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1
Introduction

Their crystal clear appearance, surrounded by a glare of colourful rays
of light have captured the attention of people since thousands of years

ago. Today, diamonds offer much more than their aesthetic beauty. They
are a crucial element in our technology. Because of their extensive list of
physical properties, diamonds are found in a wide range of devices, from
drill bits to sophisticated sensors.

Biomedicine has been taking advantages of the diamond’s properties
for different purposes. The hardness of the diamond has been used to
extend the lifetime of implants[1]. Its biocompatibility has been exploited
to build substrates for growing diverse cell types such as fibroblasts[2], HeLa
cells and osteoblasts[3]. Its stable chemical surface has been used to carry
molecules in drug delivery devices[4].

Although the highly organised structure of the diamond lattice is re-
sponsible for most of its physical properties, the defects found in the crys-
tal enable it with additional optical attributes. One of this defect is the
Nitrogen-Vacancy center (NV center). The NV center is a point defect
occurring in the crystal lattice of diamonds, it consists of a vacancy with
one atom of nitrogen substituting carbon in two adjacent lattice sites. This
configuration presents exceptional optical properties. First, it is photolu-
minescent, it emits one red photon after being exited by a green one. This
means that it is possible to measure a small magnetic field by measuring a
large optical signal that is related to it. Since optical signals are easier to
measure and can be measured more sensitively, we achieve many orders of
magnitude better sensitivities[5, 6] than with conventional MRI. Moreover,
the intensity of photoluminescence is modulated by a magnetic moment
present at the same location of the NV center. This attribute is the basic
concept behind Diamond Magnetometry (DM), i.e. measuring magnetic
field through NV centers in diamonds.

The project conducted throughout the prosecution of the PhD aimed to
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INTRODUCTION

research the implementation of Diamond Magnetometry to detect (oxygen)
free radical inside living cells.

The main hypothesis that sustains the idea of detecting of (oxygen) free
radicals by diamond magnetometry is the fact that the missing electron of
the radical grants a magnetic moment to the molecule, which interacts with
the NV centers allowing its detection. The research presented in this book
has proven that this hypothesis is true, but also it has yielded additional
knowledge about the interaction of nanodiamonds with biomolecules and
cells.

The intention of focusing the application of diamond magnetometry to
detect (oxygen) free radicals is to overcome the limitations present in the
current measuring techniques.

The cell produces Oxygen Free Radicals (OFR) in a regulated physio-
logical process, but the loss of balance between its production and clear-
ance is associated with oxidative stress, which triggers the development of
pathologies[7]. The research of that relationship has linked the altered reg-
ulation of OFR with the origin of cancer, cardiovascular diseases, diabetes
and neurological disorders[8].

Considering the key role that OFR play, it is of great importance to im-
prove the pool of resources available for their study. Diamond magnetome-
try offers the possibility to fill the gaps that other techniques cannot resolve.
The use of nanodiamonds implanted with NV centers allows measuring at
nanometric scale, at a diffraction-limited resolution. This attribute might
allow determining the oxidative stress of a cell at specific places. Moreover,
the NV center also offers to improve the time resolution, allowing real-time
measuring.

The works collected in this volume can be seen as landmarks over the
path that has been built during the prosecution of the PhD project. Un-
der that point of view, this book reflects how the Diamond magnetometry
technique has been developed in our laboratories. Starting from funda-
mental questions, such as: “How to place the nanodiamonds inside the
cells?” or “Is the functionalization of the nanodiamonds interfering with
their magneto-optical properties?”, we progressed to actually use the NV
centers hosted in the nanodiamonds as sensors of magnetic noise, which we
can use to detect and measure chemical reactions in inert samples or even
in living cells.

Each chapter of this book reports important scientific contributions
to the field of Diamond Magnetometry (DM) applied to cell biology, but
also they show implicitly the state of the technical development of this
technique in our facilities. To be able to operate over the NV center we have
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INTRODUCTION

designed and built the magnetometers, we have programmed the control
system that coordinates the instrumentation and all the software needed to
operate the new device. Also, the analysis of the photoluminescent signal
was completely built in house as part of my work as PhD student. Albeit
the similitude of our system with the standard magnetometer used in the
community, the biological nature of our samples, and the use of ensembles
of NV centers in nanodiamonds, instead of bulk diamonds, set particular
restrictions and considerations that make our system unique.

At the time when this book was printed, two of its chapters were already
published in a high impact journal, and a third one was under peer-review
evaluation in another important journal. Chapter 2 explores the use of
recombinant proteins as coatings for nanodiamonds. The study is centred
on the effect of the coatings in the colloidal stability of the nanoparticles,
and the influence of these coatings in the particle uptake of two different
cell lines. In Chapter 3 an innovative application for nanodiamonds is
proposed. The investigations started by determining the proteins that at-
tach stronger to the surface of the untreated nanodiamond, then we have
determined that several of these proteins match with biomarkers used to
detect diseases. These results suggest the use of nanodiamonds to deplete
high abundant proteins from a sample. Chapter 4 presents the first re-
sults of using Diamond Magnetometry to detect a free radical produced in
real-time under physiological conditions. This is an important landmark
towards the measurement of free radical inside cells. Finally, Chapter 5
discusses the implications of these investigations, how are they related and
how this research enables further developments in diamond magnetometry.
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IMPROVING THE CELLULAR UPTAKE

Abstract

Fluorescent nanodiamonds are gaining increasing attention as fluorescent
labels in biology in view of the fact that they are essentially non-toxic, do
not bleach, and can be used as nanoscale sensors for various physical and
chemical properties. To fully realize the nanosensing potential of nanodia-
monds in biological applications, two problems need to be addressed: their
limited colloidal stability, especially in presence of salts, and their limited
ability to be taken up by cells. We show that the physical adsorption of a
suitably designed recombinant polypeptide can address both the colloidal
stability problem and the problem of the limited uptake of nanodiamonds
by cells in a very straightforward way, while preserving both their spectro-
scopic properties and their excellent biocompatibility.

