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As a consequence of recent progress in biotechnology,
regenerative medicine, and developments concerning medical
implants, an increasing need for precise and flexible con-
jugation methods has emerged.[1] For the immobilization of
biomolecules, chemical reactions with high specificity towards
the molecule of interest, mild reaction conditions compatible
with physiological milieu, and rapid as well as quantitative
conversion are essential.[2] If defined immobilization of two or
more biomolecules on the same surface in controlled ratios is
required, the individual reactions not only need to be
orthogonal with respect to ongoing biological events, but
also with respect to each other.[3] This prerequisite puts major
constraints on the type of chemical reactions that can be
exploited for bio-orthogonal immobilization. The develop-
ment of bio-orthogonal reaction schemes has been heavily
influenced by the concept of “click” chemistry, which was first
introduced by Sharpless and co-workers in 2001.[4] As the
archetypal example of click chemistry, the copper(I)-cata-
lyzed Huisgen 1,3-dipolar cycloaddition of azides and termi-
nal alkynes (CuAAC) has since been widely used as a surface-
modification strategy.[5] CuAAC is a highly efficient reaction
under mild conditions, with complete regioselectivity for the
1,4-triazole product.[6] Triazoles are stable linkers that are
resistant to hydrolysis, oxidation, or reduction.[6b] Initial work
was conducted on model surfaces, such as gold[7] and silicon,[8]

but was recently extended to a wide range of different
substrates.[9]

Chemical vapor deposition (CVD) polymerization[10] is a
versatile coating process that effectively decouples the sur-
face chemistry from the bulk composition. The CVD poly-
merization of functionalized [2.2]paracyclophanes can result
in functionalized poly(p-xylylene) coatings with a wide range
of different groups including active esters,[11] aldehydes,[12]

ketones,[13] or anhydrides.[14] These coatings have been used
for the immobilization of proteins,[15] peptides,[13] DNA,[16] and
cells.[17] CVD coatings can be conformally deposited on a
broad range of materials with different geometry[10] and are

useful for applications including functional electrically con-
ductive polymer films,[18] polymer gradients,[19] protein-resist-
ant surfaces,[20] solventless adhesive bonding,[21] 3D photo-
resists,[22] and polymer/carbon nanotube composites.[23]

The CVD process has been successfully applied for the
deposition of alkyne-functionalized polymers on a range of
different substrates and can even support micro- and nano-
patterning by CuAAC.[8b, 9] Despite the success of CuAAC,
the requirement of a potentially cytotoxic copper catalyst may
limit its biomedical applications.[24] To develop Cu-free click
chemistry, alkynes were activated by applying ring-strain,
incorporating an electron-withdrawing group, or both.[24a]

Bertozzi and co-workers conducted extensive studies on the
synthesis of cyclooctyne derivatives for copper-free azide–
alkyne cycloadditions.[25] They successfully improved the
cyclooctyne reactivity by introducing electron-withdrawing
fluorine atoms and used the copper-free click reactions for
selective modifications of biomolecules and living cells.[25]

Boons and co-workers achieved a similar rate enhancement
by fusing two aryl rings to the cyclooctyne scaffold.[26] The
strain-promoted cycloaddition of functionalized cyclooctynes
to azides is an efficient reaction, but their challenging
synthesis has prevented them from being more widely
investigated and applied to bioimmobilization.[24a]

Herein, we report a synthetically straightforward
approach towards reactive coatings for copper-free 1,3-
dipolar cycloadditions and demonstrate a bio-orthogonal
reaction scheme based on two sequential click reactions. Our
approach is based on CVD polymerization of appropriately
functionalized [2.2]paracylophanes. The development of a
CVD coating that presents alkyne groups capable of copper-
free click chemistry poses a number of challenges: 1) The
reactive groups must readily react with azide groups at room
temperature in benign solvents (e.g., water); 2) The func-
tional groups have to be compatible with the processing
conditions during CVD polymerization without decomposi-
tion or side reactions; 3) The precursors should be accessible
by straightforward synthesis. Herein, we chose to synthesize
[2.2]paracyclophane-4-methyl propiolate, which provides an
electron-deficient alkynyl group for the spontaneous reaction
with azide groups even in the absence of a catalyst.
Neighboring electron-withdrawing groups are known to
increase the reactivity of alkyne groups.[24a] Functional
moieties such as sulfonyl and carbonyl groups were inves-
tigated in different studies.[27] Applications of electron-
deficient alkyne moieties include DNA modification, gold
nanoparticle functionalization, or hydrogel crosslinking.[27b,28]

As shown in Scheme 1, [2.2]paracyclophane-4-methyl
propiolate was sublimed at 100 8C and 0.3 mbar and then
subjected to thermal pyrolysis at 510 8C in vacuum to generate
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reactive species that spontaneously polymerized upon adhe-
sion onto the cooled substrate, which was maintained at 15 8C.
This procedure resulted in a homogenous polymer film that
was stable in aqueous solutions and organic solvents such as
ethanol, acetone, dichloromethane, or chloroform.

