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Abstract Human acetylcholinesterase (AChE) is a widely
studied target enzyme in drug discovery for Alzheimer’s
disecase (AD). In this paper we report evaluation of the
optimum structure and chemistry of the supporting material
for a new AChE-based fluorescence sensing surface. To
achieve this objective, multilayered silicon wafers with spa-
tially controlled geometry and chemical diversity were fab-
ricated. Specifically, silicon wafers with silicon oxide
patterns (SiO,/Si wafers), platinum-coated silicon wafers
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with SiO, patterns (SiO,/Pt/Ti/Si wafers), and Pt-coated
wafers coated with different thicknesses of TiO, and SiO,
(Si0,/Ti0,/Pt/Ti/Si wafers) were labelled with the fluores-
cent conjugation agent HiLyte Fluor 555. Selection of a
suitable material and the optimum pattern thickness required
to maximize the fluorescence signal and maintain chemical
stability was performed by confocal laser-scanning micros-
copy (CLSM). Results showed that the highest signal-to-
background ratio was always obtained on wafers with
100 nm thick SiO, features. Hence, these wafers were
selected for covalent binding of human AChE. Batch-wise
kinetic studies revealed that enzyme activity was retained
after immobilization. Combined use of atomic-force micros-
copy and CLSM revealed that AChE was homogeneously
and selectively distributed on the SiO, microstructures at a
suitable distance from the reflective surface. In the optimum
design, efficient fluorescence emission was obtained from
the AChE-based biosensing surface after labelling with pro-
pidium, a selective fluorescent probe of the peripheral bind-
ing site of AChE.

Keywords Acetylcholinesterase - Micropatterned silicon
wafer - Biosensing surface - Atomic-force microscopy -
Confocal scanning microscopy - Fluorescence labelling

Introduction

Protein immobilization on solid surfaces is the initial step in
the development of new sensing devices that can be inte-
grated into protein chip microarrays or enzyme reactors [1].
In the current search for speed and automation, sensing
surfaces which operate with immobilised biomolecules have
found a broad range of applications in the life sciences [2].
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In particular, the drug-discovery process, in which a large
number of compounds must be screened for affinity for a
specific target, will greatly benefit from miniaturization and
automation of screening systems. To achieve this, fabrica-
tion and derivatisation techniques have enabled the devel-
opment of new engineered surfaces, which can be interfaced
with different detection methods [1, 2]. Because of their
small area, sensing surfaces containing immobilized proteins
could enable higher screening speeds and lower consumption
of chemicals and analytes.

Acetylcholinesterase (AChE), the enzyme involved in the
degradation of the cholinergic neurotransmitter acetylcho-
line in the brain and peripheral nervous system, is the
primary target of drugs for cholinergic pathway-related human
diseases such as Alzheimer’s disease (AD). AD is the most
frequent form of dementia and affects nearly 36 million people
worldwide [3]. Indeed, in recent decades, reversible AChE
inhibitors have been clinically used for treatment of the symp-
toms of AD [4]. Furthermore, in addition to action of AChE
on cholinergic synapses, it has been hypothesised that AChE’s
peripheral binding site (PAS) promotes the deposition of the
neurotoxic 3-amyloid peptide (A3) [5—7]. Therefore, because
of this activity, new AChE inhibitors, able to prevent the
interaction between AChE’s PAS and A3, are under intense
investigation [8]. Several AChE-based enzyme reactors have
been developed for automated and rapid screening of inhib-
itors at the catalytic binding site (CAS) [9, 10]. Most previous
investigations have been performed by using chromatographic
materials as solid supports [11-13]. However, the chromato-
graphic approach has limitations to miniaturization and it is
not suitable for optical methods. Moreover, immobilization on
to a chromatographic support does not generally enable direct
visualization of the interaction of a fluorescent probe with the
target enzyme, as is required for identification of PAS binding
agents. To overcome this problem, an AChE bio-chip built on
a suitable supporting material can be used instead. The sup-
porting material selected should facilitate detection of binding
by use of imaging techniques [1].