6



INTRODUCTION

2.1 Introduction

In recent years fluorescent nanodiamonds (FNDs) have gained a lot of at-
tention, in view of their very stable fluorescence (that allows for long term
tracking), and in view of their unique magneto-optical behavior, which
allows them to be used as nanosensors that probe their immediate environ-
ment [1]. Nanodiamond sensing can be done at ambient conditions, and can
show very high sensitivities. Promising sensing applications include using
nanodiamonds as nanoscale temperature sensors (with accuracies down to 1
mK[2]), and using them as nanoscale magnetic resonance sensors (with sin-
gle electron spin sensitivity[3]) sensing the chemical nature of compounds
in the immediate surroundings of the nanodiamonds. To fully realize the
potential of nanodiamonds for nanosensing applications in biology however,
the particles need to be stable in biological fluids, and they need to be able
to enter cells.

Mammalian HeLa cells[4, 5, 6], as well as some other types of cells[7, 8,
9], readily ingest diamond nanoparticles without any surface modification.
By treating cells with chemicals such as NaN3, sucrose or filipin[10, 11],
which inhibit certain uptake routes, the uptake mechanism has found to
be clathrin mediated endocytosis. However, these cases are more excep-
tions than the rule. In addition, typical types of nanodiamonds, such as
acid treated fluorescent nanodiamonds, quickly aggregate in common cell
culture media[12]. The aggregation reduces uptake and is undesired for
nanosensing applications, where the nanodiamonds are desired to be com-
pletely dispersed.

In order to bypass the requirement for the nanodiamonds to be col-
loidally stable in biological fluids, and the requirement for them to be taken
up spontaneously by cells, nanodiamonds have been directly injected into
human embryonic fibroblast WS1 cells, using a silicon nanowire[13]. Al-
ternatively, Tzeng et al. used electroporation, in combination with Bovine
Serum Albumin (BSA) coating, to facilitate uptake by HeLa cells[14]. Other
approaches to make cell walls more permeable have also been explored[15],
but were found to be problematic since they decreased cell viability. Com-
plex chemistries for attaching specific molecules to the surfaces of nanodi-
amonds have also been done[16]. One of the most prominent approaches
is to attach polyethylene glycol as this molecule is known for its ability to
repel other proteins[17]. Another advantage of this approach is that meth-
ods have been developed to further functionalize these so-called PEGylated
diamond.[18, 19, 20]

Generally, chemical methods are quite involved and not necessarily lead
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IMPROVING THE CELLULAR UPTAKE

to much improved control over colloidal stability and cellular uptake than
simple physical coating with polymers[21, 22], or serum proteins such as
BSA[23]. A coating procedure for the nanodiamonds that combines the
simplicity of physical adsorption, but with much more control over the
biochemistry of the surface would therefore be very welcome.

Figure 2.1: Expected mode of bind-
ing of protein polymers C4 and C4-K12

(in green) to the surface of (negatively
charged) nanodiamonds (in pink). a) Hy-
drophilic C4 block weakly adsorbs to the
nanodiamond surface via hydrogen bonds
and electrostatically via a small number
of basic residues in the C4 block. b) The
C4-K12 binds more strongly and predom-
inantly electrostatically via its dodecaly-
sine binding block.

A major class of ligands that
can be used to control cellular up-
take are protein- or peptide- do-
mains. While short peptides can
be produced synthetically and then
chemically attached, another ap-
proach is to develop dedicated re-
combinant polypeptides for coat-
ing surfaces. Previously, we
have designed various recombi-
nant polypeptides, or “protein-
based polymers”[24] (or, for short,
“protein polymers”) for coating in-
dividual DNA molecules[25, 26].
One of them is a diblock co-
polypeptide denoted C4-K12 that
coats individual DNA molecules
with a hydrophilic polypeptide
brush layer[25]. The dodecalysine domain K12 provides electrostatic an-
choring to the negatively charged DNA, while the C4 domain forms a hy-
drophilic polymer brush around the DNA. The C4 domain is a tetramer of
a 98 amino acid long, hydrophilic random coil polypeptide C, which is rich
in glycines, prolines and other hydrophilic amino acids.[27]

As illustrated in Figure 2.1a, we expect that the hydrophilic C4 do-
main by itself should bind weakly to the surface of the (negatively charged)
nanodiamonds, via hydrogen bonds and electrostatically via the 12 lysine
residues spread regularly throughout the sequence of the domain. In anal-
ogy with its interaction with negatively charged DNA[26], the C4-K12 di-
block is expected to bind more strongly, and predominantly electrostat-
ically, via its dodecalysine binding domain, forming a polymer brush as
illustrated in Figure 2.1b.

As we will show, the C4-K12 polymer indeed rapidly and strongly ad-
sorbs on the nanodiamonds providing excellent colloidal stability. It pro-
motes the uptake of the nanodiamonds in a well dispersed state in cells,
while leaving the optical properties and excellent biocompatibility of the
nanodiamonds unaffected.

8



RESULTS AND DISCUSSION

2.2 Results and discussion

2.2.1 Characterization of coated nanodiamonds with AFM

Nanodiamonds are produced by grinding and some crystal planes break
more likely than in others. This leads to a flake like structure[28]. They
have a relatively bright red photoluminescence signal from nitrogen-vacancy
(NV) centers.

The nanodiamonds that we use (see Materials and Methods for details)
have a hydrodynamic diameter DH ≈ 120 nm, and are negatively charged,
with a zeta potential ≈ -50 mV.

Figure 2.2: AFM analysis of sizes of
C4-K12 coated nanodiamonds (0.85 mg
mL−1 nanodiamonds dispersed in 5.7 mg
mL−1 C4-K12 in MilliQ) adsorbed on
freshly cleaved mica and dried. a) rep-
resentative AFM image b) zoom showing
individual nanodiamonds c) distribution
of heights h and d) distribution of max-
imum widths at half maximum heights
WFWHM derived by analysing all 73
particles of the 1X1 µm area shown in
b).

