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Diamond, because of its electrical and chemical properties,
may be a suitable material for integrated sensing and signal
processing. But methods to control chemical or biological
modifications on diamond surfaces have not been established.
Here, we show that nanocrystalline diamond thin-fims
covalently modified with DNA oligonucleotides provide an
extremely stable, highly selective platform in subsequent
surface hybridization processes. We used a photochemical
modification scheme to chemically modify clean, H-terminated
nanocrystalline diamond surfaces grown on silicon substrates,
producing a homogeneous layer of amine groups that serve as
sites for DNA attachment. After linking DNA to the amine
groups, hybridization reactions with fluorescently tagged
complementary and non-complementary oligonucleotides
showed no detectable non-specific adsorption, with extremely
good selectivity between matched and mismatched
sequences. Comparison of  DNA-modified  ulira-
nanocrystalline diamond fims with other commonly used
surfaces for biological modification, such as gold, silicon, glass
and glassy carbon, showed that diamond is unique in its ability
to achieve very high stability and sensitivity while also being
compatible with microelectronics processing technologies.
These results suggest that diamond thin-films may be a nearly
ideal substrate for integration of microelectronics with biological

modification and sensing.
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integrated sensing and signal processing is fuelling interest in

chemical and biological modification of the group 1v
semiconductors'®. One of the biggest challenges for integrating
microelectronics and biotechnology is the need to develop interfaces
thatare compatible with microelectronics processing methods, and that
also provide the requisite selectivity and stability when exposed to
biological environments. Although microelectronic-compatible
materials such as silicon, glass and gold can be biologically modified,
degradation of the interfaces has been a persistent problem, inhibiting
the development of integrated biological sensors. Diamond is especially
attractive because, in addition to having good electrical”'’ and chemical
properties®?,itis widely considered to be biocompatible®'"'?,and can be
deposited as a robust, thin film on silicon and other microelectronic-
compatible substrates’®'” at moderate temperatures that are
compatible with microelectronics processing'’. Because the growth rate
of diamond is very slow, economic factors favour the use of extremely
thin films. To achieve very thin, continuous films, the nucleation density
during growth must be extremely high, producing diamond films with
crystallites of nanometre dimensions''°. Here, we present a method for
functionalization of nanocrystalline diamond films of submicrometre
thickness, and we show that this method allows these films to act as
robust, highly selective substrates for biological modification. Our
results show that DNA-modified diamond thin-films exhibit extremely
good selectivity, and, more importantly, show chemical stability
superior to that of alternative microelectronic-compatible substrates
such as gold, glass and silicon.

Two types of thin-film diamond samples were investigated. Before
growth, both types of samples were treated with nanocrystalline
diamond powder in an ultrasonic bath to achieve very high nucleation
densities'®. Ultra-nanocrystalline diamond (UNCD) films', 0.75 um
thick, were grown on n-type Si (100) substrates at Argonne National
Laboratory in a 2.45 GHz microwave plasma reactor using 1% CH, and
99% Ar at 150 torr pressure and 800 °C for approximately two hours.
Nanocrystalline diamond (NCD) films (0.5 + 0.2 um thick) were grown
on n-type Si (100) substrates at the Naval Research Laboratories in a
2.45 GHz microwave plasma reactor (Astex Model PDS-17) using
purified hydrogen (900 s.c.c.m.) and methane (99.999%, 3 s.c.c.m.) ata
total pressure of 15 torr. The samples were cleaned in a series of acid
baths and then, immediately before each experiment, were exposed
to a 13.56 MHz inductively coupled hydrogen plasma (15 torr) for
20 minutes at 800 °C, as described previously”. This procedure
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Figure 1 Sequential steps in DNA attachment to diamond thin films, as described in
the text.

preferentially etches any graphitic carbon and leaves the diamond
surface terminated with C-H bonds'**.

The DNA attachment sequence is summarized in Fig. 1. The H-
terminated samples are photochemically reacted with a long-chain
w-unsaturated amine, 10-aminodec-1-ene, that has been protected
with the trifluoroacetamide functional group®. We refer to this
protected amine as TFAAD. The protected amine is then deprotected,
leaving behind a primary amine (Fig. 1c¢). The primary amine is
reacted with a heterobifunctional crosslinker sulphosuccinimidyl-4-
(N-maleimidomethyl)cyclohexane-1-carboxylate (SSMCC) and
finally reacted with thiol-modified DNA (Fig. 1d) to produce the
DNA-modified diamond surface (Fig. le).