Silicon-based materials and surfaces are commonly used
in association with microscopy techniques and have been
proved to be suitable for the development of several DNA
and protein-based bio-chips [14]. However, when a silicon
surface or, in general, a reflective surface is used for
fluorescence-based experiments, the fluorescence interference
contrast (FLIC) phenomenon, either constructive or destruc-
tive, must be taken into account. Because of the FLIC phe-
nomenon, the fluorescence emission intensity is enhanced or
suppressed as a consequence of the proximity of the fluoro-
phore to the reflective surface [15, 16]. Consequently, the
fluorescence signal depends on the surface architecture and,
specifically, on the distance between the fluorophore and the
reflective surface. Thus, in the development of a new AChE-
based sensing surface, the optimum surface chemistry and
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structure should not only enable stable immobilization of
AChE without suppressing its catalytic activity, but also en-
hance the output signal related to specific fluorescent binders
and ensure stability over time. To address these issues, in this
work, different micropatterned wafers with a reflective layer
(either platinum or silicon) and SiO, pillars, lines, and holes
were fabricated and tested. The final objective was selection of
a biomolecular-optimum surface with improved sensitivity be-
cause of reduction of unwanted side phenomena, for example
fluorescence quenching or protein denaturation related to prox-
imity to a metal surface.

Materials and methods
Chemicals and proteins

(S)-Acetylthiocholine iodide, 5,5'-dithio-bis(2-nitrobenzoic
acid) (DTNB; Ellman’s reagent), glutaraldehyde 70 % aqueous
solution, propidium iodide (3,8-diamino-5,3'-diethylmethyla-
mino-n-propyl-6-phenylphenanthridium), (3-aminopropyl)
triethoxysilane (APTES), magnesium chloride, Tris(hydroxy-
methyl)aminomethane, hydrochloric acid (37 %), dipotassium
hydrogen phosphate anhydrous, aqueous ammonia solution
(28 %), methanol of HPLC grade, glycerol, and recombinant
human acetylcholinesterase (hAChE, E.C. 3.1.1.7) lyophilized
powder were purchased from Sigma Chemical (Milan, Italy).
Hydrogen peroxide (30 %) was from Fluka (Milan Italy) and
potassium dihydrogen phosphate of analysis quality was from
Carlo Erba Reagenti (Milan, Italy).

Hellmanex cleaning solution was purchased from Hellma
(Germany). AnaTag Hylite Fluor 555 microscale protein
labelling kit (Abs/Em=550/566 nm) was from AnaSpec
(USA). Purified water from a TKA ROS 300 system was
used to prepare buffers and solutions. Bi-distilled water and
buffer solutions were filtered through 0.22-pum nitrocellu-
lose membrane filters (Millipore) before use.

Fabrication of silicon wafers

Silicon wafers (diameter 4 in) were coated with different
layer stacks in a Veeco Nexus 800 sputter deposition tool
(Table S1 in Electronic Supplementary Material). All wafers
were briefly directly sputter-cleaned in situ before the first
deposition. Parts of the wafers were sputter coated with
100 nm Pt after deposition of a 10 nm thick Ti adhesion
layer. On both Pt-coated and uncoated silicon wafers, dif-
ferent thicknesses of quartz were sputter deposited.
Pt-coated wafers coated with different thicknesses of TiO,,
then with different thicknesses of quartz (SiO,/TiO,/Pt/Ti/Si
wafer) were fabricated so the total (SiO,+TiO,) layer thick-
ness was 100 nm. Next, an HPR504 resist layer 1.5 um
thick was spin coated, prebaked, and exposed in an ASML i-
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line stepper using a standard lines-and-spaces test reticle.
After development of the resist, these patterns were used as
mask in a CHF; plasma for etching the quartz and TiO,
down to the Pt layer or Si (with a 10 % over-etch time). This
was followed by brief use of a high-pressure oxygen—nitro-
gen plasma to “open up” the resist residues (removal of
“Teflon”-type top layer) for the subsequent wet-chemical
resist removal. Finally, the pattern height was measured by
use of an «-step profilometer.

