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ABSTRACT: A new method was developed for modifying gold electrode surfaces through electrochemically
triggered adsorption of acrylamide copolymers containing a low percentage of tyrosineamide side chains. The
amount of copolymer adsorbed, as monitored by surface plasmon resonance (SPR), was proportional to the percent
of tyrosineamide side chains in the polymer over the rang@ ®ol %. The modified gold surfaces were hydrophilic

and resisted nonspecific adsorption of green fluorescent protein (GFP). Incorporation of nickel-binding
nitrilotriacetic acid (NTA) side chains into the tyrosineamide copolymers allowed specific immobilization of
Hisg-tagged GFP. The Ni(ll)-dependent GFP binding was measured by SPR and verified by fluorescence
microscopy. The method may find utility as a means to electrically address the immobilization of unique ligands

in biosensors or other diagnostic devices based on arrayed ligands.

Introduction of phenol results in the formation of a thin (5@00 nm),
hydrophobic, nonconducting film on the electrode surfd€@.
The mechanism is not completely understood, but the films
adhere strongly to gold, platinum, and platinum oxide electrode
surface$:1¥We have exploited the affinity of electrochemically
oxidized tyrosine for metal surfaces to develop a novel method
of biofunctional film formation on electrodes. The method is
based on the voltage-dependent deposition of preformed acry-
lamide copolymers containing a low percentage of tyrosineamide
side chains. The cotyrosineamide films adhered strongly to gold,
were hydrophilic due to the polyacrylamide backbone, and
resisted nonspecific adsorption of green fluorescent protein
(GFP). Ligands for specific immobilization of biomacromol-
ecules onto the low-binding surface can be copolymerized into
the acrylamide polymers. To demonstrate, nitrilotriacetic acid
(NTA) side chains incorporated into the copolymer allowed
specific immobilization of His-tagged GFP.

Controlling molecular interactions at the interface between
synthetic materials and biomacromolecules, especially proteins,
remains a significant obstacle during the development of medical
or diagnostic devices that come into contact with biological
fluids. The first challenge is to prevent nonspecific surface
adsorption and denaturation of proteins, the initial step on the
path to a foreign body response leading ultimately to encapsula-
tion and device failuré.The second challenge, in some cases,
is to promote specific molecular adhesion on top of the low-
binding interface to add biofunctionality to the surf&ceThe
low-binding surface preserves the structure and function of
immobilized macromolecules and prevents nonspecific back-
ground binding.

Numerous approaches have been developed to modify-solid
liquid interfaces by chemical or physical grafting of polymers
to surfaces. A convenient means to modify the surface of
conducting materials is through the electropolymerization of thin Experimental Section
polymeric films from solutions of monomets.Interest in this
approach has been driven by several factors: polymerizationis Materials. Tyrosineamide and Triton X-100 were purchased

limited to the surface of the electrode, the film thicknesses can frolm Sigma‘Nd”ChéSt- Iaofuis, MAO)- Thgrengnilng Chemi‘éals agd
be readily controlled, films are uniform and reproducible, a wide solvents were purchased from Acros (Geel, Belgium) and used as

range of suitable monomers are available, and electrodes of anyreceiveol unless otherwise noted.
' Monomer Synthesis.The methacrylated NTA group, 2-(meth-

s<|:alf[a andl with F:org[;!ltex gﬁomegles can tl).e(;nodlged..Althﬁugh acrylamidobutyl)nitrilotriacetic acid (MABNTA), was synthesized
electropolymerized ims have been applied predominantly in according to published procedurésThe tyrosineamide monomer
eI_e_ctronl(_: devices, there are examples of biological functhn- (N-methacryloyltyrosineamide) was synthesized by dissolving
alities being added to electrode surfaces by electropolymeriza-pydroxysuccinimide (2.31 g, 20 mmol) in 60 mL of THF, and the
tion. For example, redox enzymes have been entrapped neapH was adjusted te-8 with N,N'-diisopropylethylamine (DIPEA).
electrode surfaces in amperometric biosensors by electropoly-This solution was cooled to between5 and 0°C, and while
merization of films under mild conditions that preserve enzyme stirring, distilled methacryloyl chloride (1.9 mL, 19 mmol) was
function>- Electropolymerized films also have been explored added dropwise. After addition,_ the mixture_ was stirred at room
as a means to add biorecognition capability to electrode surfacedemperature for 1 h. The reaction was again cooled on ice, and
for specific immobilization of proteins. tyrosineamide (3.6 g, 20 mmol) in DMF was added dropwise. The

