_p_ments of _chromatography supports, Wh'(_jh oriented
immobilized proteins through charged, hydrophobic, or other
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cofactor-apoprotein interactions to assemble enzymes on goldmembrane$? separation of sugars in liquid chromatography,
surfaces. Also proteins have been modified, by genétar and capillary electrophoresi&The interaction between sugars
chemical procedures, so as to acquire binding sites with affinity and boronic acid has also been used for affinity chromatography
for ligands on the monolayer. Electrostatiand hydrophobit purification and detection of glycoproteiisand for orientation
interactions have also been used in protein immobilization and reversible immobilization of glycoproteins in cellulose
procedures on gold electrodes modified with SAMs of thiols. beadst’
As a complement to these achievements, it is also of interestto There have been a few reports on boronic acid SAMs
explore and develop general approaches applicable to nativedescribing the properties of hydrophobic monolayers obtained
proteins and based on different kinds of weak interactions that by adsorption ofw-mercaptoalkyl boronic acids onto gold
living systems use to form molecular complexes. substrate38abSAMs of conjugates of dithioaliphatic acids and
Hydrogen bonding, although widely and efficiently used in aminophenylboronic acid on gold surfaces display specific sugar
nature, is difficult to mimic in synthetic systems because water, recognition¢¢ More recently electrical contacting of glucose
the most widely used solvent, competes for hydrogen bond oxidase with gold electrodes has been achieved by surface-
formation. In recent years, the interaction between boronic acids reconstitution of the apo-protein on a boronic acid-FAD cofactor
and saccharides has been proposed as an alternative to hydrogepAM.1® Therefore the use of boronate SAMs looks like a
bonding to keep synthetic molecular receptors bound to their promising alternative for the preparation of enzyme electrodes
guest molecules, since boronic acids rapidly and reversibly form of glycoproteins. One advantage of this strategy is that im-
cyclic esters with diols in both nonaqueous and aqueous mediamobilizing a glycoprotein through its carbohydrate moiety is
at room temperature. They form reversible bonds with 1,2- or not likely to affect its biological activity. The carbohydrate

1,3-diols to generate five- or six-membered cyclic complé%es.

region is generally located in areas that are not involved in

This boronic acid-saccharide interaction has recently beenglycoprotein activity?® and therefore many glycoproteins,

exploited for the development of aqueous sugar seddors,

including hormone3! antibodies’? and enzyme#3 retain most

synthetic sugar and ribonucleoside transporters through lipid of their biological function even when their carbohydrate regions
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A.; Huang, S. G.; Whitesides, G. M. Am. Chem. S0d.994 116, 5057
5062. (d) Mrksich, M.; Grunwell, J. R.; Whitesides, G. M.Am. Chem.
Soc.1995 117, 12009-12010. (e) Frey, B. L.; Jordan, C. E.; Kornguth,
S.; Corn, R. M.Anal. Chem1995 67, 4452-4457. (f) Schlereth, D. D.
Sens. Actuators, B997, 43, 78—86. (g) Schlereth, D. D.; Kooyman, R. P.
H. J. Electroanal. Chem1998 444, 231-240. (h) Peez-Luna, V. H.;
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(b) Mosbach, G. R.; Koch-Schmidt, A. C.; Mosbach,Methods Enzymol.
1976 44, 53—65. (c) Caldwell, K. D.; Axen, R.; Bergwall, M.; Porath, J.
Biotechnol. Bioeng1976 18, 1573-1588. (d) Mattiasson, BMethods
Enzymol.1988 137, 647—-656. (e) Bastida, A.; Sabuquillo, P.; Armisen,
P.; Fernandez-Lafuente, R.; Huguet, J.; Guisan, JBidtechnol. Bioeng.
1998 58, 486-493. (f) Turkova, JJ. Chromatogr., BL999 722 11—-31.

(7) (a) Willner, I.; Heleg-Shabtai, V.; Blonder, R.; Katz, E.; Tao, G.cBmann,
A. F.; Heller, A.J. Am. Chem. S04996 118 10321-10322. (b) Schmidt,
H.-L.; Schuhmann, WBiosens. Bioelectrari996 11, 127-135. (c) Katz,
E.; Schlereth, D. D.; Schmidt, H.-L.; Olsthoorn, A. J.JJ.Electroanal.
Chem.1994 368 165-171. (d) Guo, L.-H.; McLendon, G.; Razafitrimo,
H.; Gao, Y.J. Mater. Chem1996 6, 369-374. (e) Katz, E.; Heleg-Shabtai,
V.; Willner, B.; Willner, 1.; Bickmann, A. F.Bioelectrochem. Bioenerg.
1997 42, 95-104. (f) Willner, 1.; Katz, E.; Willner, B.; Blonder, R.; Heleg-
Shabtai, V.; Bakmann, A. F.Biosens. Bioelectrarl997, 12, 337—356.
(g) Gorton, L.; Lindgren, A.; Larsson, T.; Munteanu, F. D.; Ruzgas, T.;
Gazaryan, 1Anal. Chim. Actal999 400, 91—108. (h) Willner, I.; Heleg-
Shabtai, V.; Katz, E.; Rau, H. K.; Haehnel, \i.. Am. Chem. S0d.999
121, 6455-6468. (i) Zimmermann, H.; Lindgren, A.; Schuhmann, W.;
Gorton, L.Chem. Eur. J200Q 6, 592—599.

