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Diamond has been a popular material for a variety of biological applications due to its favorable chemical,
optical, mechanical and biocompatible properties. While the lattice orientation of crystalline material is
known to alter the interaction between solids and biological materials, the effect of diamond’s crystal
orientation on biological applications is completely unknown. Here, we experimentally evaluate the
influence of the crystal orientation by investigating the interaction between the <100>, <110> and
<111> surfaces of the single crystal diamond with biomolecules, cell culture medium, mammalian cells
and bacteria. We show that the crystal orientation significantly alters these biological interactions. Most
surprising is the two orders of magnitude difference in the number of bacteria adhering on <111> surface
compared to <100> surface when both the surfaces were maintained under the same condition. We also
observe differences in how small biomolecules attach to the surfaces. Neurons or Hela cells on the other
hand do not have clear preferences for either of the surfaces. To explain the observed differences, we
theoretically estimated the surface charge for these three low index diamond surfaces and followed by
the surface composition analysis using x-ray photoelectron spectroscopy (XPS). We conclude that the
differences in negative surface charge, atomic composition and functional groups of the different surface
orientations lead to significant variations in how the single crystal diamond surface interacts with the

studied biological entities.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction promoting cell attachment [5,6] and neuronal growth [7], respec-

tively. Many efforts have been focused on developing novel dia-

Diamond has been a popular material for a variety of biological
applications due to its favorable chemical, optical, mechanical and
biocompatible properties [1]. For instance, diamond coatings are
used to improve cell adherence and proliferation in biomedical
implants [2,3]. In neurobioscience [4], chemically patterned single
crystal diamond and diamond thin films were investigated for

* Corresponding author. University of Groningen, University Medical Center
Groningen, Antonius Deusinglaan 1, 9713AV, Groningen, the Netherlands.
E-mail address: romana.schirhagl@gmail.com (R. Schirhagl).
! contributed equally.

https://doi.org/10.1016/j.carbon.2020.01.115

mond coatings to make diamond films suitable for biological
applications through repelling unwanted protein adsorption
[8—12]. Nanocrystalline diamond films [13], diamond films having
nanoscale needle-shape morphology [14] and boron-doped dia-
mond [15] having a specific surface termination have also been
investigated to reduce bacterial adhesion and biofouling. Similarly
to bulk diamond and diamond coatings, fluorescent nanodiamonds
(FNDs) have been explored for a variety of biological applications,
as biomarkers [16], intracellular sensors [17—21] and drug delivery
vehicles [22,23]. They are attractive for these applications due to
their lack of cytotoxicity, modifiable surface chemistry [24] and
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photostable fluorescence [25]. Despite the wide range of biological
applications, the effect of diamond’s crystal orientation on these
applications has not been investigated yet.

For other materials, crystal orientation has only seldomly been
taken into account. It has been shown that crystal orientation can
affect biological applications such as protein adsorption, cellular
adhesion and proliferation or biofouling. In particular, Zhuang et al.
demonstrated the preferential adsorption of negatively charged
bovine serum albumin and positively charged lysosome protein on
the different crystal planes of hydroxyapatite (HAp) crystals [26].
Similar protein adsorption studies have been conducted on calcium
phosphate crystals [27]. In addition to protein adsorption, inter-
action of cells with different crystal planes of the HAp [28], titanium
[29], calcite and calcium (R,R)-tartrate tetrahydrate crystals [30]
have also been explored. Furthermore, different bioleaching rates
for various surface orientations of pyrite crystals were observed
[31].

The tetrahedral lattice of the diamond crystal gives rise to a
variety of crystal orientations. Depending on the lattice plane, the
number of carbon atoms per unit lattice changes and their bonding
arrangement is different. This leads to the alteration in the surface
functional groups and the overall surface reactivity. In fact, Wang
and co-workers experimentally showed that the <001> plane of a
diamond crystal has a higher coverage of carboxylic acid groups
than the <111> surface [32]. Moreover, the difference in reactivity
for different surface orientations has also been utilized to realize
diverse surface topographies in single crystal diamond using
reactive ion etching as the rate at which the reactive ions remove
atoms depends on the surface orientations [33]. Here, we examined
if the differences in surface structure of the three low index planes
of a diamond crystal also affect biological applications.

To this end, we first characterized the surface roughness of these
<100>, <110> and <111> diamond surfaces via atomic force mi-
croscopy (AFM). Next, we experimentally evaluated the influence of
the surface orientation on the interaction with biomolecules, cell
culture medium and bacteria. We show that all these interactions
are greatly influenced by the crystal orientation of diamond.
Furthermore, we investigated if adhesion and proliferation of
mammalian cells, HeLa cells and primary neurons in particular,
differ depending on the specific surface plane. Both cell types
attached and grew on the diamond surfaces normally compared to
the standard culture plates. However, there was no statistically
significant difference observed between the three crystal orienta-
tions investigated. To explain the observed differences in interac-
tion between biological matter and the three crystals, we
theoretically estimated the surface charge for these three surfaces
and analyzed the surface composition using x-ray photoelectron
spectroscopy (XPS). These results show that there are indeed sub-
stantial differences in negative charge, atomic composition and
abundance of functional groups between the three low index sur-
faces, which cause significant variations in how single crystal dia-
mond interacts with biomolecules, cell culture medium,
mammalian cells and bacteria.

