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ABSTRACT. Germanium is particularly suitable for the design of FTIR-based biosensors for
proteins. The grafting of stable and thin organic layers on germanium surfaces remains however
challenging. To tackle this problem, we developed a calix[4]arene-tetradiazonium salt decorated

with four oligoethylene glycol chains and a terminal reactive carboxylic group. This versatile



molecular platform was covalently grafted on germanium surfaces to yield robust ready-to-use
surfaces for biosensing applications. The grafted calixarene monolayer prevents nonspecific
adsorption of proteins while allowing bioconjugation with biomolecules such as Bovine Serum
Albumin (BSA) or biotin. It is shown that the native form of the investigated proteins was
maintained upon immobilization. As a proof of concept, the resulting calix[4]arene-based
germanium biosensors were used through a combination of ATR-FTIR spectroscopy and
fluorescence microscopy for the selective detection of streptavidin from a complex medium. This
study opens real possibilities for the development of sensitive and selective FTIR-based biosensors

devoted to the detection of proteins.

INTRODUCTION

Easy-to-use (bio)sensors are highly sought-after systems in a large number of fields that
include medicine, food safety and environment.>® They enable the detection and sometimes the
quantification of an analyte in a complex medium, based on its affinity for receptors immobilized
on the sensor. Detection is performed through classical analytical methods including various
spectroscopic techniques. In the specific context of proteins detection, Fourier transform infrared
(FTIR) spectroscopy is particularly well adapted, notably for identifying the secondary and tertiary
structures of the target protein.*® In addition, a multitude of biophysical and chemical information
can be obtained from the spectral signature of proteins (e.g. post-translational modifications).
Attenuated total reflectance (ATR) FTIR-based biosensors make use of an organic layer, directly
grafted onto the internal reflection element (IRE), to which a biological receptor is bound.®*
Common infrared-transparent materials for the IRE include semiconductors such as silicon and
germanium. Germanium exhibits a high refractive index and a broader spectral window,*® which

makes it particularly suitable for ATR analysis of proteins. However, due to the unstable nature of



their surface oxydes,*® only a few methods involving silanes or thiols have been developed for the
grafting of organic layers on germanium substrates. 121617 Unfortunately, these methods require
laborious preliminary treatments of the germanium surfaces (i.e. oxidation and passivation) and
lead usually to a weak reproducibility. Moreover, once modified, the surfaces present a poor
stability, limiting their use in the field of biosensing. Another strategy relies on the reductive
grafting of aryldiazonium salts, which leads to a strong and durable attachment of an organic layer
onto the germanium surface.*®*® However, due to the high reactivity of the radicals produced upon
the reduction of diazonium cations, disordered multilayers are generally obtained through this
method. The preparation of well-ordered monolayers with diazonium chemistry remains thus
highly challenging,?%-?* though this is a key point when immobilizing receptors in order to warrant

an efficient and sensitive sensing.?>-2

In this context, we have recently developed a general strategy for surface modification, which
consists in the covalent grafting of molecular platforms based on calix[4]arene-tetradiazonium
salts.?”3! As demonstrated on various materials or nanomaterials, the unique macrocyclic structure
of calix[4]arenes enables the formation of robust, dense and compact monolayers of controlled
composition.332 Based on this expertise, we have recently reported that a thin (ca. 3 nm) and
robust coating of calix[4]arenes bearing oligo(ethylene glycol) (0EG) chains can be obtained on
germanium IRE (Figure 1a).3! It was shown that such oEGylated calix[4]arene-based coatings
reduce nonspecific adsorption of Bovine Serum Albumin (BSA) by more than 85%. To the best
of our knowledge, this was the first study to show such a significant reduction of nonspecific
adsorption through the use of a stable and extremely thin coating of organic molecules. The
thickness parameter is of crucial importance to ensure optimal IR signal, as sensitivity decreases

exponentially with distance from the IRE. Hence, the calixarene-based methodology appears very



promising for the preparation of ready-to-use germanium surfaces that can serve to the design of

ATR-FTIR-based biosensors.

Herein, we describe the synthesis and incorporation in Ge-based biosensors of a novel
calix[4]arene-tetradiazonium salt bearing four oEG chains. Importantly, one of the oEG chains is
equipped with a terminal reactive carboxylic acid group for further post-functionalization. After
grafting on germanium surfaces, this polyfunctional platform displayed antifouling properties
while allowing the bioconjugation of biomolecules under classical conditions such as peptide type
coupling (Figure 1b). Besides, with these versatile calixarenes, the ratio of functionalized/non
functionalized oEG chains is controlled within the molecular platform itself, avoiding the
formation of binary mixed layers, which is particularly challenging.?®3* The usefulness of this
approach for the design of FTIR-based ready-to-use germanium biosensors is illustrated by the

specific detection of streptavidin (SA) in a medium containing other proteins.

