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Bioorthogonal ligation methods are the focus of current research due to their versatile

—
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applications in biotechnology and materials science for post-functionalization and
immobilization of biomolecules. Recently, inverse electron demand Diels-Alder (iEDDA)
reactions employing 1,2,4,5-tetrazines as electron deficient dienes emerged as powerful tools
in this field. We adapted iEDDA in microcontact chemistry (uCC) in order to create enhanced
surface functions. pCC is a straightforward soft-lithography technique which enables fast and
large area patterning with high pattern resolutions. In this work, tetrazine functionalized
surfaces were reacted with carbohydrates conjugated with norbornene or cyclooctyne acting
as strained electron rich dienophiles employing pCC. It was possible to create monofunctional
as well as bifunctional substrates which were specifically addressable by proteins.
Furthermore we structured glass supported alkene terminated self-assembled monolayers with
a tetrazine conjugated atom transfer radical polymerization (ATRP) initiator enabling surface
grafted polymerizations of poly(methylacrylate) brushes. The success of the surface initiated
iIEDDA via pCC as well as the functionalization with natural and synthetic polymers was
verified via fluorescence and optical microscopy, X-ray photoelectron spectroscopy (XPS),
time-of-flight secondary ion mass spectrometry (ToF-SIMS), atomic force microscopy (AFM)

and attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR).
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Introduction

Structuring metal, glass and semiconductor surfaces with small and large molecules is a key
aspect of materials science and nanotechnology due to their potential application in electronic
devices or microarrays. Within the last decades a variety of techniques for the patterning of
surfaces in the micrometer or submicrometer range emerged. One soft lithography technique
with a favourable combination of several advantageous characteristics such as low
consumption of material, short patterning times, fast and large area patterning, high pattern
resolution, simplicity and high versatility is microcontact printing (uCP)." Microcontact
chemistry (uCC) is a variation of pCP in which a reactive substrate is brought into close
conformal contact with an elastomeric stamp soaked with a molecular ink carrying
complementary reactive groups. In pCC a chemical reaction is spatially resolved in the
contact area of the substrate and the reactive ink on the stamp. Thus uCC is a straightforward
and easy to handle method for the fast functionalization of large areas in a microstructured

fashion.>

A variety of reactions for the functionalization of solid supported reactive self-assembled
monolayers (SAMs) has already been reported.*” It was found that especially so-called
“click” reactions are very versatile and powerful tools for surface functionalization employing
pCC. Among others, thiol-ene and thiol-yne click, Cu(I) catalyzed azide alkyne click, strain
promoted azide alkyne click and nitrile oxide click chemistry have been used in order to

modify silicon and glass surfaces with different microstructured functionalities.'*

Diels-Alder reactions have been studied intensively as tools for surface ligations as well. In
the conventional Diels-Alder reaction, an electron rich diene undergoes a cycloaddition with
an electron poor dienophile. Mrksich et al. investigated the applicability of the Diels-Alder
reaction between cyclopentadiene conjugates and quinones for surface ligations. They
conjugated reactive substrates via this approach and were capable of functionalizing a surface

bearing quinones with a biotinylated cyclopentadiene.'*"*

Wendeln et al. adopted the Diels-
Alder reaction in uCC for the fast preparation of simple carbohydrate microarrays. In that
work, a variety of carbohydrates were conjugated with dienes and reacted with glass and
silicon substrates which were functionalized with SAMs carrying electron poor
dienophiles.'>'® Gevrek et al. prepared polymeric coatings on glass with dienes incorporated
in the polymer. By doing so they were capable of patterning these substrates via pCC using

molecular inks with dienophiles as reactive groups. In this work they were also able to show

the reversibility of their surface ligation.'’
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In the inverse electron demand Diels-Alder reaction iIEDDA) an electron deficient diene
undergoes a fast reaction with an electron rich double or triple bond without the need for a
catalyst or external stimulus. Recently, especially tetrazines have found wide application as
electron deficient dienes in the functionalization of polymers, biomolecules, in organic
synthesis or for biocompatible applications.'® " Independent of the electron rich dienophile,
the iEDDA with tetrazine as an electron poor diene starts with a [4+2] cycloaddition. The
formed strained bicyclic adducts eliminate nitrogen in rapid retro Diels-Alder reactions. In
case of an alkyne, a pyridazine conjugate is obtained, while the reactions with alkenes yield
dihydropyridazines. A wide scope of 1,2,4,5-tetrazines with different reactivities and
stabilities have already been investigated and many of these substrates undergo fast reactions

especially with strained alkenes and alkynes.”!
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Figure 1: Schematic representation of the reaction between an electron poor 1,2,4,5-tetrazine (middle) and electron rich

dieneophiles such as alkynes (left) and alkenes (right).