Using AFM we have analysed
size distributions of the nanodi-
amonds by adsorbing them on
freshly cleaved mica and imaging
them in a dried state. We found
C4-K12 coated nanodiamonds ad-
sorbed predominantly as singly
dispersed particles, whereas for
both uncoated nanodiamonds, and
nanodiamonds coated with C4,
many aggregated particles were also
present. Nanodiamonds were coa-
ted with the protein polymers by
simply mixing nanodiamond dis-
persions with excess protein poly-
mer (see Materials and Methods for
details). The fact that the C4-K12

coated nanodiamonds are complete
dispersed in the AFM experiment,
is already a first indication that this
protein polymer provides the nan-
odiamonds with a stabilizing coat-
ing.

A representative AFM image of C4-K12 coated nanodiamonds adsorbed
on freshly cleaved mica and dried is shown in Figure 2.2a. For the 73
particles observed on a 1× 1 µm area (Figure 2.2b, which is a zoom of the
area enclosed by the white square in Figure 2.2a) we determined the height
h and maximum width w (at half maximum height). The resulting size
distributions for height h and width w are shown in Figures 2.2c, d. The
average values are w = 54 ± 11 nm, and h = 15 ± 4 nm. This confirms
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IMPROVING THE CELLULAR UPTAKE

the flake-like geometry of the nanodiamonds although the anisotropy is
not very large. Additionally, AFM generally overestimates the widths of
particles as the width values are always a convolution of the tip radius and
the actual particle size. In aqueous solutions, the hydrodynamic diameter
of the highly hydrated C4-K12 protein polymer is[25] DH ≈ 10 nm, but
when adsorbed and dried, its layer thickness should be much less, such
that the sizes found for the coated particles should be close to those for the
uncoated nanodiamonds.

2.2.2 Colloidal stability of protein-based polymer coated nan-
odiamonds

As mentioned, the bare nanodiamonds have a very limited colloidal stabil-
ity. This is illustrated in Figure 2.3a, which shows the time-dependence of
the hydrodynamic size of bare nanodiamonds at a concentration C = 0.85
mg mL−1. The nanodiamonds are initially dissolved in MilliQ water, in
which they are colloidally stable due to their negative surface charge.

At t = 0 min, the salt concentration is increased to 0.05 M NaCl. Figure
2.3a shows that within 10 minutes, the nanodiamonds aggregate to form
large clusters. Figure 2.3b shows the hydrodynamic size of the bare nanodi-
amonds at a concentration C = 0.85 mg mL−1 in MilliQ, 2 minutes after an
increase of the concentration of NaCl to the indicated values. Clearly, the
nanodiamonds are stable against aggregation at low ionic strengths, but not
at physiological ionic strengths. Figure 2.3b also shows the corresponding
plots for the nanodiamonds coated with the protein polymers C4 (5.5 mg
mL−1) and C4-K12 (5.7 mg mL−1). We find that both polymers stabilize
the nanodiamonds against aggregation, up to very high concentrations of
added NaCl (at least 1M).

There is some increase in the particle size due to polymer adsorption.
The magnitude of the increase is not really consistent with the additional
layer thickness due to the protein polymers, which is only expected to be
on the order of the hydrodynamic diameter of the C4 and C4-K12 protein
polymers, which is around 10 nm. Instead, the increase probably reflects a
very limited degree of polymer-bridging induced nanodiamond aggregation
that occurs during the coating process itself.

As mentioned, we believe the driving forces for the adsorption of the
hydrophilic protein polymers to the negatively charged and somewhat hy-
drophobic nanodiamond surfaces is a combination of the formation of hy-
drogen and ionic bonds.

At neutral pH, the C4 block is weakly negatively charged but it has
a small number of basic residues (uniformly distributed over its contour

10



RESULTS AND DISCUSSION

length) that may still interact electrostatically with the negatively charged
surfaces of the nanodiamonds. The fact that other forces such as hydrogen
bonds presumably also play a role is evident from the observation that even
the C4 domain alone stabilizes the nanodiamonds against aggregation up
to very high ionic strengths at which these weak electrostatic interactions
must be completely screened.

Since the C4 domain is long, (400 amino acids), only a weak affinity
of a fraction of the amino acids to the nanodiamond surface suffices to
cause adsorption of the polymer as whole. This is the classic limit of ho-
mopolymer adsorption, for which case one expects[29] a dense adsorbed
inner layer dominated by loops and a dilute outer layer dominated by tails,
as illustrated in Figure 2.1a.

For the C4-K12 diblock, there will be a very strong preference of the
K12 anchoring blocks to electrostatically interact with negatively charged
surface of the nanodiamonds. We expect this will result in a dense polymer
brush-like layer, as illustrated in Figure 2.1b. Hence, the diblock is expected
to bind at higher densities, and is expected to give rise to a thicker polymer
layer, and a stronger stabilizing effect than just the C4 domain.

Figure 2.3: Hydrodynamic diameter (DH) of nanodiamond particles both in the
presence and absence of protein polymers C4 and C4-K12 as determined using dy-
namic light scattering.Nanodiamond concentration is 0.85 mg mL−1, while protein
polymer concentrations are 5.5 mg mL−1 (C4) and 5.7 mg mL−1 (C4-K12). a) Hy-
drodynamic diameter for bare nanodiamonds in MilliQ as a function of the time
after an increase of the salt concentration to 0.05 M NaCl. b) Hydrodynamic di-
ameter of nanodiamonds dispersed in MilliQ, 2 min. after the NaCl concentration
is increased to the value indicated on the x-axis. Black symbols: bare nanodia-
monds. Red symbols: C4–coated nanodiamonds. Blue symbols: C4-K12 -coated
nanodiamonds.
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2.2.3 Binding strength of protein polymers to nanodiamonds