oEGylated calix[4]arene- oEGylated calix[4]arene-based Ready-to-use

a) tetradiazonium salts germanium surfaces b) germanium surfaces
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\O 0/ _| 4BF, \O 0/ \O o 3 of biomolecules
~ - ~ e
(@] n n+2 ) .
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Figure 1. a) previous work on oEGylated calix[4]arene-based germanium surfaces displaying
antifouling properties;®! b) this work on ready-to-use germanium surfaces for the bioconjugation

of biomolecules.®



RESULTS AND DISCUSSION

Synthesis and characterization of calix[4]arene-tetradiazonium salt 1. Synthesis of
calix[4]arene-tetradiazonium salt 1 was achieved for the development of the targeted ready-to-use
germanium surfaces (Scheme 1). The oEG chain bearing a carboxylic acid moiety is longer than
the three others in order to facilitate bioconjugation of biomolecules after grafting on a surface.
Firstly, p-‘Bu-calix[4]arene was alkylated with bromo-tetra(ethylene glycol) monomethyl ether®
2 in the presence of Ba(OH)2/BaO. Under these conditions, which are known to lead to tris-O-
alkylated derivatives,®” calix[4]arene 3 was isolated in 89% yield. Introduction of the fourth arm
was then considered through alkylation of the remaining phenolic group by a tosyl-hexa(ethylene
glycol) derivative terminated by a protected carboxylic group. However, this synthetic route led to
non-reproducible results due to the deprotection of the carboxylic group under the harsh basic
reaction conditions, which hindered complete alkylation of calix[4]arene 3 (see the Supporting
Information). Another strategy consisting in the use of the tosyl-hexa(ethylene glycol) derivative
terminated by an acetal protecting group 4 was thus developed. Alkylation of calixarene 3 by 4 led
to the corresponding tetraalkylated compound whose hydroxyl group was directly deprotected
under acidic conditions (94 % overall yield from 3). Further alkylation of the hydroxyl group of 5
by '‘Bu-bromoacetate followed by ipso-nitration of the aromatic units led to the tetranitro derivative
6 in 51 % overall yield. Reduction of the corresponding nitro groups by tin(ll) chloride afforded
the corresponding tetraaniline 7 in 66 % yield. Finally, diazotation using NOBF4 in acetonitrile led
to the desired tetradiazonium salt 1 in 94% yield. Compound 1 was unambiguously characterized

by IR (vine+) = 2268 cmt) and NMR spectroscopy (see the Supporting Information).
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Scheme 1. Synthesis of calix[4]arene-tris-oEG4-mono-0EGe-acid-tetradiazonium salt 1.

Covalent grafting of an oEGylated calix[4]arene-based layer on germanium. To achieve
the grafting of the calixarene-based layer, we used a previously reported procedure that consists in
generating the desired aryl radicals from the aryldiazonium groups under alkaline conditions.?%3!
All the grafting experiments were repeated at least three times to assess reproducibility (see the
Supporting Information). In practice, the germanium substrates were immersed for 2 hours in an
aqueous 0.1 M NaOH solution containing calixarene 1 (5 mM) (Scheme 2). The resulting different
batches of germanium surfaces Ge-1 were then thoroughly washed with water and acetonitrile

under sonication.



OH ONa o o
o~$ O:S O:S
\o [e) _ | 4BFy \O o \O o
3 ?}5 o ~o 3 .85 o~ ~o 3 %5 o~
3 3 3
o 0 3 ST o 0 %3 % o 0 ?83
§ 3 S 23
DCO o O>C Ge surface j<ooo O>C jiooo O>C
P NaOH 0.1 M, rt, 2h P EDC/NHS, rt, 2h "l A\
JION —  JION\ —— JION\
U
N, N, N, | )
N
1 Ge Ge
Ge-1 Ge-1'

Scheme 2. Preparation of ready-to-use calixarene-based germanium surfaces.*

The different batches of Ge-1 were analyzed by ATR-FTIR spectroscopy and by ellipsometry
to assess the grafting and to estimate the thickness of the organic layer. The IR absorbance
spectrum of Ge-1 exhibit bands that are typical of the calixarene core and of the oEG chains, as
shown by the comparison with the spectrum of calix[4]arene 7 (Figure 2) (see the Supporting
Information for complete assignment of the spectrum). More specifically, the asymmetric COC
stretching from the 0EG chains around 1100 cm™ is visible in both spectra. Also, other bands such
as the symmetric COCa, stretching around 1050 cm and the aromatic ring stretching around 1460
cm* unambiguously confirm the presence of calix[4]arene moieties on the Ge surface.11:31:33.38 |t
is noteworthy that the typical vibrational bands for carboxylate groups at ~1600 cm™ and ~1420
cm™t are too weak to be significantly distinguished, in accordance with the low number of
carboxylate groups.

