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Alkene-based self-assembled monolayers grafted on oxidized Pt surfaces were used as a scaffold to
covalently immobilize oxidase enzymes, with the aim to develop an amperometric biosensor platform.
NH,-terminated organic layers were functionalized with either aldehyde (CHO) or N-hydroxysuccinimide
(NHS) ester-derived groups, to provide anchoring points for enzyme immobilization. The functionalized
Pt surfaces were characterized by X-ray photoelectron spectroscopy (XPS), static water contact angle (CA),
infrared reflection absorption spectroscopy (IRRAS) and atomic force microscopy (AFM). Glucose oxidase

Keywords: (GOX) was covalently attached to the functionalized Pt electrodes, either with or without additional glu-
Self-assembled monolayers .. . . .
Platinum taraldehyde crosslinking. The responses of the acquired sensors to glucose concentrations ranging from

0.5 to 100 mM were monitored by chronoamperometry. Furthermore, lactate oxidase (LOX) and human
hydroxyacid oxidase (HAOX) were successfully immobilized onto the PtOx surface platform. The per-
formance of the resulting lactate sensors was investigated for lactate concentrations ranging from 0.05
to 20 mM. The successful attachment of active enzymes (GOX, LOX and HAOX) on Pt electrodes demon-
strates that covalently functionalized PtOx surfaces provide a universal platform for the development of

Enzyme immobilization
Lactate biosensor

oxidase enzyme-based sensors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Self-assembled monolayers (SAMs) provide an excellent plat-
form for the development of biosensors. The basic structure of
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the biosensor comprises a biological recognition element (typi-
cally enzymes, nucleic acids or antibodies) that interacts with the
analyte, and a transducer which converts that interaction into a
quantifiable electronic signal [1,2]. For better precision and repro-
ducibility biosensors often require that the sensing element is
immobilized on a solid substrate. SAMs enable the covalent and
non-covalent attachment of biomolecules onto surfaces and pro-
vide a good control over the accessibility and orientation of the
immobilized biomolecules [3,4]. SAMs can be formed on metal
substrates to make them compatible with biosensor applications
involving current or potential measurements [5]. However, the
examples of SAMs on truly conductor materials are practically
restricted to thiols on noble metals (Au, Ag, Pt or Pd) [6], and the
thermal and hydrolytic stabilities of those SAMs are rather limited.

To overcome such limitations we have recently reported the
functionalization of oxidized Pt (PtOx) substrates via the covalent
attachment of r-alkenes [7]. In this process, Pt is first oxidized,
and upon surface modification yields Pt—O—C linked monolay-
ers. Pt and PtOx are appropriate materials to explore since their
extensive use in catalysis, electrochemistry and biosensing [ 8]. Fur-
thermore, they are compatible with silicon processing in micro and
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Scheme 1. Route for the functionalization of PtOx with aldehyde (CHO) or N-hydroxysuccinimide (NHS) ester groups.
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Fig. 1. Overview of the immobilization of enzymes on PtOx for the amperometric sensing of glucose and lactate. Note: RG =reactive group.

nanofabrication techniques, which is not the case for Au [9]. Herein
we exploit the potential of this surface modification method for
the immobilization of oxidase enzymes such as glucose oxidase
(GOX), lactate oxidase (LOX) and human (S)-2-hydroxy-acid oxi-
dase (HAOX) on functionalized Pt electrodes (Fig. 1). These enzymes
were selected because their substrates, glucose and lactate, are
important analytical targets in biomedical and industrial applica-
tions [10-12]. No assay is performed more frequently than that for
glucose, as the global prevalence of diabetes approaches 10% among
adults aged 18 years and above [13]. On the other hand lactate
levels are used as biomarker for physical exercise and for several
pathological conditions: cardiogenic shock, renal failure and tissue
hypoxia [12].

The activity of immobilized enzymes was assessed by
chronoamperometry according to the reactions depicted in Eqs.
(1)-(3). First, glucose or lactate is oxidized enzymatically: glucose
oxidase (GOX, Eq. (1)) catalyzes the oxidation of glucose to glucono-
lactone, while lactate oxidase (LOX, Eq. (2)) and (S)-2-hydroxy-acid
oxidase (HAOX Eq. (2)) catalyze the conversion of lactate to

pyruvate. The O, required in the oxidation process is reduced,
resulting in the formation of hydrogen peroxide (H,0;). Finally,
electrochemical oxidation (Eq. (3)) of the enzymatically produced
H,0, at these electrodes is used to generate a quantifiable elec-
tronic signal. Unlike for gold electrodes, which need an electron
mediator to facilitate electron transfer from the enzyme to the
electrode, H,O, can be detected directly using Pt electrodes.

B-D-glucose + O, — D-glucono-1,5-lactone + H,0; (1)
L-lactate + O, — pyruvate + H,0, (2)
H;05 — Oy + 2H* +2e” (3)

In the current paper different enzyme coupling methods were
tested. Electrode surfaces were characterized by static contact
angle (CA), infrared reflection absorption spectroscopy (IRRAS), X-
ray photoelectron spectroscopy (XPS) and atomic force microscopy
(AFM). Our results show the successful immobilization of active
oxidase enzymes (GOX, LOX and HAOX) on Pt electrodes. Moreover,
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they demonstrate that covalent functionalized Pt oxide surfaces
offer a promising platform for the fabrication of biosensors.