We have used isothermal titration calorimetry (ITC) to further quantify the
binding of the C4-K12 diblock polymer to the nanodiamonds. For convert-
ing the nanodiamond weight concentration CND in mg mL−1 to a molar
concentration cND, we assume an average particle volume of V ≈ 34000
nm3, as estimated from AFM. Using a density of = 3.52 g cm−3, this trans-
lates into a molar mass of MND ≈ 7.2× 104 kg mol−1 that is used for the
conversion to a molar concentration of nanodiamonds. The ITC raw data
(heat flow as a function of time during the injections) for the titration of a
CND = 1 mg mL−1, or cND = 0.1 µM suspension of nanodiamonds titrated
with a 1 mM solution of C4-K12 is shown in Figure 2.4a. The interaction
is purely exothermic and the heat released per mole of injectant, versus
the molar ratio of protein to nanodiamonds can be very well fitted with
a simple one-site binding model (Figure 2.4b). The analysis results in an
equilibrium dissociation constant Kd = 1.5 × 105 M−1 and an enthalpy
change 4H = -22 kcal mol−1 of adsorbed C4-K12. The estimated number
of adsorbed C4-K12 molecules is around 4 C4-K12 molecules per 100 nm2

of nanodiamond surface. This is quite reasonable, given the hydrodynamic
radius of the isolated C4 domains of DH ≈ 10 nm. There appear to be
small deviations between the experimental curve and the fit to the one-site
binding model at high concentrations. However, at these high concentra-
tions the surface is nearly saturated and the ITC signal is weak, such that
we believe these small deviations do not warrant an extension of the fit to
more complicated models.

Figure 2.4: Characterization of bind-
ing of C4-K12 protein polymer to nanodi-
amonds using ITC. Nanodiamonds sus-
pended in MilliQ water at a concentra-
tion of CND = 1 mg mL−1, were titrated
(at 30◦C) with a 1 mM C4-K12 in MQ
water. a) Heat flow versus time during
the injections. b) Heat released per mole
of added C4-K12 versus the molar protein
to nanodiamond ratio.

A similar ITC experiment was
performed for the C4 polymer, but
in this case, we found a non-
monotonic dependence of the heat
released per mole of injectant, ver-
sus the molar ratio of protein to
nanodiamonds (Supplementary in-
formation Figure 2.9), suggesting
that in this case at least two
processes contribute to the heat
evolved during the binding reac-
tion. Possibly adsorption of the C4

polymer chains involves the break-
ing of some weak intramolecular
bonds. This results in an endother-
mic contribution to the adsorption
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enthalpy at low protein to nanoparticle ratios. Since the focus here is
mainly on the C4-K12 diblock that is expected to be the better stabilizer,
we refrain from a further quantitative interpretation of the ITC data for
the C4 polymer.

Additionally, the stability of the coatings to changes in pH was assessed
by measuring the hydrodynamic diameter of the particles suspended in
alkaline and acidic media. The results proved that the protein polymers
remains attached to the nanodiamonds surface when they are exposed to a
range of pH from 4.5 to 8.9. Detail of this experiment and its results are
shown in the supplementary information.

2.2.4 Photoluminescence properties of protein polymer coa-
ted nanodiamonds

The nitrogen vacancy (NV) center in nanodiamonds, is a point defect
formed in the diamond lattice by one substitutional nitrogen atom and
an adjacent vacancy[30, 31]. One of its most explored properties is pho-
toluminescence, which can be detected from an individual NV center[32].

Figure 2.5: Normalized photolumines-
cence spectrum of bare nanodiamonds
(blue), and spectra of C4 coated (red)
and C4-K12 coated (green) nanodia-
monds at 250 µg mL−1 in MilliQ water,
C4 protein at 16 mg mL−1 and C4-K12 at
17 mg mL−1 in MilliQ water. The decre-
ment in the PL intensity registered in
the coated diamonds, relative to the non-
coated case, doesn’t suppose an obstacle
for sensing purposes and can be compen-
sated by, either, increasing the excitation
power or by increasing the signal integra-
tion time or by sensing a wider segment
of wavelengths.

There are two charge states of this
defect, one is neutral NV0 (excita-
tion (Ex) wavelength at 490 nm,
emission (Em) wavelength of the
zero phonon line at 575 nm), the
other is negative NV- (Ex at 490
nm, Em of the zero phonon line at
637 nm). An important property
of luminescence from individual NV
center is that it has very high
photostability, with essentially no
bleaching being observed at room
temperature[33, 34].

As shown in Figure 2.5 , the
protein polymer coating only leads
to minor changes in the photolumi-
nescence of the nanodiamonds. The
peak of the spectra remains close
to the 692 nm, and the bandwidths
(FWHM) also do not vary signifi-
cantly, being 122 nm for the bare
nanodiamonds, 118 nm for C4-K12

coated- and 114 nm for C4 coated-
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nanodiamonds. The main effect is a slight decrease of the fluorescence inten-
sity of the protein polymer coated nanodiamonds as compared to the bare
nanodiamonds, which is 19% for C4-K12 coated- and 14% for C4 coated-
nanodiamonds.

Performing optically detected magnetic resonance measurements with
similar equipment as previously described[35, 36] (see supplementary ma-
terial) reveals that also the magneto-optical properties of the NV center
are not perturbed. Therefore, the protein polymer coating does not at
all preclude the use of the nanodiamonds for sensing applications. These
sensing applications include measurements of temperature[2], or particle
orientation[6], which can be obtained from such magnetic resonance mea-
surements [3, 37]. There are also a number of interesting quantum sensing
protocols, which measure small magnetic or electric fields or their fluctu-
ations. These require close proximity between the defect and the cellular
environment. The protein polymer coating increases the distance between
the defects and the analyte molecules. This is critical for sensitivity and
thus this parameter will definitely increase the detection limit. As all kinds
of molecules in a cellular environment attach to bare nanodiamond surfaces
this distance is, however, in any case difficult to avoid.

