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Peptide nucleic acid–nanodiamonds: covalent and
stable conjugates for DNA targeting†

Claire Gaillard,a Hugues A. Girard,*a Caroline Falck,b Vincent Paget,b Vesna Simic,c

Nicolas Ugolin,b Philippe Bergonzo,a Sylvie Chevillardb and Jean Charles Arnaulta

This article highlights our recent application of functional nanodiamonds (NDs) with peptide nucleic acids

(PNA) to develop tools for DNA detection. NDs appear as an ideal nanocarrier due to their versatile surface

chemistry, their non-cytotoxicity and since they could benefit from intrinsic luminescent properties. In this

work, we report for the first time the possibility to prepare a covalent, stable and functional conjugate of

PNA with 20 nm HPHT (High Pressure High Temperature) nanodiamonds. Peptide nucleic acid is a DNA

mimic related to both peptides via its backbone and to nucleic acid via its bases. It binds more

specifically and more strongly than DNA itself to either DNA or RNA. We have initiated a novel

functionalization route based on an optimized amidation of ND carboxylic acid groups, to produce ND–

PNA conjugates via an efficient, simple and reproducible method. We describe the synthesis and

characterization of those conjugates. The covalent binding of the ND–PNA and the loading of nucleic

acid grafted onto the NDs were performed using various characterization methods including FTIR, Kaiser

tests and thermogravimetry. Then, ND–PNA conjugates were validated through a successful recognition

of complementary DNA in a mixture, showing their efficiency toward nucleic acid detection. Moreover,

the impact of ND–PNA on A 549 cells’ viability was analysed with flow cytometry and showed an

absence of ND–PNA conjugates cytotoxicity. Such nucleic acid-functionalized nanodiamonds offer a

wide range of applications and namely the possibility to target and to recognize DNA.
A Introduction

In recent years, nucleic acid–nanoparticle conjugates have
received considerable scientic interest because of their
biomedical and bioengineering applications. Such conjugates
have been the subject of extensive studies toward gene delivery
and bioassays because selective and sensitive detection is
essential for tracking genetic disease, genomic research or early
diagnosis for cancer.1,2 In that sense, DNA functionalization has
already been reviewed and widely detailed for several nano-
particles such as carbon nanotubes (CNTs),3–5 metal nano-
particles6–8 polymeric nanobeads,9,10 or silica nanoparticles.11

Among the nucleic acids available for such applications,
recent works reported on synthetic peptidic nucleic acids (PNA)
demonstrated enhanced stability with respect to DNA.12 Indeed,
PNA is related to both peptides via its rigid backbone and
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(ESI) available: Materials and method
49 cells exposed 24 h to ND–PNA. See
nucleic acid via its bases.13,14 It can be hybridized to comple-
mentary DNA and RNA sequences because of comparable
intermolecular distances congurations. The uncharged
peptide backbone represents an advantage towards the
hybridization of nucleic acids since it avoids the effect of elec-
trostatic repulsion between PNA with negatively charged DNA
and RNA. The PNA binding is thus more selective and stronger
than DNA itself to either DNA or RNA, with a better chemical
and thermal stability, as PNA are neither degraded by nucleases
nor proteases. Indeed, it is well known that small PNA strands
(between 10 and 18 bases) are usually used to target in vivo or in
vitro by hybridization different sequences of DNA like telomers,
gene sequences, or RNA like mRNA or ribosomal RNA.14

Surprisingly, nanoparticles–PNA (NP–PNA) conjugates have
been very poorly investigated so far when compared with
NP–DNA conjugates, and recent publications mostly focus on
NP–PNA conjugates for detection. For instance, CNT–PNA were
used as nanoelectrode platforms and metallic NP–PNA as
substrates for colorimetric detection toward efficient DNA
recognition in biosensors.15,16 PNA functionalization of
quantum dots (QDs) was also described for long-term intracel-
lular and intranuclear tracking studies.17 Nevertheless, toward
gene detection, the specicity and stability of NP–PNA conju-
gates would also be of great interest. In such a case, an ideal
nanocarrier would have to allow a stable PNA binding onto a
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Size measurement as estimated from dynamic light scattering
and zeta measurements (z) of ND and ND–PNA suspended in water
(pH ¼ 5).
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nontoxic, low cost and available nanomaterial, further to
exhibiting uorescent properties for labelling capacities.