A thickness value of 2.85 £ 0.80 nm was found by ellipsometric measurements. This value
corresponds well to the estimated height of calixarene 1 (ca. 3.0 nm estimated from MM2 energy
minimizations with ChemBio3D software). This is in agreement with previous results showing
that the calixarene-based methodology leads to the formation of monolayers, i.e. through AFM

scratching experiments or ellipsometry measurements on various substrates.?”2%31



The grafting of calix[4]arene-tetradiazonium salt on germanium surfaces was further assessed
through X-ray photoelectron spectroscopy (XPS) analyses. For that purpose, a CF3-containing
calix[4]arene was used. as described in previous articles,?’*>?° Indeed, the CF3 groups provide a
characteristic chemical tag for XPS studies. The survey scan exhibits photoelectron peaks and
Auger peaks due to C, O, Ge and F elements (see the Supporting Information). The absence of
N1s peak at 403.8 eV indicates the absence of weakly bound diazonium at the surface. The high-
resolution core level spectrum of Cls could be decomposed into several components, namely
components at 286.5 0.5 eV and at 292.8 0.5 eV that correspond to carbons involved in C-O-C
linkage and CF3 groups. The atomic ratio of these two component C-O-C / CF3 is equal to 1.07.
These observations are in full agreement with the calixarene backbone and unambiguously confirm

the grafting of calix[4]arene tetradiazonium salts.
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Figure 2. ATR-FTIR absorption spectra (3100-2700 cm™* and 1800-800 cm™) of modified surface
Ge-1 (red) and calix[4]arene 7 (blue). All spectra were normalized with respect to the intensity at

1459 cm™,



We can conclude from the combination of these IR and ellipsometric measurements that thin
films of oEGylated calix[4]arenes decorated with a carboxylate group are grafted on germanium
surfaces. The great robustness of the calixarene-coated surfaces is also demonstrated by their
resistance to the aggressive washing treatments (i.e. organic solvent under sonication) (see the

Supporting Information).

Post-functionalization of the ready-to-use calixarene-based germanium surfaces. Bovine
Serum Albumin (BSA) was used as a model protein to investigate the post-functionalization of the
grafted calix[4]arene layer through peptide-like coupling reactions. First, the terminal carboxylate
groups present at the surface of Ge-1 were converted to the corresponding activated esters using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
(Scheme 2). The possibility to bioconjugate BSA to the resulting activated surface Ge-1’ was then

evaluated by ATR-FTIR spectroscopy and fluorescence microscopy.
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Scheme 3. Post-functionalization of the calixarene-based layer with BSA (left) or biotin-oEG.-

NH: (right) and specific recognition of streptavidin (SA).

Regarding the IR experiments, different batches of surfaces Ge-1 were incubated for 3 hours in
a 0.1 mg/mL BSA solution [0.1 M phosphate-buffered saline (PBS) buffer at pH 7.4)] (Scheme 3).
The resulting surfaces Ge-1-BSA were then thoroughly washed with ultrapure water under
sonication. The bioconjugated BSA is characterized by an amide-I band at 1657 cm2, which is
mainly associated with the C=O(NH) stretching vibrations, and an amide-II band at 1547 cm,
which results mainly from in-plane NH bending vibrations (Figure 3, green spectrum). It is
noteworthy that an absorption maximum at 1657 cm™ for the amide-I band corresponds
predominantly to proteins whose major secondary structure is an a helix,®> which is the native
structure of BSA (Figure 3, black spectrum). Therefore, BSA maintains its native structure after
grafting, indicating that the modified germanium support has a protein-friendly character. In a
control experiment, a non-activated surface Ge-1 was exposed to the same experimental
bioconjugation and washing conditions. No characteristic bands associated with BSA were
observed when analyzing the resulting surface Ge-1-control (Figure 3, blue spectrum). When
subtracting the spectrum of Ge-1-control from that of Ge-1-BSA, only the signals of the
bioconjugated proteins were clearly observed (Figure 3, magenta spectrum), confirming the
covalent immobilization of BSA on the surfaces Ge-1-BSA. The non-detection of BSA on the
surface Ge-1-control also highlights the remarkable antifouling properties of the oEGylated

calixarene-based layers.
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Figure 3. ATR-FTIR absorption spectra (1800-900 cm™) of a) Ge-1-BSA (green) and b) Ge-1-
control (blue). Spectrum ¢) (magenta) is a subtraction of spectrum b to a. Spectrum d) corresponds
to native free BSA (black). Spectra a) and b) were normalized with respect to the intensity at 1459

cm* and spectra c) and d) were normalized with respect to the intensity of the amide-1 band.