2.2.5 Cytotoxicity of protein polymer coated nanodiamonds

It has been shown by several researches that bare nanodiamonds are gen-
erally non-cytotoxic[7, 38, 39, 40]. To make sure that the protein poly-
mer coating does not affect this positive quality of the nanodiamonds,
we have tested whether the protein polymer coating leads to any changes
in the cytotoxicity of the nanodiamonds. To this end a series of MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays were
conducted. The study consisted of a 3 hours incubation of HeLa and HT29
GFP-EpCAM (HT29*) cells with protein polymer coated and bare nan-
odiamonds at different concentrations (1 µg mL−1, 5 µg mL−1 and 10 µg
mL−1), followed by the use of MTT to assay cell viability. As a refer-
ence, we use cells incubated with growth medium only. As is shown in
Figure 2.6a, for HeLa cells, and Figure 2.6b, for HT29* cells, to within the
margin of error of the experiments, the viability of both types of cells is
not affected by incubation with nanodiamonds, either bare or coated with
the protein polymers, confirming that like the bare diamonds, the protein
polymer coated nanodiamonds are completely harmless for the cells.
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Figure 2.6: Relative cell viability (com-
pared to cell incubated without diamonds)
as deduced from MTT assay, versus con-
centration CND of nanodiamonds in the
growth medium. In the first group of bars,
the growth medium contained 120 nm nan-
odiamonds at 1 µg mL−1 and C4 polymer
protein at 63 µg mL−1 or C4-K12 polymer
protein at 66.24 µg mL−1. The growth
medium used in the second groups of bars
contained 120 nm nanodiamonds at 5 µg
mL−1 and C4 polymer protein at 315 µg
mL−1 or C4-K12 polymer protein at 331.2
µg mL−1. In the last group, the growth
medium contained 120 nm nanodiamonds
at 10 µg mL−1 and C4 polymer protein at
630 µg mL−1 or C4-K12 polymer protein at
662.4 µg mL−1. Cells were incubated by 3
hour in these mediums. White bars: bare
nanodiamonds. Red bars: C4 coated nan-
odiamonds. Blue bars: C4-K12 coated nan-
odiamonds. Error bars show the standard
deviation. a) HeLa cells, b) HT29* cells.

2.2.6 Cell uptake of bare and protein polymer coated nan-
odiamonds

Finally, we qualitatively evaluated the uptake of the bare and protein poly-
mer coated nanodiamonds by cells using confocal scanning light microscopy
(CSLM). We first imaged bare and protein polymer coated nanodiamonds
adsorbed to the glass microscope slides, from a 10 µg mL−1 solution of nan-
odiamonds in growth medium (DMEM complete). The images (Figure 2.10
in the supplementary material) clearly shows the strong effect the protein
polymers have on the state of aggregation of the nanodiamonds. For bare
nanodiamonds the mean area of particles that had visibly adhered was 1.7
µm2, for C4 coated nanodiamonds it was 0.9 µm2 and finally, for C4-K12

coated nanodiamonds it was 0.3 µm2. This shows that especially C4-K12 is
very effective at preventing nanodiamond aggregation, even though it does
not completely prevent it. It should be noted that these results do not
imply that most nanodiamonds are in an aggregated state since the high
brightness of the nanodiamonds clusters hinders the visualization of single
nanodiamond in the confocal images.

Next, both HeLa and HT29* cells were incubated for two hours with
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either bare or protein polymer coated nanodiamonds at a nanodiamond
concentration CND = 5 µg mL−1. For HeLa cells, already without a pro-
tein polymer coating, most cells have taken up at least some nanodiamonds
(Figure 2.7a). However, the number of fluorescent objects that could be
detected using the CSLM was higher for the nanodiamonds coated with
protein polymers, than for the bare nanodiamonds, with a higher num-
ber of fluorescent objects being detected for C4-K12 coated nanodiamonds
(Figure 2.7c), as compared to the case of C4 coated nanodiamonds (Figure
2.7b). Also, the size of the fluorescent objects detected inside the HeLa
cells was significantly smaller for the coated than for the bare nanodia-
monds, especially for the C4-K12 coated nanodiamonds. For HT29* cells
the situation was quite different. As shown Figure 2.8a, using CSLM, few
fluorescent objects could be detected inside the HT29* cells for the bare
nanodiamonds; fluorescent object were detected in only 30% of the cells.
In contrast, for protein polymer coated nanodiamonds, fluorescent objects
were detected inside 90% of the cells for C4 coated nanodiamonds and in-
side 100% of the cells for C4-K12 coated nanodiamonds (Figures 2.8b and
c).
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Figure 2.7: Confocal images of HeLa
cells incubated for 2 hours with nan-
odiamonds. Cells were incubated with
a 5 µg mL−1 dispersion of (a) bare
nanodiamonds, (b) nanodiamonds coa-
ted with C4 protein polymer (315 µg
mL−1) and (c) nanodiamonds coated
with C4-K12 protein polymer (331.2 µg
mL−1).

Figure 2.8: Confocal images of
HT29* incubated for 2 hours with nan-
odiamonds. Cells were incubated with
a 5 µg mL−1 dispersion of (a) bare
nanodiamonds, (b) nanodiamonds coa-
ted with C4 protein polymer (315 µg
mL−1) and (c) nanodiamonds coated
with C4-K12 protein polymer (331.2 µg
mL−1).
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2.3 Experimental Details

2.3.1 Materials

Fluorescence nanodiamonds

ND-NV-120nm with a reported diameter of 120 nanometers were purchased
from Adamas Nanothechnologies. The stock suspension contains nanodia-
monds at a concentration of 1 mg mL−1 in water. All other reagents and
solvents were obtained from Sigma-Aldrich.