Derivatisation and labelling of silicon wafers
woi-05

Silicon wafers #01 to #05 were cleaned by use of the
procedure described by Han et al. [17] In brief, the wafers
were sonicated in ethanol (10 min), immersed in Hellmanex
aqueous solution (2 %) for 10 min, and rinsed and sonicated
in bi-distilled water (5 min). The wafers were then rinsed
with methanol and immersed for 30 min in HCl (37 %)—
MeOH (50:50, v/v) at room temperature (RT). Silanization
of the oxide surfaces was performed at 50 °C for 2 h by
immersing the wafers in 5-10 mL (3-aminopropyl)triethox-
ysilane (APTES) in ethanol (10 %w/v). After rinsing with
ethanol, the wafers were immersed in acetic acid
(1 mmol L") for 15 min, rinsed with bi-distilled water
and EtOH, and dried. Next, 80 uL HyLite Fluor solution
(34.5 umol L") was added to each wafer and kept at RT for
30 min. Wafers were rinsed with water and stored in
glycerol-H,O 50:50 (v/v) at 4 °C.

woo6—11

Wafers #06 to #11 were cleaned by the standard RCA-1 +
RCA-2 procedure which entails use of a basic cleaning
solution (H,O-H,0,—-NHjz(aq) 5:1:1) at 70 °C (5 min) fol-
lowed by treatment with an acid cleaning solution (H,O—
H,0,—HCI 6:1:1) at 70 °C (5 min). Next, the wafers were
rinsed with bi-distilled water and immersed for 2 h in
ethanol-4.25 mol L™ acetic acid-APTES (87:3:10v/v) at
RT, rinsed with bi-distilled water and EtOH, dried, and
labelled with HyLite Fluor 555 by use of the procedure
described for W01-05.

wi2-16

After cleaning, wafers #12 to #16 were immersed for 5 min
in HC1 (37 %)-MeOH (25:75v/v) at RT then and rinsed with
EtOH. Silanization was performed at 50 °C for 2 h by
immersing the wafers in 5-10 mL APTES solution (10 %
w/v in ethanol). The wafers were then rinsed with ethanol
and immersed in acetic acid (1 mmol L™") for 15 min, rinsed

with bi-distilled water and EtOH, dried, and labelled by use
of the procedure described for W01-05.

Covalent linkage of hAChE

A freshly aminosilanized W05 wafer was immersed in
10 mL 12.5 % glutaraldehyde solution in phosphate buffer
(10 mmol L™, pH 8.0) and kept at 32+2 °C for 4 h, in the
dark. The wafer was then washed with phosphate buffer
(10 mmol L', pH 8.0). Recombinant hAChE (99.4 units;
120 uL) was applied to the wafer surface and left to react
overnight in the dark. After this time, the residual activity
was determined by Ellman’s method [18]. The wafer was
washed with phosphate buffer (10 mmol L', pH 8.0) and
stirred for 3 h with 0.2 mol L™ monoethanolamine solution
in phosphate buffer (10 mmol L', pH 8.5) to inactivate
residual primary amino groups. Finally the AChE-Si wafer
was washed with phosphate buffer (10 mmol L', pH 7.4)
and stored in the same buffer at 4 °C until use.

Colorimetric determination of AChE activity and kinetic
data

The activity of unbound and covalently bound AChE was
assessed by Ellman’s method [18] (Electronic Supplementary
Material).

Kinetic data for AChE-Si wafer were determined by
evaluating enzyme activity (umoles of product formed
per min) at increasing substrate concentration (0.35-
5.61 mmol Lfl). K, and v, values were derived
(GraphPad Prism; GraphPad Software, USA) from the
obtained Michaelis—Menten plot and the immobilized
active units were calculated.

Reversible labelling of immobilized hAChE by propidium

Propidium iodide solution (100 umol L™" in Tris HCI buffer
1.0 mmol L™!, pH 8.0; 100 uL) was applied to the AChE-Si
wafer and incubated for 30 min at RT, in the dark. Next, the
AChE-Si wafer was washed with Tris HCI buffer
(1.0 mmol L', pH 8.0) and the fluorescence distribution
was qualitatively evaluated by CLSM.