2. Materials and methods
2.1. Diamond crystals and surface treatments

All the biological experiments in this work with minimum two
repetitions per experiment were conducted on high pressure, high
temperature (HPHT) single crystal diamonds with <100>, <110>
and <111> surface orientations. The diamond plates were pur-
chased from Almax easyLab (Belgium). All the diamond crystals
were cleaned before every experiment using a well-established
acid boiling protocol. Specifically, crystals were cleaned in a

boiling mixture of sulphuric acid (Sigma-Aldrich, the Netherlands)
and nitric acid (Merck, the Netherlands) mixed in the ratio of
1:3 at 140 °C for 4 h [32,34]. After boiling, the mixture was allowed
to cool to the room temperature, then the diamonds were taken
out, rinsed multiple times with MilliQ water and subsequently
dried with lens cleaning tissue (Thorlabs, Germany). With this
protocol, oxidized diamond surfaces were obtained. These sur-
faces were either directly used for the experiments or used for
further surface modification. In particular, reduced, pristine and 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride-N-
hydroxysuccinimide (EDC-NHS) activated surfaces were fabri-
cated from the oxidized diamond surfaces. The reduced diamond
surfaces were obtained following the procedure described by
Kriiger et al. [35]. Specifically, the diamond plates were placed in a
10 mL two-necked flask under nitrogen. Then, 5 mL of 1 M
BH3-THF in dry tetrahydrofurane (THF) (Sigma-Aldrich, Germany)
was added and the reaction mixture was refluxed for 24 h. After
cooling to room temperature, hydrolysis was carried out with 2 M
hydrochloric acid until the hydrogen bubbling completely van-
ished. The HPHT diamond plates were washed two times with
acetone and three times with MilliQ water, followed by drying
with lens cleaning tissue. To fabricate the pristine diamond sur-
face, acid cleaned surfaces were quickly transferred into XPS
equipment where they were bombarded by argon ions.

2.2. Biomolecule conjugation

The cleaned <100>, <110>, and <111> diamond crystals were
put in 35 mm Petri dish in which 2 mL of a freshly prepared EDC-
NHS (50 mM each) solution made with cold MilliQ water [36,37].
Plates were incubated for 2 h at room temperature to activate the
carboxyl groups on the diamond surface. Then, the crystals were
taken out, washed 3 times with MilliQ water and dried with lens
cleaning tissue. Next, the activated diamond surfaces were brought
in contact with 200 pL Alexa 488 Cadaverine dye (Product number
A30676, Thermo Scientific, the Netherlands) solution (100 pg/mL)
in the 96-well plate. Incubation was performed overnight at room
temperature while protecting the samples from the light. Then the
diamond surfaces were taken out of the dye solution and washed
with MilliQ water to remove any unattached dye. Excess solvent
was removed by blowing the samples dry with nitrogen. All the
surfaces were imaged using a laser scanning confocal microscope
(Zeiss LSM780, Germany). The same microscope settings (Gain
1000 and laser power 3.5) where used for all the plates in the same
experiment. We note that for imaging the Alexa 488 Cadaverine dye
attached to the diamond surface via non-covalent simple adsorp-
tion, a higher gain and laser power was used. The fluorescence
intensity of the surface was subsequently quantified using Zeiss
Blue software.

2.3. Interaction with cell culture medium

The freshly cleaned diamond surfaces were placed in three
different wells of the 48-well plates. Then 100 uL foetal bovine
serum (FBS) was added to the each well followed by 900 nL. DMEM-
HG medium. After incubation at the room temperature for 30 min,
the surfaces were taken out of the well, the extra medium on the
diamond surface was carefully removed using a soft tissue and the
surface was blown dry with nitrogen. The thickness of salt-protein
layer on the diamond surface was measured by ellipsometry (EL
X—02C, DRE, Ratzeburg, Germany) [38] in three different positions
per surface and three measurements per position. During ellips-
ometry measurements, an incidence angle of 50° and a 632 nm
laser were used. A home-built Matlab script was employed to
compute the film thickness from the amplitude ratio (¥) and the
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relative phase shift data (A). This entire experiment was repeated
three times independently. We note that the accuracy of ellips-
ometer was also validated using atomic force microscopy.

2.4. Interaction of diamond crystals with bacteria

Precultures of Staphylococcus aureus (S. aureus) ATCC 12600
were prepared by suspending a colony in 10 mL sterile Tryptone
Soy Broth (TSB) (Sigma OXOID, the Netherlands) and incubating at
37 °Cin a shaker incubator at 150 rpm for 24 h. Then, a main culture
was prepared by adding the preculture to the sterile TSB medium in
the ratio 1:20 by volume followed by 16 h of incubation. Next, the
cultures were washed twice with 10 mL sterile PBS alternated with
centrifugation at 10 °C and 6500 rpm (Beckman Coulter JLA 16.250).
After washing, the cultures were resuspended in the PBS, sonicated
and number of bacteria in the suspension was quantified with a
Biirker-Tiirk counting chamber. Cultures of Escherichia coli (E. coli)
ATCC 8739 were prepared following an analogous protocol using
Luria Bertani (LB) (Sigma OXOID, the Netherlands) medium and
incubating the main culture for 20 h [39]. To assess the attachment
of bacteria on the <100>, <110>, <111> diamond surfaces, the
crystals were placed in a 48-well plate to which a S. aureus or E. coli
suspension (3 x 10* CFU/mL) was added. After 5 h of incubation,
the surfaces were removed from the bacteria suspension and
washed by sterile PBS three times to remove non-adhered bacteria,
before live-dead staining. Samples were stained in the wells with
200 pL BacLight Live/Dead viability stain containing a SYTO 9 dye
(yielding green fluorescence in live organisms) and propidium io-
dide (yielding red fluorescence in cell membrane-damaged, dead
organisms) (5 uM) (Invitrogen, Thermo Fisher Scientific, the
Netherlands), followed by 15 min incubation in the dark. The im-
ages were recorded using a fluorescence microscope (Leica
DM4000B, Germany) and the image analyzed using FIJI to quantify
the number of the adhered bacteria per unit area of the surface.
Three images were recorded at three different locations for every
surface in each experiment. This experiment was repeated two
times.