2. Experimental
2.1. Chemicals

2,2,2-Trifluoroethyl undec-10-enoate (TFEE) [14] and
trifluoroacetyl-protected 10-amino-1-decene (TFAAD) [15] were
synthesized as described elsewhere. Tris-(2-aminoethyl)amine
(TAEA, 98%) was obtained from TCI Chemicals. Glutaraldehyde 50%
aq. solution was supplied by Alfa Aesar. N,N-Diisopropylethylamine
(DIPEA, biotech grade, 99.5%), N,N-dimethylformamide (DMF,
anhydrous, 99.8%), sodium citrate tribasic dihydrate (>99%) and
bis(sulfosuccinimidyl) suberate sodium salt (BS3, >95%) were
purchased from Sigma Aldrich. N,N’-Disuccinimidyl carbonate
(DSC, 98%), 5-hexen-1-ol (99%) and NaCl (99.5%) were provided by
Acros Organics. Acetone, ethanol and CH,Cl, were obtained from
Sigma-Aldrich (HPLC grade). Deionized (DI) water was used from
a Milli-Q Integral water purification system (Merck-Millipore,
USA). Phosphate buffer (200mM, pH 7) was prepared from a
solution of KH,PO4 (p.a., Merck KGaA) in DI water. Saline-sodium
citrate buffer (SSC, pH 7.1) consisted of 0.15M NaCl and 0.015M
sodium citrate tribasic solution. Bovine serum albumin (BSA,
lyophilized powder, >98%), glucose oxidase (GOX from Aspergillus
niger, lyophilized powder, ~200U/mg) and lactate oxidase (LOX,
from Pediococcus sp, lyophilized powder, >20 units/mg solid)
were obtained from Sigma Aldrich. Human hydroxyacid oxidase
(HAOX) was cloned and expressed in Escherichia coli and isolated
as described in the supplementary data.

2.2. Preparation of oxidized platinum (PtOx) substrates

200 nm thick platinum films were sputtered over 6 um ther-
mal silicon oxide on silicon wafers, using 10nm Ta as adhesion
layer. Pt pieces (1 x 1 or 1 x 2.5 cm? for infrared reflection absorp-
tion spectroscopy-IRRAS) were cleaned by sonication in acetone
and CH,Cl, for 5 min each. Subsequently, Pt surfaces were oxidized
by exposure to oxygen plasma (0.1 mbar, 15sccm, 50 W, Plasma
System ATTO Diener, Germany) for 30 min and stored in an Ar-
glovebox until further use.

2.3. Functionalization of PtOx surfaces

2.3.1. Covalent attachment of TFEE to PtOx substrates

Neat TFEE (1.5-2mL) was added to a three necked flask
equipped with a capillary, a reflux condenser and connected to a
vacuum pump. This setup was degassed for 30 min by gentle Ar
flow at 120°C under 20 mbar pressure. Subsequently, freshly oxi-
dized Pt surfaces were transferred to the reaction flask and heated
at 120°C under a low Ar flow for 16 h at 20 mbar pressure. Modified
Pt surfaces were removed from the solution, rinsed with CH,Cl,,
and sonicated twice in this solvent for 3 min. At last, the samples
were dried with a stream of Ar and stored in a glovebox.

2.3.2. Covalent attachment of 5-hexen-1-o0l/TFAAD mixed
monolayers to PtOx surfaces

A mixture of neat 5-hexen-1-ol (1.7 mL) and TFAAD (0.35mL)
was added to the above mentioned setup. The system was degassed
for 30 min by Ar flow at 90 °C under 35 mbar pressure. Next, freshly
oxidized Pt surfaces were transferred to the reaction flask and
heated at 90°C under a low Ar flow for 16 h at 35 mbar pressure.
The functionalized Pt surfaces were removed from the solution,
rinsed thoroughly with CH,Cl;, and sonicated twice in this solvent

for 3 min. At last, the samples were dried with a stream of Ar and
stored in a glovebox.

2.3.3. Reaction of TFE surfaces with tris-aminoethylamine (TAEA)

The TFE-terminated surfaces (typically 2 samples 2 x 1.5cm)
were transferred to a flask containing TAEA (5 mL) and left to react
under Ar atmosphere for 9 h at 85 °C. The samples were then rinsed
with EtOH and sonicated in EtOH and CH,Cl, for 3 min each. Sub-
sequently, the surfaces were dried with a stream of Ar and stored
in the glovebox until further use.

2.3.4. Deprotection of TFAAD group

The 5-hexen-1-o0l/TFAAD mixed monolayer surface was exposed
to an aqueous 1M NaOH solution for 30s. The sample was then
rinsed with H,0, CH;Cl, and sonicated for 1 min in CH,Cl;. The
OH-/NH,-terminated surface was directly subjected to further
functionalization.

2.3.5. Functionalization of NH;- surfaces with aldehyde (CHO)
moieties

NH;-terminated surfaces were covered with 150 uL of a 3%
solution of glutaraldehyde in SSC buffer for 3 h at room temper-
ature, rinsed thoroughly with DI water and sonicated in CH,Cl, for
3 min. The CHO-functionalized surfaces were immediately used for
enzyme immobilization.