Confocal laser-scanning microscopy (CLSM)

Images were acquired by sequential laser excitation at
543 nm and capture with a Nikon Cls confocal laser-
scanning microscope equipped with a Nikon PlanApo
100X, oil immersion lens. For spectral imaging, wafers were
embedded in water—glycerol (50:50). For confocal spectral
analysis, the sample was excited at 543 nm with an argon
laser, and fluorescence was detected in spectral mode in the
range 560—670 nm at 5 nm resolution. At least three spots
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on a fluorescently labelled area were measured, and the
spectra were averaged and corrected for background fluo-
rescence by subtracting fluorescence emission spectra
detected at a pattern-free region on the same sample.

Atomic force microscopy (AFM)

AFM analysis was performed with a NT-MDT atomic force
microscope (Smena Nova, Moscow, Russia). Pattern morpho-
logical investigations were conducted in semi-contact mode,
in air, under the following conditions: scan rate 0.5 Hz,
NSG11 golden silicon probes (NT-MDT) with tip apex radius
of 10 nm, resonant frequency range of AFM cantilever 115—
325 Hz, and number of pixels 512x512. The images were
processed off-line with Gwiddion 2.17 software. For
roughness studies, images were processed off-line with
Image Analysis 2.2.0 software by applying a flattening
algorithm to remove the background slope. Line analysis
(5 wm) was then performed and the average roughness, R,,
(n=20) both on the top and the bottom of the silicon oxide
pattern, was derived.

Scanning Auger microscopy and scanning electron
microscopy

Scanning Auger microscopy (SAM) imaging, Auger spectral
measurements, and scanning electron microscopy (SEM) im-
aging were performed with a Physical Electronics PHI 670sxi
nanoscope Scanning Auger microscope with primary beam
settings of 5 kV and 20 nA. The Auger measurements were
performed with a energy resolution of 1 or 2 eV per step.
Stylus measurements were performed with a Veeco Dektak
6 M profilometer equipped with a stylus of 12.5 um radius.
The scanned length was 1000 pm.

Results and discussion

Reflective surfaces may have the advantage of higher output
signals when fluorescence detection is used. In this work,
two different reflective surfaces (platinum and silicon, with
micrometer-sized mono-layer or bi-layer silicon dioxide
structures on top) were selected for investigation. In partic-
ular, silicon wafers (diameter 4 in) with quartz patterns
(Si0,/Si wafers, W01-05) platinum-coated silicon wafers
with quartz patterns (SiO,/Pt/Ti/Si wafers, W06-11), and
Pt-coated wafers coated with different thicknesses of TiO,,
then with different thicknesses of quartz (SiO,/TiO,/Pt/Ti/Si
wafers, W12-16) were manufactured and investigated
(Table 1).
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Optimization of surface derivatisation

Initial studies were performed to optimize the derivatisation
procedure with the double objective of:

1. achieving homogeneous derivatisation of silicon oxide
structures without damaging the silicon oxide geometry;
and

2. selecting the optimum chemistry and structure to
achieve a high fluorescence signal.

In the optimization phase, HiLyte Fluor 555 was used as
fluorescent conjugation agent to visualize the silicon oxide
pillars, lines, and holes (Fig. S1 in Electronic Supplementary
Material) and to investigate the FLIC effects. On the basis of
FLIC theory [16, 19], the observed fluorescence signal is
modulated by the distance of the fluorophore from the reflec-
tive surface. Therefore, the fluorescence output may be en-
hanced or suppressed by varying this distance. Consequently,
the effect of the distance between the fluorophore and the
metal surface was investigated by fabricating wafers with
the top surface of the SiO, pattern elevated 20—100 nm above
the reflective surface, and the effect of type of metal was
studied by fabricating silicon wafers coated with two different
reflective surfaces (silicon or platinum) (Table 1).

The wafers were first cleaned and then amino-silanized
with APTES under mild conditions [17] to obtain H,N
wafers (Fig. S2 in Electronic Supplementary Material). To
avoid stability problems related to enzyme denaturation and
to reduce optimization costs, a fluorescent labelling agent
(HiLyte Fluor 555) was used in the optimization phase. The
conjugation agent was selected on the basis of similarity of
its optical properties (maximum Ex/Em wavelength = 550/
566 nm) with those of propidium iodide, a fluorescent
AChE binder [20], which was used in further experi-
ments. Confocal fluorescence micrographs showed that
the distribution of the fluorescent agent perfectly
matched the initial SiO, patterns, both on the platinum
coated (W06-11) and non-platinum coated (WO01-05)
silicon wafers (Fig. 1), irrespective of the height of
the SiO, patterns.