Furthermore, the effect of diamond surface chemistry on the
bacterial adhesion was assessed by evaluating the attachment of
S. aureus ATCC 12600 on reduced and pristine surfaces. Except for
the surface treatment (which was achieved using the process
described in section 2.1), the experimental protocol was exactly the
same as mentioned above. In another experiment, to study the
long-term stability of the diamond crystals towards bacterial
repellency/adhesion, the oxidized diamond surfaces were incu-
bated with an S. aureus ATCC 12600 suspension at 37 °C for 24 h.
Post incubation, the surfaces were processed in the same fashion as
described above.

2.5. Interaction of diamond crystals with HeLa cells

HelLa cells were cultured in DMEM-HG (Dulbecco’s Modified
Eagle Medium with 4500 mg/L glucose), supplied with 10% FBS , 1%
Penicillin/streptomycin and 1% Glutamax at 37 °C and 5% CO,. All
the culture medium components were purchased from Gibco, Life
Technologies, the Netherlands. To investigate the Hela cell
attachment on different diamond surfaces, 1 mL of a HeLa cell
suspension (3 x 10% cells/mL) were added to the 48-well plate
containing the diamond crystals. After 5 h (or 2 days) of incubation,
the diamond crystals were washed 3 times with PBS to remove the
unattached cells. Next, the adhered cells were fixed by incubating
the diamond crystal in 4% paraformaldehyde solution for 15 min,
followed by staining the cytoskeleton and nuclei using phalloidin-
TRITC (2 ug/mL) and DAPI (4 pg/mL) (Invitrogen, Thermo Fisher
Scientific, the Netherlands), respectively for 40 min. The surfaces

were then imaged using a confocal microscope (Zeiss LSM780 NLO,
Germany) followed by image analysis using FIJI to determine the
number of cells attached per unit area of the surface. For experi-
ments where cells were cultured on the crystals for 2 days, cells
were only imaged using optical microscope for qualitative assess-
ment (Leica DM IL LED, Germany) without any immunostaining and
quantification.

2.6. Interaction of diamond crystals with primary cortical neurons

Primary cortical neurons were obtained from embryonic brains
at embryonic day 14 of C57BL/6] pregnant mice. The cortices were
dissected, the meninges removed and neurons were obtained from
the cortices by mechanical dissociation. In order to prepare a single
cell suspension, neurons were filtered through a 42 um pore size
filter. Neurons were plated on diamond crystals placed in the 96-
well plates (without pre-coating) at a density of 0.3x10° cells/ml.
As a standard control, cells were also plated on 96-well plates
coated with polyethylenimine (PEI). In particular, a 96-well plate
was incubated with 70 uL PEI/well overnight, followed by rinsing
with MilliQ water. As culture medium for the neurons, neurobasal
medium supplemented with 2% (v/v) B27, 0.25% (v/v) glutamine
and 0.2% (v/v) penicillin/streptomycin was used. After 24 h, the
neurons were treated with 10 pM cytosine arabinoside for 24 h
more in order to prevent the growth of non-neuronal cells and
assure a neuronal culture with 95% purity. Neurons were allowed to
grow and develop in the neurobasal medium until day 7. Animal
experimental procedures were approved according to the Dutch
law by the local ethics committee (DEC 16630).

2.7. X-ray photoelectron spectroscopy

In order to understand the differences in interaction between
biomolecules and the diamonds with different crystal orientations,
we investigated the surface chemistry of all the crystals. Chemical
composition of all the surfaces was characterized by X-ray photo-
electron spectroscopy (XPS). We used two different XPS setups for
the analysis. Initial XPS experiments to determine the amount of
oxygen for different diamond crystals were performed using the
following protocol. After acid cleaning and washing the plates with
ultrapure water following the procedure explained in section 2.1,
the diamond crystals were transferred to the XPS immediately
(<5 min). XPS was conducted using an SSI S-Probe (Surface Science
instrument, Mountain View, CA, USA) with a monochromatic Al Ka
X-ray source (1486.8 eV). The pass energy is set at 150 eV for the
survey spectra (survey spectra, Cl1s, O1s, C KLL) and to 50 eV for the
detailed spectra of the C 1s and O1s core level regions. The spectra
have been processed using the Hawk Data Analysis 7 software
[40,41]. In a single experiment, atomic compositions of all the
surfaces were quantified sequentially, where each surface was
scanned three independent times and the results of the three scans
were averaged. The same experiment was repeated two indepen-
dent times.