Regarding the fluorescence microscopy studies, fluorescein isothiocyanate-BSA conjugate
(FITC-BSA) was used in place of BSA for the grafting experiments. Microarrays of FITC-BSA
were printed on germanium surfaces Ge-1> with an Arrayjet Marathon non-contact inkjet
Microarrayer (ArrayJet, Roslin, UK). Drops of ca. 100 pL of FITC-BSA were deposited to form
regular arrays. After 3 hours of incubation, the slides were rinsed with ultrapure water and
analyzed. From top to bottom in Figure 4, the concentration of FITC-BSA gradually decreases
from 10 to 0.5 mg/mL, allowing a qualitative comparison. In all cases, protein spots are clearly
visible, indicating that the bioconjugation of FITC-BSA is effective in the whole concentration
range. Fluorescence intensity increased from 0.5 mg/mL to 5 mg/mL but no further improvement
was observed by the use of 10 mg/mL solutions. Hence, a concentration of 5 mg/mL leads to

saturation of the surface. In a control experiment, a non-activated surface Ge-1 was exposed to the
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same experimental bioconjugation and washing conditions (see the Supporting Information for the
fluorescence image). In this case, the fluorescence is very weak for the high concentration
conditions and undetectable for the lowest concentration. This result is not quantitative but gives

a good indication of the remarkable antifouling character of the modified germanium surface.

Figure 4. Bright-field (left) and fluorescence images (right) acquired on germanium surface Ge-
1’ that was locally post-functionalized by “printing” (see text) a fluorescent FITC-BSA solution

of 10, 5, 1, and 0.5 mg/mL (from top to bottom) (three replicates presented).

Development of a germanium-based biosensor for proteins. The streptavidin-biotin
recognition system was used to validate protein detection by the calixarene-coated germanium
surfaces. First, fluorescence microscopy analysis was performed to investigate the interaction
behavior of fluorescent streptavidin ATTO-655 with surfaces Ge-1-biotin spotted. These surfaces
were obtained by printing microarrays of a solution containing a biotin derivative bearing a
terminal amino group, i.e. biotin-oEG2-NH> (Scheme 3, inset), on germanium slides Ge-1" (see
the Experimental Section for the details). The surfaces Ge-1-biotin spotted were then incubated
with a 0.5 pL drop of a solution containing 100 pg/mL of fluorescent streptavidin ATTO-655 and
100 pg/mL of fluorescent FITC-BSA in 0.1 M PBS buffer at pH 7.4/ethylene glycol 1/1 v/v. After

2 hours of incubation, the slides were rinsed with ultrapure water. A microarray that was generated
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by the specific interaction of streptavidin ATTO-655 with the immobilized biotin was detected by
fluorescence microscopy (Figure 5b). The border of the incubation drop was visible on the left of
Figure 5b. The level of fluorescence in the area outside of the incubation drop was close to that
observed in the interstices of the microarray, where incubation was carried out, but biotin was not
immobilized. Hence, these interstices serve as a control area to evaluate the streptavidin
nonspecific adsorption which is extremely limited according to the very weak fluorescence
intensity in these regions. Moreover, the absence of fluorescence associated with FITC-BSA
(Figure 5c¢) shows the absence of BSA nonspecific adsorption. These fluorescence microscopy
results highlight the remarkable selectivity of our biosensing system as the presence of other

proteins in the incubation media does not interfere with the recognition process.

Figure 5. Bright-field (a) and fluorescence images (b and c¢) acquired on surface Ge-1-biotin
spotted that was locally incubated with fluorescent streptavidin ATTO-655 and fluorescent FITC-
BSA. The images were acquired with specific parameters (see experimental section) to only see

the fluorescence of ATTO-655 (b) or FITC dyes (c).

Finally, protein detection was investigated by IR spectroscopy. For this, different batches of
surfaces Ge-1’ were incubated for 3 hours in presence of biotin-oEG2-NH2 (in 0.1 M PBS buffer
at pH 7.4) (Scheme 3). The resulting surfaces Ge-1-biotin were then thoroughly washed with

ultrapure water under sonication and dried under argon flow. Surfaces Ge-1-biotin were then
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incubated with drops of 1 pL solution of 100 pug/mL streptavidin in 0.1 M PBS buffer at pH
7.4/ethylene glycol 1/1 v/v. Other incubation experiments were conducted under the same
conditions except that BSA (100 pg/mL) was also added. After 3 hours of incubation, all the
surfaces were rinsed with ultrapure water. In all cases, streptavidin was efficiently detected by the
characteristic amide-1 and amide-II bands at 1637 cm™ and 1535 cm, respectively (Figure 6).
The location of the absorption bands indicates that the streptavidin has a B-sheet structure,® which
corresponds to its native conformation. Very interestingly, no contribution from BSA at 1657 cm~
1 can be detected in the spectra obtained from incubation experiments in presence of this protein.

This demonstrates the remarkable antifouling properties of the calixarene-coated germanium

surfaces.

Altogether, these IR and fluorescence microscopy results indicate that the surface modification
strategy based on the calix[4]arene-based platform allows on the one hand to immobilize receptors
that retain their recognition properties and on the other hand to selectively detect a protein in a

medium containing other proteins.
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Figure 6. ATR-FTIR absorption spectra (1800-900 cm™) obtained after incubation of surfaces
Ge-1-biotin in either solutions of streptavidin (blue) or streptavidin/BSA (green). All spectra were

normalized with respect to the intensity of the amide-I band.

