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Interaction of nanodiamonds with bacteria†

S. Y. Ong,a R. J. J. van Harmelen,a N. Norouzi,b F. Offens,a I. M. Venema,a

M. B. Habibi Najafi b and R. Schirhagl *a

Nanocarbons come in many forms and among their applications is the engineering of biocompatible and

antibacterial materials. Studies have shown that diamond nanoparticles might have the interesting combi-

nation of both properties: they are highly biocompatible, while surprisingly reducing bacterial viability or

growth at the same time. In this article, we consider for the first time the interaction of milled HPHT nano-

diamonds with bacteria. These nanoparticles are capable of hosting nitrogen-vacancy (NV) centers, which

provide stable fluorescence with potential use in sensing applications. An initial study was performed to

assess the interaction of partially oxidized monocrystalline nanodiamonds with Gram positive S. aureus

ATCC 12600 and Gram negative E. coli ATCC 8739. It was shown that for S. aureus ATCC 12600, the pres-

ence of these nanodiamonds leads to a sharp reduction of colony forming ability under optimal conditions.

A different effect was observed on Gram negative E. coli ATCC 8739, where no significant adverse effects of

ND presence was observed. The mode of interaction was further studied by electron microscopy and con-

focal microscopy. The effects of NDs on S. aureus viability were found to depend on many factors, including

the concentration and size of nanoparticles, the suspension medium and incubation time.

Introduction

Milled nanodiamonds (NDs) of few tens of nanometers in size
have a wide range of potential applications in materials
science and biology. These NDs are typically fabricated by
milling High Pressure High Temperature (HPHT) synthesized
bulk diamond into particles of a few tens or hundreds of nano-
meters in size. Depending on the exact procedures, the result
consists of diamond nanoparticles with varying distributions
of shapes and sizes. These materials can for example be used
as polishing materials or for the modification of surfaces.
Arguably, the most exciting use of milled NDs in science
involves their capability of hosting fluorescent nitrogen-
vacancy (NV) centers. These can be introduced by particle
beam irradiation of the material and provide virtually infinite
photostability.1 Furthermore, this fluorescence can be used to
probe a variety of physical quantities on the nanoscale, such
as magnetic field fluctuations2 and temperature.3 These pro-
perties can be exploited e.g. for tracking experiments of long
duration or the detection of magnetic species, or free radicals,
in biology.4,5

A clear distinction should be made between milled nano-
diamonds and detonation nanodiamonds (DNDs), which also
have an expanding range of potentially interesting applications
in biology and materials science. In the production of DNDs,
detonation of carbon rich explosives such as TNT–octogen
mixtures or benzotrifuroxan (BTF)6 results in the production
of nanodiamonds of around 5 nm in size, mixed in or inter-
connected with soot structures and other carbon allotropes.7

Their large surface to volume ratio invites to study many
different kinds of functionalization for drug targeting, use as
magnetic contrast agents or optical dye carriers.8 However, due
to the proximity of the surface in small nanodiamonds, large
number of other defects and the low number of available
lattice sites, the stability of NV-centers is compromised,
making DNDs so far unsuitable for use as fluorescent markers
or sensors. Because of the high potential of both types of
nanodiamond in biology, it is worthwhile studying their simi-
larities and differences in interaction with biological systems,
as they both cover a different range of potential applications.

Earlier studies have shown good compatibility of (fluo-
rescent) milled NDs with mammalian cells and micro-organ-
isms such as HeLa cells, HT29-cells, macrophages and
yeast,9,10 as well as compatibility with larger organisms includ-
ing Caenorhabditis elegans11 and miniature pigs.12,13 On the
other hand, nanodiamond and other nanocarbons, including
graphene, fullerenes and nanotubes have been widely studied
for use as antibacterial materials.14,15 Several studies have
linked the surface chemistry of DNDs to a significant antibac-
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terial effect. Exposure to DNDs has been shown to lead to sig-
nificant reductions of viability in different strains, including
Gram negative E. coli16–18 and Gram positive B. subtilis.17,18