In 2012 Beckmann et al. presented an elegant approach in which a tetrazine functionalized
surface was reacted with carbohydrates carrying a norbornene or terminal alkene as reactive
groups employing an automated array printer.*> In this paper we report surface
functionalization utilizing the iEDDA in uCC. By using norbornene or cyclooctyne
conjugated carbohydrates, we were capable of modifying glass substrates carrying tetrazines
as reactive groups in a microstructured fashion within a few minutes and even seconds. It was
not only feasible to prepare monofunctionalized carbohydrate substrates but also orthogonal
printing of the reactive dyes was performed (Figure 2a). These bifunctional surfaces were
specifically addressable by carbohydrate recognizing proteins belonging to the group of
lectins. The successful printing of the dienophiles onto tetrazine functionalized substrates was
verified via fluorescence microscopy, X-ray photoelectron spectroscopy (XPS) and time-of-

flight secondary ion mass spectrometry (ToF-SIMS).
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Figure 2: Schematic representation of a) the orthogonal surface modification via inverse electron demand Diels-Alder
reaction (iIEDDA) and microcontact chemistry (WCC) on a tetrazine functionalized surface and b) the immobilization of the

tetrazine conjugated ATRP initiator 4 on a 10-undecenyl trichlorosilane SAM via iEDDA and pCC.

We recently disclosed the applicability of pnCC in combination with the radical thiol-ene click
reaction for the fast patterning of alkene terminated glass supported SAMs with a nitroxide
mediated polymerization initiator. These substrates were used in order to graft various
polymer brushes exhibiting versatile supramolecular interactions from the surface.*® In order
to demonstrate the generality of uCC for the preparation of surface grafted polymer brushes,
we functionalized alkene terminated SAMs with an atom transfer radical polymerization
(ATRP) initiator conjugated with a 1,2,4,5-tetrazine via the combination of pnCC and iEDDA.
As a proof of principle poly(methylacrylate) (PMA) brushes were grown in a grafting from
approach (Figure 2b). The success of the surface initiated polymerization and the patterning
of alkene modified substrates via the iEDDA was verified via contact angle goniometry, water
condensation experiments, optical microscopy, atomic force microscopy (AFM) and

attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR).

Results and Discussion

The functionalization of substrates with tetrazine was carried out as reported by Beckmann et
al.*> Aminopropyl triethoxysilane functionalized substrates were immersed into a solution of
1 in a mixture of DMSO and pyridine. Two different carbohydrate conjugated dienophiles are

used for the chemical modification of the tetrazine covered substrates. The first one is the
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norbornene conjugated galactose derivative 2 and the second one is the mannose tagged
cyclooctyne 3 (Figure 2a). Galactose 2 binds selectively to the lectin PNA while mannose 3
binds selectively to the lectin ConA. While 2 was printed onto tetrazine functionalized SAMs
using a 25 mM concentration in MeOH with a reaction time of 2 min, the concentration and
the printing time for 3 could be reduced. Good pattern resolutions for 3 were obtained at a 10
mM ink concentration in MeOH with a printing time of only 30 s. After printing of the
dienophiles, the substrates were washed with ethanol, ultrapure water and sonicated in ethanol
for 3 min. As a first proof for the successful immobilization of the respective carbohydrates,
fluorescence microscopy imaging with fluorophore tagged PNA and ConA was performed
(Figure 3a and b). To this end, the residual tetrazine moieties on the substrates were first
blocked by reacting them with neat allylic tetraethylene glycol for 30 min. Subsequently the
substrates were blocked with bovine serum albumin (BSA) solubilized in HEPES buffer in
order to minimize unspecific binding of the respective lectins. After washing with HEPES
buffer, the surfaces were incubated with TRITC labeled ConA and PNA (50 pg/mL in
HEPES buffer) for 30 min. This was followed by repeated washing with pure HEPES buffer

and fluorescence microscopy imaging.