To quantitatively measure the dependence of fluores-
cence emission intensity (FI) on silicon dioxide thickness,
confocal spectral analysis (Aexc=543 nm) were performed
by recording emission spectra in the range 560—670 nm.
Data for both the SiO,/Si (W01-05) and SiO,/Pt/Ti/Si
(W06—11) wafers showed that FI increased when the dis-
tance between the fluorophore and the reflective surface
increased (Fig. 2).

The signal-to-background ratio was highest for wafers
with 100 nm-high features (W05 and W11). Among the
bare silicon wafers, the fluorescence intensity of W05
(100 nm-thick SiO, pattern) was approximately 4.4 times
higher than that obtained with W01 (20 nm-thick pattern).
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Table 1 Properties of bilayered and multilayered silicon wafers (diameter 4 in). Layer thickness and the wafer identification code are reported

Wafer Stack: Ti Pt TiO2 SiO, RlIEed Measured
nr. d(nm) d(nm) d(nm) d(nm) uptill pattern(nm)
01 0 0 0 20 Si 24
02 0 0 0 40 Si 46
03 0 0 0 60 Si 67

W S0,  (20-100 nm)

m Silicon 04 0 0 0 80 Si 82
05 0 0 0 100 Si 104
06 10 100 0 0 - 1500
07 10 100 0 20 Pt 21
08 10 100 0 40 Pt 42

| SO, (20-100 nm)

m Pt (100 nm) 09 10 100 0 60 Pt 61

m T (10 nm)

m Silicon
10 10 100 0 80 Pt 81
11 10 100 0 100 Pt 101
12 10 100 100 0 - 1500
13 10 100 80 20 Pt 100
14 10 100 60 40 Pt 104

m Sio, (0-100 nm)

m TI0, (100-0 nm) 15 10 100 40 60 Pt 104

m Pt (100 nm)

m T {10 nm)

m Silicon 16 10 100 20 80 Pt 103

Next, the effect of the metal surface on the FI was
evaluated by comparing uncoated and Pt-coated silicon
wafers with SiO, patterns of identical height. The maximum
FI of W11 was 2.7+0.2 times higher than that obtained with
WO05. This is in reasonable agreement with the perpendicu-
lar reflection coefficients (R) as calculated from the » and &
refractive index values for the SiO,/Pt and SiO,/Si interfa-
ces; these values are R=0.53 and 0.23 at 543 nm, and
R=0.59 and 0.21 at 632 nm [21]. Therefore, the theoretical
fluorescence enhancement factor for the platinum coating on
silicon is 2.3 at 543 nm and 2.8 at 632 nm.

On the basis of the results presented, the SiO,/Pt/Ti/Si
wafer with the 100-nm thick SiO, pattern (W11) was pre-
ferred, because it results in the highest fluorescence signal
enhancement. However, the SiO,/Pt/Ti/Si wafers proved to
be less chemically robust and were frequently damaged
during derivatisation, e.g. detachment of SiO, patterns from
the platinum layer. This may be because the SiO,—Pt bond is
weaker than the Pt-Pt and Si—O bonds, which makes the
SiO,/Pt/Ti/Si wafers less suitable for biochemical applica-
tions, because of their instability in aqueous solutions. To
overcome the instability problems during derivatisation, the
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Fig. 1 Representative confocal
scanning micrographs (top) and
AFM images (bottom) of lines,
pillars, and holes. Micrographs
were acquired after labelling
SiO, patterns with a red-
emitting fluorescent probe,
Aexc=543 nm. Magnification =
100x, gain x2. AFM analysis
was performed in semi-contact
mode and the resulting images
were processed off-line to re-
move the background slope.
Scale bars are 20 um