Protein polymers

The C4 (molar mass 37,285 g mol−1) and C4-K12 (molar mass 38,408 g
mol−1) protein polymers were obtained via secreted expression by genet-
ically engineered Pichia pastoris strains, in a methanol fed-batch fermen-
tation, as described previously[25, 27]. After fermentation, the protein-
containing supernatant was separated from the P. pastoris cells by centrifu-
gation (30 min at 16000 g) and subsequent microfiltration. Next, protein
polymers were further purified as described previously[25, 27]. In short, C4

and C4-K12 proteins were selectively precipitated using ammonium sulfate
(at 45% saturation). For the C4 protein this was followed by two acetone
precipitation steps (at, respectively, 40% (v/v) and 80% (v/v) saturation).
The acetone precipitation was omitted for the C4-K12 protein polymer.
The C4 protein was desalted using extensive dialysis against MilliQ water,
whereas C4-K12 was dialyzed against 50 mM formic acid. Finally, the both
proteins were lyophilized and the protein polymer powders were stored at
room temperature.

Protein polymer stocks

For the C4 protein polymer, stock solutions were prepared by dissolving
3.5 mg of C4 powder in 500 µl of MilliQ water. For the C4-K12 protein
polymer, 3.7 mg was dissolved in 500 µl of MilliQ water. After mixing, the
solutions were filtrated with a 220 nm centrifugal filter for 5 minutes at
13.2 krpm. All the concentrations reported In this article were measured
before filtration.
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2.3.2 Methods

Isothermal titration calorimetry

Isothermal titration calorimetry experiments were performed using a VP-
ITC Micro-Calorimeter from Malvern Instrument Ltd. U.K. 1.43 mL of de-
gassed nanodiamond dispersion (0.1 mg mL−1 in MilliQ water) was loaded
in the cell as analyte, while 250 µL degassed solution of protein polymer
(1 mM in MilliQ water, corresponding to 37.3 mg mL−1 for C4 and 38.4
mg mL−1 for C4-K12) was loaded in the auto-pipette as titrant. One initial
injection of 2 µL, for saturating the titration cell walls was followed by 20
injections of 10 µL each. The time between subsequent injections was 250
s. All measurements were conducted at 30◦C. The reference cell was filled
with degassed MilliQ water. During the experiment, the sample cell was
always stirred continuously at 329 rpm.

The heat of protein polymer dilution in MilliQ water was subtracted
from the titration data for each experiment. For analysing the data we
used the Origin software that came with the VP-ITC Micro-Calorimeter.
The reported parameters deduced by fitting the experimental data are an
average of a duplicate experiment.

Coating of nanodiamonds with the polymer proteins

The nanoparticles were coated with the C4 and C4-K12 protein polymers
by mixing the stock solution of nanodiamonds (1 mg mL−1 in water), with
the protein polymer stocks and let them incubate for 30 minutes. The
subsequent dilutions were prepared by diluting these solutions in water or
growth medium, depending on the type of experiment.

Photoluminescence spectroscopy

Fluorescence measurements were performed using a ThermoFisher Var-
ioskan instrument. Emission spectra were measured from 550 nm to 840 nm
in 1 nm steps, with a measurement time of 300 ms per step. The excitation
wavelength was set at 533 nm and the temperature at 30◦C. To decrease
the effect of noise, the raw data was processed by a median filter. Spectra
were acquired for dispersions of 250 µg mL−1 nanodiamonds in MilliQ wa-
ter. For the C4 -coated nanodiamonds the protein polymer concentration
was 16 µg mL−1, for the C4-K12 coated nanodiamonds the protein polymer
concentration was 17 µg mL−1.
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Atomic-force microscopy

For Atomic Force Microscopy (AFM) imaging, we used a NanoScope V Mul-
timode Scanning Probe Microscope, with an ultra-sharp silicon cantilever
(NT-MDT CSCS11) in the scan-assist imaging mode. In measurement of
C4-K12 coated nanodiamonds, dispersions of 0.85 mg mL−1 of nanodia-
monds in MiliQ were used, and C4-K12 concentration was 5.7 mg mL−1.
For the C4 -coated nanodiamonds the protein polymer concentration was
0.65 mg mL−1 while nanodiamond concentration was 0.1 mg mL−1, for
bare nanodiamond measurement,the nanodiamond concentration was 0.1
mg mL−1. A volume of 10 µL of bare or coated nanodiamond dispersion
was deposited on a freshly cleaved mica surface and incubated for 1 min.
to allow for nanodiamond adsorption. Next, 2 mL of filtered MilliQ water
used to wash the mica sample surface. Finally, the sample surface was dried
using nitrogen gas. AFM images were analyzed using NanoScope Analysis
software.

Dynamic light scattering

Hydrodynamic diameters of bare nanodiamonds and of nanodiamonds coa-
ted with the protein polymers were measured at a temperature of 30◦Cusing
dynamic light scattering. For the scattering experiments, a Malvern Zeta-
sizer Nano ZS ZEN3500 was used, equipped with a cell with peltier temper-
ature control. The laser wavelength was 633 nm and the scattering angle
was 173◦. For each sample, 2 minutes of equilibration was followed by 10
measurements, where each measurements consisted of 14 scattering runs of
10 s. Dispersions of 0.85 mg mL−1 of nanodiamonds in MiliQ were used.
For the C4 -coated nanodiamonds the protein polymer concentration was
5.5 mg mL−1, for the C4-K12 coated nanodiamonds the protein polymer
concentration was 5.7mg mL−1. The reported hydrodynamic diameter is
the dominant peak from a distribution analysis performed on the raw data
by the Zetasizer Nano software v7.11.

Cell cultures

Nanodiamond cell uptake experiments were performed for HeLa and HT29*
cell lines. Cells were seeded at low density and incubated for 20 hours in
glass bottom petri dishes until they achieved 25% of confluency. DMEM-
HG Complete was used as growth medium during this time. To assess
the particle internalization, cells were incubated in nanodiamond enriched
growth medium (DMEM-HG) for a period of 120 minutes. Every Petry dish
was filled with 1 ml of the 5 µg mL−1 nanodiamond enriched medium, which

20



CONCLUDING REMARKS

was prepared by dispersion of 50 µl of protein coated nanodiamonds (100
µg mL−1 nanodiamonds, for the C4 -coated nanodiamonds additionally
315 mg mL−1 and for the C4-K12 coated nanodiamonds additionally 331.2
mg mL−1 of protein polymer) in 950 µl of DMEM-HG. Bare nanodiamonds
were used as control. To prepare 1 ml of a suspension of bare nanodiamonds
at 5 µg mL−1, 5 µl of the nanodiamonds stock slurry (1 mg mL−1) was
dispersed in 995 µl of DMEM-HG. After the two hours incubation, the cells
were washed and fixated with 3.7% paraformaldehyde. Additionally, HeLa
cells were stained with phalloidin FITC. The HT29* cells have fluorescent
CAM lipoprotein, so no additional staining was performed to visualize the
cells in this case. The samples were conserved in 1% PFA in PBS at 4◦C.