Figure 3: Fluorescence microscopy images of a) galactose 2 printed in 5 pum stripes spaced by 3 pm and incubated with
TRITC-PNA (50 pg/mL in HEPES buffer) and b) mannose 3 printed in 10 pm spots spaced by 5 um and incubated with
TRITC-ConA (50 pg/mL in HEPES buffer), both pictures at 40-fold magnification.

6
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Since the printed patterns were successfully visualized via the selective binding of the
respective proteins, a first proof for the surface functionalization by the iEDDA employing
pCC was given. The selective and homogeneous protein immobilization also confirms a
rather high carbohydrate surface density. XPS verified the successful surface initiated iEDDA
as well (see Figure S1 in the electronic supporting information, ESI). For this purpose, the
fluorinated norbornene S4 (see ESI for the structure of S4) was reacted to a tetrazine
functionalized substrate using a flat stamp. Figure S1 shows the Nls signal of a tetrazine
functionalized substrate before and after the iEDDA with S4. The observed change of the
shoulder in the N1s signal (ca 398 eV) may be attributed to the dearomatized structure of the
cycloaddition product. The appearance of a fluorine signal (ca 685 eV) in the XPS spectrum
results from the immobilized trifluoromethyl group in S4 and clearly verifies the success of
the iIEDDA via nCC. Additionally, ToF-SIMS, which is a powerful tool for surface analysis
due to its high sensitivity, was carried out. Galactose 2 was printed onto a tetrazine
functionalized silicon substrate in 5 pm stripes which were spaced by 15 pm and analyzed by
ToF-SIMS. Figure 4 shows an image of the sum of five detected negative ions characteristic
for carbohydrates. The observed intensity pattern verifies the successful surface induced
iIEDDA. This pattern could also be observed on each individual CyH,O, ion, however with

less intensity and contrast (see Figure S2 in the ESI).
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Figure 4: ToF-SIMS analysis of selected negative C,H,O, ions of a tetrazine functionalized silicon surface patterned via

pCC with galactose 2 (MC: maximum counts, TC: total counts).

Orthogonal printing of the mannose and galactose conjugates was performed on the same
tetrazine surface using the same printing conditions as before. In a first step 2 was printed in
5 um stripes which were spaced by 15 um. This was followed by performing an orthogonal
printing of 3 in 5 um stripes which were spaced by 15 um as well. Finally, the residual

tetrazine moieties were saturated with the allylic tetracthylene glycol again. Following the
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BSA blocking, these substrates were incubated with FITC-ConA (100 ug/mL in HEPES-
buffer) and TRITC-PNA (50 ug/mL in HEPES-buffer). After the incubation with the
respective lectin, the substrate was washed with HEPES-buffer, ultrapure water and
fluorescence microscopy was performed. Figure 5a shows the orthogonal surface which was
incubated with FITC-ConA. The printed stripes are intersected in the expected way since
mannose 3 was printed after galactose 2. The observed intersected stripes also verify the
selective protein carbohydrate interaction as no criss cross structure is observed.
Subsequently, this orthogonally functionalized substrate was incubated with TRITC-PNA and
fluorescence microscopy imaging showed the expected continuous stripes (Figure 5b). The
combination of XPS, ToF-SIMS and fluorescence microscopy as well as the orthogonal
addressability of bifunctionalized substrates proves the successful surface modification of

tetrazine functionalized substrates with carbohydrate conjugated dienophiles via pCC.