These studies were conducted using a variety of non-functiona-
lized DNDs that differed from each other by annealing and
purification method, resulting in a different surface chemistry.
The observed antibacterial effects were attributed to different
chemical surface groups interacting with the bacterial cell
wall, including acid anhydride, carboxylic acid and hydrogen
termination. Not only for DNDs in aqueous suspensions, but
also for diamond (modified) surfaces have antibacterial pro-
perties been reported.19,20 In combination with evidence of the
capacity to grow bone-like calcium structures on diamond
scaffolds,21 these observations encourage further research on
the development of diamond coated biomedical devices or
implants. Milled NDs are interesting alternatives as their bio-
compatibility is a lot better than those of other carbon allo-
tropes and somewhat better than biocompatibility of
DNDs.22,23

This study intends to shed more light on the antibacterial
properties of nanodiamond. In their interaction with mamma-
lian cells or micro-organisms, milled NDs may differ strongly
from DNDs because of their size, shape and surface. Where
DNDs are small and round, milled NDs have angular, flake-
like geometries with larger facets.24 These facets furthermore
have different preferential orientations. Sharp edged nano-
particles have been shown to increase the likelihood of pier-
cing biological membranes26 and the crystallographic orien-
tation of the facets largely determines its chemical
affinities.25,27 As the fluorescent NV-centers are atomic defects
located in the bulk of the material, their presence is not
expected to play a role in the interaction of the nanodiamonds
with biological systems. Therefore, this study is also intended
as an assessment of their applicability as a fluorescent probe
in a bacterial cell or biofilm.

In this work, we study the interaction of monocrystalline
nanodiamonds with the Gram positive S. aureus and Gram-
negative E. coli bacteria. In addition to an expansion of the
existing knowledge on diamond as an antibacterial material, it
can be regarded as a first step in exploring the potential use of
FNDs as sensing probes for e.g. magnetic fields of free radical
molecules in bacteria. In the latter application, FNDs may aid
in revealing more detailed information on free radical
mediated processes, such as aging and response to antibiotics
from a location adjacent or internal to the microbes.
Compared to other diamond materials in the literature we find
larger or comparable antibacterial activity despite greater bio-
compatibility for mammalian cells.

Experimental section
Materials and methods

Monocrystalline nanodiamonds were obtained in aqueous
stock suspensions from Microdiamant AG (Lengwil,
Switzerland). The nanodiamonds were milled from HPHT syn-

thesized diamond to particles of median hydrodynamic diameter
(MHD) of 125 nm, 75 nm, 25 nm and 18 nm. The corresponding
upper limits of the size distributions of the diamond samples are
330 nm, 200 nm, 90 nm, and 60 nm. The size distribution of the
particles was further characterized by Dynamic Light Scattering
(DLS, Malvern Zetasizer) measurements. Detailed results of these
measurements are presented in the ESI.† Chemical analysis of
the surface was performed by X-Ray Photoemission Spectroscopy
of after drying the samples on a glass coverslip.

Bacterial culture. Precultures of S. Aureus ATCC 12600 were
made by suspending a colony in 10 ml sterile Tryptone Soy
Broth (TSB, Sigma OXOID) and incubating at 37 °C in a shake
incubator at 150 rpm for 24 hours. Hereafter, a main culture
was made by adding the preculture to sterile TSB medium in a
1 : 20 volume ratio and incubating for 16 hours. The cultures
were washed twice with 10 ml PBS, alternated by centrifugation
at 6500 rpm (Beckman Coulter JLA 16.250). After washing, the
cultures were resuspended in PBS, sonicated and counted in a
Bürker-Türk counting chamber. Cultures of E. coli ATCC 8739
were prepared following a similar protocol using Luria Bertani
(LB, Sigma OXOID) medium and incubating the main culture
for 20 hours.