In this context, nanodiamonds (NDs) thus represent an inter-
esting and stable chemical platform to extract oligonucleotides.
Indeed, NDs have attracted growing interest in recent years, as
their carbon-related surface chemistry provides an efficient and
versatile platform for bio-conjugation toward therapeutic applica-
tions,18–22 whilst their diamond cores host an embedded lumi-
nescent N-V center,23 perfectly photostable and well adapted for
bio-labelling in organisms and cell cultures.24 Their production
and purication are now well established, either from the deto-
nation technique, from laser ablation or viamilling of HPHT (High
Pressure High Temperature) diamonds.10 ND with sizes ranging
from nanometers to a few tens of nanometers could be produced
in large quantity at low cost.25 Furthermore, several long-term in
vitro23,24 as well as in vivo26–28 studies have demonstrated that NDs
are non-cytotoxic and show an enhanced cell tolerance compared
to other nanocarbon materials.21 From subsequent surface treat-
ments to homogenize their surface chemistry,12,13,30–32 it has been
made possible to conjugate ND surfaces with uorescent mole-
cules,26–29 with DNA,33 siRNA,22 proteins,34,35,36 lysozymes,35 growth
hormones,37 antibodies,38,39 and anti-cancer drugs,40–42 as well as
with dopamine derivatives.43

ND–oligonucleotide conjugates already reported in the
literature were mostly designed toward gene therapy, then
based onto electrostatic interactions to allow a delivery.22,33Here
we report on covalent ND–PNA conjugate synthesis, stable and
functional, realized through an efficient, simple and repro-
ducible method. We focused our approach on the possibility of
covalently binding PNA directly on the carbon atoms of the
diamond core. Taking advantage of the carbon-related chem-
istry of NDs, we aim at increasing the conjugate stability,
accessibility, and selectivity during competitive hybridizations.
PNA (polythymine) functionalization has thus been achieved
through an optimized amidation of carboxylic acid groups
present at the ND surface. Synthesis and characterization of
those conjugates will be described and the covalent binding of
the ND–PNA is evidenced from infrared spectroscopy (FTIR) as
well as from Kaiser tests. The quantication of nucleic acids
graed onto NDs is then performed using thermogravimetric
(TGA) and spectrouorimetry analyses. We show that PNA
molecules covalently linked to NDs are accessible for subse-
quent hybridization through the successful matching with
complementary DNA present in a mixture, thus demonstrating
their efficiency for molecular diagnosis. Finally, the cytotoxicity
of ND–PNA was studied and no cell mortality was recorded even
for ND–PNA highest dose. These studies demonstrate the ability
of those conjugates to be used in advanced biomedical devices
and their potential applications in biomedicine.

B Results and discussion
Synthesis of nanodiamonds functionalized with peptide
nucleic acid

Acidic treatments or annealing in air are common methods
enabling the covering of NDs with a high density of carboxylic
groups on their surface,19 allowing an enhanced colloidal
This journal is © The Royal Society of Chemistry 2014
stability to NDs suspensions. Typically, loading values from 0.1
to 0.8 COOH per nm2 depending on NDs synthesis have been
reported.43,44 Commercial NDs are thus oen provided with
such a surface chemistry, as is the case for the NDs used in the
present study.30 Note that the presence of such carboxylic
groups on our NDs is conrmed by zetametry which evidenced a
negatively charged surface above pH ¼ 5 (Fig. 1).