Figure 5: Fluorescence microscopy images of a) intersected stripes caused by mannose 3 printed in 5 pm stripes spaced by
15 pm and incubated with FITC-ConA (100 pg/mL in HEPES buffer) and b) galactose 2 printed before mannose 3 in 5 um
stripes spaced by 15 um and incubated with TRITC-PNA (50 pg/mL in HEPES buffer), both pictures at 40-fold

magnification.
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Furthermore we investigated the viability of the iEDDA for the patterning of the tetrazine
conjugated ATRP initiator 4 on alkene terminated SAMs and the subsequent surface initiated
atom transfer radical polymerization (SI-ATRP). This approach enables a rapid polymer brush
functionalization of glass and semiconductor surfaces covered by a reactive SAM. In order to
be able to grow polymer brushes in the grafting from approach, a high surface density of
polymerization initiators is required. A PDMS stamp patterned with 5 um stripes spaced by
3 wm was soaked with a 15 mM solution of initiator 4 in methanol which was heated to 60°C.
After drying the elastomeric stamp, it was brought into close conformal contact with the
alkene functionalized glass substrate. The reaction was allowed to proceed in an oven heated
to 60 °C for 55 min. Afterwards the surfaces were washed with ethanol and sonicated in
ethanol for 3 min. The success of the iEDDA between the alkene terminated SAM and 4 was
verified via contact angle measurements (see Figure S3a-e and Table S1 in the ESI). The
water contact angle of the substrate functionalized with 4 decreases compared to the unreacted
alkene SAMs. Figure S3d in the ESI shows an alkene terminated SAM on which 4 was
printed with a structured stamp. After water condensation onto this substrate, the droplets
aligned in the printed structure. Initiator 4 was also printed onto silicon supported alkene
SAMs and the printed structures were found in the phase image of the AFM measurements

(see Figure S2e in the ESI).

SI-ATRP was conducted by placing an initiator-modified glass under argon atmosphere in a
Schlenk tube in an acetone solution containing methyl acrylate, ethyl 2-bromoisobutyrate
(EBiB) as a “free” initiator, a 50 ppm CuBry/tris[2-(dimethylamino)ethyl]amine (MesTREN)
complex, and ascorbic acid as a reducing agent at 75 °C for 15 h. Figure 6a and b show the
AFM image and the corresponding height profile of the resulting PMA brushes. The PMA
brushes exhibit a height of around 40 nm and nicely reproduce the printed patterns. Further
proof for the successful polymerization is the optical micrograph in Figure 6¢ as well as the
infrared spectrum shown in Figure 6d. The FTIR spectrum exhibits two significant peaks one
of which appearing at a wavenumber of 1737 cm™ indicating the methyl ester, while the other
at a wavenumber of 1441 cm™ originates from the aliphatic polymer backbone. The collected
data emphasize the versatile and fast applicability of the iEDDA employing microcontact

chemistry under mild reaction conditions.
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Figure 6: a) AFM image, b) corresponding height profile, ¢) optical micrograph (20-fold magnification) and d) FTIR

spectrum of poly(methyl acrylate) brushes grafted from an alkene terminated glass surfaces patterned with initiator 4.

Conclusion

In this study we demonstrated the versatility of the iEDDA reaction for chemical surface
patterning using pCC. Using iEDDA, it is possible to functionalize tetrazine substrates with
dienophiles (and vice versa) at room temperature within a few minutes. The success of the
surface induced iIEDDA via pCC as well as the following functionalization with natural
lectins or synthetic PMA brushes was verified by multiple analytical tools such as contact
angle goniometry, XPS, AFM, ToF-SIMS, ATR-FTIR and by light and fluorescence
microscopy. These substrates have the potential to be developed to basic biosensors or to
structured antifouling coatings. Thus, the iIEDDA reaction is a powerful and versatile tool for
bioorthogonal surface reactions that can be applied both in biotechnological as well as

materials applications.
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Experimental Section

General Glass substrates were prepared from IDL microscope slides (Interessengemeinschaft
der Laborfachhindler). Detailed information concerning the syntheses of 1*%, 2 and 3" is

available in the literature. The synthesis of 4 and S14 is given in the ESI.