. - . . . ., reaction was stirred overnight at room temperature. The solvents
Phenol and phenolic derivatives, including the amino acid \yere removed by rotary evaporation. Approximately 80 mL of water
tyrosine, are a category of electropolymerizable monomers thatyas added to the powder and extracted with 0 mL of ethyl
has been extensively investigafed? Application of a moderate  acetate. The ethyl acetate fractions were combined, and the solvent
(~0.6 V vs Ag/AgCl) oxidizing potential to an aqueous solution was removed by rotary evaporation. 50 mL of water was added to
the residue, which was filtered and washed w00 mL of water.
*To whom correspondence should be addressed. E-mail: rstewart@ The filtrate was Iyophl_llzed and analy_zed by HP_LC' .
eng.utah.edu. Copolymer Synthesis Poly(acrylamideco-tyrosineamide) was
T Co-first authors. synthesized by free radical copolymerization of acrylamide with O
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Figure 1. Copolymers were synthesized with various ratios of (a)
N-methacryloyltyrosineamide, (b) acrylamide, and (c) 2-(methacryla- Figure 2. Schematic of the three-electrode configuration used to
midobutyl)nitrilotriacetic acid (MABNTA). monitor copolymer passive adsorption and electrochemical deposition

by SPR. The gold SPR sensor surface functioned as the working

to 6 mol %N-methacryloyltyrosineamide at S in methanol (0 €lectrode.

wt %) with 2,2-azobis(isobutyronitrile) (AIBN, 0.5 wt %) as the

initiator under nitrogen for 24 h. The copolymer was dialyzed Spreeta5 Multiple Channel Spreeta program. The sensors were
against water for 2 days before lyophilization. The poly(acrylamide- washed in 0.1 M NaOH with 1% Triton X-100, rinsed with
co-tyrosineamideso-MABNTA) copolymers were synthesized by ~ deionized water, and dried with flowing nitrogen gas prior to use
the same procedure using 3% tyrosineamide and 3% MABNTA. according to the manufacturer’s instructions. They were calibrated
The structures of the monomers are shown in Figure 1. in water at a refractive index of 1.3330. To apply a voltage to the

Cyclic Voltammetry and Impedance MeasurementsA three- SPR sensor surface for copolymer electrodeposition experiments,
electrode cell with a 0.3 mm Pt wire counter electrode and a 0.2 & 0.1 mm 99.99% gold wire was attached to the edge of the sensor
mm Ag/AgCl reference electrode was used for all electrochemical With tape. The gold surface of the sensor served as the working
experiments. Planar Au electrodesx1l cm square) were created electrode in the three-electrode configuration diagrammed in Figure
by sputtering Au on Mylar using a TMV Super Series SS-40C-1V 2.
multicathode sputtering system. Ti, used as the seed layer, was T0 monitor the adsorption of copolymers onto gold, calibrated
deposited at 90 W for 5 min followed by deposition of Au at 90 W  Spreeta sensor modules were placed in 0.2 wt % solutions of the
for 4 min at 20 mTorr in Ar gas. A Pine Instrument Co. (Grove 0—3 mol % tyrosineamide copolymers (Figure 2). Afte2 h of
City, PN) RDE4 potentiostat driven by a BNC-2090 terminal block copolymer adsorption, either the sensor was returned to water or a
from National Instruments (Austin, TX) was used in CV experi- 0.6 V potential was applied for 5 min before returning the sensor
ments. The planar Au electrodes were placed in the backgroundto water. After polymer deposition by either passive adsorption or
solution of 0.1 M NaCl, and the current was scanned frofn9 to electrochemical deposition, the sensors were washed in 0.1 M
+0.9 V at 100 mV/s. The electrodes were placed in a 0.2 wt % NaOH with 1% Triton X-100 for 10 min.
polymer solution of the 6 mol % tyrosineamide copolymer in 0.1 Protein Binding. A recombinant Hig-peptide tagged green
M NacCl, and the current was measured frerf.9 to+0.9 V at fluorescent protein (GFP4flwas used as a model protein for studies
100 mV/s. Contact angles were measured by pipettingl26f 18 of protein adsorption to the gold SPR sensor surface. GFP-H
Mohm water onto the same spot of the electrode before and afterbinding to copolymer modified and unmodified gold surfaces was
electrodeposition of the copolymer. monitored by SPR. Nonspecific adsorption of GFRtdélunmodi-