XPS analysis to investigate the effect of different reactions on the
surface termination of diamond crystals was performed using a
Surface Science SSX-100 ESCA instrument with a monochromatic
Al Ko, X-ray source (hv = 1486.6 eV). This ultrahigh vacuum setup
also has a preparation chamber with a sputter gun, where the
pristine diamond surfaces were prepared in situ by bombarding the
surface with 5 keV Ar ions for 10 min. The pressure in the mea-
surement chamber was maintained below 1x10~° mbar where the
electron take-off angle with respect to the surface normal was
maintained at 37°. The XPS data were acquired by using a spot size
of 1000 um diameter and the energy resolution was set to 1.3 eV for
both the survey spectra and the detailed spectra of the Cls, N1s,
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O1s, and Nals core level regions. Furthermore, a gold mesh placed
1 mm above the sample was used during the XPS measurements in
order to prevent the charging effect in addition to using an electron
flood gun. Binding energies are reported +0.1 eV and referenced to
the Cls photoemission peak centered at a binding energy of
284.8 eV [42]. All XPS spectra were analyzed using the least-squares
curve-fitting program Winspec (developed in the LISE laboratory of
the Facultes Universitaires Notre-Dame de la Paix, Namur,
Belgium). Deconvolution of the spectra included a Shirley [44]
baseline subtraction and fitting with a minimum number of peaks
consistent with the chemical structure of the sample, taking into
account the experimental resolution. The profile of the peaks was
taken as a convolution of Gaussian and Lorentzian functions. The
uncertainty in the peak intensity determination is 2% for all core
levels reported.

2.8. Atomic force microscopy

AFM scans of the diamond crystal surfaces were recorded on a
BioScope Catalyst (Bruker) in contact mode using DNP tip (Bruker)
at three different locations per crystal. Surfaces were acid cleaned
just prior to the AFM imaging. The images were processed and
analyzed using the Nanoscope Analysis 1.8 software; 1st order
flattening was performed followed by the root mean squared sur-
face roughness (Rq) quantification. We note that, exactly the same
process was conducted on all the three surfaces.

3. Results and discussion
3.1. Surface structure and characterization

Fig. 1a depicts a schematic of the atomic arrangement of the
<100>, <110> and <111> crystal surfaces, where red and white
circles represent the carbon atoms in the top surface and in the

crystal plane below, respectively. Bonds formed by the carbon
atoms in the top plane and in the plane below are indicated by the

(a) (100)

Crystal
structure

(b)

Surface
Roughness

green and yellow color respectively. It can be clearly seen that the
number of carbon atoms in the unit lattice in the top surface and
their bonding configuration vary depending on the crystal orien-
tation. As mentioned earlier high pressure high temperature
(HPHT) diamond crystals having <100>, <110> and <111> orien-
tation at the exterior surfaces (Almax EasyLabs) were used in this
work. First, three surfaces were cleaned in the boiling mixture of
sulphuric and nitric acid followed by rinsing them with the MilliQ
water [32,34]. Then, surface roughness was characterized using
atomic force microscopy as shown in Fig. 1b. It was found that all
the surfaces had similar surface roughness (<5 nm). Therefore, any
differences observed in the interaction between the biological
matter and the single crystal diamond can be attributed to the
variations in the surface chemistry caused by the changes in surface
orientations alone. Next, we investigated the influence of di-
amond’s crystal orientation on the biological applications.

3.2. Biomolecule conjugation

Drug loading [22] or attaching an antibody of interest [45] on
the diamond surface is routinely carried out in biological experi-
ments. These molecules are typically attached using EDC-NHS
coupling [46]. Hence, to explore the impact of the surface orien-
tation on such biomolecule conjugation processes, we used the
EDC-NHS reaction to attach a fluorescent molecule on the diamond
surface. We used Alexa 488 cadaverine fluorescent molecule
because its fluorescence allows a quantitative assessment of the
attachment process. To perform the attachment, the carboxylic acid
groups on the surface were converted into the succinimidyl ester
complexes through EDC-NHS treatment, which then instantly
reacted with Alexa 488 cadaverine molecules as shown in Fig. 2a.
After the chemical reaction, surfaces were washed with ultrapure
water to remove any unattached molecules. Then, surfaces were
imaged using laser scanning confocal microscopy to image the
surface fluorescence as shown in Fig. 2b along with the quantifi-
cation of the fluorescence intensity determined using the ZEN-Blue

(110)

(111)

Fig. 1. (a) Schematic of the atomic arrangement and bonding of the top surface for different the lattice orientations of single crystal diamond as viewed from the top. The red circles
indicate carbon atoms in the top surface. White circles represent the carbon atoms in the crystal plane below. Bonds formed by the carbon atom in the top plane and in the bulk
crystal are indicated by the green and yellow color, respectively. (b) Topographic images collected by AFM illustrating the surface roughness of the three low index diamond
surfaces. All the panels show AFM scans of 10 pm x 10 um of the crystal surface. (A colour version of this figure can be viewed online.)
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Fig. 2. Effect of different surface orientations on the covalent and non-covalent attachment of biomolecules on the diamond. (a) Different steps involved in the covalent conjugation
of biomolecules to the diamond surface using EDC-NHS reaction. (b) Quantification of fluorescence intensity of Alexa 488 cadaverine molecules attached to the diamond surfaces.
Confocal microscopy images of crystal surfaces are also shown (scale bar: 20 um). Non-covalent adsorption of dye molecules on the diamond surfaces (c) gives rise to weak

fluorescence(d). (A colour version of this figure can be viewed online.)