(8) (a) Madoz, J.; Kuznetzov, B. A.; Medrano, F. J.; Gard. L.; Ferhadez,
V. M. J. Am. Chem. S0d.997 119 1043-1051. (b) Madoz-Grpide, J.;
Abad, J. M.; Ferhadez-Recio, J.; ez, M.; Vazquez, L.; Gmez-Moreno,
C.; Ferdadez, V. M.J. Am. Chem. So00Q 122 9808-9817. (c) Sigal,
G. B.; Bamdad, C.; Barberis, A.; Strominger, J.; Whitesides, GARAI.
Chem.1996 68, 490-497. (d) Schmid, E. L.; Keller, T. A.; Dienes, Z.;
Vogel, H. Anal. Chem1997, 69, 1979-1985. (e) Witkowski, A.; Kindy,
M. S.; Daunert, S.; Bachas, L. Gnal. Chem 1995 67, 1301-1306. (f)
Hodneland, C. D.; Lee, Y.-S.; Min, D.-H.; Mrksich, NProc. Natl. Acad.
Sci. U.S.A2002 99, 5048-5052. (g) Gilardi, G.; Fantuzzi, A.; Sadeghi,
S. J.Curr. Opin. Stuct. Biol2002 11, 491-499.

(9) (a) Kooyman, R. P. H.; van den Heuvel, D. J.; Drijfhout, J. W.; Welling,
G. W. Thin Solid Films1994 244, 913-916. (b) Legget, G. J.; Roberts,
C. J.; Williams, P. M.; Davies, M. C.; Jackson, D. E.; Tendler, S. J. B.
Langmuirl993 9, 2356-2362. (c) Duan, C.; Meyerhoff, M. Anal. Chem
1994 66, 1369-1377.

(10) (a) Jordan, C. E.; Frey, B. L.; Kornguth, S.; Corn, R.IMngmuir1994
10, 3642-3648. (b) Jordan, C. E.; Corn, R. Mnal. Chem.1997, 69,
1449-1456. (c) Narvaez, A.; Suarez, G.; Popescu, I. C.; Katakis, I.;
Dominguez, EBiosens. Bioelectror200Q 15, 43—52.

(11) (a) Kinnear, K. T.; Monbouquette, H. Gnal. Chem.1997, 69, 1771
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are modified or altered. However, a disadvantage is that since
the reversibility of the bonds allows protein release, enzyme
electrodes do not remain stable over time.

To overcome this instability and render this immobilization
of practical interest, in the present study we have investigated
the use of heterofunctional boronate-epoxy SAMs that combine
the affinity motif of boronates with the reactivity of epoxy
groups able to covalently link the protein to the SAM. Oxyrane
groups are known to form very stable ether, thioether, or sec-
ondary amine bonds with exposed nucleophilic protein residues,
although these reactions are extremely stb®oronates might
specifically interact with glycosylated domains of a protein to

(12) (a) James, T. D.; Sandanayake, K. R. A. S.; ShinkaAr®&ew. Chem.,
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form a monolayer of physically adsorbed enzyme, and the in- 3, 0.05um particle size). Finally, they were sonicated for 20 min in
crease of protein concentration on the SAM would accelerate pure ethanol. AT-cut quartz crystals (5 MHz) of 24.5 mm diameter
the formation of intramolecular chemical bonds between ad- With gold-coated electrodes deposited over a titanium adhesion layer
sorbed protein and the epoxy groups on the SAM. Besides, the(Maxtek Co) were cleaned by exposure to “piranha” solution (3:1
multiple weak forces involved in the physical adsorption of the concentrated pBQ/30% HO;) followed by exhaustive rinsing with

. . e . distilled water and a final rinse with ethanol/water (2:Caution:
protein molecules on the mixed SAM stabilize its native con-

f . d theref Id it ial di ) piranha solution reactsiolently with most organic materials and must
ormation and therefore could protect it from potential distortions be handled with extreme car@&n asymmetric electrode format was

introduced by the subsequent formation of covalent bonds.  seq with the side having the larger gold area facing the solution. The
This affinity-trap immobilization strategy has been tested with electroactive working area (front side) was 1.3702cemd the

the well-known glycoprotein horseradish peroxidase (HRP). It piezoelectric area (backside) was 0.312dBlass supports (1.1 cm

is an oxidoreductase containing a heme group, calcium, and1.1 cm) covered with evaporated gold layers {6023 um) deposited

glycans and participates in a two-step enzymatic reaction with over a chromium adhesion layer<2 nm) (Metallhandel Scliey

H,0, and a large array of electron donéf&lhe catalytic activ- ~ GmbH) were used for atomic force microscopy (AFM); they were

ity of redox enzymes can be followed electrochemically by using cleaned with piranha solution, rinsed in distilled water, and annealed

a diffusible redox-mediator that shuttles electrons from the elec- 1" 2 Min in agas flame. Surface roughness of gold electrodes, estimated

trode surface to the enzyme active $ft€urthermore, the crystal bfa'r?]tse?r:ast:j?uﬁi tgsidgcgdl c:\;l('dvierfedT%";?}gelall(sf;fva/r(;“;;':étzgnéo,\;l

structure and carbohydrate composition of similar peroxidasesg A ) '

. electrodes, respectively. A value of 48Z cnr? was used for a
have been determiné®: The presence of mannose among the monojayer of chemisorbed oxide on polycrystalline gbld.

