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The properties of nanocrystalline diamond (NCD) films offer great potential for the creation of various

sensing and photonic devices. A great challenge in order to materialize such applications lies in

achieving the micrometrically resolved functionalization of NCD surfaces. In the present work, we

introduce a facile approach to meet this challenge employing the novel strain-promoted alkyne–azide

cycloaddition “click” chemistry reaction, a catalyst-free ligation protocol compatible with biomolecules.

The ability to achieve well-resolved multicomponent patterns with high reproducibility is demonstrated,

paving the way for the fabrication of novel devices based on micropatterned NCD films.
1 Introduction

Besides being the hardest of all materials, diamond occupies
a special place in industry. Its electronic properties, including
a 5.47 eV band gap, make diamond a promising semiconductor
material. Currently, diamond can be prepared synthetically
either as a bulk material under high pressure and high
temperature or in the form of thin lms by chemical vapor
deposition (CVD). The surface electronic properties of intrinsic
diamond can be signicantly altered by contact with oxidative
or reductive plasma. Diamond hydrogen or oxygen surface
termination results in marked differences in properties such as
electrical conductivity, electron affinity, and surface wettability.1

Bulk doping with boron (p-type) and nitrogen or phosphorous
(n-type) can also be incorporated during the thin lm deposi-
tion process to tune the semiconductor properties.2,3

Microwave CVD has become the preferred deposition tech-
nique for opto-electronic applications due to its advantages,
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including large area deposition, high growth rate, and high
surface quality. This technique usually yields lms composed of
nanocrystals, termed nanocrystalline diamond (NCD). Their
inexpensive production on a large variety of substrates of arbi-
trary size and shape compared to monocrystalline diamond
makes NCD lms a more feasible alternative for industrial
applications.4,5

Recently, NCD lms have been utilized for advanced elec-
tronic devices in the eld of sensing, including gas sensors and
photonic devices, as well as biosensors.6–9 As an example,
hydrogen-terminated NCD lms have been shown to exhibit
changes in their surface conductivity in the presence of phos-
gene and could be utilized as a physical transducer to detect this
gas.10 In a similar fashion, the amperometric detection of
glucose was accomplished by the immobilization of glucose
oxidase enzyme on NCD lms.11

Generally, diamond-based sensing devices rely on the
binding and reaction of molecules directly at the NCD
surface.12,13 In the vast majority of cases, the specicity of the
sensor response depends on the presence of appropriate
receptors immobilized onto the surface.9 Thus, in order to
extend the applications of NCD lms in the eld of sensing, as
well as biotechnology, the ability to functionalize their surface is
a prerequisite.9 In particular, being able to encode different
functionalities in precise regions of NCD lms can be envi-
sioned as a feasible route for the design of surfaces with
controlled interactions in biological environments,14,15 as well
as high-throughput sensors.

Surface immobilization of bioactive molecules by spotting
and printing methods has drawn much attention in recent
years, as it is a base technique for the preparation of structured,
bioactive surfaces.16–19 For highest feature resolution in the
This journal is © The Royal Society of Chemistry 2016

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra12194b&domain=pdf&date_stamp=2016-06-15
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra12194b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA006063


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

01
6.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
1:

03
:5

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanoscale, techniques like dip-pen nanolithography (DPN) and
polymer pen lithography (PPL) offer interesting lithography
routes.16,20 While ink jet printing offers contactless high-
throughput spotting at larger length scales (usually >50 mm),
techniques as microcontact printing (mCP) and spotting with
microchannel cantilevers (mCS)21 can readily address the scale
range down to a few microns.18,22 The deposition of micro-
reactors on a surface to allow liquid phase coupling chemistry
to take place for prolonged time or transfer of otherwise not
writable species is used in DPN and PPL in the form of matrix-
assisted transfer (MA-DPN/MA-PPL).23 Similarly, mCS was
previously demonstrated for the spotting of femtoliter–scale
reaction chambers for surface immobilization of bioactive
substances into microarrays by “click” chemistry.24,25 The click
reaction chosen in the previously mentioned approaches is the
copper-catalyzed alkyne–azide cycloaddition (CuAAC), that has
proven enormously useful for biochemical coupling reactions
since the introduction of the concept by Sharpless.26,27 In
particular, several examples have been reported in which the
CuAAC reaction was employed to functionalize the surface of
diamond materials, including nanoparticles,28 detonation dia-
mond nanoparticles,29 or conductive diamond,30–34 which
provided an avenue to electrochemically stable, functional
electrodes.