Edition image processing software (Zeiss). From these results, it is
evident that the fluorescence, and hence the carboxylic acid groups
on the surface, are most concentrated on the <111> surface, fol-
lowed by the <110> and <100> surfaces. This result demonstrates
the differences in the surface functionalization for the different
surfaces post acid cleaning. These differences on the molecular
level were found to alter the biomolecule conjugation reaction.
Oxidized diamond generated by the acid cleaning is known to
have affinity towards biomolecules through hydrogen bonding,
electrostatic or other polar interactions [46]. Therefore, we
explored if there are any differences in non-covalent adsorption of
the highly polar Alexa 488 cadaverine molecule for the plates with
different surface orientations. In particular, we simply incubated
the acid cleaned plates with the dye overnight (Fig. 2c) followed by
washing the plates with MilliQ water and imaging. Results of this
experiment are given in Fig. 2d. The trends in the fluorescence in-
tensity were opposite compared to those observed in the experi-
ments described above. However, it should be noted that the
overall fluorescence intensity was significantly lower as compared

to the covalent attachment. In fact, to make the fluorescence visible,
higher laser power and gain settings (Image settings for dye
adsorption without EDC/NHS: laser powder: 8.5 mW gain:
930 Image settings for Dye conjugation with EDC/NHS:laser pow-
der: 3.5 mW gain: 1000) were used compared to the experiment
described above. Therefore, non-covalent adsorption of the mole-
cule on the diamond surfaces with different orientations was
determined to be negligible.

3.3. Interaction with cell culture medium

As single crystal diamonds are used for cell culturing and
nanodiamonds are investigated as intracellular sensors, more in-
sights into the interaction between the cell culture medium and the
bulk- or nano-diamond surfaces is necessary. Hemelaar et al.
recently showed that salts and proteins from cell culture medium
form a corona on nanodiamonds [47], which has a flake-like shape.
The preferred crystallographic orientation of the main facet is in the
(110) direction [48]. In fact, this corona leads to the aggregation of
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nanodiamonds, which can hinder their cellular uptake. Therefore,
we explored whether different diamond facets interact differently
with the cell culture medium via investigating the thickness of the
dry protein-salt film on the diamond surface. In particular, post acid
boiling diamond crystals were first immersed in the 0.1 mL fetal
bovine serum (FBS) and then 0.9 mL Dulbecco’s Modified Eagle
Medium-high glucose (DMEM-HG) complete medium was added
on the crystals. This protocol is similar to the one used for trans-
porting nanodiamonds inside mammalian cells [47]. After 30 min
of incubation, excess medium on the diamond plates was carefully
removed using a soft tissue paper touching only the edges of the
plates. The diamond crystals were blown dry with nitrogen for
~15 s and the protein film thickness was measured non-invasively
using ellipsometry. The ellipsometry results shown in Fig. 3 indi-
cate that the thickness of the dried protein-salt film on the <100>
surface was ~76 nm, i.e. significantly higher than on the <110>
(~58 nm) and the <111> surface (~46 nm). This suggests that the
<111> diamond surface inherently reduces corona formation as
compared to the <100> and <110> planes.

3.4. Bacterial attachment

Diamond coatings or diamond crystals with a specific dopant
such as boron have been investigated for their anti-biofouling
property [13,14]. Hence, we also investigated if any particular dia-
mond surface inherently repels bacteria. Here, we incubated the
diamond plates with a bacterial suspension of Staphylococcus
aureus (S. aureus, ATCC 12600) or Escherichia coli (E. coli, ATCC 8739)
bacteria (chosen as representatives of Gram-positive and Gram-
negative bacteria, respectively). After 5 h of incubation, the dia-
mond crystals were washed to remove any non-adhered bacteria,
and live-dead staining was performed. The diamond surfaces were
then imaged with a fluorescence microscope to determine the
average density of adhered live and dead bacteria (indicated by
green and red fluorescence, respectively), as shown in Fig. 4. We
note that almost no dead bacteria could be observed on any of the
surfaces. We found that both bacterial strains adhered densely on

Incident Reflected

laser beam laser beam
—_—
—_— ——
_— == Protein film

—
Diamond
crystal

Medium Protein film thickness
incubation N, blow dry measurement using
Ellipsometry
100 .
= r T 1
£
=
w 75'
[0}
[}]
=
S
£ 50F
E
£ 25t
<
o
0
100 110 111

Fig. 3. Thickness of dry proteins-salts corona on <100>, <110> and <111> diamond
surfaces as measured by ellipsometry. * denotes the statistical significance as deter-
mined by the one-way Anova test calculated from 9 different measurements recorded
during 3 experiments. The error bar shows the standard deviation. (A colour version of
this figure can be viewed online.)

600 .

400 AE. coli
| 777}

S. aureus

200

Number of bacteria

S. aureus

E. coli

Fig. 4. Attachment of S. aureus and E. coli bacteria on diamond crystals with different
surface orientations. The scale bar indicates 15 um * indicates statistical significance as
determined by the one-way Anova test (~15—20 different measurements). The error
bar shows the standard deviation. (A colour version of this figure can be viewed
online.)

the <100> surface, whereas the <111> surface showed nearly no
bacterial coverage. However, although this trend was similar for
both bacterial strains, the absolute number of bacteria attached to
the surface was different. Specifically, S. aureus showed lower sur-
face coverage than E. coli. It is known that both bacteria have
negative surface charge, with E. coli being less negative compared
to S. aureus [49]. Since surface roughness, wettability and other
mechanical properties were similar for all three surfaces, differ-
ences in bacterial adhesion point to a possible role of the net sur-
face charge of the crystal surface in mediating interaction with
bacteria. Furthermore, differences in the functional groups on the
three surfaces, as revealed by the biomolecule conjugation exper-
iments, may also be the underlying cause of the differences in
bacterial adhesion.