CONCLUSIONS

The calixarene-based methodology allows a simple and robust functionalization of germanium
surfaces. Newly synthesized oEGylated calix[4]arene-tetradiazonium salt 1 was used for the
elaboration of ready-to-use surfaces for the immobilization of biomolecules while displaying
antifouling properties. For that purpose, the small rim of the calix[4]arene platform was decorated
with four oEG chains, one being equipped with a terminal reactive carboxylic group. Monolayers
of calix[4]arenes constitute thus versatile molecular platforms that bring simultaneously multiple
new properties to a surface. Importantly, the native form of the investigated proteins was
maintained upon immobilization on germanium, as evidenced by IR spectroscopy. The oEGylated
calixarene-coated germanium surfaces were used for the selective detection by FTIR spectroscopy
and fluorescence microscopy of streptavidin in the presence of BSA. This study not only
constitutes a proof of concept that FTIR sensing of proteins can be achieved by this approach but
also highlights that other analytical techniques, such as fluorescence microscopy, are compatible
with the calixarene-based methodology. In addition to qualitative analysis of protein’s structures,
IR spectroscopy allows quantitative analysis. Calibration models could be developed to quantify

the number of receptors on the surface as well as the number of targets to be detected.

EXPERIMENTAL SECTION

Chemicals and Materials All solvents and reagents were at least of reagent grade quality and

were purchased either from Alfa Aesar, Sigma-Aldrich, TCI, or Acros Organics. All reactions
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were performed under an inert atmosphere. Reactions were magnetically stirred and monitored by
thin layer chromatography using Merck Kiesegel 60F254 plates. Flash chromatography was
performed with silica gel 60 (particle size 35—70 um) supplied by Merck. Anhydrous
dimethylformamide (DMF) was obtained from Acros Organics. Anhydrous tetrahydrofuran (THF)
was obtained from distillation on Na/benzophenone. Anhydrous dichloromethane (DCM) was
obtained from distillation on CaH.. Ultrapure water was obtained via a Millipore Milli-Q system
(18.2 MQ-cm). The fluorescent FITC-BSA (fluorescein isothiocyanate-bovine serum albumin
conjugate) was purchased from Sigma-Aldrich as well as the BSA used for ATR-FTIR
spectroscopy experiments. The fluorescent streptavidin-ATTO655 was purchased from ATTO-
TEC and the streptavidin used for ATR-FTIR spectroscopy experiments was purchased from Alfa
Aesar. Both polished germanium squares (10 x 10 x 0.5 mm) and germanium single-crystal
triangular prisms (base 6.8 mm x 45 mm length and an internal incident angle of 45°) were
purchased from ACM (France). Syntheses of compounds 2 and 4 were achieved as previously
described®*° and are given in the Supporting Information. The detailed synthesis of compound 1

is given here.

Synthesis of calix[4]arene-tetra-'Bu-tris-oEGs 3. Commercial p-'‘Bu-calix[4]arene (3.4 g, 5.2
mmol) was dissolved in dry DMF (80 mL). Anhydrous barium hydroxide (2.7 g, 15.8 mmol) and
barium oxide (3.8 g, 24.8 mmol) were added, followed by compound 2 (10 g, 36.9 mmol). The
reaction mixture was stirred at 75°C for 16 hours under inert atmosphere. After reaction, the
mixture was brought to room temperature and 5 mL of H>O was added. The mixture was filtered,
and the filtrate was evaporated under reduced pressure. The resulting oil was dissolved in DCM
(100 mL) and washed three times with water (3 x 70 mL) The organic layer was filtered on WA

and the filtrate was concentrated under reduced pressure. The crude oil was purified by flash
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chromatography on silica gel (EtOAc/MeOH = 100:0 to 97:3) to afford the desired compound 3
as a pale-yellow oil (5.7 g, 4.7 mmol, 89 % vyield). *H NMR (300 MHz, CDCls, 298 K) & (ppm):
7.10 (s, 2H), 7.02 (s, 2H), 6.51 (s, 4H), 5.71 (s, 1H), 4.38 (dd, J = 19.1, 12.8 Hz, 4H), 4.16 (s, 4H),
4.05 — 4.00 (m, 4H), 3.86 — 3.80 (m, 4H), 3.75 — 3.47 (m, 40H), 3.37 (s, 3H), 3.36 (s, 6H), 3.17
(dd, J = 17.6, 13.0 Hz, 4H), 1.32 (d, J = 2.8 Hz, 18H), 0.82 (s, 18H). 13C NMR (100 MHz, CDCls,
298 K), 6 (ppm): 153.7, 151.4,150.7, 145.8, 145.5, 141.4, 135.9, 132.5, 132.1, 129.1, 125.8, 125.1,
125.0,124.9,74.5,72.1,72.0, 71.6, 70.9, 70.8, 70.7, 70.7, 70.6, 70.1, 70.0, 59.1, 34.2, 34.0, 33.8,
31.9,31.8,31.4,31.2,31.2. FTIR, v (cm™): 2952, 2923, 2902, 2867, 1723, 1478, 1457, 1359, 1296,
1246, 1199, 1107, 1046, 940, 871. HRMS: calcd. for C71H110016Na (M+Na)* 1241.77 found

1241.67.