Confocal imaging

The samples, described in the previous paragraph, were imaged in different
regions using a confocal microscope (Zeiss 780). The fluorochromes were
excited with lasers at wavelengths of 488 nm (FITC and GFP) and 561 nm
(NV-centers). The NV center’s fluorescence was collected at wavelength
from 597 nm to 694 nm.

Cell uptake experiments

The detection of nanodiamonds in the cells was made by visual inspection.
The background light in the images was removed by filtering the pixels with
value less than 80. Next, the images were analysed using the software ZEN
Black 2.1 (Carl Zeiss).

2.4 Concluding remarks

Coating with de novo designed recombinant protein polymers offers a con-
venient way to disperse nanoparticles such as nanodiamonds, and to provide
colloidal stability to such particles in biological fluids such as serum, or cell
culture medium. It also offers a highly engineerable approach to modulate
the interactions of such nanoparticles with living cells. Via peptide syn-
thesis it is possible to change the peptide sequence as we demonstrated by
using C4 and C4-K12. Once functional groups are inserted via changing the
peptide sequence it is also possible to further react these groups (before
or after adhesion to the diamond surface). However, there are likely also
groups, which might compromise the binding. For instance a large number
of negatively charged proteins is expected to repel the diamond surface. For
the diblock polypeptide C4-K12 we observe that simple physical adsorption

21



IMPROVING THE CELLULAR UPTAKE

to nanodiamonds leads to an excellent stability of the nanodiamonds up to
very high salt concentrations, and to a much greater degree of dispersion of
the nanoparticles, not only in buffers and biological fluids, but also when
taken up by living cells such as HeLa cells. For the specific case of HT29*
cells, we also find that the protein polymer coating improves the uptake of
the nanodiamonds.

The protein polymer coating does not affect the photoluminescence nor
the magneto-optical properties of the nanodiamonds, nor their excellent
biocompatibility. Hence the protein polymer coated nanodiamonds are a
promising candidate to be used as intracellular magneto-sensitive nanosen-
sors.

We have used a protein polymer that was designed to coat DNA molecules
[27]. As such, it does not yet contain any specific motifs that one might
want to include for a dedicated protein polymer for stabilizing nanodia-
mond sensors and for promoting their uptake by various cell lines. Addi-
tional motifs that could be included are, for example, cell-binding motifs,
cell-penetrating peptide motifs, as well as intracellular targeting motifs.
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2.5 Supporting Information

2.5.1 Binding of the C4 protein polymer

Figure 2.9: Characterization of binding of C4 protein polymer to nanodiamonds
using ITC. Nanodiamonds suspended in MilliQ water at a concentration of CND
= 1 mg mL−1, were titrated (at 30◦C) with a 1 mM C4 in MQ water. a) Heat flow
versus time during the injections. b) Heat released per mole of added C4 versus
the molar protein to nanodiamond ratio.

2.5.2 Clusters of nanodiamonds

Figure 2.10: During the uptake experiments clusters of nanodiamonds deposited
over the coverslip. Those clusters were imaged with a confocal microscope. (a)
The cluster formed by bare nanodiamonds have bigger size (average area: 1.7
µm2) in comparison with both coated cases, (b) C4 (average area: 0.9 µm2) and
(c) C4-K12 (average area: 0.3 µm2) conjugated nanodiamonds. In all the cases,
bare and conjugated nanodiamods were mixed with growth medium (DMEM-HG
complete), at concentration of 10 µg mL−1 of nanodiamonds, 630 µg mL−1 of C4

and 662.4 µg mL−1 of C4-K12 polymer protein, and let it incubate for two hours
with HT29* cells.

23



IMPROVING THE CELLULAR UPTAKE

2.5.3 Magneto-optical properties

Method: For magnetic resonance measurements, 10 µL of dispersions of
coated and uncoated nanodiamonds were applied on clean microscope slides
and dried. The dispersions were prepared by suspending 10 µL of the 120
nm nanodiamond stock solution in 90 µl of water, C4 or C4-K12 protein
polymers at concentrations of, respectively, 7 -1 -1mg mL and 7.36 mg mL .
A home built diamond magnetometer was used, similar to those previously
used by others[35, 36]. The magnetometer is essentially a confocal micro-
scope with built in microwave electronics. A laser power of 1 mW was used
for illumination at a wavelength of 532 nm.

Figure 2.11: The magneto-optical
properties of the nanodiamonds (nD) re-
main almost unalterable after being coa-
ted with the C4 and C4-K12 protein
polymers, as it is shown by ESR mea-
surements of bare nanodiamonds (blue -
1line), C4 (red line) and C4-K12 (green
line) coated nanodiamonds. Nanodia-
monds at 100 µg mL in MilliQ water,
C4 protein at 6.3 mg mL−1 and C4-
K12 at 6.624 mg mL−1 in MilliQ water.
The fluorescence intensity (y axis) of the
NV center drops when it is excited with
an external electromagnetic field at fre-
quency near to 2.87 [GHz] (x-axis).

After scanning the sample with
adsorbed diamond nanoparticles,
we focused on individual diamond
particles and recorded an opti-
cally detected magnetic resonance.
A frequency sweep was performed
for the microwave, for frequencies
around the expected resonance fre-
quency of the NV center at 2,87
GHz. This microwave signal was
produced with a microwave syn-
thesizer (Hittite HMC-T2100) that
sent its signal (power of 27 dBm) to
a homemade antenna (a short cir-
cuit of a copper wire at the end of a
coaxial cable) wish was located few
micrometer from the sample. Si-
multaneously with the electromag-
netic irradiation, the intensity of
the fluorescence was collected using
an Olympus UPLSAP40x NA=0.95
objective and an Avalanche pho-
todiode (SPCM-AQRF- 15-FC) in
single photon counting mode.