Disk electrodes used for impedance measurements were prepareéied and copolymer modified sensors was monitored by transferring
similar to an already published proceddfed 1 cm piece of 0.1 ~ SPR sensors equilibrated in phosphate buffered saline (PBS) pH
mm 99.99% Au wire (Simga-Aldrich, St. Louis, MO) was electri- 7.4 to solutions of 0.05 mg/mL GFPslth PBS. After 20 min the
cally contactedd a W rod using Ag conductive adhesion paste Ssensors were washed three times with PBS and then monitored until
(Alfa Aesar, Ward Hill, MA). This was placed in an oven at 150 a steady SPR baseline (in refractive index, RI, units) was achieved.
°C for 5 min to dry the Ag paste. The Au wire was inserted into a Cotyrosineamide-modified sensors were prepared by electrodepos-
10 cm length Prism glass capillary (1.65 mm o.d., 0.75 mm i.d., iting @ 3 mol % tyrosineamide copolymer onto the surface as
softening point 700C, Dagan Corp., Minneapolis, MN), leaving ~ described above.
~2 mm space between the tip of the Au wire and the end of the  Specific immobilization of GFP-kwas tested with a sensor
glass capillary. This end was placed in g®} flame, and the glass ~ modified by electrodeposition of polyacrylamide-tyrosineamide-
was melted around the Au wire. A microscope was used to confirm co-MABNTA. The RI was monitored as the sensor was first placed
the Au wire was completely sealed by the melted glass and that nointo a 0.05 mg/mL solution of GFP-4n PBS (pH 7.4) to test for
bubbles had formed around it. After the Au had been sealed in the nonspecific adsorption. The sensor was washed and equilibrated
glass, the W wire was secured to the glass capillary with an epoxy with PBS and then metalated by incubation in a solution of 10
(Loctite, Henkel, Dusseldorf, Germany). The electrodes were again mM nickel acetate. After washing away excess nickel acetate with
placed in an oven at 15TC for 5 min to harden the epoxy. The  PBS, the sensor was again placed in the GkBetution. To further
melted capillary end containing the sealed Au wire was polished demonstrate that the GFPsHbinding was specifically through
flat with successively finer grit sandpaper (180-, 400-, 800-, and Hiss—Ni(ll) complexes, the sensor was washed twice with 100 mM
1200-grit Carbimet, Buehler, Lake Bluff, IL) and last with EDTA in PBS to sequester Ni(ll) and reequilibrated in PBS.
aluminum oxide powder (300 nm, Alfa Aesar, Ward Hill, MA) on Specific immobilization of GFP-klwas verified using fluorescent
a wetted felt pad. A Gamry Instruments femtostat and Gamry microscopy. Planar gold electrodes (1 cm square) were dipped
Framework Version 4.10 software (Warminster, PA) were used for halfway into a solution of polyacrylamides-tyrosineamidezo-
impedance measurements with the disk electrodes. The impedancéIABNTA, and a 0.6 V potential was applied. After copolymer
was measured before surface modification in 0.1 M NaCl. The electrodeposition, the electrodes were washed with water several
electrode was allowed to adsorb overnight in a 0.2 wt % solution times. For specific immobilization the copolymer modified elec-
of a 3 mol % tyrosineamide copolymer solution in 0.1 M NaCl. A trodes were soaked in 10 mM nickel acetate solution in water for
0.6 V potential was applied for 5 min to the electrode in the polymer 10 min followed by washing. Metalated and unmetalated electrodes
solution using chronocoulometry, after which the impedance was were placed in a 0.05 mg/mL GFPsBolution for 20 min and then
remeasured in 0.1 M NacCl. washed three times with PBS. The electrodes were examined by

Surface Plasmon ResonanceSPR was measured with the fluorescence microscopy. The images were digitized, and the
Spreeta SPR3 integrated three-channel sensor module modebhverage pixel intensity was determined using ImageJ image
TSPR1K23 (Nomadics, Stillwater, OK) using v. 20.97 of the processing software. To confirm specificity of binding, the elec-
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Figure 3. Cyclic voltammetry of tyrosine and poly(acrylamide-tyrosineamide) in 0.1 M NaCl. Scan rate was 100 mV/s.