However, since terminal alkynes are rather unreactive
towards azides, the efficiency of the CuAAC reaction strictly
relies on the presence of a Cu(I) catalyst species, oen achieved
by combining CuSO4 with sodium ascorbate. This requirement
poses a serious drawback for several applications.35 In the
electronic elds the presence of Cu-ions on the surface can
disrupt monolayer conductivity.36 Particularly in many appli-
cations in the biological eld, the presence of such ions cannot
be tolerated, as they are cytotoxic and can disrupt the confor-
mation of the biomacromolecules to be patterned, including
proteins and DNA.37,38 Though extensive washing or the use of
heterogeneous catalysis can oen alleviate the problem,
concerns about the need for Cu-ions remain.39

In order to overcome these limitations altogether, reactions
are sought which proceed rapidly at room temperature, in
aqueous solvents, and do not require any catalyst. In this regard
the copper-free strain-promoted alkyne–azide cycloaddition
(SPAAC) click reaction, developed by Bertozzi and coworkers,
has attracted considerable attention.35,40 It relies on the use of
strained cyclooctynes and their derivatives to activate the reac-
tions. Thus, reaction rates are very fast without the need for
a metal catalyst. Its bioorthogonality and compatibility with
biological molecules has been thoroughly demonstrated, as the
reaction could even be applied to in vivo labeling and
imaging.40,41

Importantly, SPAAC reactions have been found to be suitable
for the functionalization of material surfaces such as silicon,
gold, or glass but also quantum dots, nanoparticles and poly-
mer nanobers.42,43 Silane chemistry was used by Popik and
coworkers to mediate the covalent surface attachment of the
strained alkyne to glass slides, aer which the SPAAC reaction
was carried out in a surface-conned fashion.44 A further
renement of this strategy consisted in the surface graing of
This journal is © The Royal Society of Chemistry 2016
functionalizable polymer brushes and their side-chain substi-
tution with “masked” dibenzocyclooctynes (DBCO), which
could be converted to the strained alkyne form by irradiation
with UV-light, allowing the ensuing SPAAC reaction to take
place in a spatially resolved manner.45 A later approach used
microcontact printing in order to achieve the patterning.46

Postpolymerization-functionalized surface-graed polymer
brushes were also used to compare the reaction kinetics of two
types of DBCO-derivatives with an azide.47

On the other hand, the surface immobilization of azide
groups followed by SPAAC reaction with a cyclic alkyne present
in solution has also been exploited.48 Various surface func-
tionalization strategies based on SPAAC have been reviewed
recently.49 The advantages of this novel catalyst-free click reac-
tion can be therefore envisioned to further expand the power of
mCS, PPL, and DPN.

Herein, we demonstrate a facile route for the surface func-
tionalization of NCD lms via mCS in order to create small-scale
patterns suitable for different types of sensor applications. For
this purpose, we create functionalized silane coatings bearing
chemical groups that can participate in either the established
CuAAC reaction or the catalyst-free SPAAC reaction. Moreover,
we compare the effectiveness of both protocols for mCS. We
further assess the possibility of employing this method to create
well-resolved multi-component patterns on the NCD lm
surface.
2 Experimental
2.1 Materials