Synthesis of calix[4]arene-tetra-‘Bu-tris-oEG4-mono-0EGe-OH 5. Calix[4]arene-tris-0EG4 3
(1.00 g, 0.82 mmol) was dissolved in dry DMF (20 mL). NaH (60% dispersion in oil, 66 mg, 1.64
mmol) was added and the mixture was stirred at room temperature for 5 minutes under inert
atmosphere. Then, compound 4 (0.85 g, 1.64 mmol) was added and the reaction mixture was stirred
for 16 hours at 75°C under inert atmosphere. After reaction, the mixture was concentrated under
reduced pressure. The resulting oil was dissolved in DCM (50 mL) and washed three times with
water (3 x 50 mL). The organic layer was filtered on WA and the filtrate was concentrated under
reduced pressure. The resulting oil was dissolved in MeOH (10 mL) and 1 mL of HCI (37%) was
added. The reaction mixture was stirred at room temperature for 2 hours. After reaction, the
mixture was concentrated under reduced pressure. The resulting oil was dissolved in DCM (25
mL) and washed three times with water (3 x 25 mL). The organic layer was filtered on WA and
the filtrate was evaporated under reduced pressure to afford the desired compound 5 as a pale-

yellow oil (1.15 g, 7.75 mmol, 94 % yield). *H NMR (300 MHz, CDCls, 298 K), § (ppm): 6.76 (s,
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4H), 6.75 (s, 4H), 4.41 (d, J = 12.5 Hz, 4H), 4.02-4.19 (m, 8H), 3.86-3.97 (m, 8H), 3.51-3.69 (m,
61H), 3.37 (s, 9H), 3.09 (d, J = 12.5 Hz, 4H), 1.07 (s, 18H), 1.06 (s, 18H). 3C NMR (100 MHz,
CDCls, 298 K), 8 (ppm): 153.3, 144.6, 133.9, 133.8, 125.0, 72.9, 72.7, 72.0, 70.8, 70.7, 70.6, 70.6,
70.5,70.4, 61.8,59.1, 33.8,31.5, 31.1. FTIR, v (cm™): 2951, 2899, 2867, 1480, 1457, 1360, 1300,

1248, 1200, 1113, 941, 870.

Synthesis of calix[4]arene-tetra-nitro-tris-o0EG4-mono-oEGs-acid 6. Calix[4]arene-tetra-'Bu-
tris-oEG4-mono-0EGe-OH 5 (0.5 g, 0.34 mmol) was dissolved in dry DMF (10 mL). NaH (60%
dispersion in oil, 135 mg, 3.37 mmol) was added and the mixture was stirred at room temperature
for 5 minutes under inert atmosphere. Then, tert-butylbromoacetate (500 pL, 3.37 mmol) was
added and the reaction mixture was stirred for 16 hours at 75°C under inert atmosphere. After
reaction, the mixture was concentrated under reduced pressure. The resulting oil was dissolved in
DCM (50 mL) and washed three times with water (3 x 50 mL). The organic layer was filtered on
WA and the filtrate was concentrated under reduced pressure. The resulting oil was dissolved in
DCM (15 mL) and cooled to 0°C. A mixture of glacial CH3COOH/fuming HNO3s (1:1) (2 mL)
was added. The purple mixture was stirred at 0°C for 5 minutes and then at room temperature for
16 hours. After reaction, the mixture was diluted with DCM (35 mL) and the organic layer was
washed with water (several times 50 mL) until the pH of the aqueous phase reached 7. The organic
layer was filtered on WA and the filtrate was concentrated under reduced pressure. The resulting
oil was triturated three times with 5 mL of diethylether. The diethylether was discarded and the
remaining oil was dried under vacuum to yield compound 6 as a yellow oil (0.26 g, 1.71 mmol, 51
% yield). *"H NMR (300 MHz, CDCls, 298 K) & (ppm): 7.59 (s, 4H), 7.57 (s, 4H), 4.65 (d, J = 14.2
Hz, 4H), 4.24 (s, 8H), 4.12 (s, 2H), 3.81 (s, 8H), 3.65 — 3.50 (m, 65H), 3.43 — 3.33 (m, 15H). 13C

NMR (100 MHz, CDCls, 298 K), § (ppm): 171.5, 161.9, 143.1, 135.9, 124.0, 74.5, 72.0, 70.7,
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70.6, 70.5, 70.5, 70.4, 69.2, 59.1, 31.2. FTIR, v (cm™): 2920, 2870, 1741, 1585, 1521, 1449, 1345,
1300, 1262, 1212, 1094, 1043, 928. HRMS: calcd. for CegH101N4O32 (M+H)" 1497.64 found

1497.64.