0.004— passive adsorption initially hydrophobic gold surface became hydrophilic (data not
B shown). The impedance of a 0.1 mm gold disk electrode
— electrodeposition — measured at 1 kHz before and after CV in the tyrosineamide

0.003 copolymer solution increased from 112 to 177 kohm. Together,

these observations suggested that a hydrophilic surface layer

a
1 0.0024 w ¢ of the tyrosineamide copolymer was electrochemically deposited
o on the electrodes that passivated the gold surface to further
A b tyrosineamide oxidation.
0.0014- c Adsorption and Electrodeposition of Tyrosineamide Co-
-L polymers. When a Spreeta SPR sensor module was placed in
P a 0.2 wt % solution ba 3 mol % tyrosineamide copolymer
Time —) (Figure 4, arrow a), the refractive index increased as the

Figure 4. Change in refractive indexARIU) of passively adsorbed ~ COPolymer passively adsorbed onto the sensor surface. After 2
vs electrodeposited copolymer containing 3 mol % tyrosineamide side h of adsorption (arrow b) the refractive index returned to near
chains. (a) Transfer of SPR sensor into cotyrosineamide polymer baseline when the sensor was washed with 0.1 M NaOH and

solution. (b) Application of 0.6 V potential for 5 min. (c) Sensor with 0 ; _ ; ;
passively adsorbed copolymer was washed in 0.1 M NaOH and 1% 1% Triton X-100 (blue line, arrow c). When a 0.6 V potential

Triton X for 10 min and reequilibrated in water. (d) Sensor with Was applied for 5 min (pink line, arrow b), the refractive index
electrodeposited copolymer was washed with 0.1 M NaOH and 1% increased dramatically. Washing with 0.1 M NaOH and 1%

Triton X-100 for 10 min and reequilibrated in water. Triton X-100 (arrow d) removed a comparatively small amount
of the copolymer, in contrast to the passively adsorbed
copolymer. The stability of the electrodeposited tyrosineamide
copolymer layer under harsh washing conditions suggested a
Results robust attachment to the gold sensor surface.

Cyclic Voltammetry. Cyclic voltammetry (CV) with gold Additional SPR experiments demonstrated a correlation
electrodes in solutions of 0.2 wt % copolymer containing 6.0 between the amount of tyrosineamide in the copolymer with
mol % tyrosineamide side chains resulted in irreversible the mass of adsorbed copolymer over the range-& thol %
oxidation peaks at-0.6 V vs Ag/AgCI (Figure 3c). The peaks tyrosineamide, demonstrating that the tyrosineamide side chains
occurred at a similar voltage as oxidation peaks observed duringare responsible for adsorption (Figure 5A). In each case the
cyclic voltammetry of free tyrosine (Figure 3b). In contrast to passively adsorbed copolymer could be almost entirely removed
free tyrosine, the magnitude of the oxidation peak of the by washing the sensor surface with 0.1 M NaOH and 1% Triton
tyrosineamide copolymer was diminished in each subsequentX-100. Likewise, an increasing mol % of tyrosineamide side
scan cycle. Contact angles measured before and after CV ofchains led to increasing amounts of electrodeposited copolymer
the tyrosineamide copolymer solution demonstrated that the resistant to harsh washing conditions (Figure 5B).

trodes with Ni(ll)-bound GFP-klwere washed three times with
100 mM EDTA and reexamined by fluorescence microscopy.
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Figure 5. Copolymer adsorption vs mol % tyrosineamide side chains. (A) Passive adsorption before (blue bars) and after (purple bars) washing

with 0.1 M NaOH and 1% Triton X-100. (B) Electrodeposition before and after washing. Error bars represent the #&bagfeat least three
experiments.
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00037 ) . specifically through metal coordination bonds between [NTA
nmodified sensor . ; .
mee Polymer electrodeposited sensor Ni(l)] and the His tag, the sensor surface was washed with
0.0025 a 0.1 M EDTA to sequester the Ni(ll) and disrupt metal
0.002 - N /’" b coord_lnatlon bonds. The refractive index r(_at_urngd to near
T 14 baseline as expected (arrow e). The specific binding was
D 0.0015 a S confirmed by quantifying the fluorescence of GFR-Hn-
Eq N mobilized on a gold-sputtered electrode coated with coty-
0.001 - rosineamidezco-MABNTA acrylamide (Figure 7B). After met-
b alating the electrode surface with Ni(ll);5-fold more GFP
0.0005 I'4 was bound than without Ni(ll). Furthermore, the bound GFP

was nearly entirely removed by chelating the Ni(ll) with EDTA.
() SmRR

Time —»