Viability and metabolic activity. For both strains, viability
and metabolic activity were investigated by measuring the
colony forming ability (CFA) and by MTT assay. To assess the
CFA, Bacteria were incubated at a concentration of 2 × 108 ml−1

at 37 °C exposed to nanodiamond particle suspensions in PBS
and DI water. In total, 16 ND/PBS suspensions and 16 ND/DI-
water suspensions were tested, using four different nanodia-
mond sizes (125 nm, 75 nm, 25 nm, 18 nm MHD) in four
different mass concentrations (500 µg ml−1, 100 µg ml−1, 10 µg
ml−1, 1 µg ml−1). Bacteria in PBS and DI water without NDs
served as respective control experiments. After incubation for
60 minutes, the suspensions were diluted in a serial dilution
down to a factor 10−5, plated on Tryptone Soy Agar plates (for S
aureus) and Luria Bertani Agar (for E. coli) and incubated at
37 °C. The number of colony forming units was then counted
the next day. The experiment was performed in triplicate.

The MTT assay was performed in both PBS and DI-water for
the 125 nm and 18 nm MHD nanodiamonds. Bacteria were
incubated in a concentration of 2 × 108 ml−1 at 37 °C with
500 µg ml−1, 100 µg ml−1, 10 µg ml−1 and 1 µg ml−1 NDs
added in Eppendorf tubes. After 30 minutes, a 10× concen-
trated MTT solution was added to obtain a final concentration
of 0.5 mg ml−1 MTT, 10 mg ml−1 glucose, 28 µg ml−1 mena-
dione. The bacteria were incubated for 30 minutes in the dark
with the MTT dye, after which the bacteria and NDs were pel-
leted by centrifugation at 10 000 rpm (Eppendorf 5417R) for
5 minutes. The supernatant was removed and the pellet of for-
mazan stained cells and NDs was resuspended in isopropanol
to dissolve the formazan. The tubes were then again centrifuged
at 14 000 rpm for 5 minutes and the supernatant was taken to
read the absorption at 665 nm and 675 nm wavelength. Bacteria
in PBS and DI water without NDs, as well as PBS/ND and DI/ND
suspensions without bacteria served as control experiments.
The experiment was performed in quadruplicate.
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SEM and confocal imaging. The interaction of the bacteria
with nanodiamonds was imaged using Scanning Electron
Microscopy (SEM) and confocal laser scanning microscopy
(CLSM). To obtain a more detailed insight in their interaction,
bacteria incubated with nanodiamonds in DI water and PBS
were imaged by scanning electron microscopy (Fig. 4a–c).
Samples were prepared by depositing 5 µl of bacterial suspen-
sion with NDs onto silicon wafer. The droplets were left for
drying and attachment of the bacteria to the substrate for
15 minutes, after which excess water was drained to prevent
excess salt crystals. The sample was subsequently sputter
coated with a 30 nm gold layer. A Philips XL30S SEM FEG
instrument was used to image the samples at 5 kV.

Confocal images were made from a fluorescent S. aureus
strain, ATCC12600-GFP, incubated with fluorescent 70 nm NDs
(Adámas Nanotechnologies) containing nitrogen-vacancy
centers. A bacterial suspension in PBS was added to glass-
bottom microscope dishes to let bacteria adhere to the dish
for 30 minutes. After initial adhesion, the supernatant was
removed and a DI-water/ND suspension was added for
15 minutes. This step is useful to prevent diamond aggrega-
tion. Non-adhering cells and NDs were then removed with the
supernatant and two washing steps with DI water.

Short and long term ND exposure. To obtain a clearer
insight in short term effects of exposing the bacteria to NDs,

CFA measurements were performed for S. aureus ATCC 12600
with a 15 minutes incubation time, following a protocol identi-
cal to the other CFA measurements.

Furthermore, the effect of long term exposure was evaluated
by growing S. aureus in biofilms while NDs were suspended in
the growth medium. Initial adhesion of bacteria to the bottom
of a 24-wells plate occurred by adding 2 ml of a 109 ml−1 bac-
terial suspension in PBS to each well and by letting the cells
attach to the well bottom for 1 hour at 37 °C rotating at 150
rpm. PBS with non-adhering cells was removed after initial
adhesion and replaced by 2 ml of growth medium TSB (to
allow for further proliferation) with nanodiamonds of 125 nm,
75 nm, 25 nm and 18 nm MHD, in concentrations of
500 µg ml−1, 100 µg ml−1, 10 µg ml−1, and 1 µg ml−1. The wells
were then incubated for 20 hours (37 °C, 150 rpm) for the bac-
teria to grow biofilms. The medium was then removed and the
biofilms were washed with 2 × 2 ml PBS and imaged by Optical
Coherence Tomography (OCT, Thorlabs) to evaluate biofilm
thickness and morphology.