Preparation of Aminopropyl SAMs and Functionalization with 1 Glass slides were cut
into pieces of approximately 1.4 x 1.4 cm” and cleaned by sonication in pentane, acetone and
ultrapure water. The substrates were washed with ultrapure water, dried in a stream of argon
and subsequently immersed into a freshly prepared piranha solution (conc. H,SO4/H,0,
(30%); 3/1). After 30 min the substrates were extensively washed with ultrapure water, dried
in a stream of argon and put into a freshly prepared solution of aminopropyl triethoxysilane in
toluene (2vol.%). After 90 min, the substrates were washed with ethanol, sonicated in ethanol
for 3 min and dried in a stream of argon. The surfaces were placed in a flask and the flask was
evacuated. The substrates were baked for 10 min at 120 °C. These substrates were immersed
into a freshly prepared 5 mM solution of 1 in DMSO/Pyridin (95/5) and stirred for 3 days.*>

Subsequently the substrates were washed with DMSO and acetone and used directly.

Preparation of Undecenyl SAMs Glass slides were cut into pieces of approximately
1.4x 1.4cm® and cleaned by sonication in pentane, acetone and ultrapure water. The
substrates were washed with ultrapure water, dried in a stream of argon and subsequently
immersed into a freshly prepared piranha solution (conc. HySO4/H,0, (30%); 3/1). After
30 min the substrates were extensively washed with ultrapure water, dried in a stream of
argon and put into a freshly prepared solution of 10-undecenyl trichlorosilane in toluene
(0.1vol.%). After 45 min the substrates were taken out of the solution, washed with ethanol
and ultrapure water and ready for the pCC procedure after drying the substrates in a stream of

argon.

PDMS Stamp Preparation PDMS stamps were prepared by mixing poly(dimethylsiloxane)
and curing agent (Sylgard 184, Dow Corning) in a 10 to 1 ratio and casting this mixture on a
patterned silicon master. The PDMS mixture was cured at 80 °C overnight. Patterned stamps
were cut out with a knife and put into a UV ozonizer (PSD-UV, Novascan Technologies Inc.)
for 55 min prior to use. If not used immediately, the PDMS stamps were stored in distilled

water.

HCC Procedure for 2 and 3 Oxidized PDMS stamps were covered with 25 uLL of a 25 mM

solution of galactose 2 or a 10 mM solution of mannose 3 in methanol respectively. After an

11
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incubation time of 1 min, the stamps were dried in a stream of argon and placed on the
tetrazine functionalized substrates. 2 was printed at room temperature for 2 min, while 3 was
printed at room temperature for 30 s. Subsequently the substrates were washed with ethanol,

ultrapure water and sonicated in ethanol for 3 min.

HCC Procedure for 4 Oxidized PDMS stamps were covered with 25 puL. of a 15 mM solution
of 4 in methanol which was heated to 60 °C. After an incubation time of approximately 1 min,
the stamp was dried in a stream of argon and placed onto the alkene functionalized substrate.
The iEDDA was allowed to proceed in an oven at 60 °C for 55 min. Subsequently the surface

was washed with ethanol, ultrapure water, DCM and sonicated in DCM for 3 min.

Protein Imobilization Carbohydrate functionalized substrates were covered with a 3 wt%
solution of BSA in HEPES buffer (20 mM HEPES, 150 mM NaCl, 1 mM CaCl,, 1 mM
MnCl,, pH 7.5) for 30 min and washed with HEPES buffer (2 x 5 min) afterwards. Following
the BSA blocking, the substrates were incubated with lectins (either FITC-ConA 100 pg/mL
or TRITC-ConA 50 pg/mL plus TRITC-PNA 50 ug/mL in HEPES-buffer) for 30 min. Prior
to fluorescence microscopy imaging, the substrates were washed with HEPES-buffer and

ultrapure water.

Polymerization Conditions A Schlenk tube was charged with glass slides functionalized
with 4 via uCC, methyl acrylate (4.75 g, 55 mmol), ethyl 2-bromoisobutyrate (2.2 mg, 0.0114
mmol), CuBr; (0.614 mg, 2.75 umol), and tris[2-(dimethylamino)ethyl]amine (MesTREN)
ligand in acetone (3 mL). The tube was subjected to three freeze—thaw cycles, then an
ascorbic acid (31 mg, 0.175 mmol) was added, and the tube was sealed off under argon. The
polymerization was carried out under argon at 75 °C for 15 h. The resulting mixture was
cooled to room temperature and dissolved in DCM. The glass was taken out of the solution,
rinsed with DCM, followed by ultrasonication (5x) in DCM for 5 min each. The patterned
polymer brushes were characterized by AMF, optical microscopy, and ATR-FTIR
spectroscopy. DCM was removed from the PMA solution under reduced pressure and the
residual monomer was removed in a vacuum-drying cabinet at 60 °C for 12 h. Conversion
was evaluated gravimetrically; molecular weight of 280000 g mol™ and polydispersity index
(PDI=1.28) were determined by gel permeation chromatography. The brush prepared here
shows a high grafting density of 0.96.