2.3.6. Functionalization of NH,-surfaces with NHS groups
NH,-terminated surfaces were immersed in a 5mL solution
of DSC (0.1 M) and DIPEA (0.1 M) in dry DMF for 16h at 40°C.
Subsequently, the samples were rinsed thoroughly with DMF
and sonicated in CH,Cl, for 3 min. Only freshly prepared NHS-
terminated surfaces were employed for enzyme immobilization.

2.3.7. Enzyme/protein immobilization protocols

Method A. The CHO- (or CO-NHS) terminated surface was cov-
ered with 100 L of a 3 mg/mL solution of GOX or LOX or BSA in
0.2 M phosphate buffer (pH 7) for 3 h at room temperature. Then the
sample was rinsed thoroughly with phosphate buffer and immedi-
ately subjected to further analysis.

Method B. 100 L of freshly prepared solution of GOX (10, 20
or 50mg/mL) in 25% glutaraldehyde in SSC buffer were spotted
on a CHO-functionalized surface and left on the sample for 3h at
room temperature. Subsequently, the enzyme containing sample
was rinsed thoroughly with 0.2 M phosphate buffer and analyzed
directly afterwards.

Method C. An OH-/NH;- mixed monolayer surface was covered
with 100 pL of a 4.4 mM solution of bis(sulfosuccinimidyl) suberate
sodium salt (BS3) in 0.05M phosphate buffer (pH 7) for 15 min at
room temperature. Afterwards, the sulfo-NHS-functionalized sur-
face was rinsed with 0.05M phosphate buffer and covered with
100 L of a 3 mg/mL solution of LOX for 45 min. Finally the sample
was rinsed thoroughly with 0.2 M phosphate buffer and analyzed
immediately.

Method D. Layer by layer approach: the CHO- (or CO-NHS) ter-
minated surface was covered with 100 L of a 1 mg/mL solution of
HAOX in 0.2 M phosphate buffer (pH 7) for 1h at room tempera-
ture. Subsequently, the sample was rinsed thoroughly with 0.2 M
phosphate buffer and covered with 100 pL of 3% glutaraldehyde
in SSC buffer for 1h at room temperature. After rinsing with SSC
buffer, the HAOX attachment and glutaraldehyde coupling steps
were repeated once. The HAOX immobilization protocol was com-
pleted with a final HAOX attachment step.
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Fig. 2. IRRAS spectra in the 1900-1400 cm~! region for NH,_, NHS-ester, CHO- and GOX-functionalized surfaces. GOX surface was prepared by immobilization of GOX onto

a CHO-activated sample.

2.4. Instrumentation

2.4.1. X-ray photoelectron spectroscopy (XPS) measurements

The X-ray photoelectron spectroscopy (XPS) analysis of sur-
faces was performed using a JPS-9200 Photoelectron Spectrometer
(JEOL, Japan). Survey and high-resolution spectra were obtained
under UHV conditions using monochromatic Al Ko X-ray radia-
tion at 12kV and 20 mA, and an analyzer passes energy of 50 eV
for wide scans and 10eV for narrow scans. The emitted electrons
were collected at 10° from the surface normal. All XPS spectra
were evaluated by Casa XPS software (version 2.3.15). Survey spec-
tra were corrected with linear background before fitting, whereas
high-resolution spectra were corrected with Shirley background.
Atomic area ratios were determined after a baseline correction and
normalizing the peak area ratios by the corresponding atomic sen-
sitivity factors (1.00 for Cys, 1.80 for Nyg, 2.93 for O, 4.43 for Fyg,
15.5 for Ptyf). XPS survey scan data were employed to calculate the
thickness d of the alkyl layer using Eq. (4) [16,17],

d = —Apyar cos y In(Pe5rafted /peQx) (4)

where Pty;Crafted = 3romic concentration of Pt derived from the
Pty signal for the grafted layer, Pt,* =atomic concentration
of Pt derived from the Pty signal for the bare PtOx surface,
A\ =attenuation length of the Pt electrons in the hydrocarbon layer
(4.01 nm) and +y = electron take-off angle relative to the sample sur-
face normal (10°).

2.4.2. Static water contact angle (CA) measurements
The wettability of the modified surfaces was determined by
automated static water contact angle measurements with a Kriiss

DSA 100 goniometer (volume of the drop of deionized water was
3.0 pL). The reported values are the average of at least 2 droplets
and the relative error is less than +3°.

2.4.3. Infrared reflection absorption spectroscopy (IRRAS)

IRRAS spectra were obtained with a Bruker Tensor 27 FT-IR spec-
trometer, using a commercial variable-angle reflection unit (Auto
Seagull, Harrick Scientific). A Harrick grid polarizer was installed in
front of the detector and was used for measuring spectra with p-
polarized radiation with respect to the plane of incidence at the
sample surface. Single channel transmittance spectra were col-
lected at 80° using 2048 scans in each measurement. The data
recorded on a freshly cleaned reference Pt oxide surface were sub-
tracted from the raw data for the modified surfaces, after which a
baseline correction was applied to give the reported spectra.

2.4.4. Atomic force microscopy (AFM) characterization

AFM images (1 x 1 and 5 x 5 um?) were obtained with a MFP3D
AFM (Asylum Research, Santa Barbara, CA) at a scan speed of
50.08 um/s at a resolution of 512 x 512 pixels. The imaging was
performed in air in tapping mode using OLYMPUS OMCL-AC240TS-
R3 microcantilevers with a spring constant of 2 N/m. Images were
flattened with a first order using the MFP3D software.