Su.ga}r residués i'n HRP’?’%“VB one of the SUQarS presgnting good 2.2. Synthesis of SAM-TOA Modified with Aminophenyl Boronic
affinity toward immobilized boronic aci#f® contributes to Acid (APBA). After the cleaning treatment the gold surfaces were
making this redox glycoprotein an appropriate choice to test covered with a monolayer of dithioctic acid (SAM-TOA) obtained after
this immobilization procedure. The available deglycosylated the substrates were immersed for at least 16 h inkalD~3 M solution
recombinant protein (HRRomy Serves as a good control to test  of 6,8-dithioctic acid (Sigma) in ethanol/water (2:1). After this the
the effect of the sugar cover on the binding affirfity. electrodes were rinsed with ethanol/water (2:1) and dried in air.
Peroxidases have a number of important features that makeActivation of the carboxylic acid groups of the SAM-TOA electrodes
them suitable for amperometric biosens®ran important factor ~ Was performed by immersion @ h in adimethyl sulfoxide solution
being their good stability in water and organic solvefitin co’nta_|n|ngN-hyd_roxysucmmmnde (Fluka; NHS) 9'1 M and 1-ethyl-3-
addition, the reactions driven by oxidases used in amperometric[?’ “(dimethylamino)propyl] carbodiimide (Sigma; EDC) 0.1 M. After

bi f | Icohol . ids. al 4 this treatment, the electrodes were rinsed with dioxane and dried in
losensors for glucose, alcohols, amino acids, glutamases- air. Amidation of NHS-esters of SAM-TOA was effected by incubation

tate, cholesterol, ef€**release KO, that must subsequently iy 3-aminophenyl boronic acid (Sigma; APBA) 76 10 M in
be reduced. The importance of this bioelectrocatalytic reduction dgimethylformamide (Merck; DMF) overnight (SAM-TOA-APBA). To
has stimulated studies of the performance of peroxidases ondilute APBA in the monolayer with ethanolamine (EA), different molar
graphite, metal, and polymer-modified electrode surfaces. ratios of APBA and EA (Merck) were used in DMF as solvent (SAM-
In this study atomic force microscopy (AFM), electrochemical TOA-[APBA/EA]). In both cases, electrodes were rinsed with water
quartz crystal microbalance (EQCM), and cyclic voltammetry and incubated in the corresponding protein solutions.
(CV) have been used to demonstrate that (i) bare gold surfaces 2.3. Synthesis of SAM-TOA Modified with Aminophenyl Boronic
bind nonspecifically glycosylated proteins as well as their Acid and Epoxy Groups. Gold surfaces covered with ahydroxy-
genetically deglycosylated derivative; (ii) gold covered with a sucm_nlm!de actlva_ted SAM-TOA were dipped overnlght_ln undiluted
phenylboronate SAM specifically binds the glycosylated form 1,8-diamino-3,6-dioxaoctane (DADOO, Merck), after which the unre-
in a reversible way; and (iii) a mixed SAM of epoxy and acted diamine was removed by washing with ethanol followed by

) . " .. dipping in undiluted 1-chloro-2,3-epoxypropane (epichlorohydrin,
phenylboronate residues displays specific affinity for glycopro- yercky. Unreacted epichlorohydrin (Epi) was eliminated by washing

teins combined with the ability to covalently trap the physically  with ethanol. These SAM-TOA-DADOO-Epi electrodes were incubated
adsorbed protein. in APBA 0.16 M in acetonitrile/water (1:5), pH 8.0 for different times.
To obtain an estimation of the remaining epoxy groups on SAM-TOA-
DADOO-[Epi-APBA], the electrodes were incubated overnight in
2.1. Gold-Support Preparation. Gold wire electrodes (99.9% and  -aminoethyl ferrocene (Fc) 2 mM in DMF. Unreactgeaminoethyl

0.5 mm in diameter, 0.2 charea) were first exposed to the flame of ferrocene was eliminated by washing with solvent. The integrated
a Bunsen burner and then polished with alumina slurry (Buehler number charge of the anodic CV peaks of bound ferrocene was used as an
indirect measurement of the degree of APBA incorporation to the SAM-

2. Experimental Section

(24) Mateo, C.; Fermedez-Lorente, G.; Abian, O.; Femdez-Lafuente, R.; TOA-Epi surface (SAM-TOA-DADOO-Epi-[Fc/APBA])3-Aminoethyl
Guisa, J. M. Biomacromoleculeg00Q 1, 739-745. ; ; ;

(25) (2) Dunford, H. BHeme Peroxidases\iley-VCH: New York, 1999, (b) ferrocene Was_ synthesized as descrlbeq by Godillot &t al.
We”ndr?ril K. G.Curr. Opilr(m Struct. Biol.‘rL]992 2, 389r|393. (c) Gajhede, 2.4. Detection of SAMs.The evaluation of SAM coverage was
M.; Schuller, D. J.; Henriksen, A.; Smith, A. T.; Poulos, T.Nat. Struct. ; ; :
Biol. 1997 4. 1033-1038. (d) Kurosaka, A. Yano, A.: itoh, N.: Kuroda, performgd by cy_chc voltamm_etry in 0.5 M KOH supporting electrolyte,
Y.; Nakagawa, T.; Kawasaki, T. Biol. Chem.1991, 266, 4168-4172. under nitrogen, in the potential rang®.2 to—1.2 V, at a scan rate of
(1%)6Van #UBK/SLeevhR-’\?-jLMCMEHES_YI'\\‘/'-F'YCOCOHUQ?Q 51998I 15\1(1.?\%— g 0.1 V s! Reductive desorption of SAMs monitored by EQCM
K. -ng 3_""(:?;”;'_ éioﬁﬁ’em'19"98azgga%@lélsk’g)a\n;;tgh N. S_S.U & measurements were also used for coverage calculafioBarface
Smith, A. T.Adv. Inorg. Chem2001, 51, 107-162. coverage by sulfur atoms was estimated from the peak charge of

(26) Heller, A.J. Phys. Chem1992 96, 3579-3587.