X-ray photoelectron spectroscopy (XPS) using a monochromatic
Al K, excitation source was used to characterize the chemical changes
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during the initial stages of modification. Figure 2a presents high-
resolution C(1s),F(1s) and N(1s) spectra froma UNCD sample. Similar
experiments on NCD samples (not shown) yielded nearly identical
spectra. Figure 2b shows the reaction efficiency as a function of
illumination time for UNCD and NCD samples exposed to TFAAD.
XPS spectra of the H-terminated samples (Fig. 2a) show a single sharp
C(1s) peak near 285.1 eV, and with no significant intensity at higher
binding energies and no detectable amounts of fluorine or nitrogen.
O(1s) spectra (notshown) reveal onlyavery small peak that we attribute
to oxygenbonded at grain boundaries. Thus, the H-termination process
leads to a well-defined starting surface for subsequent modification.

Photochemical attachment of TFAAD molecules to the surface
(Fig. 1b) was accomplished by placing the sample in a nitrogen-purged
reaction chamber and adding ~5 ul of TFAAD, which wets the surface
with a thin, liquid film. The sample was covered with a quartz window
and illuminated with a 254-nm low-pressure mercury lamp
(0.35 mW cm™ measured at the sample surface?'). The F(1s) and C(1s)
peak areas were used to determine the extent of surface reaction after
different illumination times. Figure 2b shows that the F(1s)/C(1s) ratio
(A1gc1s) increases linearly then saturates. This time dependence can be
fit with an exponential function A gy, = Ay (1-exp "), where tis the
illumination time, 7 is the characteristic reaction time at the given
illumination intensity, and A, is the saturation F(1s)/C(1s) XPS area
ratio observed after long illumination time. This fit yields 7= 3.0 hours
and A,, = 1.04. Correcting the F/C area ratio for the atomic sensitivity
factors (F=1.0,C=0.25), electron escape depth (~2 nm), and the angle
of the sample normal with respect to the analyzer (45°), yieldsan Fatom
density of ~2 x 10" F atoms cm™, or ~7 x 10" molecules cm™
This number corresponds roughly to the number density of
~1.4 x 10" atoms cm on the diamond (111) surface and is consistent
with formation of a dense monolayer™. A comparison of UNCD and
NCD samples shows no significant difference in the rate of
photochemical attachment or in the final F/C ratio. This observation
suggests that the photoattachment process is relatively insensitive to the
nanocrystalline grain structure of the diamond films. On the basis of the
time dependence shown in Fig. 2b, all subsequent experiments reported
here were performed with an exposure time of 12 hours.

Although the detailed mechanism of the photochemical reaction
has not yet been fully elucidated, we determined that the absorption
coefficient of the TFAAD is only 1.0 cm™ at 254 nm, so that only 0.5%
of the incident photons are absorbed by the ~50-um-thick TFAAD
layer. Pure, single-crystal diamond is transparent at 254 nm, and
polycrystalline diamond absorbs light in the visible and near-
ultraviolet regions®. A 0.5-um-thick UNCD film that was removed
fromits silicon support by etching witha HF/HNO, mixture yielded an
absorbance of 3.0 at 254 nm; this demonstrates that ~99.9% of the
photons are absorbed within the diamond thin-film. Thus, we
conclude that virtually all the ultraviolet photons are absorbed by the
diamond film and not by the TFAAD liquid film. Additionally,
measurements using p-polarized ultraviolet light showed that the
attachment efficiency is greater when the light impinges at Brewster’s
angle (thereby yielding no reflection loss and complete absorption in
the bulk) than at normal incidence. These results suggest that the
photoattachment process involves photoexcitation of bulk
electron-hole pairs, and may be similar to the mechanism recently
reported for photoattachment of similar molecules on iodine-
terminated silicon surfaces®.

High-resolution spectra show the chemical changes induced by the
ultraviolet light. After 12 hours of illumination, Fig. 2a shows that, in
addition to the large peak at 285.1 eV (90.1% of total area, expanded
off-scale) from the bulk diamond and the alkyl chain of the attached
molecules, two smaller peaks having nearly equal areas are observed at
293.4 eV (4.7% of total area) and 289.0 eV (5.2% of total area). These
peaksare attributed to the CF, group and the C=0 group, respectively®.
The F(1s) spectrum shows a single narrow peak at 689.2 eV from the

nature materials | VOL 1| DECEMBER 2002 | www.nature.com/naturematerials

© 2002 Nature Publishing Group



ARTICLES

CF, group and the N(1s) spectrum shows a peak at 399.0 eV from the
protected amine group.

After attaching the TFAAD to the surface, the amide group was
deprotected by immersion in a solution of 0.36 M HCI in methanol
(65 °C, 24 hours)*. A comparison of the XPS spectra shows that
deprotection induces nearly complete (~82%) loss of the F(1s) peak at
689.0 eV and the C(1s) peak at 293.4 eV. These changes confirm loss of
the CF, group. The N(1s) peak area broadens slightly and decreases in
total area by ~10%, indicating that the amine group is intact.