(3-Glycidyloxypropyl)trimethoxysilane (98%), dibenzocyclooctyne-
amine (DBCO), and propargylamine were purchased from Sigma-
Aldrich (Czech Republic). Silicon wafers used as the substrate for
nanocrystalline diamond lm deposition were acquired from
Siegert Wafer GmbH (Aachen, Germany). The uorescent inks
tetramethylrhodamine (TAMRA) azide, Alexa uor 488-azide, Cy5-
azide, CuSO4 and ascorbic acid were acquired from Sigma-Aldrich
(Germany). (3-Glycidyloxypropyl)trimethoxysilane was puried by
vacuum distillation.
2.2 Methods

2.2.1 Surface modication
2.2.1.1 Deposition of nanocrystalline diamond lms. The

deposition of nanocrystalline diamond lm on the silicon
substrates proceeded in two steps: (i) seeding for 40 min, and
(ii) microwave plasma-enhanced chemical vapor deposition
(PECVD). Prior to the diamond deposition, the substrates were
ultrasonically cleaned in isopropyl alcohol and aerwards
rinsed with deionized water. Then, the substrates were
immersed for 40 min into an ultrasonic bath containing an
ultra-dispersed diamond colloidal suspension. This process
leads to the formation of a 5 to 25 nm thin layer of nano-
diamond powder on the Si substrate. The nucleation procedure
was followed by the microwave PECVD using a pulsed-linear
antenna microwave chemical plasma system (Roth&Rau AK
400).4 The deposition of the NCD layer was carried out using
RSC Adv., 2016, 6, 57820–57827 | 57821
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a microwave power of 2 � 1700 W, pressure of 0.1 mbar, with
a gas mixture of H2, CH4 and CO2 (100/5/30 sccm) and substrate
temperature of 500 �C.

2.2.1.2 Self-assembled monolayer (SAM) of epoxide. The
substrates coated with a deposited NCD layer were rinsed twice
with ethanol and deionized water, dried by blowing with
nitrogen, and exposed to air plasma for 20 min. Subsequently
they were immersed in a 1% (v/v) solution for (3-glycidylox-
ypropyl)trimethoxysilane in dry toluene and kept for 8 h at room
temperature in a dry environment. Aer this time, the samples
were removed from the solution, rinsed with toluene and
acetone and dried by blowing with nitrogen.

2.2.1.3 Immobilization of the clickable group. Immediately
aer silanization, the samples were immersed in a solution of
either propargylamine 2% (v/v) or dibenzocyclooctyne-amine
(DBCO, 1 mg mL�1) in dry dichloromethane in individual
sealed vials. The reaction was allowed to proceed at 35 �C for 12
h. Subsequently, the samples were rinsed with dichloro-
methane, acetone, ethanol, and water, and dried by blowing
with nitrogen.

2.2.2 Pattern fabrication
2.2.2.1 Dye solutions used for patterning. All uorescent dye

solutions used in this work in the mCS procedure (“inks”) con-
sisted of either TAMRA-azide, Alexa uor 488-azide, or Cy5-
azide, in all cases at a concentration of 100 mg mL�1, dis-
solved in a mixture of water/glycerol (7 : 3) to prevent drying.
For the solutions to be patterned on propargyl-functional NCD
lms via CuAAC, CuSO4 (10 mM) and sodium ascorbate (20
mM) were added as catalyst. In the case of the dye solutions
patterned on DBCO-functional NCD lms using the SPAAC
reaction, no catalyst was added.

2.2.2.2 Pattern writing via mCS. All patterns were written
with an NLP 2000 system (NanoInk, USA) using on-board so-
ware (NanoInk, USA) that allows programming of the dwell time
and position of the surface patterning tool (SPT-S-C10S, Bio-
force Nanosciences). Prior to use, the SPT pens were plasma
cleaned by oxygen plasma (10 sccm O2, 100 mTorr, 30 W for 5
min). Then, the SPT wasmounted onto the tip holder by double-
sided sticky tape and the pen reservoir was lled with 1 mL of the
corresponding dye solution. The spotting proceeded at a rela-
tive humidity of 60% and with the sample stage titled by 8� with
respect to the tip. For all patterns, a dwell time of 0.5 s was used.
Aer the lithography process, the click reaction between surface
and azide-functional dye (either CuAAC or SPAAC) was allowed
to proceed for 1 h in dark at a constant humidity of 60%.
Subsequently, the samples were rinsed with ethanol and
deionized water to remove the excess solution, and dried by
blowing with nitrogen.