(27) Gazaryan, |. G.; Klyachko, N. L.; Dulkis, Y. K.; Ouporov, I. V.; Levashov,
A. V. Biochem. J1997 328 643-647. (31) Oesch, U.; Janata, Blectrochim. Actal983 28, 1237-1246.

(28) Ruzgas, T.; Cseqi, E.; Emnas, J.; Gorton, L.; Marko-Varga, G\nal. (32) Godillot, P.; Korri-Youssoufi, H.; Srivastava, P.; El Kassmi, A.; Garnier,
Chim. Actal996 330, 123-138. F. Synth. Met1996 83, 117-123.

(29) Guo, Y.; Guadalupe, A. RChem. Commuril997 1437-1438. (33) Schneider, T. W.; Buttry, D. AJ. Am. Chem. Sod 993 115 12391

(30) Gorton, L.Electroanalysisl995 7, 23—45 and references therein. 12397.
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reductive desorption at1.0 V and assuming a value of 1 electron per
sulfur atom,. Characterization of the different monolayers (SAM-TOA,
SAM-TOA-APBA, SAM-TOA-[APBA/EA], SAM-TOA-DADOO-
[Epi-APBA]) was done by cyclic voltammetry in solutions of different
pH values with two electrochemical probes: potassium ferricyanide
(Aldrich) and ruthenium hexaamine chloride (Sigma).

2.5. Enzymatic Electrodes.These were prepared by incubation of
the different SAM-gold electrodes in 0.2 mg miLsolutions of HRRave
or HRRecomn Bare, SAM-TOA-APBA, SAM-TOA-[APBA/EA] gold
electrodes were incubated in phosphate buffer 50 mM, 0.15 M KClI,
pH 7.5 for 60 min and SAM-TOA-DADOO-[Epi/APBA] gold elec-
trodes in 50 mM bicarbonate buffer, pH 9 containing 0.2 mg L
HRP for 24 h, at room temperature.

HRPhative Used in this work was purified from a commercial source
(HRP Sigma type I, lot 63H9512) in batch on boronate SepaBtasls
follows: 5 mL of HRP solution (20 mg mt! in Tris-HCI 50 mM pH
8.0) was added to 3 mL of wet gel and gently stirred for 20 min; after
washing the gel with the Tris buffer, HRP was eluted with 5 mL of
acetic acid 50 mM, pH 4.5, and immediately adjusted to pH 7.0 with
50 mM phosphate buffer. The purified protein had an activity of 370
U mg* protein toward pyrogallol (Sigma). Recombinant carbohydrate-
free HRP (HRRcomy Was produced irE. coli and refolded from

inclusion bodies as described in ref 27. This recombinant HRP gave

an activity of 330 U mg* protein toward pyrogallol.

The activity of HRP enzyme molecules incorporated to electrodes
was analyzed by cyclic voltammetry at 26 under a nitrogen stream
in appropriate buffer containing 0.1 M KCI, 1M thionine as soluble
redox mediatdt* and 1 mM HO, as substrate.

2.6. Apparatus. Cyclic voltammetry data were obtained with an
Autolab PGSTAT 10 (Eco Chemie). In situ mass changes were
measured with a quartz crystal microbalance (Maxtek Co) with AT-
cut quartz crystals (5 MHz) set in a probe made of Teflon (TPS-550,
Maxtek) at 25.0 0.1°C as described by Takada and Abaihcrystals
sensitivity was 17.68< 107° g Hz"* cm~2. Atomic force microscopy
(AFM) was done with a Nanoscope Il microscope (Digital Instruments)
operating in tapping mode in solution.

3. Results and Discussion

3.1. Substrate Preparation. 3.1.1. Characterization of
Functionalized SAM. Previous studies have demonstrated the
suitability of TOA monolayers for electrochemical studies, in
terms of stability and permeability to electrochemical protSes.
The integrity of the monolayer after its functionalization was
verified through its electrochemical reductive desorption mea-
sured in basic medi#. The charge produced by a full SAM-
TOA monolayer on gold corresponds to a thiolate surface
coverage of 7.2« 1071% mol cnm2.36 After covalently linking
the APBA to the SAM-TOA (SAM-TOA-APBA) the monolayer
desorption current gave similar values, indicating that the
monolayer remained intact (not shown). To minimize nonspe-
cific adsorption of proteing mixed monolayers were prepared
by diluting the APBA with different ethanolamine concentra-
tions, and the stability of the resulting monolayer (SAM-TOA-
[APBA/EA]) was tested. The results indicated that monolayers
prepared with an APBA/ethanolamine molar ratio from 1:10 to

1:50 gave monolayers with 100% coverage (not shown). The
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Figure 1. Cyclic voltammograms of 1 mM Fe(Ck) and 1 mM Ru-

(NH3)¢2™, in 1 M KCl on gold electrodes covered with SAM-TOA-[APBA/
EA, 1:50]: (a) pH 5.5, (b) pH 7.3, and (c) pH 11. The scan rate was 0.1 V
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Figure 2. Schematic representation of a monolayer containing TOA-
DADOO-Epi-APBA and TOA-DADOO-Epi chains (molecules sizes, rela-
tive amounts, and distribution of the chains are not accurate).

exposed functional groups of the monola§&Therefore it is
possible to check the stepwise construction of the SAM-TOA-
[APBA/EA, 1:50] by recording cyclic voltammograms of two
differently charged electroactive compounds, potassium ferri-
cyanide (Fe(CN$~) and ruthenium hexamine (Ru(NJ"),

at different pH buffer solutions (Figure 1).