Results

Fig. 1 shows the results of the CFA measurements for a total of
64 different conditions tested, including two bacterial strains

Fig. 1 95% confidence intervals for the difference of mean Colony Forming Ability (CFA) with the control experiment for all tested concentrations
of diamonds (between 1–500 µg ml−1). The CFA of each experiment is normalized to their respective control experiment (CFA control = 1). The
numbers −1.0 and 0.0 on the horizontal axis correspond to a 100% and 0% decrease in CFA respectively. For S. aureus exposed to NDs in PBS, the
confidence intervals show CFA reductions ranging from 0% to 90%, whereas the confidence intervals for S. aureus in DI water correspond to
increases in the CFA from 0% up to 200%.
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(S. aureus, E. coli), two buffers (PBS, DI water), four different ND
median sizes in four concentrations. Significant effects were
found for NDs between 10–100 µg ml−1, as well as differences
between larger and smaller ND particles. A remarkable obser-
vation is the relative increase in CFA compared to the control for
E. coli and for S. aureus in DI water, compared to a strong
reduction in S. aureus when kept in PBS with NDs. The most pro-
nounced reductions in CFA were observed in S. aureus for the con-
ditions [PBS, 18 nm, 10 µg ml−1] and [PBS, 125 nm, 100 µg ml−1].
Addition of NDs to S. aureus in DI water shows an opposite effect,
where the condition [DI, 125 nm, 100 µg ml−1] led to an increase
up to 200% in the number of colony forming units.

Whereas NDs showed opposite effects on S. aureus in PBS
buffer compared to DI-water medium, the only significant effects
observed on E. coli were slight increases (50–100%) of the CFA.

Another interesting feature of the data is the fact that at the
highest concentration, 500 µg ml−1 of ND in suspension, the
CFA of S. aureus is restored to values comparable to the control
experiment. This is the case for both PBS and DI-water suspen-
sions, where the respective decrease and increase of CFA as a
result of adding 10–100 µg ml−1 NDs vanishes at higher con-
centrations. According to the literature, this is different for
DNDs where the highest effect was observed for 500 µg ml−1.18

The MTT assay was performed to distinguish between
killing of the bacteria by ND particles and a decrease of cell
division rate. In case the reduction in CFA observed in S. aureus
in PBS can be attributed to killing, a marked reduction of the
sample’s metabolic activity can also be expected. Fig. 2 shows
the results of the MTT assays, in which an effect similar to the
CFA measurement is not present. In fact, exposure to NDs did
not result in any significant difference in metabolic activity,
except for E. coli in the condition [PBS, 125 nm, 500 µg ml−1],
which hints at a minimal increase.

Fig. 3 shows a selection of the SEM and CLSM images of
S. aureus and E. coli incubated with FNDs. S. aureus showed
high affinity with the nanodiamonds of any size and at any
concentration (3a and c), whereas the E. coli strain showed no
affinity with the nanodiamonds (3b).

In CLSM, it is shown that nearly all FNDs localize at the cell
wall of S. aureus, even at low concentrations and after several
washing steps, which were not performed for SEM imaging.
NDs that did not colocalize with the green GFP signal were
nevertheless shown to be located at a bacterial cell when over-
layed with the phase contrast image, leading to the conclusion
that GFP was not properly expressed by all bacteria.

The data and images clearly show that the interaction of
S. aureus with the NDs is more pronounced than of E. coli.
This is attributed in part to the fact that this strain of bacteria
has a strong tendency to adhere to each other, to surfaces and
other objects by excreting an adhesive layer of Extracellular
Polymeric Substance (EPS). Due to this property, S. aureus will
readily enter a biofilm mode of growth when kept in a con-
tainer for times exceeding a few hours.28 Although being the
same organism, bacteria growing in biofilms are physiologi-
cally different from planktonic cells. These differences include
altered gene expression, as well as a higher resistance to anti-

Fig. 2 95% confidence intervals for the difference in metabolic activity
of S. aureus and E. coli with their respective control experiments, for
incubation with 125 nm and 18 nm NDs in concentrations of 1–500 µg
ml−1. The only condition resulting in a significant difference compared
to the control is [PBS, 125 nm, 500 µg ml−1] for E. coli, showing a
minimal increase in metabolic activity. For all other conditions, no sig-
nificant effect of the presence of nanodiamonds was observed.