2.2.3 Characterization methods. Surface characterization
was performed on pristine (as-grown) and chemically modied
NCD lms.

2.2.3.1 Scanning electron microscopy (SEM). The morphology
of the nanocrystalline diamond lms was obtained by scanning
electron microscopy (SEM, Raith e_LiNE). The images were
taken at accelerating voltages of the primary electrons of 10 kV
and in-lens detector was used.
57822 | RSC Adv., 2016, 6, 57820–57827
2.2.3.2 Fluorescence microscopy. Fluorescence microscopy
images were taken with a Nikon upright uorescence micro-
scope (Eclipse 80i), equipped with a sensitive camera CoolSNAP
HQ2 (Photometrics). The broadband excitation light source
(Intensilight illumination) is combined with sets of lters
(Texas Red, FITC, DAPI) to separate excitation and emission
spectra, depending on the used dye molecule. The uorescence
image analysis for determination of spot area was done in
ImageJ soware by applying a threshold to the raw images and
using the particle analysis tool.50

2.2.3.3 Atomic force microscopy (AFM). The surface topog-
raphy of the NCD lms was characterized in quantitative
nanomechanical mapping mode of PeakForce AFM system
(ICON, Bruker) using new Multi75AL cantilever treated in CF4
plasma (pressure 100 mTorr) for 30 s. The root-mean-square
roughness (RRMS) was evaluated from two scan area sizes: 5 �
5 mm2 and 1 � 1 mm2.

2.2.3.4 Raman spectroscopy. Micro-Raman spectroscopy
(InVia Reex by Renishaw) using a HeCd laser with a 442 nm
excitation wavelength, and spot diameter 2 mmwas employed to
assess the allotropic components of the NCD lms.

2.2.3.5 Thickness measurement. The thickness of the NCD
lms was evaluated from the interference fringes of the reec-
tance spectra measured in UV-vis-NIR region using a custom-
made device and commercial soware for modelling the
optical properties of the thin lm.

2.2.3.6 X-ray photoelectron spectroscopy (XPS). A K-Alpha
spectrometer (Thermo Fisher Scientic, East Grinstead, UK)
was used to perform XPS measurements. The samples were
analyzed using a micro-focused, monochromated Al Ka X-ray
source (400 mm spot size). The kinetic energy of the electrons
was measured using a 180� hemispherical energy analyzer
operated in the constant analyzer energy mode (CAE) at 50 eV
pass energy for elemental spectra. Thermo Avantage soware
was used to analyze the spectra. The spectra were tted with one
or more Voigt proles (binding energy uncertainty: �0.2 eV).
The analyzer transmission function, Scoeld sensitivity
factors,51 and effective attenuation lengths (EALs) for photo-
electrons were applied for quantication. EALs were calculated
using the standard TPP-2M formalism.52 All spectra were
referenced to the C 1s peak of hydrocarbons at 285.0 eV binding
energy controlled by means of the well-known photoelectron
peaks of metallic Cu, Ag, and Au.
3 Results and discussion

In this study, we report a new approach for the surface func-
tionalization of NCD lms via mCS using alkyne–azide cyclo-
addition click reactions with the purpose of creating small-scale
patterns (Fig. 1).
3.1 Deposition of nanocrystalline diamond lms