Figure 6. Nonspecific GFP binding to an unmodified (blue) and a
sensor modified by electrodeposition of 3 mol % tyrosineamide  Regarding the adhesive mechanism, we first consider the
g%%%'é’ngéﬂ'iﬂ'é)rétg iﬁelggg ('SHO%OZ’) mg/mL GFR-gblution. (b) electropolymerizaton of phenol since similar mechanisms may
e account for the strong adhesion of the electrodeposited coty-
rosineamide polymers described here. First, phenol reportedly
sorddsorbs to and completely displaces water from platinum
f surfaces® The subsequent electropolymerization of adsorbed

phenol is a complex proce&8.” The reaction pathway begins
sensor was returned to PBS (arrow b). The refractive index with the formation of phenoxy radicals adsorbed to the electrode

remained substantially above the baseline value, indicating thatSurface. The phenoxy radicals form dimers through ortho and
GFP-H had bound nonspecifically to the hydrophobic gold Para coupling, which are in turn oxidized into radicals that

surface. In contrast, the initial refractive index change was much COUPI€ into oligomers and higher molecular weight insoluble
lower when a sensor precoated fwit 3 mol % tyrosineamide polymers. Reaction of the phenoxy radicals and polymer radicals

copolymer layer by electrodeposition was incubated in 0.05 mg/ With surface oxide species creates hydroguinones, catechols, and
mL GFP-H; (Figure 6, pink line, arrow a). When reequilibrated benzoquinones that can undergo further dimerization and cross-
in PBS buffer (arrow b), the final change in refractive index !INking reactions to result in impermeable and strongly adherent

from the baseline was 0.0002, about 1/8th the final refractive films. Robust adhesion of the films may be due to the increase
index change of the unmodified sensor. in molecular weight and insolubility of the polyphenoxides.

Specific Protein Binding. Sensors were modified by elec- Additionally, the presence of catechols and quinones that. are
trodeposition of acrylamide copolymers containing 3 mol % Known to adsorb strongly to gold, platinum, and metal oxide
tyrosineamide and 3 mol % (2-methacrylamidobutyl)nitrilo- surface***may contribute significantly to adhesion.
triacetic acid (MABNTA) side chains. When incubated with Likewise, initial copolymer adsorption was likely due to
0.05 mg/mL GFP-i(Figure 7A, arrow a), the refractive index interaction of the phenolic side chains with the gold surface as
increased initially but returned to near baseline when reequili- indicated by the increased passive adsorption with increasing
brated with PBS buffer (arrow b). Following metalation of the tyrosineamide mol % (Figure 5A). Application of a 0.6 V
NTA-containing sensor surface with Ni(ll), the refractive index potential may generate tyrosineamide free radicals that react
increased dramatically when incubated with 0.05 mg/mL GFP- with O, to form strongly adherent dihydroxyphenylalanine
He (arrow c). When washed and reequilibrated with PBS buffer, (DOPA)2%-22 The tyrosineamide free radicals may also homo-
the refractive index remained elevated (arrow d). The difference couple into ditryrosine cross-links increasing the molecular
in RIU between arrow d and arrow b represents specifically weight of the adsorbed copolymers. Beyond dimerization, it
bound GFP-§ To demonstrate that GFPsHdinding was seems unlikely that extensive oligomerization occurs as is the

Discussion

Nonspecific Protein Binding. A refractive index baseline
was established by equilibrating a clean, unmodified SPR sen
in PBS (pH 7.4) before transfer to a 0.05 mg/mL solution o
GFP-H; in PBS (Figure 6, blue line, arrow a). Aft@ h the
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Figure 7. (A) Specific binding of GFP-KIto modified sensor. (a) Sensor placed in 0.05 mg/mL GERyithout Ni(ll). (b) Sensor reequilibrated
in PBS. (c) Sensor in 0.05 mg/mL GFRs-Eifter metalation with Ni(ll). (d) Sensor reequilibrated in PBS. (e) Sensor washed with 0.1 M EDTA and
reequilibrated in PBS. (B) Fluorescence of GFRHAuNd to gold electrodes. Error bars represent the aver&j® of at least three experiments.
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a robust method for modifying gold electrodes and sensor
surfaces. Gold electrodes of any size, shape, and geometric
arrangement can be modified in aqueous solution under physi-
ological conditions. The polyacrylamide matrix creates a hy-
drophilic, protein-resistant surface which may be useful in
‘::u'g Wiy engineering the interface of metallic materials that come into

Nit\) contact with biological fluids.
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