3.5. Effect of surface termination and incubation time on bacterial
adhesion

In the bacterial adhesion experiments described above, the
diamond plates had oxygen terminated surfaces resulting from the
acid cleaning. We also investigated if the bacterial attachment de-
pends on the surface chemistry of the diamond plates and if the
preferential bacterial adhesion on <100> plane is dependent on the
chemical groups grafted to the surface. To do this, we modified the
surface chemistry of all the diamond plates by subjecting them to
either to a BH3-THF reduction reaction to obtain the reduced
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surface chemistry or to argon ion sputtering to produce a pristine
surface. These diamond plates were incubated with a S. aureus
bacterial suspension for 5 h. Post-incubation the plates were
washed to remove any non-adhered bacteria, live-dead stained and
imaged as explained section 3.4. Results of this experiment are
shown in Fig. 5a. We observed that bacterial adhesion was stron-
gest for oxygen-terminated (acid cleaned) diamond, followed by
hydrogen-terminated (reduced) and weakest on the nearly pristine
surface. Furthermore, the <100> diamond surface was found to be
the most sensitive to surface chemistry as far as S. aureus bacterial
attachment is concerned, whereas the <111> surface was the least
sensitive. In fact, the <111> surface showed nearly no bacterial
attachment for all three surface treatments.

Next, we studied the “bacterial repellency” of the three diamond
surfaces as a function of time since functional stability over a long
duration is of key importance in the case of antimicrobial surfaces.
We incubated the oxidized diamond crystals with a S. aureus bac-
terial suspension for a day instead of for only 5 h and studied the
surfaces using the same protocol as explained earlier. The results of
this experiment are shown in Fig. 5b and clearly highlight that the
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Fig. 5. (a) Attachment of S. aureus bacteria on the <100>, <110> and <111> surfaces of
diamond. The scale bar indicates 15 um. All the groups in the figure have statistically
significant difference except the three groups marked in the figure as determined by
the one-way Anova test conducted on ~15—20 different measurements. The error bars
show the standard deviation. (b) Acid cleaned oxidized diamond crystals after incu-
bation in a S. aureus bacteria suspension for 24 h. (A colour version of this figure can be
viewed online.)

<111> surface of diamond remains more bacteria repellent after
24 h than the <100> and <110> surfaces. The absolute amount of
bacterial adhesion compared to 5 h of bacterial incubation was
higher for all the three surfaces as expected. These results
demonstrate both short and long term surface orientation depen-
dent preferential bacterial adhesion/repellency.

3.6. Mammalian cell attachment

To investigate if the diamond surface orientation influences the
interaction with mammalian cells, we determined the adhesion
and proliferation of HeLa cells on them. Hela is the most widely
used cell line to investigate human cell and molecular biology
[47,50]. Here, we seeded 30,000 HeLa cells on the diamond surfaces
placed in 48 well plates. After 5 h during which the cells could
attach to the diamonds, the surfaces were washed with PBS, fol-
lowed by fixing, staining and imaging using the protocols described
in the literature [47]. From the images, we quantified the density of
cells attached to the surface. As shown in Fig. 63, we observed that
fewer cells adhered to the <100> surface than to the <110> surface,
which in turn showed a lower cell density than the <111> surface.
Interestingly, this trend is opposite to that for bacterial adhesion.
However, the difference in the average number of cells on the three
surfaces was not statistically significant when tested with a one-
way Anova test.

We also investigated if HelLa cell adhesion varies for longer
culture times and for this, we cultured HeLa cells on the diamond
surfaces for two days using the same protocol detailed above. The
results of the experiment are reported in the SI: a confluent cell
layer was detected on all the three surfaces. Therefore we can
conclude that the differences in density of grafted HeLa cells on the
three diamond surface orientations observed for short culturing
times do not influence the cell coverage after long culture times,
and this coverage is the same for the three low index surfaces.
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Fig. 6. (a) Adhesion of HeLa cells on <100>, <110> and <111> diamond surfaces. The
confocal images in the bottom row are representative for the respective plates (scale
bar: 50 um) where cytoskeleton and nuclei were stained using phalloidin-TRITC and
DAPI], respectively. (b) Neurons attached on the unmodified, acid cleaned and sterilized
<110> diamond surface; the image was recorded by a wide field optical microscope
(scale bar: 100 um). (A colour version of this figure can be viewed online.)