At pH 5.5 the negatively charged carboxylic acid residues
of the TOA do not allow the oxidatioAreduction cycle of the
negatively charged ion ferricyanide but permit the redox cycle
of the positively charged ruthenium hexaamine to take place.
When SAM-TOA-[APBA/EA, 1:50] was analyzed the complete
oxidation—reduction cycle of both mediators was observed at
pH 5.5 (Figure 1). However, when the pH of the solution was
raised to 11, the appearance of a negative charge in the boronic
acid due to the presence of a third hydroxyl group bound to the
boron atom at this p# distorted the cyclic voltammogram of
potassium ferricyanide while leaving the CV of the positively
charged mediator unchanged (Figure 1). These results show that
the ionic character of the surface changes in the expected
direction after the incorporation of the APBA and ethanolamine.

The presence of reactive oxyrane groups in SAM-TOA-

response of the electrode to different electrochemical prObeSDADOO-[Epi-APBA/Epi] (Figure 2) was ascertained by reac-

provides information about the degree of ionization of the

(34) (a) Ruan, C.; Yang, F.; Lei, C.; Deng,Anal. Chem 1998 70, 1721~
1725. (b) Ruan, C.; Yang, R.; Chen, X.; DengJJElectroanal. Chem
1998 455 121-125.

(35) Takada, K.; Abriia, H. D.J. Phys. Chem1996 100, 17909-17914.

(36) Cheng, Q.; Brajter-Toth, AAnal. Chem1992 64, 1998-2000.

(37) Walczak, M. M.; Popenoe, D. D.; Deinhammer, R. S.; Lamp, B. D.; Chung,
C.; Porter, M. CLangmuir1991, 7, 2687-2693.
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tion of these monolayers with-aminoethyl ferrocene.

The CV in Figure 3 indicates the presence of immobilized
electroactive ferrocene groups in the monolayer. The peak
current densities increased linearly with the scan rate (inset of

(38) Torsell, K. InProgress in Boron Chemistrgteinberg, H., McCloskey, A.
L., Eds.; Pergamon: New York, 1964; p 385.
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Figure 3. Cyclic voltammogram in 0.1 M HCI@of gold electrode covered

with SAM-TOA-DADOO-[APBA/Fc]. The scan rate was 10 mV1s The

inset shows the linear correlation between the peak current and the scan
rate of immobilized3-aminoethyl ferrocene.

(b)

Figure 5. AFM tapping mode images of gold surfaces covered with SAM-
TOA-[APBA/EA; 1:50] after incubation in solutions o: (a) HRR. and
(b) HRRecomn Other conditions as in Figure 4.

HRP. In both cases the individual protein molecules can be
distinguished on the gold surface, although no order was
observed within this densely packed arrangement that completely
covers the area analyzed.

3.3. HRP Adsorption onto SAM-APBA Gold Electrodes.

The effect of covering the gold surface with an APBA modified
monolayer on the binding affinity to the glycosylated and
deglycosylated proteins was then analyzed by AFM.

Figure 5 shows two areas of equivalent dimensions belonging
to similarly modified electrodes but incubated in solutions of
each type of HRP at similar concentrations. The surface of the
electrode incubated with the glycosylated protein shows an
ordered array of particles with dimensions corresponding to
those expected for HRP X-ray da:5.4 nm diameter, which

(b)

Figure 4. AFM tapping mode images of a bare gold surface incubated yields a projection area of about 20 Aper adsorbed molecule.

with 1.5uM solutions of (a) HRR4iive OF (b) HRRecombin 0.05 M phosphate

buffer, KCI 0.1 M pH 7.5 at room temperature for 60 min. The surface of the electrode incubated with the recombinant

protein does not show this organized array of particles. At least
Figure 3). However tha\E, observed was 38 mV and the width  three independent electrodes of each type were analyzed with
of the peak at half-height was 71 mV, less than the theoretical different tips, all electrodes showing the same difference
value of 90.64 (n = 1) expected for an ideal nernstian process between the two proteins depicted in Figure 5. It appears that
of immobilized redox species, which suggests the existence of the amount of native protein on the surface is significantly higher

attractive interactions between neighbor molecéfles. than the amount of the deglycosylated one.
Taken together these results support the scheme depicted in  These results were further confirmed by quantification of the
Figure 2 as representative of these monolayers. protein adsorbed on the surface by QCM.Figure 6 presents
3.2. Enzyme Adsorption on Bare Gold ElectrodesThe frequency changes of gold quartz crystals functionalized with

adsorption of glycosylated and deglycosylated HRP onto a clean SAM-TOA-[APBA/EA] as a function of time after injection of
gold surface has been previously analyzed with the help of a HRPrecomb O HRPhative at saturating concentrations of both
quartz crystal microbalance by Ferantopova ¢ @he authors ~ proteins in the reaction chamber.
found similar adsorption kinetics for native and deglycosilated ~ The resonant frequency decreases until reaching a steady state
HRP onto naked gold. In the present work we have observed at different values. The mass adsorbed onto the electrode surface
adsorption on gold of HRRive and HRR:combpby atomic force was calculated using Sauerbre{’squation:
microscopy.