The growth of NCD lms on silicon wafer substrates was carried
out using a plasma-enhanced CVD method. The thickness of
the pristine NCD layers was measured by the spectral reec-
tance method assessing the interference fringes and was found
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic representation of the chemical strategy used for the functionalization of NCD films: (a) silanization with (3-glycidyloxypropyl)
trimethoxysilane, (b) ring-opening of the epoxide group with propalgylamine to yield an amino alcohol, (c) CuAAC click chemistry reaction of
immobilized propargyl groups with incoming azide, (d) ring-opening of the epoxide group with dibenzocyclooctyne-amine (DBCO), and (e) Cu-
free SPAAC click chemistry reaction of immobilized DBCO groups with incoming azide.
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to be 448 nm. Further characterization of the NCD layers was
carried out by scanning electron microscopy (SEM), Raman
spectroscopy, and atomic force microscopy (AFM). SEM image
(Fig. 2a) clearly indicates the polycrystalline nature of a contin-
uous lm consisting of grains in sizes up to 200 nm. Moreover,
a SEMmicrograph of the cross-section of the layer (ESI, Fig. S1†)
supports the homogeneity of the NCD layer thickness, providing
a value of (435 � 13) nm, which corresponds well with the
measurement by optical means. The topography of the lm, as
assessed by AFM, also reveals a uniform and homogeneous
coverage of the Si substrate with the diamond lm (Fig. 2c). The
surface roughness (RRMS) was evaluated from 5� 5 mm2 and 1�
1 mm2 scanned areas and was determined to be (16 � 2) nm.
This relatively low value of RRMS in comparison to other NCD
growth methods (typically between 30 and 50 nm for NCD
lms)53 is an important feature for many areas of application. It
is noteworthy that the roughness can be tuned by varying the
deposition parameters such as temperature, gas ow rate, and
pressure, as was shown in previous reports.54 For instance, it
has been reported that the pressure has a sharp inuence on the
deposition process, as it can lead to inhibition of the lm
growth.4 Increasing the partial pressure of oxygen in the
Fig. 2 SEM image of pristine NCD film (a), Raman spectrum of NCD
film (b). The sharp peak at 1330 cm�1 proves the diamond character of
the deposited films. AFM topography images of NCD film (c).

This journal is © The Royal Society of Chemistry 2016
precursor gases either as a pure O2 or in the form of CO or CO2

has been described for the purpose of enhancing the growth
rate and improving the diamond lm quality.55,56 Moreover, the
partial pressure of hydrogen in the feed gas plays an important
role in determining the morphology of the lm. Its decrease was
reported to lead to a change the morphology from discrete well-
faceted diamond grains larger than 100 nm to ner granular
structures with sizes in the order of 30 nm.57

The Raman spectrum (Fig. 2b) is characterized by three
strong contributions. The peak centered at 970 cm�1 (Si-peak)
reects the second-order peak of the Si substrate.58 The
Raman peak centered at 1330 cm�1 corresponds to the diamond
(sp3-bonding) component. The broad band at approximately
1610 cm�1 is attributed to the non-diamond phase (G-band),
i.e., sp2-bonded carbon atoms.4 The high intensity of the dia-
mond peak with respect to the G-band indicates a strong
predominance of the diamond phase in the lm with respect to
the graphite component.
3.2 Modication of NCD lms with reactive coatings for mCS

In order to allow for a rapid and well-dened functionalization
of the prepared NCD lms using mCS, the surfaces were coated
with a siloxane layer containing two types of chemical groups
able to undergo a click chemistry reaction in the presence of an
azide-containing molecule. The versatility of silane chemistry
has enabled its utilization for a variety of nanoapplications.
These range from the silica coating of iron particles to the
surface modication of carbon nanobers for polymer nano-
composites.59–61 The preparation of these clickable layers pro-
ceeded in two steps: (1) immobilization of a silane containing
an epoxide ring, and (2) nucleophilic epoxide opening with
a primary amine bound to the clickable group (Fig. 1). While the
silane immobilization step was common for both types of layers
prepared, the nature of the clickable group immobilized could
be changed simply by selecting an appropriate primary amine.

The successful preparation of the targeted layers was
conrmed by means of XPS. Fig. 3 shows the changes recorded
in the Si 2p and N 1s regions of the spectra aer the successive
reaction steps. The Si 2p region in particular conrms the
attachment of the siloxane layer by the appearance of two
RSC Adv., 2016, 6, 57820–57827 | 57823
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Fig. 3 XPS spectra of the Si 2p (left) and N 1s (right) regions, showing
the differences between the bare NCD surface (1), epoxide silane
surface (2), propargyl-functionalized NCD (3), and DBCO-functional-
ized NCD (4).