X-Ray Photoelectron Spectroscopy XPS measurements were performed with an Axis Ultra
DLD (Kratos Analytical Ltd, UK). A monochromatic Al Ka source (hv = 1486.6 e¢V) at

12
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10 mA filament current and 12 kV filament voltage source energies was used. The pass
energy was set to 20 eV and the charge neutralizer was used to compensate for sample
charging. All measurements were carried out in the “electrostatic mode”. The data were
evaluated with CasaXPS (version 2.3.15, Casa Software Ltd, UK) and the spectra were
calibrated to aliphatic Carbon (Cls = 285 eV)

Time-of-Flight Secondary lon Mass Spectrometry ToF-SIMS measurements were carried
out using a TOF IV compatible instrument equipped with a liquid metal ion gun (IONTOF
GmbH, Miinster). For analysis 25 keV Bi;" ions were used in a high lateral resolution mode
(< 500 nm). A distinct identification of the ions was accomplished by additional analyses,
which were performed in a mode with high mass resolution (m/Am> 7000 at m=41 u) and
reduced lateral resolution. The ion images were recorded in an area of 100 x 100 pm?* with
256 x 256 pixel and a primary ion dose density of 2.57 x 10" c¢m™. For data evaluation

Surface Lab 6.3 was used.

Fluorescence Microscopy For fluorescence microscopy imaging an OLYMPUS CKX 41
microscope was operated with an OLYMPUS XC 30 camera and a X-Cite® Series 1200 by
LUMEN DYNAMICS as the irradiation source. Data processing was carried out with the
software OLYMPUS Stream Start 1.8.

Contact Angle Goniometry Water contact angles were measured by means of the sessile
drop method on a DSA 100 goniometer (Kriiss GmbH Waissenschaftliche Laborgerite).
Contact angle measurements were performed on glass substrates. The evaluation of the
measurements was done using the software Drop Shape Analysis, which takes around 100

data points for each measurement and provides a value for the error.

Atomic Force Microscopy For AFM imaging a NanoWizard 3 from JPK Instruments was
operated in the tapping mode using Veeco RTESP-Tapping Mode etched silicon probes. The
AFM was typically operated with a set point of 0.900 V and a scan rate of 1.00 Hz while the
AFM images were recorded with 512 x 512 pixels. Data evaluation was done with gwyddion

(version 2.22).

Size exclusion chromatography. SEC was carried out with degased THF or DMF as eluent
at a flow rate of 1.0 mL/min at rt on a system consisting of a HPLC Pump 64 (Knauer), a set
of two PL gel 5 um MIXED-C columns (300 x 7.5 mm, Polymer Laboratories) and a Knauer
RI differential refractometer detector. Data were analyzed with PSS WinGPC Compact

V.7.20 software (Polymer Standards Service) based on calibration curves built upon

13
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poly(methyl methacrylate) standards (Polymer Laboratories Poly(methyl methacrylate)
Medium MW Calibration Kit M-M-10 to determine the molecular weight of polymers) with
peak molecular weights ranging from 1660 to 1000000 g/mol. The reported GPC data for
each individual polymer are the average of several measurements and the GPC profile shown

is a representative one.

Fourier transform infrared spectroscopy. FTIR spectra were recorded on a Digilab TFS
4000 equipped with a MKII Golden Gate Single reflection ATR system with diamond crystal
45° top plate P/N 10563. This top plate can be fitted to the Golden Gate optical unit to
provide a single reflection 45° specular reflectance measurement of microsamples. The top

plate slot aperture is 5 mm x 2.5 mm.
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