To create a covalent binding between PNA and NDs, a
coupling strategy can thus rely on the creation of an amide
between these carboxylic groups and PNA terminal amino
groups. Regarding the literature, different strategies could be
chosen for such amidation. Focusing on NDs, many studies
report approaches via the chlorure thionyl procedure,10,45

although it requires drastic conditions (excess, reux and time).
As an alternative, the carbodiimide-activated coupling is known
to be particularly suitable for the functionalization of carbon
nanomaterials with biomolecules and biological species.46 This
way was preferred here to conjugate PNA to NDs using peptide
coupling reagents and namely 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide and hydrochloride–N-hydroxysuccinimide
(EDC–NHS).

Several parameters were optimized that include solvent
nature (dimethylformamide, dioxane, water), temperature and
precursor order during the reaction to nally converge towards
a protocol where functionalization was achieved at room
temperature in dimethylformamide (DMF) (Scheme 1) enabling
an enhanced dispersion of NDs when compared to other
solvents. Carboxylic groups at the ND surface were rst acti-
vated with EDC–NHS coupling and aer elimination of this
compound, PNA were added in presence of N,N-diisopropyle-
thylamine (DIEA) (see Experimental section and ESI†).

Functionalized NDs with polyT PNA were rst characterized
using dynamic light scattering (DLS) (Fig. 1). From an initial
mean value of 24 nm, their diameter only slightly increases up
to 44 nm aer several washings and their redispersion in pure
water. This good dispersion is presumably ensured by the
preservation of a high surface charge aer functionalization,
with a zeta potential z equal to �38 mV. This negative charge
may either originate from the NDs carboxylic groups unsatu-
rated with amide bonds, or PNA carboxylic groups.

The graing of NDs was then investigated using Fourier
transform infrared (FTIR) spectroscopy. To overcome peaks
related to adsorbed water on the spectrum (typ. at 1640 cm�1

and 3300–3400 cm�1), samples were dried in situ at 50 �C under
vacuum for 24 hours before measurement using a specically
designed IR reactor cell. Fig. 2 shows the spectra of free
RSC Adv., 2014, 4, 3566–3572 | 3567
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Scheme 1 Synthesis of ND–peptide nucleic acid polyT conjugates.

Fig. 3 Colorimetric assay (Kaiser test) of ND–PNA, and ND–NH2 as
the positive control. The blue colour indicates the presence of free
amino groups.
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polythymine PNA (blue curve), as received NDs (purple curve)
and ND–PNA (red curve). The NDs mainly exhibit a strong band
around 1780 cm�1 relating to carboxylic groups30 and show a
weak contribution of C–H stretching modes between 2920 and
3000 cm�1.30 Aer coupling with PNA, the ND–PNA spectrum
exhibits a strong signal at 1630 cm�1 which corresponds to the
C]O stretching of amide functions, also clearly present in the
PNA spectrum. In parallel, NH deformation band at 1545 cm�1

could also be observed on the PNA spectrum and as a shoulder
shape in the ND–PNA signal. These bands at 1545 and 1630
cm�1 are clear PNA signatures present on the NDs surfaces.

If FTIR evidences the presence of PNA onto ND, this tech-
nique is unable to conrm the formation of the amide bond
between both conjugates, hidden on the spectra by the amide
bonds already present on the PNA backbone. To gain further
insights into the chemistry of ND–PNA, a colorimetric assay (the
so called Kaiser test) frequently used in peptide chemistry47 was
assessed to check the disappearance of free amino groups.
Indeed, terminal amino groups on PNA should have been
turned into amide bonds in case of successful coupling. Fig. 3
compares Kaiser tests performed on ND–PNA conjugates with
those done onto two control solutions. The positive control
(blue coloured) achieved with ethylene diamine functionalized
NDs evidences the sensitivity of the Kaiser method to free
amino groups graed onto NDs. On a stable suspension of ND–
PNA, no presence of free primary amines groups is revealed
during the Kaiser test, thus conrming their disappearance in
favour to amide bonds. Considering the FTIR analysis and these
colorimetric assays, an effective covalent binding between PNA
and NDs is thus strongly supported.