Fig. 4 Fluorescence images of a TAMRA-azide microarray on NCD
surfaces modified with propargylamine (a) and dibenzocyclooctyne-
amine (d). Intensity profiles of line through one row of spots (b and e).
Histograms of the spot radius of the images (a and d) are given in (c and
f).
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signals.62 They arise from the Si atoms in the layer bonded to
different oxygen-containing surface groups and to each other by
siloxane bonds. Their binding energies are observed at 101.5 eV
and 102.8 eV, and indicate that the Si atoms are bonded to
between 1 and 3 oxygen atoms.63,64 The signals are broadened by
splitting into closely spaced 2p3/2 and 2p1/2 components due to
spin–orbit coupling, which are not individually resolved.

Propargylamine was chosen to prepare the surface to be
functionalized using CuAAC. In our previous work we have
demonstrated the effectiveness of this strategy for the surface
functionalization of model substrates using DPN.65 However, in
order to overcome the requirement for a transition metal cata-
lyst in the DPN ink formulation, we introduced a surface
capable of participating in the SPAAC click reaction. While the
CuAAC has enabled great advances in surface functionalization
in general, and in particular for DPN and mCS, the use of a Cu-
based catalyst may pose severe limitations for the patterning of
some types of biomolecules whose activity may be impaired.
Two main strategies have been introduced to increase the
reactivity of the alkyne group in order to enable the cycloaddi-
tion reaction with an azide to proceed without catalyst,
involving the activation of the triple bond with uorine
electron-withdrawing groups or placing it in a strained cycle.66

In particular, dibenzocyclooctynes (DBCOs) show signicantly
increased reaction rates with azides, which allow for the strain-
promoted alkyne–azide cycloaddition to proceed in absence of
any Cu-species.67 Thus, a DBCO-presenting a primary amine
group was chosen in this work for the nucleophilic attack to the
epoxide ring (Fig. 1). The binding of both types of amines to the
surface is observed in the XPS spectra of the N 1s region, where
signals are observed corresponding to C–N/O]C–N groups
(399.5 eV) and to partially protonated amino groups
(401.3 eV),62,68 in contrast to the non-reacted epoxide surface
(Fig. 3).

3.3 Pattern fabrication via mCS and comparison of reactions

The ability to create microarrays on the NCD lms modied
with “clickable” coatings was demonstrated using mCS. This was
57824 | RSC Adv., 2016, 6, 57820–57827
achieved by spotting the ink with an SPT attached to a DPN
platform where the sample stage can be moved with high
precision in all three directions (x, y and z).21 The spotting
process was relatively fast as it can yield an area of 500 � 500
mm2 with 100 dots in about 2 min.69

Firstly, we compared two different types of click chemistry
reactions, i.e. CuAAC and Cu-free SPAAC click reactions, by
performing mCS with a uorescent azide-containing molecule
on the NCD lms modied with either propargyl or DBCO
reactive groups. It should be noted that in both cases aer the
lithography process was completed the samples were incubated
in dark, at room temperature, at a relative humidity of 60% for 1
h and subsequently washed with ethanol, rinsed with deionized
water, and dried. Arrays of dots were printed using a TAMRA-
azide ink solution (containing 10 mM CuSO4 and 20 mM
sodium ascorbate) on the propargylamine-modied NCD lm.
Fig. 4a shows a uorescence microscopy image of the fabricated
TAMRA-azide spot arrays. All printed spots are uniform in
intensity (Fig. 4b). The size distribution histogram of the spots
in the array is presented in Fig. 4c and shows calculated mean
radius of the spots in the pattern 10.2 mm.