2.4.5. Detection of enzymatic activity by chronoamperometry

The enzymatic activities of the immobilized GOX were evalu-
ated by monitoring substrate concentration dependent hydrogen
peroxide (H,0;) formation using chronoamperometry. Chronoam-
perometric measurements were performed with a Potentiostat
(PGstat100, controlled by NOVA software, Metrohm Autolab, U.K.)
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Fig. 3. A: tapping AFM image CHO-functionalized PtOx (scan sizes of 1 x 1 wm, rms roughness 0.80 nm); B: tapping AFM image of GOX immobilized onto CHO-terminated
monolayer (scan size of 1 x 1 wm, rms roughness 0.55 nm). White arrows point to irregular aggregates on the surface.

equipped with (i) a platinum wire counter electrode (MW-1033,
BASi, USA) (ii) an Ag/AgCl reference electrode (MF-2052, RE-5B,
BASi, USA) and, (iii) platinum covered slides, modified with the
enzyme/monolayer system, as working electrodes (surface-liquid
contact area: 1cm?). Platinum surfaces were contacted via a cop-
per tape to the potentiostat using an electrical clamp. Experiments
were performed in 0.2 M potassium phosphate buffer, pH 7.0 at
room temperature (2042 °C), with either glucose (0-100 mM)
or lactate (0-20 mM). Chronoamperometric measurements were
started directly after substrate addition. A two second period (0 V)
preceded a single potential step (0.5V vs Ag/AgCl, 10s). Currents
measured 10 s after the potential step initiation were used for fur-
ther analysis. PtOx monolayer surfaces decorated with GOX, LOX
and HAOX were analyzed in this way; CHO- and BSA-terminated
surfaces served as blanks. Experiments were carried out in dupli-
cate, i.e. two PtOx samples modified by the same protocol were
tested independently. In addition acquired chronoamperomet-
ric data were fitted using the Michaelis—-Menten enzyme kinetic
model: y=Vnax x X/(Ky +x), with x being the substrate concentra-
tion and y the recorded current densities.

3. Results and discussion

3.1. Preparation of CHO- and NHS ester-functionalized
monolayers on PtOx

Pt films were functionalized with aldehyde (CHO) or N-
hydroxysuccinimide (NHS) ester groups to provide an anchoring
point for the immobilization of GOX (Scheme 1). For this, PtOx
surfaces were produced by oxygen plasma treatment (0.1 mbar,
15sccm Oy, 50 W) of 200 nm-thick Pt films for 30 min [7]. Func-
tionalization of PtOx surfaces with trifluoroethyl undec-10-enoate
(TFEE) afforded ester-terminated layers [ 7]. This alkene was chosen

because the terminal trifluoroethyl ester (TFE) moiety is a versatile
group for chemical transformations, also on surfaces [18].
Subsequently, the TFE-functionalized layer was converted
into an NH,-terminated surface by reaction with tris-(2-
aminoethyl)amine (TAEA) at 85 °C for 9 h. The static water contact
angle (CA) decreased from 794 2° to 52 £ 2°, which corroborates
the formation of a more hydrophilic surface. X-ray photoelectron
spectroscopy (XPS) also confirmed the grafting of the surface with
NH,- moieties (Fig. S1). The XPS survey scan displayed the distinct
N peak at about 400 eV (Fig. S1A). Moreover, the attenuation of the
electrons emitted from the bulk Pt [16,17] allowed to estimate an
increase of ~0.6 nm in the thickness of the monolayer after reaction
with TAEA. The XPS wide scan-derived surface atomic composi-
tion shows the presence of 3% F, which indicates that ~25% of TFE
groups remain unreacted on the surface. The contribution of grafted
TFEE molecules was subtracted in further calculations based on
XPS survey and narrow scan spectra (Fig. S1). The XPS wide scan-
derived corrected C/N ratio was calculated to be 4.4. This value
indicates that the attachment of TAEA onto the TFE-functionalized
surface occurs preferentially through a single amine moiety (theor.
ratio 4.2), as coupling via two amine groups in a bridge conforma-
tion would afford a theoretical ratio of 7.0. The XPS narrow scan
spectrum of the Cy5 region displays three main contributions (Fig.
S1B) at 285.1, 286.2 and 288.2 eV corresponding to alkyl carbon
(C—C), carbon atoms bound to oxygen (C—O) or nitrogen (C—N),
and the carbon atom in the amide group (NH—C=0), respectively.
The experimental corrected ratio of C—C/(C—0,C—N) is 1.4, which
again suggests that the coupling of TAEA via a single amine group
(theoretical ratio 1.3) is favored over the attachment of two amine
moieties in a bridge conformation (theoretically expected ratio
C-C/(C-0/C—N)is 2.0).Infrared reflection absorption spectroscopy
(IRRAS) spectrum displays the N—H stretching peak of the NH,
group at 3277 cm~! (Fig. S1E). The C=0 stretching area possesses a
major peak at 1653 cm~! (Fig. 2) belonging to the carbonyl of the
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Fig. 4. (A) XPS survey, (B) Cys, (C) O1s and (D) Nys narrow scan of GOX monolayer-functionalized surface.

amide bond (amide I), while the C—N stretching (amide II band)
appears at 1558 cm~!. The shoulder signal at 1750 cm~! might cor-
respond to the combined contribution of the carbonyl signal of the
TFE layer and of the hydrolyzed TFE ester. If separate, the TFE ester
carbonyl is expected at 1761 cm~! and the carboxylic acid carbonyl
at 1710-1745cm~! [18,19].