To quantify the PNA conjugation to NDs, thermogravimetric
analysis (TGA) was performed (Fig. 4A and B). On the differen-
tial thermogravimetric (DTG) curves of NDs (Fig. 4A) and ND–
PNA (Fig. 4B), 3 different thresholds could be observed. The rst
weight loss below 200 �C is due to adsorbed species including
Fig. 2 FTIR spectra of as received ND (purple curve), PNA (blue curve)
and ND–PNA (red curve).

3568 | RSC Adv., 2014, 4, 3566–3572
water.48 Removal of the surface functional groups only starts
beyond 300 �C and corresponds to the second weight loss.49

Similar observations favouring covalent functionalization at
this temperature were reported in the literature.48–50 The third
threshold is attributed to the ND pyrolysis.50 Comparing ND and
ND–PNA TGA curves in the second weight loss range, a differ-
ence of ca. 2.5 wt% associated with covalently bonded mole-
cules can be determined before and aer functionalization
(Fig. 4C). If we attribute this difference to PNA removal, the
loading of PNA onto NDs is thus 10 nmol mg�1, which corre-
sponds to a value of 90 PNA molecules for one ND if the particle
is considered as a 20 nm diameter sphere. This high loading of
PNA by nanoparticles should thus ensure a high hybridization
probability between PNA and DNA.
Hybridization of peptide nucleic acid-functionalized
nanodiamonds

As PNA hybridization was shown to be more specic and
stronger than DNA itself to either DNA or RNA,14 ND–PNA
conjugates would have the benet of the same properties. To
guarantee the capacities of these ND–PNA conjugates towards
DNA recognition, a hybridization test was performed using a
specic DNA sequence. ND–PNA and NDs were dispersed in a
solution containing complementary polyA DNA labelled with
Cyanine 3 (Cy3) in a hybridization buffer. Aer several washing
steps to remove the DNA excess, a drop on a slide was observed
Fig. 4 Differential thermogravimetric (DTG) and TGA curve of ND (A),
differential thermogravimetric (DTG) curve of ND–PNA (B), thermog-
ravimetric analysis (TGA) of ND as received and ND–PNA (C).

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Plot of the fluorescence intensity of Cy3-labelled DNA as a
function of its concentration in a buffer solution (lexc ¼ 470 nm and
lem ¼ 562 nm). A linear fit to the data points gives: I ¼ 3.5 � 107C +
73 362 where C is the concentration of labelled DNA (mM) and I the
fluorescence intensity.
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under uorescent microscopy. Resulting pictures of NDs and
ND–PNA conjugates are compared aer the same treatment on
Fig. 5, respectively. The uorescence resulting from the Cy3-
labelled DNA clearly evidences the effective DNA recognition
and hybridization with ND–PNA. On the contrary, only low
uorescence traces are observed when NDs were used for such
hybridization tests, suggesting a very limited nonspecic
interaction between DNA and non-functionalized NDs. A
repulsion effect between DNA and the strong negative charge
(�45 mV) of the carboxylated NDs may explain these phenom-
enon, as already reported by Kong et al.51 These observations
provide a rst qualitative comparison.

Hybridized DNA loaded onto ND–PNAwas then studied using
spectrouorimetry in order to quantify DNA molecules aer
hybridization for 45 minutes. First, the uorescence intensity of
Cy3 was calibrated using three concentrations of DNA–Cy3
(Fig. 6). Aer hybridization and several washes, the uorescence
intensities of NDs and ND–PNA were recorded. Note that the
background uorescence coming from non-functionalized NDs
was estimated prior to the experiments and subtracted from all
measurements. Table 1 reports the uorescence intensity of
DNA–Cy3 aer their hybridization onto ND–PNA at several
concentrations ranging from 0.025 to 0.01 mg mL�1. The
concentration of DNA–Cy3 was deduced using the calibration
curve (Fig. 6). Taking into account the ND concentration, the
DNA–Cy3 loading onto ND–PNA was estimated to be 0.8 to 1.1
nanomoles per mg of ND. Assuming NDs are 20 nm spheres, an
average number of 8 DNAmolecules are hybridized per ND–PNA
conjugate. If this value is sufficient to use these stable nano-
hybrids for oligonucleotide detection, it has to be compared to
the 90 PNAmoieties previously shown to be graed onto one ND.
Here, the hybridization of DNA molecules is probably limited by
a steric effect of PNA graed on the NDs as well as by electro-
static effects due to the repulsive interaction between DNA–DNA
and DNA–negatively charged ND–PNA.