Fig. 3 Interaction between bacteria and diamond particles. (a) SEM,
S. aureus + 100 µg ml−1 125 nm NDs. The red arrow indicates one of
many locations where a nanodiamond (aggregate) is attached to the cell
wall of S. aureus. (b) SEM, E. coli + 10 µg ml−1 25 nm NDs. A nanodia-
mond (aggregate) that is close but not attached to the E. coli cell wall is
indicated by the red arrow. (c) SEM, S. aureus + 10 µg ml−1 25 nm NDs.
(d) Overlay of Phase contrast and CLSM image, showing GFP expressing
S. aureus (green channel) + 1 µg ml−1 70 nm FNDs (red channel).
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biotics.29 Since biofilms are involved in most bacterial
infections, it is of high relevance to include this mode of
growth when studying the interaction of bacteria with
nanomaterials.

Here we started by investigating on what timescale the NDs
affect the growth of S. aureus. Fig. 4a presents the data of the
CFA measurement performed with a reduced exposure time of
15 minutes, next to the 60 minutes data. It can be seen that
longer incubation consistently leads to a further reduction of
the CFA, but also that earlier cell division may be triggered
under the conditions [25 nm, 500 µg ml−1] and [18 nm, 500 µg
ml−1] on shorter timescales, leading to a higher number of
colony forming units.

When the bacteria were left to grow overnight, nanodia-
monds added to the growth medium did not visibly impair
proliferation of the biofilm, regardless of size and concen-
tration of nanodiamonds in the TSB medium. Fig. 4b shows
selected OCT images of biofilms grown with different concen-
trations of 25 nm MHD nanodiamonds. Significant differences
in biofilm thickness or morphology were not observed by OCT
imaging, although visible aggregates of nanoparticles did
occur throughout the samples. These nanoparticle aggregates
however did not lead to reduced biofilm formation in their
immediate environment.

Size and surface characterization

Size distributions of the nanodiamond particles in DI water
were measured by Dynamic Light Scattering. Corresponding to
the data on median hydrodynamic diameters provided by the
manufacturer, mean particle or cluster sizes were found to be:
34 nm (18 nm MHD), 51 nm (25 nm MHD), 119 nm (75 MHD)
and 138 nm (125 nm MHD). More detailed results of these
measurements are provided as ESI.†

Chemical analysis of the nanodiamonds was assessed by
X-ray Photoelectron Spectroscopy (XPS). Samples were pre-
pared by deposition on a glass coverslip and desiccation of the
aqueous suspensions as provided by the manufacturer. Fig. 5
shows the widescan and high-resolution spectra of the C-1s
and O-1s peaks.

Prominent features of the widescan are the expected C 1s
and O 1s peaks. Oxygen-to-carbon ratio’s calculated from the
spectra increased for decreasing nanoparticle size, in agree-
ment with higher surface-to-volume ratios. Traces are found
only of nitrogen and silicon, both <0.5 atomic percentage.
Apart from the hydrocarbon contribution in the C 1s peak,
most detected binding energies (BE) lie between 286 eV and
287 eV, corresponding to single C–O or C–N bonds. In the O 1s
peak, significant contributions from electrons BE below and

Fig. 4 (a) Comparison of the CFA data of S. aureus in PBS exposed to NDs of four different sizes in four concentrations for 15 minutes and
60 minutes. (b) OCT images of S. aureus biofilms grown for 20 hours with ND particles dispersed in the growth medium. Red arrows indicate the
approximate thickness of the biofilm at a specific site. Although thickness varies from point to point within a sample, it can clearly be seen that a
measurable bacterial biofilm has formed under all conditions.