Functionalization of the surface with aldehyde (CHO) groups
occurred by reaction of the NH,-terminated layer with glutaralde-
hyde (GA) at room temperature in buffered solution, yielding an
increase in the static water CA from 52 4 2° to 69 & 3°. In addition,
XPS analysis reveals an attenuation of the Ptys electrons emitted
from the bulk Pt, which corresponds to an increase of ~0.7 nm in
the monolayer thickness (Table S2 and Fig. S2). The IRRAS spectrum
exhibits two new bands in the C=O0 stretching region (Fig. 2). The
peakat 1722 cm~!is attributed to the free CHO moiety, whereas the
band at 1711 cm~! would correspond to COOH moieties produced
by the air oxidation of the aldehyde group and by the hydroly-
sis of non-reacted TFE ester groups [19,20]. An AFM topography
picture of CHO-functionalized organic layers over a scan size of
1 x 1 wm (Fig. 3a, rms roughness 0.80 nm) shows a homogeneous
surface without aggregates. Besides, the AFM micrograph reveals
that the organic layer is conformal to the Pt surface, since the typical
topography features of Pt are still well visible [21]. The rms rough-
ness values of the CHO-functionalized surface decrease slightly
when compared to the PtOx surface (rms roughness 1.1 nm, Fig.
S3), which indicates the formation of a cushioning monolayer.

NHS-ester terminated monolayers were produced via cou-
pling of the NH;-functionalized surface with N,N’-disuccinimidyl

carbonate at 45 °C in DMF. DIPEA was added to buffer the reaction
medium. Grafting of the NHS-ester moieties increased the static
water CA from 52 4 2° to 66 + 2°. The occurrence of NHS groups was
confirmed as well by XPS (Fig. S4). Deconvolution of the carbonyl
region of the narrow scan C;5 spectrum (287-289 eV) provides two
components at 288.1 and at 289.3 eV, which correspond to the
NH—C=0 and to the N—(C=0), of the NHS group [22], respectively.
Moreover, calculation of the thickness indicates a slight increase of
0.3 nm. Characterization of the surface by IRRAS reveals the appear-
ance of diagnostic C=0 stretching vibrations at 1778 and 1741 cm™!
(Fig. 2) that are associated to the cyclic imide and to the ester group
of the pendant CO—NHS moiety, respectively [23].

3.2. Immobilization of GOX and chronoamperometric assessment
of GOX activity

Two immobilization strategies were applied to covalently attach
GOX to CHO-functionalized Pt surfaces. This resulted in the forma-
tion of a GOX monolayer (method A) and GOX crosslinked surfaces
(method B).

3.2.1. Covalent attachment of a GOX monolayer according to
Section 2.3.7 (method A)

Immobilization of glucose oxidase (GOX) was accomplished
by incubation of the activated surface with enzyme solution
(3mg/mL) for 3h at room temperature. Overall CHO- and NHS
ester-functionalized layers afford the same results in terms
of enzyme attachment. Given these results and the fact that
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introducing CHO groups is simpler and less time consuming than
creating NHS ester groups, CHO-terminated surfaces were pref-
erentially used for fabrication and characterization of the sensor
platform. The static water CA changed from 69 4 3° (CHO surface) to
64 + 1° after GOX immobilization. Characterization of the enzyme-
containing organic layer by XPS shows an attenuation of the Ptys
electrons emitted from the bulk Pt which corresponds to a “dried”
GOX layer thickness of ~2.3 nm. This value was used to estimate a
surface enzyme loading I' ~ 2.0 pmol cm~2 according to Eq. (5) [24].

I'=doM! (5)

where d is the thickness of the enzyme layer, p=density of the
enzyme (1.35gcm™3 for proteins) [25], M=Molar mass of GOX
(160 x 103 gmol~1).Eq.(5) was applied considering that for protein
monolayers the thickness value obtained by XPS is comparable to
that estimated in literature by optical methods such as ellipsometry
[26].It must be noted that XPS measurements are performed in UHV
conditions (10~7 Pa) whereas optimal measurements to determine
enzyme coverage can typically be done in the swollen state of the
protein in aqueous environment, i.e. by quartz crystal microbalance
(QCM) [27]. The calculated enzyme loading (2.0 pmol cm~2) is close
to literature data for GOX on NHS-functionalized mercaptopropi-
onic acid SAMs on Au (1.9 pmol cm~2) [27]. The XPS C;s narrow
scan could be fitted with three distinctive components. The peaks
at 285.3,286.7, and 288.6 eV belong correspondingly to C—C, C—0 &
C—N, and to C=0 atoms present in the monolayer and in the immo-
bilized GOX (Fig. 4) [28]. Deconvolution of the O region provides
two peaks. The signal at 532.1 eV is attributed to oxygen atoms in
C—0 and Pt—O—C groups, while the peak at 533.3 eV is associated to
C=0 moieties [29]. The IRRAS spectrum exhibits the N—H stretching
vibration of the amide bond in the polypeptide chainat 3319 cm~".
The amide I (C=0 stretching) and amide II (C—N stretching plus
N—H in plane) bands appear at 1663 and 1545 cm™1, respectively
(Fig. 5) [30].