derivatisation procedure was modified to reduce the time in
strongly acidic conditions while maintaining good derivati-
sation yield. Under the optimized conditions, no damage to
the Pt-coated wafers (W06-W11) was observed during the
derivatisation and labelling steps. However their stability
under storage conditions was still quite limited (Fig. S3 in
Electronic Supplementary Material). Therefore, in an at-
tempt to produce wafers with greater stability, a new series
of multi-layered wafers was fabricated by introducing a
TiO, layer (from 20 to 80 nm high) as an adhesion layer
between the Pt surface and the SiO, structures (W12-W16,
Table 1). In this new series the total height of the pattern
(given by the TiO, layer + the SiO, layer) was kept constant
at 100 nm. Structures with a TiO,_, layer were more stable,
as expected from the so-called strong metal support interac-
tion (SMSI) effects [22]. From an optical perspective, the
thickness of the TiO, layer relative to that of the SiO, layer

2250
2000
1750 -
1500
1250 -
1000 -
750
500
250
0 T

560 570 580 590 600 610 620 630 640 650 660 670
Weavelenght (nm)

FI (arbitrary units)

Fig. 2 Confocal spectral analysis of labelled W01-05 wafers (Aex.=
543 nm). Each emission spectrum is the average of spectra from three
different spots on a homogeneously labelled area, corrected for the
background fluorescence detected at a pattern-free region on the same
sample
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affected the fluorescence interference. The behaviour of the
fluorescence of the SiO,/TiO,_/Pt/Ti/Si wafers was very
complicated, probably because of variation of the oxygen
content along the TiO,—, layer when going from the SiO, to
the Pt interfaces. This variation could result in a variable
refractive index and variable reflective properties. Among
the TiO,_, series, sample W16 (containing a 20-nm TiO,
layer) gave the highest fluorescence signal, but its fluores-
cence emission intensity was much lower than those of W11
(=78 %) and W05 (—40 %).

It should be noted that for SiO,/Si wafers, this adhesion
problem is not present, because silicon has always a native
oxide surface layer, that has a good lattice match and good
adhesion to Si. This was experimentally confirmed by long-
term studies on fluorescently labelled WOS5. Indeed, after
one year no morphological alterations were observed for
HiLyte Fluor 555-labelled W05 (CLSM analysis), and the
residual FI was 49.5 %. In contrast, widespread detachment
of the SiO, features from the platinum surface was observed
for the corresponding platinum-coated wafer W11 after stor-
age for only 21 days (Fig. S3 in Electronic Supplementary
Material). Under the same conditions, W16 (with a 20 nm
TiO, layer) was more stable. However, CLSM analysis
revealed surface inhomogeneity, indicative of initial alter-
ation of the morphology of the wafer. Overall, the order of
descending stability was W05 > W16 > W11.

On the basis of these results, the uncoated silicon wafer
with the 100-nm-thick SiO, pattern was selected for immo-
bilization of human AChE.

Covalent binding of human AChE

Because the proximity to a flat surface had previously been
reported to alter the biological behaviour of human AChE
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Fig. 3 Qualitative and quantitative analysis of immobilized AChE. (a)
Confocal scanning micrograph of propidium-labelled AChE-WO05 (red
areas); (b) 3D AFM image of W05 surface showing SiO, lines on a
flat silicon surface; (¢) no fluorescence emission was detected when

[11], a chain spacer was introduced by reacting the primary
amino groups of HoN-WO05 with 12.5 % glutaraldehyde
solution (Fig. S2 in Electronic Supplementary Material).
Indeed, introduction of a five-carbon spacer chain had pre-
viously been shown to limit alteration of the kinetics of the
enzyme [11]. Stable hAChE immobilization was then
achieved by covalent linkage between the enzyme primary
amino groups of the lysine lateral chain and the aldehydic
residues on the derivatised W0S5.