Synthesis of calix[4]-tetraaniline-tris-oEGs-mono-oEGe-acid 7. Calix[4]arene-tetra-nitro-tris-
0EG4-mono-0EGs-acid 6 (1.22 g, 0.81 mmol) and SnCl>.2H.O (4.10 g, 18.1 mmol) were
suspended in EtOH (50 mL). The reaction mixture was stirred for 16 hours at 60°C under inert
atmosphere. After reaction, the mixture was brought to room temperature and an aqueous NaOH
solution (1 M) was added until pH 10 was reached. The mixture was concentrated under reduced
pressure. The crude residue was suspended in MeOH (10 mL) and filtered. The filtrate was
evaporated under reduced pressure and the residue was suspended in DCM (5 mL). The mixture
was filtered, and the filtrate was evaporated to yield the compound 7 as a yellow-orange oil (757
mg, 0.54 mmol, 66%). *H NMR (300 MHz, CDCls, 298 K), & (ppm): 6.05 (s, 4H), 6.03 (s, 4H),
4.30 (d, J = 13.0 Hz, 4H), 4.14 (s, 2H), 4.02 — 3.92 (m, 8H), 3.85 — 3.78 (m, 10H), 3.69 — 3.49 (m,
87H), 3.37 (s, 14H), 2.90 (d, J = 13.0 Hz, 4H). 13C NMR (100 MHz, CD30D, 298 K), & (ppm):
177.4, 149.9, 142.8, 136.9, 117.4, 74.9, 73.0, 71.6, 71.4, 71.3, 71.1, 71.0, 70.7, 70.7, 70.6, 70.4,
59.1, 32.0. FTIR, v (cm™): 3352, 2917, 2870, 1607, 1474, 1455, 1349, 1245, 1212, 1104, 1948,

945, 852. HRMS: calcd. for CegH100N4O24 (M+H)* 1377.74 found 1377.75.

Synthesis of calix[4]arene-tetradiazonium-tris-oEGs-mono-oEGe-acid 1 Calix[4]-tetra-
aniline-tris-oEG4-mono-oEGe-acid 7 (200 mg, 0.14 mmol) was dissolved in dry acetonitrile (3
mL). At—40°C, NOBF4 (150 mg, 1.28 mmol) was added and the reaction mixture was stirred at —
40°C for 2 hours under inert atmosphere. After reaction, the mixture was evaporated under reduced
pressure and the resulting oil was triturated three times with 3 mL of diethylether. The resulting

oil was dissolved in dry acetonitrile and evaporated under reduced pressure to yield the desired
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compound 6 as a red oil (240 mg, 1.35 mmol, 94% yield). *H NMR (300 MHz, CDsCN, 298 K),
8 (ppm): 8.08 (s, 4H), 7.99 (s, 4H), 4.72 (d, J = 15.7 Hz, 4H), 4.48 (s, 6H), 4.10 (s, 3H), 3.85 —
3.67 (M, 12H), 3.65 — 3.39 (m, 56H), 3.30 (s, 11H). 13C NMR (100 MHz, CD3CN, 298 K), & (ppm):
172.7, 168.8, 138.8, 135.1, 107.8, 77.6, 72.5, 71.1, 71.0, 70.9, 70.8, 58.9, 31.1. FTIR, v (cm™):
3238, 3086, 2930, 2883, 2268, 1734, 1570, 1441, 1354, 1291, 1263, 1090, 919, 844. HRMS

analysis was not performed because of the low stability of compound 1 against temperature.

Chemical grafting of calixarene 1 on germanium surfaces. Germanium surfaces were first
immersed in ultrapure water and then in ethanol. Sonication was applied each time for 5 minutes.
They were then rinsed with Et,O and dried under argon atmosphere. The surfaces were dipped in
a 5 mM solution of the diazonium salt 1 in aqueous 0.1 M sodium hydroxide for 2 hours, without
stirring in order to avoid any mechanical damage of the surface (a minimal volume of solution was
used). Once the grafting was achieved, all the surfaces were thoroughly washed with ultrapure
water and then acetonitrile. Sonication was applied each time for 5 minutes. The surfaces Ge-1

were then dried under argon flow.

Preparation of surfaces Ge-1°. Surfaces Ge-1 were placed in a sealed tube and covered with 80
mM EDC solution in 0.1 M MES buffer at pH 6.0. An equal amount of a 200 mM NHS solution
in 0.1 M MES buffer at pH 6.0 was added, giving rise to a final concentration of 40 mM EDC and
100 mM NHS in MES buffer (0.1 M). The mixture was allowed to react for 2 hours under argon
atmosphere. The surfaces were then washed with ultrapure water and dried under an argon flow

affording surfaces Ge-1°.