AFM analysis of covalently attached GOX onto CHO-terminated
organic layers shows a uniform surface with a few aggregates of
GOX [27] over a scan size of 1 x1um (Fig. 3b, rms roughness
0.55nm). The typical dotted topography of sputtered Pt remains
the same, which suggests that immobilized GOX molecules are
conformal to the Pt surface. Moreover, GOX-containing surfaces
exhibit rms roughness values again lower than that of the CHO sur-
face (Fig. 3a, rms roughness 0.80 nm), indicating that immobilized
enzymes form a cushioning layer.

3.2.2. Immobilization and crosslinking of GOX (Section 2.3.7,
method B)

In order to enhance the loading of enzyme, CHO-terminated
layers were incubated with crosslinked GOX solutions (10, 20
and 50 mg/mL in 25% glutaraldehyde solution). XPS characteriza-
tion of the surfaces shows an increase in the layer thickness of
3.9+0.6,4.2+ 1.2 and 4.7 + 2.7 nm respectively when compared to
CHO-functionalized surface (Fig. S5). The relatively large standard
deviation of the thickness values suggests a low reproducibility
of this immobilization approach. Crosslinking of the enzyme cre-
ated irregular aggregates with sizes that depend on the enzyme
concentration. In this regard AFM micrographs showed up to
~100 x 100 nm sized GOX aggregates for 10 mg/mL GOX concen-
tration, whereas a 50 mg/mL GOX solution produced 300 x 300 nm
sized aggregates (Fig. S6).

3.2.3. Chronoamperometric analysis of GOX-functionalized PtOx
surfaces

The enzymatic activity of the covalently attached GOX enzymes
was evaluated by chronoamperometry for glucose concentrations
up to 100mM. During the chronoamperometric measurement
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Fig. 5. IRRAS spectrum of GOX monolayer-functionalized surface.

immobilized GOX catalyzes the conversion of glucose to glu-
conolactone. The O, required for this process is thus reduced
to H,0,. Finally, the enzymatically generated H,0, is oxidized
electrochemically at 0.5V on the PtOx surface producing a quan-
tifiable electronic signal (current). Additionally, CHO-terminated
PtOx surfaces and BSA-monolayer surfaces (Fig. S7), which served
as non-catalytic controls, were tested to investigate the effect of
a monolayer and of an immobilized protein respectively on the
electrochemical measurements.

For all analyzed surfaces repetitive blank measurements (no
substrate added) revealed steady background signals. For glu-
cose concentrations of 50mM a current density of ~0.2 wA/cm?
was observed for the non-catalytic CHO-terminated surface, and
of ~0.06 wA/cm? for the BSA-monolayer surfaces (Fig. 6). The
observed currents are likely the result of non-enzymatic glucose
oxidation at the Pt surface, a process that has been reported
previously [31]. On average, the measured currents for the BSA-
monolayer were lower than for the CHO-terminated surfaces
(Fig.6).Thisresult suggests that BSA protein attachment suppresses
glucose diffusion to the surface.

The detected currents for the immobilized GOX surfaces (Fig. 6)
were significantly higher compared to the non-catalytic controls,
indicating the successful attachment of active GOX enzyme to the
CHO-functionalized Pt surfaces. Furthermore, these results show
that GOX enzymes immobilized on SAMs grafted onto PtOx work
as a real biosensor for glucose.

The GOX biosensors response currents showed the shape of a
saturation curve with a dynamic range from 0.5 to 50 mM glu-
cose. The large dynamic range is typical for GOX immobilized
to SAMs on metal substrates [32,33]. The GOX monolayer and
the GOX crosslinked (10 mg/mL) surfaces showed a similar cur-
rent density response to the changes in glucose concentrations,
with a current density of 1.0+0.2 wA/cm? for the monolayer
and 1.1+0.3 pA/cm? for the crosslinked layer, at a glucose con-
centration of 50 mM. Although higher enzyme amounts were
attached during the crosslinking method it apparently did not lead
to a higher signal. These observations suggested to us that the
glutaraldehyde-mediated cross-coupling results in partial deacti-
vation of the enzyme, which is a known feature to occur during
glutaraldehyde-mediated crosslinking [34]. When therefore higher
enzyme concentrations were used during the GOX crosslinking
immobilization procedure, and correspondingly lower relative
amounts of glutaraldehyde, both the enzyme layer thickness
(Table S2) and measured current ranges increased (Fig. S8). Using
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Fig. 6. Chronoamperometry results for the non-catalytic CHO-terminated monolayer, BSA-monolayer surfaces and the GOX coupled surfaces (GOX monolayer and GOX
crosslinked). Data for surface-bound GOX were fitted to the Michaelis-Menten equation (Table 1).

Table 1
Kinetic constants derived by fitting the acquired chronoamperometric data to the
Michaelis-Menten kinetic model of enzymatic reactions.