Figure 4 shows AFM tapping mode images of bare gold Am= —C; Af
surfaces incubated in the presence of native and recombinant

whereAmis the mass change (ng cf), C; (17.7 ng Hz1 cm2)

(39) Abrute, H. D.Coord. Chem. Re 1988 135-189.

(40) Ferapontova, E. E.; Grigorenko, V. G.; Egorov, A. M r8wrs, T.; Ruzgas, is a proportionality constant for the 5.0-MHz crystals used in
T.; Gorton, L.Biosens. Bioelectror2001, 16, 147—157. this study, andAf is the frequency change (in Hertz).
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Figure 6. Time evolution of the resonance frequency of a QCM gold o ) ) o
resonator covered with a SAM-TOA-[APBA/EA; 1:50] in 4.9 mL of 0.05  Figure 8. Equilibrium protein coverages of the adsorption curves in Figure
M phosphate buffer, KCI 0.1 M pH 7.5 solution, at 25 upon the addition 7 versus protein concentrations. The solid line is the Langmuir adsorption
of 100uL of a stock solution (3.3 mg/mL) of HRRive final concentration isotherm that best fits the experimental data.
1.5 uM, or 100 uL of a stock solution (2.5 mg/mL) of HRRomp final
concentration 1..xM.
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Time (min) Figure 9. Electrocatalytic activity of SAM-TOA-[APBA/EA;1:50] modi-

fied gold electrodes incubated in (a) HRReand (b) HRR:combas in Figure

6. Cyclic voltammograms were recorded at 5 mV & the presence of 1
mM H20, and 10uM thionine at 25°C. Trace (c) is a control CV in the
absence of proteins. Supporting electrolyte was 0.05 M phosphate buffer,
KCI 0.1 M, pH 7.5.

Figure 7. Time dependence of the frequency of a QCM gold resonator
covered with a SAM-TOA-[APBA/EA, 1:50] for several final concentrations
of added HRRaive (&) 0.045; (b) 0.09; (c) 0.14; (d) 0.23; (e) 0.45; (f) 0.9,
and (g) 2.3uM. Other conditions as in Figure 6.

The results indicate that the amount of HR&on the surface |t should be noted that the value obtained for the saturation
is 7 times higher than the amount of the HREw showing  surface coverage closely corresponds to that of 8.30712
the effeCtiveneSS Of the APBA/EA m0n0|ayer in diSCI’iminating m0| Crn—z esumated for a Compac’[ protein monolayer Consider‘_
between glycosylated and deglycosylated proteins. ing a projected area of about 20 Arper molecule. The
Kinetic constants of associatiokog) and dissociationkiyr) calculated binding Gibbs energhG = —RTIn K,) was—38.2
of HRPhaive to functionalized gold surfaces and equilibrium i3 mor2, indicating a moderate binding strength of HRR-
binding constant were obtained from QCM measurements protein to this modified surface gold electrode.
carried out at different protein concentrations (Figure 7). The catalytic current recorded in the presence g®and
From these kinetic curves we obtained valuekf= 0.6 x thionine for a SAM-TOA-[APBA/EA]-HRRaive electrode (Fig-
10* st m™* andket = 1.2 ms'* using the equations described  yre 9a) is 5.5 times the current measured with a SAM-TOA-
by Whitesides and co-workef8.Both kot andkon are large,  [APBA/EA]-HRPecompelectrode (Figure 9b). If we compare the
indicating that the interaction of APBA with the sugar residues Cata|ytic currents with the amount of protein measured by QCM’
is rapid but reversible. it is possible to fairly match both results. All these results
The calculated equilibrium protein coverages were representedingicate that the [APBA/EA] monolayer favors the adsorption
versus protein concentrations and fitted to a Langmuir adsorption of native HRP over recombinant HRP and that this interaction

isothernt? (Figure 8): is quite specific. The small extent of HRRmpbinding to SAM-
TOA-[APBA/EA] monolayers suggest that other interactions
_ T KCs of phenylboronates with nonglycosilated proteins by charge
¢ 1+K.C transfer, hydrophobic and ionic bonding that have been ob-
served?® also take place in our system.
wherekK, is the thermodynamic binding consta@t,is the bulk 3.4. HRP Adsorption onto SAM-TOA-DADOO-[APBA/
protein concentration, and@e and I's are equilibrium and Epi] Gold Surfaces. As shown above, the boronic acid-
saturation protein coverages. The calculated value§fand saccharide interaction is reversible. As a result of protein release,
Kawere 7.3x 1072 mol cnr2and 4.9x 10° M~ respectively. the catalytic activity of the electrodes decreases to a fifth of
(41) Sauerbrey, GZ. Phys.1959 155 206-222. (43) Batista-Viera, F.; Brena, B. M.; Luna, Biotechnol. Bioeng198§ 31,
(42) Trasatti, SJ. Electroanal. Chem1974 53, 335-350. 711-713.