The retained enzyme activity after linkage was measured
by Ellman’s assay [18] and the specific distribution of the
enzyme was evaluated by CLSM, using propidium iodide as
selective fluorescent marker. Propidium binds with high
affinity to the PAS of AChE [23], with tenfold enhancement
of its fluorescence [24].

aminosilanized surfaces without any AChE were treated with propi-
dium; (d) Michaelis—Menten plot for AChE-WO05. ATCh, acetylthio-
choline (substrate)

Apart from being an ideal fluorescent probe for morpho-
logical analysis of the hAChE distribution, propidium was
also selected because of its use in displacement studies for
PAS binders. Indeed, evaluation of the ability of an AChE
inhibitor to interact with the PAS is an important aspect of
drug discovery, because AChE is also a potent amyloid
fibrillogenesis-promoting agent [5—7]. It has been suggested
this promoting action is related to the interaction of amyloid
peptides with the PAS [5, 7]. Propidium displacement
experiments can be conducted to evaluate whether new
chemical entities bind to PAS and, consequently, affect
amyloid aggregation and disease progression.

Analysis by CLSM of propidium labelled AChE-W05
showed that the enzyme distribution perfectly matched the
SiO, features (Fig. 3a, b). To exclude false positive staining,

Table 2 Average roughness of
silicon wafer W05 (100-nm-

R, top (£ SD) R, bottom (+ SD)

thick silicon oxide pillars, holes,
and lines on a silicon flat sur-
face), n=20. Each line analysis
was performed on a 5 wm length.
Measurement was perpendicular
to the scanning direction

Untreated wafer (reference)

R, difference

Wafer after APTES derivatisation

Wafer after covalent linkage of AChE
R, difference compared with untreated wafer
R, difference compared with APTES-treated wafer

1.41+0.17 0.37+0.03
1.51+£0.24 0.86+0.20
+0.10 +0.49
6.10+£0.50 1.33+£0.14
+4.69 +0.96
+4.59 +0.47

@ Springer



802

M. Bartolini et al.

-AChE + AChE
o nam
100 T
90 NI I _
80 \
70 75
60
50 50
40
30
25
20
10
0 0
0 2 4 ) 8 10 Plane, pm 0 2 4 6 8 1p Piane, ym

Fig. 4 Average roughness analysis by AFM. 5 um line analyses for W05 before enzyme immobilization (lefi panel) and after enzyme covalent

immobilization (right panel) are shown

an aminosilanized wafer (H,N-WO05) was treated with a
solution of propidium iodide. The absence of any fluores-
cence signal (Fig. 3c) enabled definitive exclusion of the
possibility of non-specific adsorption of propidium on
enzyme-free surfaces.

Another important issue to be checked is false negative
staining related to complete suppression of the fluores-
cence signal at the metal surface. This aspect is impor-
tant to further confirm that the enzyme distribution was
mainly confined to the top of the SiO, features. To
check this, the average roughness (R,) of the top and
bottom of the pillars and lines was determined by AFM
(line analysis).

It is conceivable that surface roughness is increased as a
consequence of enzyme binding. In agreement with our
hypothesis, the data in Table 2 show that R, at the top of
derivatised SiO, features increased significantly after cova-
lent linkage of hAChE (+4.59) whereas variation of R, of
the silicon surface bottom areas was much lower (+0.47)
(Fig. 4). It should be noted that after cleaning and amino-
silanization only small increases of the R, values of the top
and bottom areas were observed (+0.10 and +0.49, respec-
tively). Therefore, the final increase of the roughness on
the top of the structures cannot be ascribed to selective
etching of the oxide structures during the cleaning

Table 3 Combined profilometer, SEM, and SAM analyses

procedures, but suggests a selective confinement of hAChE
to the top of the structures.

To investigate on the original wafer whether the chemical
composition on the top of the structures was different from
that in the region between the structures, and whether this
also was valid for the sample after cleaning, APTES treat-
ment, and AChE linkage, scanning Auger microscopy—
scanning electron microscopy (SAM-SEM) measurements
were performed on W05 before and after enzyme immobi-
lization. As expected, on the top surface of untreated W05
the Si-to-O ratio was 1:2. On the other hand, higher C and O
signals from the etched zones (and occasional above-
threshold traces of F) are indicative of partly oxidized Tef-
lon type residues, because of the CHF; plasma treatment
followed by brief O, plasma oxidation (step 14 in Table S1
in Electronic Supplementary Material), which indicates that
the fabrication procedure generated a chemical contrast
between the top of the structures and the bottom areas
(Table 3). The lower Si Auger signal (at 93 eV) in the
etched region is because of its surface sensitivity; despite the
fact that a Si surface should have a higher Si signal than an
SiO, surface, the adsorbed residues in the etched region are
very effective in quenching the signal.