Following deprotection, the samples were linked to DNA as
depicted in Fig. 1d. The amine-terminated diamond surfaces were
exposed to a 1.5 mM solution of SSMCC in 0.1 M triethanolamine
buffer solution (pH 7) for 20 minutes, and DNA oligonucleotides
(modified with a thiol group at the 5" end) were then linked to the
SSMCC-modified surface by applying 0.5 wl of 250 uM thio-
oligonucleotide and keeping the sample in the humid reaction vessel for
at least 6.5 hours. Experiments were conducted using two different
oligonucleotides attached to the surface and using two fluorescently
tagged oligonucleotides for hybridization studies. The sequences
attached to the surface were 5'HS-C H,,-T;s- GCTTA TCGAGC TTT
CG3' (S1) and 5'HS -C.H,,-T,. GC TTA AGG AGC AAT CG3' (S2).
The oligonucleotides used for hybridization were modified on the 5" end
using 6-carboxy fluorescein phosphoramidite. Two complementary
sequences employed were 5'-FAM-CG AAA GCT CGA TAA GC-3' (F1,
16bases complementaryto S1 and with a four-base mismatch to S2) and
5'-FAM-CG ATT GCT CCT TAA GC-3' (F2, 16 bases complementary
to S2 and with a four-base mismatch to S1). All oligonucleotides were
synthesized by the University of Wisconsin Biotechnology Center and
purified by high-pressure liquid chromatography before use. In
hybridization studies, 1 ul of the appropriate 5 uM oligonucleotide (F1,
F2, or a mixture) was spread on the DNA-modified surface, hybridized
for 20 minutes, and then washed with a standard hybridization buffer
consisting of 300 mM NaCl, 20 mM sodium phosphate, 2 mM EDTA,
and 6.9 mM sodium dodecyl sulphate®.

Figure 3a shows three fluorescence images (black = high intensity)
of a diamond surface—covalently modified at one location with
sequence S1 and at another location with S2—after exposure to the
oligonucleotides F1,F2 and amixture. After exposure to F1,a clear single
spot appears at the location of S1, indicating that the applied F1
efficiently hybridized to its complement, S1. However, there is no
detectable hybridization between F1 and the four-base mismatch (S2).
After this image was obtained, the sample was denatured in 8.3 M urea,
rinsed in deionized water, and a second experiment was performed in
which sequence F2 was applied to the surface for 20 minutes. The
resulting fluorescence image shows increased fluorescence intensity
only at the second spot. Figure 3b presents these data in a more
quantitative way by showing the variations in intensity along a specified
line. Finally, the sample was denatured again and a mixture of Fland F2
was applied to the surface. As expected, the fluorescence image (Fig. 3a)
shows hybridization at both locations.

To quantitatively evaluate the selectivity of hybridization, the average
and standard deviation of the fluorescence intensity were measured in
specificregions of the sample. The average fluorescence intensity froman
area of 0.42 mm? (encompassing ~50% of the area of the hybridized
spots) was 2,436 (o = 144) for the perfect match (F2 + S2) and
525 (0=38) forthefour-base mismatch (F2+S1).Thebackgroundinthe
non-functionalized region also was 525 (0= 38). Thus, the signal from
the mismatched sequence is indistinguishable from the background,
whereas the perfect match yields a signal-to-noise ratio (intensity due to
hybridization divided by the pooled standard deviation) of 12.9 from this
0.42 mm? area. Similar measurements on an NCD sample produced a
signal level of 862 (0= 66) for a perfect match, and 284 (o= 38) for the
background, yielding a signal-to-noise of 7.6. Our results indicate a
slightly higher signal-to-noise ratio for UNCD diamond. However, this
difference may be related to the different film thickness and needs to be
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Figure 2 a, X-ray photoelectron C(1s), F(1s) and N(1s) spectra of UNCD diamond
sample. Spectra shown include the clean, H-terminated surface, the same sample after
photochemical attachment of the protected amine TFAAD, and after deprotection to form
the primary amine. b, Comparison of the F(1s)/C(1s) area from UNCD and NCD samples
after exposure to TFAAD and illuminated for various lengths of time.

explored more systematically before any clear conclusion could be
drawn. For both UNCD and NCD diamond, our experiments show that
DNA-modified diamond thin-films exhibit a strong preference for
binding to complementary versus non-complementary sequences.