FTIR spectroscopy and X-ray photoelectron spectroscopy
(XPS) were used to assess the chemical structure of this newly
synthesized polymer film and confirmed that the resulting
polymer was indeed poly[(p-xylylene-4-methyl propiolate)-
co-p-xylylene] (2, Figure 1). The FTIR spectrum clearly
shows C�H stretching bands at 3265 cm�1 and �C�C�
stretching bands at 2120 cm�1, which are characteristic of
the terminal alkyne groups. The carbonyl C=O stretching
band at 1718 cm�1 and C�O stretching band at 1219 cm�1

indicate the presence of ester bonds. No signs of decom-

position or side reactions were observed. XPS was used to
further confirm the chemical composition of the polymer
films. From the XPS survey spectrum, the atomic ratios of C1s
and O1s were found to be 90.9 % (calcd: 90.9 %) and 9.1%
(calcd: 9.1%), respectively. The calculated values based on
the structure of the starting material [2.2]paracyclophane-4-
methyl propiolate were consistent with the experimental
results shown in Figure 1b. This observation confirmed that
polymer 2 was successfully synthesized by CVD polymeri-
zation.

After verification of the chemical composition of polymer
2, we tested the chemical reactivity of polymer 2 towards
azide groups under copper-free conditions and compared it to
the previously reported poly[4-ethynyl-p-xylylene-co-p-xyly-
lene] (1);[8b] reactions were carried out by microcontact
printing (mCP; Figure 2). mCP is a commonly used method to

generate micro-scale patterns and has been used in the past to
modify functionalized poly(p-xylylene)s.[8b, 11,15] By using mCP,
high local concentrations of reagents in the contact area can
be achieved that can lead to significantly increased reaction
rates.[29] Rozkiewics et al. reported printing of acetylene
groups onto azide-functionalized self-assembled monolayers
without the use of a copper catalyst. The microcontact
printing approach further enables the selective reaction of
defined surface areas embedded in a background of unreacted
material; this unreacted material can be used as internal
control in subsequent immobilization steps. Herein, a water-
based solution of biotin–PEG–azide was used as ink to print
onto three different surfaces: polymer 2, polymer 1, and
unfunctionalized poly(p-xylylene). Poly(p-xylylene) has the
same backbone as coatings 1 and 2, but does not contain
reactive functional groups (R = H in Scheme 1). This polymer
was used as control compound to assess nonspecific adsorp-
tion onto the surfaces. Biotin was immobilized on polymer 2
through the triazole linker formed under copper-free con-
ditions in water. Tetramethylrhodamine-5(6)-isothiocyanate
(TRITC) conjugated streptavidin was then used to visualize
the patterns.[30,31] In Figure 2, fluorescence patterns that are
indicative of immobilized TRITC–streptavidin bound to
biotin are only observed on polymer 2, but not on polymer
1 or the unfunctionalized polymer. This result verifies that
under copper-free conditions at room temperature, polymer 2

Scheme 1. CVD polymerization process of polymers with non-activated
(1) and activated alkyne groups (2).

Figure 1. a) FTIR spectrum for poly[(p-xylylene-4-methyl-propiolate)-co-
p-xylylene] (2); b) chemical composition of polymer 2 determined by
XPS. Experimental values are compared with calculated values. Spectra
are shown in the Supporting Information, Figure S1.

Figure 2. Chemical reactivity comparison of polymers 1 and 2 under
copper-free condition using mCP for 3 h at room temperature. CVD
polymer coatings on samples: a) poly(p-xylylene) (no reactive func-
tional group, R = H in Scheme 1); b) polymer 1 (with nonactivated
alkyne groups); c) polymer 2 (with activated alkyne groups). After CVD
coating, the same treatment was applied to samples all 3 samples:
mCP of biotin–PEG–azide followed by TRITC–streptavidin solution
incubation. Scale bars represent 500 mm.
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successfully reacted with biotin–PEG–azide, while polymer 1
and poly(p-xylylene) showed no reaction.