ND–PNA conjugates were proven here to efficiently recognize
DNA and thus constitute promising tools for diagnostics
Fig. 5 Fluorescent microscopy pictures of nanodiamonds deposited
on a microscopic slide after DNA hybridization observed at lexc ¼ 550
nm and lem ¼ 570 nm.

This journal is © The Royal Society of Chemistry 2014
applications. To integrate these conjugates into advanced
biomedical devices, we started to explore their ability for
specic DNA recognition.

Specic DNA recognition of peptide nucleic acid-
functionalized nanodiamond

Our ND–PNA conjugates were aimed at the possibility to
specically target a given DNA molecule present in a mixture of
DNA molecules as in biologic samples. PNA is known to bind
very specically as only a single base pairing mismatch in PNA–
DNA complexes is less stable than in DNA–DNA duplexes.14

However, in a biological sample, NDs could adsorb other
compounds such as non-complementary DNA. In order to check
their specicity and efficiency, ND–PNA was dispersed in a
hybridization buffer with a mixture of labelled-DNA. The
complementary polyA DNA sequence was labelled with Cy3
while uorescein–polyT was used for the non-complementary
DNA. As a negative control, NDs were also dispersed in an
equivalent mixture of labelled-DNA. Aer one hour, the
suspensions were washed to eliminate excessive DNA and
observed under uorescent microscopy with two distinct lters
to detect selectively the two different labels (Fig. 7).

The hybridization between complementary DNA and ND–
PNA is clearly observed (Fig. 7A), contrary to as received NDs
where only very low uorescence traces were observed (Fig. 7B).
Concerning the non-complementary DNA, no uorescence
signal is detected, proving that they were not recognized neither
by ND–PNA (Fig. 7C) nor by non-functionalized NDs (Fig. 7D).
This simple test thus conrms the specicity of ND–PNA and
the potential efficiency of these nanodiamond-based nanotools.

In vitro tests of peptide nucleic acid-functionalized
nanodiamonds

As we aim to use ND–PNA in advanced biomedical devices, in
vitro tests were then performed with these conjugates. The
impact of ND–PNA on cell viability was analyzed by measuring
RSC Adv., 2014, 4, 3566–3572 | 3569
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Table 1 Calculations of DNA molecules hybridized on NDs deduced by spectrofluorimetry

ND concentration
(mg mL�1)

Fluorescence intensity
of ND–PNA

Fluorescence
intensity of NDs

DNA labelled concentration
(nmol g�1) DNA molecules per ND

0.025 1.04775 � 106 303 320 0.8 7
0.0125 6.68806 � 105 234 530 0.8 7
0.01 6.94826 � 105 210 145 1.1 9

Fig. 7 Fluorescent microscopy pictures of as received NDs (pictures C
and D) and ND–PNA (pictures A and B) deposited on a microscopic
slide after DNA hybridization observed at lexc ¼ 550 nm and lem ¼ 570
nm for pictures (A) and (B) and at lexc ¼ 495 nm and lem ¼ 521 nm for
pictures (C) and (D).