One of the potential advantages of diamond over alternative
materials is that it provides extremely good stability and is fully
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compatible with microelectronics processing methods. To demonstrate
this, we performed stability studies of DNA-modified surfaces of
diamond and a number of other materials including silicon, gold, a
commercially available amine-terminated glass, and two types of glassy
carbon. In each case, the surfaces were terminated with amine groups,
reacted with SSMCC, and then with thiol-terminated DNA as described
below. Corning GAPS II amine-terminated glass slides were
functionalized usinga 1 mM solution of SSMCCin TEA buffer (pH=7)
for 20 minutes, reacted with 250 uM DNA thio-oligonucleotide for
12 hours, and then rinsed in water and placed in TEA buffer, pH 7.0 at
37 °Cfor one hour to remove excess DNA. DNA-modified gold surfaces
were prepared taking ozone-cleaned Au surfaces, rinsing in water then
ethanol, and reacting with 11-amino-1-undecanethiol hydrochloride
for 18 hours to produce amine-terminated layers. These were then
rinsed successively with distilled water and ethanol, reacted with
SSMCC for 20 minutes, and exposed to DNA thio-oligonueotides for
12 hours, as described previously®. Glassy carbon samples were cleaned
and functionalized following a procedure identical to that used to
modify the diamond samples as described above. Silicon(III) was
funcionalized with DNA as described previously®.

All the modified sample surfaces therefore involve nearly the same
covalent chemistry. Each DNA-modified sample was then subjected to
30 successive cycles in which it was hybridized as above, the fluorescence
image was obtained, the sample was denatured, rinsed and the
fluorescence image was measured again. As shown in Fig. 3c, these
repetitive  measurements show that DNA-modified ultra-
nanocrystalline diamond surfaces exhibit no measurable decrease in
signal intensity even after 30 cycles. DNA-modified silicon surfaces
show a small but steady decrease, consistent with previous studies®”*.
DNA-modified gold surfaces degraderapidly due to the facile hydrolysis
of the thiol group under basic conditions, and even the amine-
terminated glass shows rapid degradation. Two types of commercially
available glassy carbon were also investigated; these differ in the
temperature at which they are fabricated. Glassy carbon prepared by
heating to 1,000 °C showed a ~30% degradation over 30 hybridization-
denaturation cycles. A glassy carbon sample that was fabricated at a
temperature of 3,000 °C showed improved stability, with little or no
degradation over the course of the experiment. However, the
temperature involved in fabricating glass carbon of this type is above the
melting point of silicon, hence, this type of glassy carbon cannot be
integrated with silicon microelectronics technology.

Because all of the DNA-modified surfaces were prepared with
nearly identical chemistry, the differences in stability can be ascribed to
differences in the intrinsic stability of the starting surfaces to various
degradation processes. For example, it is widely recognized that gold-
thiol bonds are very susceptible to oxidation, leading to solubilization of
the attached layers?. Similarly, the degradation of chemically modified
surfaces involving Si-O linkages, especially under basic conditions, is
well-known?*. Because oxidation of silicon is catalysed by amines®,
both crystalline silicon and SiO, surfaces are susceptible to amine-
induced degradation®®*%. In contrast, the DNA-modified diamond

Figure 3 a,Images showing fluorescence on hybridization of fluorescently labelled
DNA (sequences F1 and F2) to two difference sequences of DNA (S1 and S2) bonded
to UNCD diamond surface. (See text for discussion.) b, Variation in fluorescence intensity
along the indicated line after a diamond surface modified with sequences S1and S2 was
hybridized with sequence F2. ¢, Stability of DNA-modified UNCD diamond and other
materials during 30 successive cycles of hybridization and denaturation. In each case, the
substrates were amine-modified and then linked to thiol-terminated DNA using SSMCC as
acovalentlinker (see text). The florescence intensities after hybridization with perfectly
matched, fluorescently labelled complements are shown. For each substrate, the
fluorescence was measured after each denaturation step and was confirmed to be zero.
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surfaces clearly exhibit extremely good stability. Moreover, this is
accomplished without loss of selectivity: the selectivity of binding to
perfectly-matched and mismatched sequences was also investigated at
the end of the 30-cycle stability test and showed no decrease in intensity
from a complementary sequence, and no increased background after
exposure to anon-complementary sequence.

The above experiments demonstrate that a thin film of
nanocrystalline diamond, even of submicrometre thickness, can be
usedasa highly stable substrate for selective biological modification and
adsorption. Diamond is unique in its ability to achieve high selectivity
and high stability, while also being able to be prepared under conditions
that are compatible with microelectronics fabrication. This
combination of properties provides a unique opportunity for
integration of DNA and other biological materials with
microelectronics, and may enable the development of completely
integrated bioelectronic sensing systems.

Received 11 July 2002; accepted 30 October 2002; published 24 November 2002.
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