8 V. Damle et al. / Carbon 162 (2020) 1-12

Our last adhesion experiment concerned primary cortical neu-
rons harvested from embryonic brains at embryonic day 14 of
C57BL/6] pregnant mice [51]. This study was triggered by the fact
that the superior biocompatibility, electric properties and quantum
coupled optomagnetic properties of the nitrogen-vacancy (NV)
defect sites of diamond make it an attractive material for neuronal
research. For instance, detecting the neuronal action potential us-
ing the quantum sensing ability of NV defect centers in diamond
has been proposed [52]. On the other hand, Hall and co-workers
exploited NV centers to image neuronal activity with high spatio-
temporal resolution [53]. Surfaces coated with nanodiamonds [3],
nanocrystalline diamond films [4] and chemically patterned single
crystal diamond [5] have also been used to culture neurons. Here,
we investigated if neurons can attach and grow on the diamond
surface and if they have any preferential affinity towards a partic-
ular low index surface by seeding ~60,000 cells on the diamond
surfaces. 24 h postseeding, the neurons were treated with 10 uM
cytosine arabinoside for 24 h in order to prevent the growth of non-
neuronal cells. Then neurons were further allowed to grow and
develop in the neurobasal medium until day 7 when cells were
imaged with the light microscope as shown in Fig. 6b. We observed
that neurons showed identical affinity towards the different low
index diamond surfaces. Observing the morphology with micro-
scopy leads to the conclusion that neurons grow and develop on
diamond surfaces in a comparable fashion to the standard culture
on cell culture plates coated with polyethylenimine. However, in a
few places on all crystals, neurons were found to form aggregates
similar to those observed by Babchenko et al. [7] even if in our case
the diamond plates were not coated.

3.7. Theoretical calculations

To better understand the experimentally observed behavior, we
performed first principle calculations for the <100>, <110>, and
<111> surfaces of diamond with various surface terminations
(clean, —H, —F, —0, and —OH). Here, “clean” indicates the hypo-
thetical case where no functional groups are present on the dia-
mond surface. Results of these calculations (as presented in the SI)
clearly indicate that all the functional groups stabilize the surface
compared to the “clean” surface. Next, we calculated the charge
distribution at these surfaces using the Hirshfeld-I partitioning
scheme [54,55]. As shown in Fig. 7, a strong dipole is found to form
between the diamond surface and the surface terminating groups,
similar to that seen in defects in diamond [56]. Moreover, a dipole is
also formed within the top layers of the system. However, the
charges for the layers below the 4th C layer show bulk behavior (i.e.,
nearly zero charge).

Furthermore, in the case of oxygenated diamond, the charge on
the oxygen atom is heavily dependent on the surface orientation as
shown in Table 1. In particular, the charge on the oxygen atom on the
<100> surface is 2—4 times that on the <110> and <111> surfaces.
This difference probably originates from the formation of a double
bond on the <100> surface, in contrast to the single bond for the
<110> and <111> surfaces. As the diamond crystals used in this work
were acid-cleaned, the top surface is expected to be oxygen-
terminated [57]. Therefore based on these calculations, the different
low index surfaces of diamond are expected to show a different
reactivity due the variation in the charge on the oxygen atom.

3.8. X-ray photoelectron spectroscopy

We experimentally characterized the atomic composition of all
the low index diamond surfaces with different surface terminations
using XPS. In the SI, Fig. S3 shows the XPS spectra of the Cls core
level region of the three acid-treated low index diamond surfaces.
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Fig. 7. Averaged atomic Hirshfeld-I charges as function of layer depth for the different
(terminated) surfaces. The standard deviation is shown as error bars. The surface
termination atoms (H, F, and O) are indicated as layer —1. For the hydroxyl termination,
the H is indicated as layer —2, while the O is indicated as layer —1. The bulk layers are
the layers at the center of the symmetric slab models. (A colour version of this figure
can be viewed online.)

From these data and from the spectral intensities of the O1s and
Nals lines we deduced the elemental composition of the surfaces
before and after BH3-THF reduction. The fit of the Cls spectra
allowed us to determine the various surface functional groups and
determine their relative abundance on the surfaces before and after
BH3-THF reduction, as detailed in the SI for the case of the <100>
surface. In the SI we report the XPS survey spectra for the three low
index diamond surfaces (Fig. S4) after the various surface treat-
ments, as well as the detailed spectra of the C1s, N1s, O1s and Nals
core level regions obtained for the same surfaces (Fig. S5).

Here we present the results of the analysis of these spectra. The
relative oxygen concentrations as deduced from the detailed core
level spectra collected from the three low index surfaces after acid
cleaning is reported in Fig. 8a. Fig. 8b lists the different functional
groups present on the three diamond surfaces as identified from
the detailed Cl1s, N1s and O1s spectra. Results of the XPS analysis
revealed that >95% of the surface analyzed was made up of carbon
and oxygen, which is expected for a diamond crystal. However,
small amounts of sodium (<3%) were also found on the diamond
surface. Despite the fact that the samples where all acid-cleaned
before analysis, these traces might come from residues that we
could not remove during the cleaning or that were present in the
cleaning solutions themselves. XPS measurements were repeated
three independent times. In one of the measurements, traces of
silicon (<1%) were also found. Silicon could have appeared from the
cleaning process or from the impurities trapped in the bulk dia-
mond. However, the latter possibility is far more likely than the
prior because silicon is known to be one of the most prominent
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Hirshfeld-I charges [e] of the surface layers of oxygen terminated diamond. Charges are per atom.

Surface orientation

Oxygen terminated surface Carbon atom layer 1

Carbon atom layer 2

<100> —-0.232 0.477 —-0.375
<110> —0.059 0.090 —0.040
<111> (1x1) —0.090 0.223 -0.163
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Fig. 8. (a) Amount of oxygen on the <100>, <110> and <111> surfaces of diamond after acid treatment; (b) different surface functional groups and (c—f) difference in atomic
composition post surface treatments for the three low index diamond surfaces. (A colour version of this figure can be viewed online.)

impurities in the diamond crystal. We note that, elements present
in atomic percentages of less than 0.2 were disregarded.