12850 J. AM. CHEM. SOC. = VOL. 124, NO. 43, 2002



Immobilization of Peroxidase Glycoprotein ARTICLES

20 Table 1. Mass and Electrocatalytic Activity of HRPative and
HRPRrecomb Enzymes Immobilized on a Gold Resonator Modified
with a SAM-TOA-DADOO-[ APBA-Epi]2

151 a electrocatalytic activity («A)
< mass 6h 24h
2 104 (ng cm2) incubation incuation
% HRPhative 274 33.6 48.2
g HRPrecomb 65 3.6 5.9
& 54

2 The results are average of two independent experiments run & 25
at the same conditions as those of Figure 10.

b
0 [
T T T 20
0.0 -0.1 -0.2 -0.3 a
Potential (V vs Ag/ AgCl) 15-
Figure 10. Electrocatalytic activity of gold electrodes modified with SAM- i
TOA-DADOO-[APBA/Epi] incubated for 24 h at room temperature in 50 S
mM bicarbonate buffer, pH 9.0, containing (a) 0.2 mg TAHRPhative and ‘g 10+ b
(b) 0.2 mg mLt HRPecomb Other conditions as in Figure 9. Trace (c) was g
a control without enzyme. &} 5
their initial value afte 2 h in solution (not shown). Moreover,
the adsorbed protein is completely released after 30 min 01 ¢
incubation in a 0.1 M sorbitol solution (not shown).

To fix the protein to the electrode surface while retaining 0.0 0.1 0.2 03

the selectivity provided by the boronic acid interaction, we used Potential (Vvs Ag/ AgCl)
a mixed SAM with terminal epoxy groups besides the ami- Figure 11. Electrocatalytic activity of gold electrodes modified with SAM-

; i i i TOA-DADOO-[APBA/Epi] incubated for 24 h at room temperature in 50
nophenyl boronic residues. First, epoxy groups were introduced - | <

mM bicarbonate buffer, pH 9.0, containing 0.2 mg MHRPaive (a)

on the monolayer to cover the whole surface of the electrode. giectrode washed 5 min in 50 mM phosphate buffer pH 7.5, 0.1 M KCI;
The APBA was then bound to the monolayer through some of (b) electrode as in (a) but further incubated 30 min in the same buffer
these epoxy groups, leaving the rest available for later interactioncontaining 0.1 M sorbitol. Other conditions as in Figure 9. Trace (c)
with the protein. The incubation time of a SAM-TOA-DADOO- corresponds to a control electrode treated as in (a) and witheOb H

. . . . . . .. addition.
Epi electrode in the boronic acid solutions determines the density

of APBA molecules on the surface. Incubatiom &h in a0.16 than the corresponding ratio of catalytic activities, which could

M APBA solution resulted in a surface with exposed APBA o 6 1o stabilization of the HRRye by the carbohydrate upon
molecules sufficient to provide specificity toward the glycosyl-

ated protein while leaving enough reactive epoxy groups to react
with protein nucleophiles. Direct evidence of the presence of
epoxy groups was obtained by reaction of the mixed monolayer
with aminoferrocene and electrochemical analysis of the result-
ing monolayer (Figure 3). The surface concentration of the

immobilized ferrocen Icul from the char f the anodic = . .
obilized ferrocene calculated from the charge of the anodic with HRPhaiive Showed an homogeneous distribution of protein

10 2 i _
CV peak was 1,2¢10""" mol cnr assuming & one-electron molecules even after 24 h of washing with buffer (Figure 12a).

reduction process. This value indicates the presence of a S . . . .
p . . P The similarity in the height of the protein molecules in the image
concentration of remaining reactive oxyrane groups around 40%.

. is consistent with an uniform orientation due to specific binding
of the concentration expected for a full epoxy monolayer. .
. . by the carbohydrate motif.

The epoxy groups are known 1o react slowly with protein Figure 12b shows an AFM image of a similar surface but
nucleophiles and form stable borfii$>*We found that SAM- Wasﬁed with buffer containin sorgbitol which clearly shows
TOA-DADOO-[APBA/EpiI] electrode wires incubated for 24 h . . 9 ' clearly
. 1 L . high protein coverages, although as expected it is less ordered
in 0.2 mg mt* HRPative SOlUtion in @ 50 mM bicarbonate buffer, .

: L S as a result of the removal of the fraction of noncovalently
pH 9, showed catalytic activity while in the case of HRRnb . .
- . trapped molecules. An AFM image of gold covered with
almost no activity could be detected (Figure 10). - . . .
These results were confirmed by EQCM measurements of [APBA/Epi] SAM is also presented for comparison (Figure 12c).
. o : Control experiments with H ives AFM images (Figure
the immobilization of the two proteins at the SAM-TOA- P REombg ges (Fig

. . o S1 available in the Supporting Information), which show a
DA.D.OO_[Ep'_APBA] surfacg along with the estimation of certain amount of isolated proteins together with larger ag-
activity from the voltammetric studies (Table 1).

. - gregates that could represent denatured bonded protein. A similar
It can be seen that the amount of immobilized HRR

’ ) T ' denaturation effect of bovine seroalbumin upon binding to
protein afte 6 h of experimental observation is much higher carboxy-ended SAMs, revealed by AFM, has been reported by

than that of HRRomp In addition, the ratio between the amount Wadu-Mesthrige et df
of native to recombinant protein bound is consistently lower

the immobilizatior?>
Further experiments on modified gold wires showed that the
HRP,ative €lectrodes retained more than half of activity after
prolonged incubation in 100 mM sorbitol (Figure 11).
Complementary AFM experiments on gold surfaces also
modified with SAM-TOA-DADOO-[APBA/Epi] and incubated