Fig. 5 XPS widescan and high resolution scans of the C-1s and O-1s peaks from 75 nm MHD nanodiamond. The oxygen to carbon ratio determined
from the spectra of the different sizes of nanodiamonds is given in the inset on the left.
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above 532 eV. The lower BE electrons are related to carboxylate,
carboxylic acid double bonds, and higher BE’s correspond to
alcohol and carboxylic acid single bonds. It was concluded
that oxygen termination of the nanodiamonds consists of
mostly –OH groups, and that no significant traces of metals or
other toxic impurities are present. The traces of silicon have
been attributed to contamination from polymer containers
and the substrate.

Discussion

In our study, we have revealed that the effects of incubating
bacteria with suspended nanodiamonds vary greatly, depend-
ing on type of strain, nanodiamond concentration and size,
suspension medium and incubation time. In our discussion,
we will highlight the most relevant observations and make
several suggestions on how to interpret them.

One remarkable observation is the sharp reduction in
colony forming ability of S. aureus under the conditions [PBS,
125 nm, 100 µg ml−1] and [PBS, 18 nm, 10 µg ml−1], which
becomes less pronounced for both higher and lower weight-to-
volume concentrations. Observations of the size dependence
of antibacterial activity were also made by Beranová et al.,30

only at a different range of particle sizes and concentrations.
In our experiment however, we consistently see that this
dependence is not monotonous. An optimum condition of ND
size and concentration also seems to occur for the increased
CFA of S. aureus in DI-water. In order to elucidate this obser-
vation, estimates were made of the average particle mass and
surface, to investigate a relation between CFA reduction and
total ND surface area. For this we used

Cp / Cm=ðρD3Þ and Ac / CpD2

where Cp and Cm respectively are the particle concentration in
ml−1 and mass concentration in mg ml−1, ρ is the density of
diamond (3.53 g cm−3), D is the particle median hydrodynamic
diameter and Ac the cumulative particle surface area in cm2

ml−1. It can be inferred from Fig. 6 that a strong correlation
exists between the CFA and the cumulative surface of the par-
ticles. This suggests that the surface chemistry of the nanodia-
monds plays a key role in its interaction with bacteria, similar
to studies performed on detonation nanodiamonds such as
ref.16–18.

Remaining questions pertain to the interpretation of the
reduction in CFA in combination with unaltered metabolic
activity and the mode of interaction. First of all, we suggest
that for the interpretation of the reduced colony forming
ability, the exponential behavior of bacterial growth should be
taken into account. Since some cell division may still occur
during the experiment, a reduction in colony forming units
can be attributed to increased cell death (bactericidal effect),
but also to a lower division rate compared to control (bacterio-
static effect). The largest reduction in CFA that we observe is
±90%, which is comparable or larger than found for other
carbon allotropes or nanomaterials. However, to assess the

usefulness it is important to also compare to medical anti-
biotics, which are typically assessed on a logarithmic scale.
Fig. 6 shows that on a logarithmic scale, the reduction in CFA
for [PBS, 18 nm, 10 µg ml−1] corresponds 1 log reduction (com-
pared to 4–6 log reductions for medical antibiotics31). With
this in mind we propose that the observed effects are a combi-
nation of both bactericidal and bacteriostatic activity. The
reason is that a pure bactericidal effect would be more clearly
reflected in the metabolic activity, while a pure bacteriostatic
effect would unlikely result in 1 log reduction (>3 replication
cycles of the control group) during 60 minutes incubation.

The nature of the interaction of NDs with S. aureus
becomes yet more interesting with the observation that the
CFA increases with the addition of NDs when phosphate
buffered saline is replaced by DI water. The effect points
toward a slight (up to 0.5 log) increase in the division rate or
prolonged viability compared to the control. The significant
role of the suspension medium, as well as reduced effects at
high concentrations of 500 µg ml−1, call into question whether
direct contact between the ND surface and the bacterial cell
wall is the most important mode of interaction, even though
close association with the cell walls has been confirmed for
S. aureus in SEM and confocal microscopy.