As shown in Fig. 84, after acid treatment the oxygen content was
highest on the <111> surfaces whereas it was lowest for <110>
surfaces. This result highlights how the degree of surface oxygen-
ation can vary due to the differences in crystal orientation alone
although all the crystals underwent exactly the same acid treat-
ment. Furthermore, we probed the differences in the functional
groups generated on the different diamond surfaces as a result of
acid oxidation using XPS, which are presented in Fig. 8b. Peak
fitting carried out for functional group identification is presented in
Fig. S3 of the SI. Here, we assigned the 284.8 eV binding energy
component to C—C throughout our analysis and components at a
shifted binding energy (BE) were attributed to the presence of
functional groups. Specifically, shifted by -1.2 eV we find the
component assigned to C=C/defects [32,40,58]; shifted by +1.2 eV
the spectral signature of C—OH/C—N [59,60]; at +2.7 eV higher BE

the contribution of C=0 [32] moieties, and at +4.1 eV higher BE
that of O=C—OH [58,59]groups. We would like to point out that the
energy shift of +4.1 eV, which we assigned to carboxylic acid
groups is lower than the typical values of +4.5 - +4.8 eV reported in
the literature. This result clearly demonstrates the qualitative
variation in the abundance of functional groups on the different
low index diamond surfaces after acid oxidation. Here, the XPS
results showed the highest amount of carboxylic groups on <100>
surface. On the other hand, the same surface showed the least
fluorescence in biomolecule conjugation experiments.

Next, we analyzed the XPS results of the reduced, EDC-NHS
activated or pristine diamond surfaces (Fig. S5) in order to deter-
mine the relative abundance of functional groups in each case. As
detailed above in the experimental section, reduced and EDC-NHS
treated surfaces were obtained after treating the surfaces with BH3-
THF solution, followed by hydrolysis with hydrochloric acid or
EDC—NHS reaction respectively. To obtain the “pristine” diamond
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surface, the crystal surface was bombarded with argon ions in situ.
The “aged” surfaces were realized by taking the pristine diamond
surfaces out of the XPS equipment and allowing them to “age” in a
plastic tube under ambient conditions. Here, our goal was to eval-
uate through the XPS analysis if different surface orientations of the
diamond crystal have different affinity for oxygen and nitrogen
from the environment. The atomic composition of the reduced,
EDC-NHS activated, pristine and aged diamond surfaces as ob-
tained from the XPS core level intensities is given in Fig. 8c—f. As
expected, we can clearly see the increase in nitrogen concentration
for diamond surfaces after undergoing EDC—NHS treatment. For
the pristine surface, small amounts of nitrogen and oxygen could be
detected in addition to a large portion of carbon. Post aging, the
atomic composition of the surfaces was found to vary compared to
the pristine surfaces. Specifically, the increase in atomic percentage
of oxygen was maximum for the <111> surface whereas very
similar values were found for the <110> and <100> surfaces. This
result corroborates the trend of oxygen amount found on the acid
cleaned surface. Hence it can be concluded that the <111> surface
shows a higher overall affinity for oxygen.

4. Conclusions

Here the effect of the crystal orientation of specific diamond low
index planes on their interaction with biological matter was
investigated. Moreover, this is the first report, which systematically
investigates a broad spectrum of biological mater interacting with
any crystalline material. In all previous studies, the interaction
between either proteins or cells or bacteria or their combinations
with various crystal planes of the specific material other than dia-
mond was studied. The <100>, <110> and <111> diamond surfaces
underwent the same oxidation treatment and showed comparable
roughness under AFM. However, XPS showed that the degree of
oxygenation of those surfaces and the resulting surface functional
groups were different. Based on the Hirshfeld-I charge calculations,
we theoretically determined that the amount of the surface charge
and found that it is expected to vary depending on the surface
orientation. Ultimately, these surface charges, oxygenation and the
functional groups lead to the alteration in the interaction of bio-
logical matter with these surfaces. Specifically, <111> surface
showed more efficient EDC-NHS conjugation than the other sur-
faces. This same surface orientation exhibited the highest inherent
ability to repel S. aureus and E. coli bacteria. Furthermore, when
investigating the interaction between different surfaces and cell
culture medium, <111> surfaces showed the least dry protein-salt
corona thickness. On the other hand, the average number of HeLa
cells attached to the <100> surface was least among the three,
although not statistically significant. In addition, from the neuronal
cultures on the acid cleaned and sterilized single crystal , we
showed that neurons were able to attach and proliferate equally on
all the three low index surfaces. It is known that the culture of
primary neuronal cells is challenging and neuronal culture surfaces
need to be carefully engineered. For example, neuronal cells require
primary amine groups on the culture surface [61]. The ease of
culturing primary neurons, i.e., electrically excitable cells, on un-
modified diamond surfaces is of significant importance to the
neuroscience community. Furthermore, this work also opens up
new avenues for the biological applications of nanodiamonds. In
particular, if biomolecules show a preferential adsorption on a
specific crystal surface, this could be useful when working with
nanodiamonds. When using NV centers for sensing, one could
attach drugs or antibodies either on the surface where the NV
center is most sensitive or away from it.
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