To demonstrate a catalyst-free click chemistry reaction on
the NCD lm, a dibenzocyclooctyne-modied NCD substrate
was employed for the printing of the ink solution containing
TAMRA-azide but neither CuSO4 nor reducing agent. The ob-
tained uorescence image (Fig. 4d) shows a homogeneous
This journal is © The Royal Society of Chemistry 2016

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra12194b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

01
6.

 D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 1
1:

03
:5

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
binding of the ink over the whole pattern area aer the washing
procedure. In contrast to the propargyl-modied NCD surface,
a markedly higher uorescence signal was observed for patterns
written on the DBCO-modied NCD surfaces, i.e. where the
SPAAC click reaction took place. Furthermore, the intensity
prole across one line of spots exhibits a uniform distribution
and the average spot radius was 9.5 mm (Fig. 4e and f). In both
cases, a narrow distribution of the spot sizes is observed. The
signicantly increased uorescence observed on the DBCO-
modied NCD surfaces aer mCS with the TAMRA-azide solu-
tion with respect to the propargyl-functional NCD surface
indicates that the SPAAC reaction proceeds more rapidly and
effectively in comparison with the established CuAAC. Thus,
SPAAC could be used to achieve the effective functionalization
of the surface aer 1 h of reaction following the printing
procedure.

3.4 Multicomponent arrays

Multicomponent patterns are a valuable tool as they demon-
strate the potential use of the protocol for creating microarrays,
important for various types of sensing devices.9 In previous
works, we have applied several scanning-probe-based
patterning techniques in combination with CuAAC for the
fabrication of such arrays.24

Due to the interest in eliminating the need for the Cu-
catalyst, in the current work we fabricated multicomponent
arrays employing DBCO-modied NCD substrates. This
approach enabled us to assess the effectiveness of the SPAAC
reaction for such purpose. For the formation of multicompo-
nent patterns the SPT was rst loaded with TAMRA-azide ink
and the rst sub-pattern of 50 spots was written. Subsequently,
the same procedure was applied for the inks Alexa Fluor 488-
azide and Cy5-azide, respectively. Fig. 5a shows the results of
uorescencemeasurement aer the binding and washing steps.
The image evidences the formation of well-resolved sub-
patterns from the three different uorescent dyes. Fig. 5b
shows a typical uorescence intensity prole measured along
a horizontal line in the multi-component array. It can be seen
that while TAMRA-azide shows a stronger signal than Alexa
Fluor 455-azide or Cy5-azide, the intensities corresponding to
each sub-pattern are highly reproducible. Thus, the possibility
to encode the NCD surface with multiple inks containing azide-
functional molecules in a rapid catalyst-free approach is
Fig. 5 Fluorescence image of a three spot array (TAMRA azide, Alexa
Fluor 488 azide, Cy5-azide) on DBCO-modified NCD surface (a).
Intensity profile of line through one row of spots (b).

This journal is © The Royal Society of Chemistry 2016
demonstrated. This is of high relevance for the fabrication of
biochips, which can exploit the properties of the NCD lm.

Arguably, a possible limitation of printing techniques based
on scanning probe tools is their low throughput. Importantly, in
the case of DPN and relatedmethods, this problem can be easily
overcome by parallelization of the process.70,71 This is achieved
by xing several scanning probe tools in parallel while the
sample stage is scanned. Thus, the same pattern can be printed
many times simultaneously signicantly increasing the
throughput, which is of relevance for translation of such
methods to practical applications.
4 Conclusions

A new route for the covalent surface functionalization of
nanocrystalline diamond lms via catalyst-free click chemistry
utilizing spotting with microchannel cantilevers (mCS) was
introduced. This could be achieved by following a very simple
surface modication protocol applied to the NCD lm. More-
over, we demonstrated the ability to perform multicomponent
patterns using inks containing three different azide-functional
molecules and applying them onto the dibenzocyclooctyne-
modied NCD surface. Results presented herein indicate that
formation of a multicomponent micropattern on the modied
NCD surface by mCS represents a promising strategy for the
fabrication of high-density arrays that will be useful in elds
such as gas sensors, biosensors, as well as optical devices.
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