Fig. 8 Detection of ND–PNA and the associated mortality for A549
cells exposed 24 h to ND–PNA. Results are represented as the mean
value of 3 independent experiments, the analysis of each experiment
being performed on 2 � 104 events.
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To-Pro-3 DNA staining by ow cytometry.52 Furthermore, by
measuring light scattering deviation (SSC deviation) as
described by Zucker et al.53,54 for TiO2 nanoparticles, ow
cytometry was also used to estimate cell viability and if nano-
particles either interacted with the cell membrane or entered
the cells. For the A549 cell line treated with ND–PNA at
concentrations from 1 to 150 mg mL�1 over 24 h, living cells with
nanoparticles, living cells without nanoparticles and dead cells
are reported in the ESI S2.† Cell mortality was estimated by
means of the To-Pro-3 signal recorded in the FL4 channel, while
ND–cell interactions were detected by an increase in the SCC
channel (ESI S2 a and b†). An example of a biparametric analysis
of the interactions/mortality of A549 cells exposed to ND–PNA at
concentrations of 10 and 50 mg mL�1 is reported in ESI S2 a.†
Moreover, the A549 cell line was exposed for 24 h to aminated
polystyrene nanobeads (PS–NH2) used as a positive control, to
demonstrate the high sensitivity of the techniques used, but
also allows benchmarking of the absence of NDs’ cytotoxicity
(ESI S2c†). Indeed PS–NH2 was recently identied as one of four
materials with an acute toxicity prole,55 including cytotoxicity
and membrane damage56 and activation of the inamasome
pathway.57 As seen in ESI S2c† aer 24 h exposure, a clear
cytotoxic effect was observed for A549 treated with PS–NH2

nanobeads, while no cytotoxic effects were observed at the same
3570 | RSC Adv., 2014, 4, 3566–3572
concentrations for A549 cells exposed to ND–PNA (ESI S2b†).
Overall the results conrm the absence of cell mortality even at
the highest dose of 150 mg mL�1 ND–PNA where more than 80%
of the cell population presents interactions with ND–PNA
(Fig. 8).

In comparison, a 24 h exposure to 150 mg per mL of PS–NH2

nanobeads leads to 99.8% of mortality of the A549 cells
(ESI S2c†).

The observed absence of cytotoxicity makes ND–PNA, and
more generally HPHT NDs,58 ideal candidates for biomedical
applications compared to other types of nanomaterials. These
promising in vitro toxicity studies may be considered as
preliminary results for the in vivo analysis for nanomedicine
applications.
C Conclusion

In this work, we successfully reported the possibility to func-
tionalize 20 nm nanodiamonds with PNA. A simple method was
developed to produce such covalent and functional ND–PNA
conjugates through an optimized amidation of ND carboxylic
acid groups using peptide coupling reagents. This is an original
approach as the covalent stable functionalization of NDs with
nucleic acid had not yet been explored. Indeed, the PNA covalent
binding is essential to respect the vectorial sense of nucleic
bases sequences, and to ensure a specic hybridization with
corresponding DNA or RNA. This conjugation procedure is
reproducible and requires no special modications to
This journal is © The Royal Society of Chemistry 2014
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commercial PNA sequences or even commercial NDs. PolyT PNA
were graed in this study onto NDs as a proof of concept, but the
method is suitable for other PNA sequences carrying unpro-
tected terminal amino groups (see ESI†). Moreover, covalent
binding enables the NDs to keep a negatively charged surface to
limit nonspecic interactions between DNA and the NDs.

FTIR, Kaiser tests, spectrouorimetry, and TGA analyses
have demonstrated the effectiveness of the covalent binding of
PNA onto the NDs as well as their successful availability for DNA
hybridization. NDs appear as a well-adapted platform, widely
available at low price (few $ per g),51 that combine the required
properties and chemical stability of the diamond core. NDs also
offer an easy to functionalize surface allowing covalent and
stable binding, further to the subsequent possibility to host
stable colored centers. DNA recognition facilities are conferred
by the use of PNA instead of DNA, due to their ability to bind
more specically and strongly to DNA.

The absence of in vitro cytotoxicity and the ability of ND–PNA
conjugates to selectively hybridize with DNA demonstrate their
potential as promising nanotool candidates towards molecular-
based diagnosis. Such nucleic acid-functionalized NDs may
contribute to the development of new biomedical tools towards
genetic diseases, genomic research or early cancer diagnosis.
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