Source data R2 Ky (mM) Vinax (LA cm—2)
GOX-monolayer 0.976 10.7 1.2
GOX-crosslinked 0.979 16.1 14

Soluble GOX [36] 25.7

LOX-monolayer 0.999 0.37 1.02

Soluble LOX [37] 13

Diluted layers LOX-monolayer 0.979 0.15 0.74
HAOX-layer by layer 0.987 1.85 0.73

Soluble HAOX [38] 16.5

20mg/mL GOX during cross-coupling resulted in an estimated
enzyme layer thickness of 4.2 + 1.2 nm and a detected current den-
sity of 2.1+ 0.7 wA/cm? at a glucose concentration of 50 mM, while
50 mg/mL GOX resulted in a layer thickness of 4.7 +2.7 nm and
6.3 +4.0 wA/cm?. The observed large variations in the detected cur-
rent density and in the amount of immobilized enzyme for the
surfaces prepared with 20 and 50 mg/mL GOX signify the low repro-
ducibility of the glutaraldehyde crosslinking method. These current
densities are about 2-3 times lower than those reported in the liter-
ature, but a straightforward explanation thereof is difficult, given
both differences in substrate (thiols-on-Pt) [32] or thiols-on pla-
tinized gold [33] and the lack of e.g. enzyme layer thicknesses
on both these papers. Still, our system shows more than accept-
able current densities. For comparison, when 375 pmol of GOX was
added to a solution of 100 mM glucose in buffer, a current density
of 50.4 wA/cm? was measured using an unmodified PtOx electrode.
The estimated amount of enzyme immobilized on the electrode is
2 pmol which produces a Al of 1 wA/cm? at a glucose concentration
of 100 mM. So in our enzyme electrode system there is around 200
times less enzyme on the surface than in the solution experiment,
but the current density is just 50 times smaller.

The GOX biosensor response currents were fitted using
Michaelis-Menten kinetics (Fig. 6, Table 1). The calculated Ky, val-
ues are in the same order of magnitude as the published values for
soluble enzyme. The calculated Ky, for the GOX monolayer is lower
than for crosslinked GOX which indicates that GOX immobilized
through the monolayer approach shows higher affinity for glucose

than the crosslinked GOX. This is likely caused by a matrix effect,
i.e. the partitioning of substrate into the immobilized enzyme layer
is different for the two surfaces (the measured Ky, is in fact an
apparent Ky) [35].

The enzymatic films are stable towards H, O, which was proven
as follows. The enzyme-modified surface was divided in two parts:
one was brought into contact with a buffered glucose solution while
the other part was covered with buffer only. Subsequently, the
chemical composition of both surfaces was analyzed by XPS and
both analyses afforded the same results with a variation of ~1% in
their chemical composition as determined by XPS.

3.3. Covalent attachment of LOX and HAOX. Chronoamperometric
evaluation of the activity of immobilized enzymes

Next, the above developed methodology was applied to the
covalent immobilization of LOX and HAOX onto functionalized Pt
surfaces.

3.3.1. Immobilization of LOX and electrochemical analysis of the
attached enzymes

The LOX monolayer attachment protocol onto CHO-
functionalized Pt surfaces (Section 2.3.7, method A, Fig. 7A)
afforded a thickness of immobilized enzyme of ~2.9 nm (Table S2)
which corresponds to a surface enzyme loading I" ~ 4.9 pmol.cm—2
(Eq. (5), molar mass of LOX 80 x 103 gmol~!). The response of
attached LOX was evaluated by chronoamperometry for lactate
concentrations up to 20 mM. Immobilized LOX catalyzes the O,
mediated conversion of lactate to pyruvate. In this process the O,
is reduced to H,0, which, upon application of 0.5V, is oxidized
on the PtOx surface generating a quantifiable electronic signal
(current). Chronoamperometry measurements showed a repro-
ducible relation between the observed current and the lactate
concentration (0.05-20mM, Fig. 7 and Fig. S10), with a current
density of ~0.79 wA/cm? observed at 1.0mM. Parra et al. [39]
describe a similar dynamic range on lactate concentrations with
current densities of the same order of magnitude for LOX cova-
lently attached to 3,3-dithiodipropionic acid di(N-succinimidyl
ester)-modified Au using hydroxymethylferrocene as an electron
mediator. The response for the immobilized LOX-monolayer
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Fig. 7. Chronoamperometry results for (A) the LOX-terminated monolayer surface, (B) the diluted layer LOX-monolayer surface and (C) the HAOX layer-by-layer surface on
lactate. Results of the associated control surfaces are given. All data were obtained from duplicate experiments. Data for surface-bound LOX and HAOX were fitted to the

Michaelis-Menten equation (Table 1).

surface was significantly higher compared to the non-catalytic
controls, indicating the successful immobilization of active LOX. In
this regard the non-catalytic CHO-terminated and BSA-monolayer
controls showed a similar response (Fig. 7). A maximal current
density of ~0.21 wA/cm? was observed for the CHO-terminated
surface and ~0.14 pA/cm? for the BSA-monolayer surfaces. These
results reveal that LOX covalently attached to SAMs grafted on
PtOx performs as a biosensor for lactate.