Preparation of the FITC-BSA microarrays for the fluorescence microscopy studies. The

microarrays of fluorescent FITC-BSA were printed with an Arrayjet Marathon non-contact inkjet
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Microarrayer (ArrayJet, Roslin, UK) on germanium slides Ge-1” or Ge-1 (control experiment). In
practice, drops of ca. 100 pL FITC-BSA solutions (0.5, 1, 5 and 10 mg/mL) in 0.1 M PBS buffer
at pH 7.4/ethylene glycol 1/1 v/v were deposited to form regular arrays. Each sample was spotted
30 times in X direction (30 replicates). After 3 hours of incubation, the slides were rinsed with

ultrapure water and dried under argon flow.

Preparation of surfaces Ge-1-BSA and Ge-1-control. Surfaces Ge-1’ or Ge-1 were incubated
for 3 hoursina0.1 mg/mL BSA solution in 0.1 M PBS buffer at pH 7.4. After reaction, the surfaces
were thoroughly washed with ultrapure water under sonication. The surfaces were then dried under

an argon flow affording surfaces either Ge-1-BSA (from Ge-1°) or Ge-1-control from (Ge-1).

Preparation of Ge-1-biotin spotted surfaces. The microarrays of biotin derivative were printed
with an Arrayjet Marathon non-contact inkjet Microarrayer (ArrayJet, Roslin, UK) on germanium
slides Ge-1". In practice, drops of ca. 100 pL biotin-oEG2-NH: solutions (10 mg/mL) in 0.1 M
PBS buffer at pH 7.4/ethylene glycol 1/1 v/v were deposited to form regular arrays. Each sample
was spotted 30 times in X direction (30 replicates). After 3 hours of incubation, the slides were

rinsed with ultrapure water and dried under argon flow, affording Ge-1-biotin spotted surfaces.

Preparation of surfaces Ge-1-biotin. Surfaces Ge-1’ were incubated for 3 hours in a 10 mg/mL
biotin-oEG2-NH> solution in 0.1 M PBS buffer at pH 7.4. The surfaces were then thoroughly
washed with ultrapure water under sonication and dried under argon flow, affording surfaces Ge-

1-biotin.

Recognition of streptavidin. Before any detection experiment, surfaces Ge-1-biotin or Ge-1-
biotin spotted were first incubated in a PBS buffer solution at pH 9.3 in order to quench the

eventual residual activated ester group. The biotinylated surfaces were then locally incubated
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under either conditions A or B. Conditions A. The Ge-1-biotin spotted surfaces were incubated
with a drop of 0.5 pL of a solution containing 100 pug/mL of fluorescent streptavidin ATTO-655
and 100 pg/mL of fluorescent FITC-BSA in 0.1 M PBS buffer at pH 7.4/ethylene glycol 1/1 viv.
After 2 hours of incubation, the slides were rinsed with ultrapure water and then dried under argon
flow. Conditions B. The surfaces Ge-1-biotin were incubated either with drops of 1 pL solution
of 100 pg/mL streptavidin in 0.1 M PBS buffer at pH 7.4/ethylene glycol 1/1 v/v or with drops of
1 pL of solution containing 100 pg/mL of streptavidin and 100 pg/mL of BSA in 0.1 M PBS buffer
at pH 7.4/ethylene glycol 1/1 v/v. After 3 hours of incubation, the surfaces were rinsed with

ultrapure water and then dried under argon flow.

ATR-FTIR spectra were recorded at 22°C on a Bruker Equinox 55 FTIR spectrophotometer
equipped with a liquid nitrogen-cooled mercury—cadmium—telluride detector. The
spectrophotometer was continuously purged with dried air. The target chemicals were deposited
in solution on a germanium single-crystal internal reflection element (triangular prism of 6.8 x 45
mm, with an internal incidence angle of 45°), and the solvent was removed with a flow of nitrogen
gas. Bare germanium was used for the background spectrum. Opus software (4.2.37) was used to
record 128 scans with a nominal resolution of 4 cm™'. Data were processed and analyzed using the
home-written Kinetics package in Matlab R2007a by subtraction of water vapor, baseline
correction, and apodization at 8 cm™!. All spectra were equally normalized on the aromatic ring

stretching of the calixarenes around 1460 cm™2.

Fluorescence microscopy experiments were conducted on a Nikon Ti-Eclipse inverted
microscope. A filter cube (Semrock) with a 628 nm excitation filter (bandpass 40 nm), a dichroic
mirror centered at 660 nm and a 692 nm emission filter (bandpass 40 nm) was employed to match

the spectral properties of ATTO 655. A filter cube (B-2A) with a 470 nm excitation filter (bandpass
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40 nm), a dichroic mirror centered at 505 nm and a 515 nm emission filter (Longpass) was
employed to match the spectral properties of FITC. The surface exposure time for image recording
varies between 100 ms for bright field images and 5000 ms for fluorescence images. 8 scans are
recorded for the fluorescence images for the detection of the ATTO-655 dye and for the other
images a single scan is performed. The images were acquired with an Andor Clara camera
controlled by the Solis software. A 10x magnification objective (NA = 0.30, working distance 16
mm) was employed, providing an imaging density of 1.7 pixels per um. The images were

processed with the ImageJ software.
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