We then prepared microengineered surfaces that con-
tained either polymer 1 or polymer 2 in different surface areas
(Figure 3). We hypothesized that such an approach would

enable a head-to-head comparison of the activated versus
nonactivated polymer coatings under otherwise identical
reaction conditions. This approach was carried out by first
coating the entire substrate with one layer of polymer 1 and
then depositing a second layer of polymer 2 onto selected
surface areas using the previously developed vapor-assisted
micropatterning in replica structures (VAMPIR) techni-
que.[20a, 32] The only exception is shown in Figure 3c, where
the coating sequence was reversed. The difference in thick-
ness between the two polymer layers for all microengineered
samples used in this study was measured to be 3–4 nm by
imaging ellipsometry. An example of a representative thick-
ness measurement is shown in the Supporting Information
(Figure S2). To ensure that the fluorescence contrast does not
stem from possible auto-fluorescence of the polymers, the
sample shown in Figure 3a1 and a2 was never in contact with
any azide compound, but was exposed to deionized water and
then TRITC–streptavidin solution only. The microengineered
surface did not show any fluorescence signal (Figure 3 a2),
hence confirming that auto-fluorescence of the polymers was
negligible and thus would not interfere with the bioconju-
gation study. The contrast in the bright-field image (Fig-
ure 3a1) was caused by differences in thickness between the

polymer layers and confirmed that the surface was success-
fully microengineered. Figure 3b and c show fluorescence
images of two different surfaces that were modified to present
inverse polymer patterns, which were achieved by simply
reversing the coating sequence. Independent of the sequence
of deposition, the results were the same, that is, only polymer
2 reacted with biotin–PEG–azide, while polymer 1 did not
reveal any significant fluorescence signal. Note that the
reaction time for solution-based reaction was 12 h and thus
longer than for the mCP experiments, which were allowed to
proceed for 3 h only. Even under prolonged exposure times,
the selectivity was high and biotin–azide molecules were
confined to areas that present propiolate groups. We observed
that the copper-free reaction for polymer 2 started within
seconds, as we could already observe initial contrast in the
fluorescence signal after printing for 10 seconds (see the
Supporting Information, Figure S3).

Finally, we took advantage of the difference in reactivity
between polymers 1 and 2 and developed a cascade of bio-
orthogonal reactions.[3a] We devised a 2-step “click” chemistry
procedure for sequential immobilization of different mole-
cules on separate areas of the same surface (Figure 4). The
cascade was put into effect by azide–alkyne reactions on the
surface, first without and then with Cu catalyst (only in this
order). Using microengineered substrates similar to the ones
used above, the electron-deficient alkyne groups were first
reacted inside the squares with Oregon 488 azide in deionized
water at room temperature. Under these conditions, the
nonactivated alkyne groups that were located in the remain-
ing areas did not react. In a second reaction step, we used
CuAAC to immobilize biotin–PEG–azide moieties on the
remaining background. Subsequent self-assembly of a
TRITC–streptavidin allowed for visualization of the selective
surface modification. Figure 4b shows the overlay image of
green and red channels, clearly with two different molecules
immobilized on separate defined areas of the same surface.
No cross-reaction of different areas was observed, thus
indicating a high degree of selectivity as well as complete
conversion during the copper-free reaction of polymer 2 (first
reaction step).

A potential limitation of this work is that the copper-free
reaction has always to occur first. Reversal of the reaction
sequence is not possible in this specific example. However,
the newly synthesized CVD coating with activated alkyne
groups could also be used in conjunction with other bio-
orthogonal reactions that have been previously shown to be
compatible with CVD coatings.[11–14] Ultimately, the “double-
click” approach proposed herein as well as other bio-
orthogonal immobilization strategies[3a] will likely find appli-
cations in areas, in which controlled immobilization of
multiple ligands is needed.
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Figure 3. Chemical reactivity comparison of polymer 1 and 2 under
copper-free conditions in solution reactions at room temperature.
Samples coated by a 2-step CVD process using the VAMPIR technique
resulted in surfaces with different polymer coatings inside and outside
the squares. a1), a2), b) polymer 2 inside the squares and polymer 1
outside as shown in Figure 4, c) the reverse pattern, where polymer 1
is inside the squares. a1) bright field image of sample incubated in
deionized water and then TRITC–streptavidin, a2) same sample as in
(a1) but under red channel. b) and c) samples incubated in biotin–
PEG–azide water solution and then TRITC–streptavidin solution. Scale
bars represent 200 mm.
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