Crosslinking of LOX in the presence of glutaraldehyde (Section
2.3.7, method B) resulted in inactivation of the enzyme (Fig. S11).
The crosslinking process can, as a result of multipoint attachment,
lead to obstruction/deformation of the catalytic site or irreversible
structural changes of the enzyme [35]. Therefore, and in order to
further improve the activity of covalently attached LOX, we investi-
gated the immobilization of LOX onto a surface containing a smaller
number of anchoring points (Section 2.3.7, method C). This platform
was produced by grafting PtOx surfaces with a mixture of 5-
hexen-1-ol and, trifluoroacetamide-protected 10-amino-1-decene
TFAAD in 10:1 ratio (thickness 0.90 nm, CA=65 4+ 3°, Scheme S1).
5-Hexene-1-ol was selected because it provided a thin monolayer
that does not hamper the diffusion of H,0; to the Pt surface. More-
over, the OH- groups of the organic monolayer possess a very low

nucleophilic character, and are not expected to react with NHS-
derived coupling agents in aqueous solutions. Trifluoroacetyl amide
(TFAA) groups were hydrolyzed in basic media to thus produce
OH-/NH,- mixed monolayers (thickness 0.75nm, CA=63+5°).
Functionalization of the surface with sulfo-NHS moieties proceeded
by reaction of the NH, groups with bis(sulfosuccinimidyl) suber-
ate sodium salt (BS3) at room temperature in buffered solution.
Finally, immobilization of LOX was accomplished by incubation of
the activated surface with enzyme solution (3 mg/mL) for 45 min.
The activity of attached enzyme was assessed as described previ-
ously. A maximal current density of ~0.07 wA/cm? was observed
for the OH-/NH;-terminated surface and ~0.15 wA/cm? for the
BSA-monolayer surfaces. Current densities for the immobilized
LOX-monolayer surface were higher compared to the non-catalytic
controls, proving that the immobilized LOX remains active (Fig. 7B).
The LOX-monolayer biosensor showed a stable relation between
the observed current and lactate concentration (0.05-20 mM, Fig. 7
and Fig. S10), with a current density of ~0.59 wA/cm? observed at
1.0 mM. Surface enzyme loading and current densities on this plat-
form are comparable to those obtained for LOX covalently attached
to CHO surfaces. LOX biosensor response currents were fitted using
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Michaelis-Menten kinetics (Fig. 7, Table 1). The Ky, value for LOX on
diluted monolayer is lower than for LOX attached to CHO surfaces.

3.3.2. Covalent attachment of HAOX. Chronoamperometric
performance of immobilized enzymes

For biosensing applications in which there is direct contact
between the sensor and body fluids, human enzymes are pre-
ferred over the bacterial ones such as GOX and LOX. The human
enzyme that is most known for lactate oxidation is lactate dehy-
drogenase (EC 1.1.1.27), but this enzyme uses NADH as a substrate
and therefore does not produce hydrogen peroxide. The human
2-hydroxyacid oxidase (HAOX EC 1.1.3.15) produces H,0, and is
also active on lactate, albeit with a low apparent ke (0.46s5~1)
and high K, (16.6 mM) for this substrate [38]. We also explored
the immobilization of this enzyme on Pt chips and we observed
that, due to the low activity on lactate, large amounts of enzyme
had to be immobilized in order to get measurable activity. Only
a layer-by-layer approach (Section 2.3.7, method D) gave suc-
cessful results (Fig. 7C, Table 1). In this protocol, after a first
attachment of HAOX onto a CHO surface, two consecutive glu-
taraldehyde coupling and HAOX incubation steps were performed.
This approach increased the amount of immobilized enzyme lead-
ing to a ~8.9nm HAOX layer (Fig. S16), which yields a surface
enzyme loading I of ~28 pmol cm~2 (using Eq. (5); molar mass of
HAOX 43 x 103 gmol~'). The resulting biosensor produced a cur-
rent density of 0.68 wA/cm? at a lactate concentration of 20 mM.
Remarkably, the (apparent) Ky, value of the immobilized enzyme
was ten times lower than the value for the soluble enzyme, showing
a clear matrix effect, and thereby enabling the detection of lactate
over a wide range of concentrations. To the best of our knowledge
it is the first time that human HAOX is used for biosensing pur-
poses and thus opens the possibility for in vivo sensing of lactate
in humans which is fully compatible with the immune system.

4. Conclusions

Oxidase enzymes (LOX, GOX and human HAOX) were cova-
lently attached onto alkene-based SAMs grafted on PtOx surfaces.
SAMs were activated with aldehyde or NHS-ester groups to provide
anchoring points for enzyme immobilization. Thus the PtOx sur-
face served both as substrate for the SAM formation and enzyme
immobilization, and as an electrochemical oxidation site of the cat-
alytically produced H, 0, during the chronoamperometric analysis.
Chronoamperometric measurements of SAMs on PtOx functional-
ized with enzymes demonstrate that covalently attached enzymes
remain active. Covalent immobilization of GOX afforded glucose
biosensors with a large dynamic range (0-50 mM glucose) that sup-
ported glucose concentration depended increase in current density.
Lactate biosensors based on the attachment of LOX and HAOX
showed a dynamic range with lactate concentration up to 1.0 mM
and 10mM lactate, respectively. Especially the results obtained
with human HAOX open the possibility for a continuous in vivo
lactate monitoring system in humans. The (apparent) affinity of
the immobilized enzymes for their substrate is unaltered or even
higher than the soluble enzymes. Our results demonstrate that
covalently functionalized PtOx surfaces provide a highly suitable
platform for the assembly of oxidase enzyme-based biosensors.
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