An alternative explanation for the observations is a triangu-
lar relation between the nanodiamond surface, the suspension
medium and the bacteria. The interplay between the nanodia-
monds and the buffer consists of particle aggregation and the
potential effect of the ND particles on osmotic pressure,
acidity and buffer capacity. We confirmed by pH measure-
ments that the nanodiamonds did not dramatically affect the
acidity of the DI water suspensions, as pH levels were raised
from 6.7 to 6.9 at the highest concentrations. In PBS, the pH
changes were not observable due to its greater buffer capacity.
However, it has been shown by Hemelaar et al.32 that milled
nanodiamonds do have a strong affinity with sodium and
chloride ions, which becomes apparent in the rapid aggrega-

Fig. 6 CFA relative to the control experiment plotted against the esti-
mated total ND surface per ml volume.
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tion of the particles in PBS. On the other hand, coverage of the
NDs with proteins prevents aggregation to a large extent.
Under physiological conditions where salts, proteins, sugars
are present and bacteria are in a biofilm mode of growth, the
same nanodiamonds may elicit different effects depending on
whether they attach to the cells or draw in ions or other mole-
cules to form aggregates.

Whereas the experiments with S. aureus have led to these
interesting observations, the E. coli strain was affected much
less by the presence of NDs. Furthermore, growth of S. aureus
into biofilms was not impaired by any concentration of NDs.
Considering the variety of observations, it is important to
discuss their biological and clinical implications as well. The
experimental effects of NDs on bacteria, either resulting from
direct contact or interplay with the medium, will be influenced
by the type of cell wall, strain and their ability to adapt to a
changed environment. While Gram positive bacteria have a
single membrane with a thick peptidoglycan outer layer, Gram
negative bacteria present mostly lipopolysaccharides on the
outside of a double membrane. In addition, S. aureus’ cell wall
is decorated with proteins that promote adhesion.33 With a vir-
tually infinite variety of strains, claiming true bactericidal
activity of a nanomaterial requires strong evidence from viabi-
lity experiments under many conditions as well as an undispu-
table working mechanism. However, reducing bacterial attach-
ment or growth on diamond modified surfaces is a different
antibacterial property that might be more attainable and could
potentially benefit medical implants or devices.

It should be noted that this is the first study that is per-
formed with milled NDs and that addresses the many con-
ditions relevant for evaluation of antimicrobial activity. Since
detonation nanodiamonds are much smaller and chemically
different, their mode of interaction can differ as well and may
for instance include uptake by bacteria, for which we found no
evidence in our study.

On the other hand, the success of fluorescent ND based
biosensing depends on their compatibility with cells. The
observation of attachment to S. aureus cell walls without obser-
vable loss of viability at relevant concentrations (1 µg ml−1) is
an incentive to further research the potential of FNDs as free
radical sensors. Especially for S. aureus, which is a common
opportunistic pathogen with a strong tendency to develop re-
sistance to antibiotics,34 the findings of this study provide a
first positive outlook.

Conclusions and outlook

In our study, we found that milled nanodiamonds with
median hydrodynamic diameters in the range of 18–125 nm
elicit a variety of effects on the viability of S. aureus in suspen-
sion. These include a sharp reduction of the CFA under the
conditions [PBS, 125 nm, 100 µg ml−1] and [PBS, 18 nm, 10 µg
ml−1], while CFA was promoted by the nanodiamonds in DI-
water suspensions. Although attachment to the S. aureus cell
walls was confirmed by electron microscopy, no unambiguous

decrease of viability was observed on the long term or on the
E. coli strain. We therefore suggest a multifactorial interaction
between the NDs and bacteria, in which the ND surface chem-
istry, bacterial cell wall type, and buffer electrolytes play a role
and which may also apply to the interaction of bacteria with
other carbon nanomaterials. After observing the surprising
differences in different media and on different bacteria, we
can recommend that these are taken into consideration for
future evidence of antibacterial nanomaterials.

At concentrations relevant for biosensing applications of
fluorescent NDs (1 µg ml−1), no significant adverse effects on
the bacteria was observed, regardless of strain or incubation
time. Considering the high relevance of S. aureus in clinical
infections and its tendency to develop resistance to antibiotics,
the results of this work are a promising first step toward intro-
ducing FNDs as a new tool to probe bacterial cells and bio-
films on the nanoscale.
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