(45) We thank one reviewer for drawing our attention to this inactivating effect
(44) Luzinov, |.; Julthongpiput, D.; Liebmann-Vinson, A.; Cregger, T.; Foster, of the immobilization of the recombinant carbohydrate protein on epoxy-
M. D.; Tsukruk, V.Langmuir200Q 16, 504—516. boronate monolayers.
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Figure 13. Electrocatalytic activity of gold electrodes modified with SAM-
TOA-DADOO-Epi incubated for 24 h at room temperature in 50 mM
(b) bicarbonate buffer, pH 9.0, containing 0.2 mg TMAHRP,aive (a) electrode
washed 5 min in 50 mM phosphate buffer pH 7.5, 0.1 M KClI; (b) electrode
as in (a) but further incubated 30 min in the same buffer containing 0.1 M
sorbitol. Other conditions as in Figure 9. Trace (c) corresponds to a control
electrode treated as in (a) and withoutQ4 addition.

in 100 mM sorbitol (Figure 13b). Interestingly enough, adsorp-
tion of HRRative ON this full epoxy monolayer did not occur in
the presence of 100 mM KCI (not shown). These results strongly
suggest that under these experimental conditions noncovalent
links hold the protein on the surface. These results could be
explained by considering the competition of water solvent
molecules with nucleophilic residues of the protein for reaction
with epoxy groups. After oxyrane ring opening by solvent
molecules, the resulting monolayer offers a lawn of hydroxyl
groups ready to establish weak hydrogen bonds with the
glycosylated part of the native enzyme, these weak interactions
being suppressed at high ionic strength.

We conclude that only the increase of the protein concentra-
tion on the epoxy monolayer competes efficiently with solvent
molecules for attack on the oxyrane rings to form covalent links
involving the carbohydrate moiety. After covalent trapping of
the protein, the resulting enzyme monolayer becomes stable even
under conditions which, although inadequate for the stability

Figure 12. AFM tapping mode image of gold surface (a) covered with ©Of boronat? _ComplexeS' e.g., acidic or neutral pHs, are optimal
SAM-TOA-DADOO-[APBA/Epi] incubated for 24 h at room temperature ~ for the activity of many enzymes.

i(rt‘))50_ m,IM bicabe“at? gutffe][tv pH 9-% ip”tézisn(i)”g _0-)2, mgoTh“?\'ﬂRPaarivé - The outstanding feature of this immobilization system is the

similar experiment put after incubation min) In mM phosphate : . _
buffer pH 7.5, KCI 0.1 M containing 0.1 M sorbitol; (c) gold SAM surface enhancement in the rate of the reaction betwgen enzyme mole
incubated in buffer without protein. cules and epoxy groups achieved by adsorbing the protein on

the surface. The intramolecular rate of the reaction in this

Similar results obtained with different gold surfaces (wires, configuration is much faster than the bimolecular rate governing
covered quartz crystals, and AFM supports) indicate that the the reaction when the protein molecules are in solution and have
specific binding of HRRyve depends of the glycan and the to diffuse to the activated electrode surface in order to attack
boronate-SAM and is independent of the type of gold surface the oxyrane rings. A similar mechanism, but implying hydro-
used. phobic interactions at high ionic strength, has been proposed

The requirement of the simultaneous presence of APBA and for protein immobilization on hydrophobic epoxy-acrylic res-
epoxy groups in the monolayer to obtain stable glycoenzyme ins#” More recently this strategy has been extended to the
electrodes is illustrated by the following experiment: SAM- specific immobilization of his-tagged enzymes to heterofunc-
TOA-DADOO-Epi electrodes were incubated in solutions of tional chelate-epoxy suppors.
HRPhative O HRRecompunder the same experimental conditions It is expected that this strategy could be generalized to other
described above. Only the HRR€lectrode displayed catalytic  glycosylated proteins. It is possible to introduce specific
activity toward HO, oxidation mediated by thionine (Figure glycosylation sites in a protein by site-directed mutagenesis
13a); however, this protein was easily released after incubationcombined with chemical modificatiéhor by specific glycosi-

(46) (a) Melander, W.; Corradini, D.; Hoorvath, G.Chromatogr1984 317, (47) Mateo, C.; Fernadez-Lorente, G.; Corge E.; Garca, J. L.; Ferhadez-
67—85. (b) Wheatley, J. B.; Schmidt, D. B. Chromatogr.1993 644, Lafuente, R.; Guisan, J. MBiotechnol. Bioeng2001, 76, 269-276.
11-16. (c) Wheatley, J. B.; Schmidt, D. B. Chromatogr. AL999 849, (48) Wadu-Mesthrige, K.; Amor, N. A.; Gang-Yu, Bcanning200Q 22, 380—
1-12. 388.
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dation of the C-terminal amino acid residtfeTherefore, the mon Areces (Shtesis de Pdineros Inteligentes), and the
possibility of using sugars as binding motifs is an interesting Swedish Natural Science Research Council (NFR). J.M.A.
alternative to other immobilization procedures that compromise acknowledges support by a postdoctoral fellowship from the
amino acid residues. This system can be easily extended toConsejeima de Educadio de la Comunidad AlGtwma de
combinations of other types of weak interactions to specific pjadrid, co-financed by the European Social Fund. M.V. was
ligands and reactive oxyrane groups SAM-TOA-DADOO- the recipient of a contract from the Consejo Superior de
[Ligand/Epi]. These structures are very stable when stored dry. Investigaciones Cieffteas (CSIC). We are grateful to Dr. de

Therefore,_th|s system_repres_t_ants an attractaaxy to use Lacey and Prof. C. Gutierrez for critical reading of the
custom-built support to immobilize native or ex novo designed manuscript

proteins, e.g., glyco, poly-his, or biotin modified enzymes, by
simple incubation of the electrodes in rather dilute protein

solutions. Supporting Information Available: Figure S1, containing

AFM tapping mode images of a “bare” gold surface (a) and a
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