The results after APTES and AChE treatment are more
difficult to interpret. It may be noted that, both on the SiO,

Sample Profilometer position SEM appearance SAM (apparent atomic %) uncorrected for surface sensitivity
C N (¢} Si F
WO05-untreated Top SiO, Dark 10+1 <1 60+1 30+1 <0.2
Etched area Bright 1642 <1 63+2 20+2 0.2+£0.2
WO05-AChE Top SiO, Bright 24+2 2.1+0.4 50+2 24+1 <0.2
Etched area Dark 3542 2.3£0.5 32+3 3042 <0.2
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top surfaces and in the etched areas, the C signal is increased
and N is detected, indicative of derivatisation of the Si/SiO,
layer in both regions. Indeed the increase in the N content
may be derived from both the APTES and/or the enzyme.
The Si-to-O ratio on the SiO, top surface is 1:2, although
both signals are slightly quenched by the adsorbates. From
the reduction of the F levels, it also seems that the chemical
contrast because of Teflon-type residues on the reference
sample may have largely disappeared after cleaning and/or
derivatisation. On the other hand, the Si-to-O ratio between
the structures is now close to unity; this might indicate that
the native oxide also is (completely or partly) removed,
restoring (to some extent) an Si/SiO, chemical contrast
between the bottom and the top of the structures. It should
be noted that (part of) the oxygen signal may arise from the
attached APTES and/or AChE.

Overall, because of the chemical contrast between the top
of the structures and the etched areas of the W05 wafer, surface
derivatisation is likely to have occurred to different extents on
the top and the bottom areas. This may explain the results from
the propidium-based investigation and from roughness analy-
sis, both of which support prevalent confinement of the enzyme
to the top of the silicon oxide architectures.

To the best of our knowledge this is the first study
performed to develop a microstructured hAChE-based bio-
sensing surface for fluorescence displacement studies.
Whereas a few previous investigations on AChE-based
nano-structured surfaces have been reported, the purpose
of these studies was, usually, measurement of intrinsic
AChE activity and/or inhibition [25-27], particularly for
pesticide detection.

Activity of immobilized hAChE

Evaluation of the amount of active enzyme covalently
bound by the solid support is a key step in verification that
the active structure of the enzyme is maintained. A slightly
modified Ellman’s assay [18] adapted to evaluation of co-
valently bound hAChE [11, 12, 28] was used. Comparison
of the activity of the enzyme before and after immobiliza-
tion enabled evaluation of the yield of immobilization,
which was 46 %. Moreover, from the Michaelis—Menten
plot (Fig. 3d), kinetic data for the covalently immobilized
hAChE were determined (Vpax=0.21 pmol min ' and
Kn=0.56 mmol L™"). The amount of immobilized active
enzyme is 0.21 international units (IU) per square centi-
metre, corresponding to 12.6 pg enzyme.

Conclusions and perspectives

In this study bilayered and multilayered micro-patterned
wafers were fabricated and analysed as optimum support

material for the development of a new sensing surface con-
taining immobilised hAChE for fluorescence-based experi-
ments. Irrespective of the metal layer at the bottom of the
SiO, pattern, wafers with 100 nm thick SiO, features
resulted in the highest signal-to-background ratio, because
of the FLIC phenomenon. Although the emission fluorescence
of SiO,/Pt/Ti/Si wafers was higher than that of SiO,/Si wafers,
the lower chemical stability of these wafers precluded their use
for further studies. Therefore, hAChE immobilization was per-
formed on uncoated silicon wafers, for which high stability was
coupled with acceptable fluorescence emission intensity.
Measurements with CLSM, AFM and SAM all supported
the conclusion that hAChE was mostly confined to the top
of SiO, structures. This confinement might be because of
chemical contrast which resulted from either the structuring
of the wafer or the cleaning procedures used before deriva-
tisation. A batch-wise activity assay confirmed that the
immobilized enzyme was active. Finally, propidium was
shown to selectively label the immobilised hAChE without
any interaction with enzyme-free silicon or metal surfaces.
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