Results: We characterize the NV center’s magneto-optical properties
using Electron Spin Resonance ESR for the bare and the protein-polymer
coated nanodiamonds. Results for the ESR experiment are shown in Fig-
ure 2.11. As expected, for bare nanodiamonds, the NV centers in Figure
2.11 show a decrease of their fluorescence intensity when exposed to an
external electromagnetic field at frequency near 2.87 GHz. As for the pho-
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toluminescence, we find that the protein polymer coating hardly affects the
magneto-optical properties of the nanodiamonds. The magnitude of the
ESR signal for bare nanodiamonds and protein polymer coated nanodia-
monds is almost the same.

2.5.4 Protein polymer binding stability at different pH

Considering the fact that the conjugation of the protein polymers and the
surface of the nanodiamonds is made merely by physical absorption, we
were interested in to evaluate the robustness of these bonds when the coated
particles are exposed to an alkaline or acidic environment. The experiments
consisted in measuring the hydrodynamic diameter of the coated particles
after dispersing them in media at pH 4.5, 5.5, 6.8, 7.9 and 8.9. It was
assumed that the desorption of protein polymers from the nanodiamonds
surface would be reflected in a reduction of the hydrodynamic diameter
(HD) of the particles when they are measured by DLS. Method: Media at
pH 4.5 and 5.5 was prepared by diluting hydrogen chloride (HCl) in MilliQ
water (pH 5.31) until the desired pH values were reached. The media at
pH 6.8, 7.9 and 8.9 were prepared similarly but by adding sodium hydrox-
ide (NaOH) instead. The samples were prepared by dispersing 1 µL of C4

coated- or C4-K12 coated nanodiamonds (100 µg L−1), as appropriate, in
999 µL of the media previously made. The hydrodynamic diameter was
measured and analysed following the same procedure explained previously
in the method section of the main article. Results: The measures of hydro-
dynamic diameter showed low variability between different pH conditions.
Especially, the C4 coated nanodiamonds reported more consistent results
across different samples. On the other hand, the average of the HD of the
C4-K12 coated particles shows a small increase as the pH turns more basic.
Neither of these situations suggests the occurrence of desorption of the pro-
tein polymers from the nanodiamonds surface. On the contrary, the slight
increment in size could be an indication of the increasing in the thickness
of the ions layer surrounding the particles, or very slight aggregation.
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Figure 2.12: At pH 6.8, the average HD is 150.3 and 180.9 of the C4- (blue) and
C4-K12- (red) coated nanodiamonds (nD) respectively. The comparison of this
value with the one from samples in alkaline and acidic medium, and considering
the wide distribution of the results, doesn’t suggest a considerable reduction of the
particle’s size that could be attributable to the desorption of the protein polymers.
Instead, the small changes of size can be explained by a change in the thickness
of the electric dipole layer that surrounds the nanoparticles.

26



REFERENCES

References

[1] R. Schirhagl, K. Chang, M. Loretz, and C. L. Degen, “Nitrogen-
Vacancy Centers in Diamond: Nanoscale Sensors for Physics and Bi-
ology,” Annu. Rev. Phys. Chem., vol. 65, no. 1, pp. 83–105, 2014.

[2] P. Neumann, I. Jakobi, F. Dolde, C. Burk, R. Reuter, G. Waldherr,
J. Honert, T. Wolf, A. Brunner, J. H. Shim, D. Suter, H. Sumiya,
J. Isoya, and J. Wrachtrup, “High-precision nanoscale temperature
sensing using single defects in diamond,” Nano Lett., vol. 13, no. 6,
pp. 2738–2742, 2013.

[3] M. S. Grinolds, S. Hong, P. Maletinsky, L. Luan, M. Lukin, R. L.
Walsworth, and A. Yacoby, “Nanoscale magnetic imaging of a single
electron spin under ambient conditions,” Nat. Phys., vol. 9, no. 4,
pp. 215–219, 2013.

[4] O. Faklaris, D. Garrot, W. Joshi, F. Druon, J. P. Boudou, T. Sauvage,
P. Georges, P. A. Curmi, and F. Treussart, “Detection of single pho-
toluminescent diamond nanoparticles in cells and study of the inter-
nalization pathway,” Small, vol. 4, pp. 2236–2239, dec 2008.

[5] I. Pope, L. Payne, G. Zoriniants, E. Thomas, O. Williams, P. Wat-
son, W. Langbein, and P. Borri, “Coherent anti-Stokes Raman scat-
tering microscopy of single nanodiamonds,” Nat. Nanotechnol., vol. 9,
pp. 940–946, nov 2014.

[6] L. P. McGuinness, Y. Yan, A. Stacey, D. A. Simpson, L. T. Hall,
D. Maclaurin, S. Prawer, P. Mulvaney, J. Wrachtrup, F. Caruso, R. E.
Scholten, and L. C. L. Hollenberg, “Quantum measurement and orien-
tation tracking of fluorescent nanodiamonds inside living cells,” Nat.
Nanotechnol., vol. 6, no. 6, pp. 358–363, 2011.

[7] S. J. Yu, M. W. Kang, H. C. Chang, K. M. Chen, and Y. C. Yu, “Bright
fluorescent nanodiamonds: No photobleaching and low cytotoxicity,”
J. Am. Chem. Soc., vol. 127, pp. 17604–17605, dec 2005.

[8] C. Y. Fang, V. Vaijayanthimala, C. A. Cheng, S. H. Yeh, C. F. Chang,
C. L. Li, and H. C. Chang, “The exocytosis of fluorescent nanodiamond
and its use as a long-term cell tracker,” Small, vol. 7, pp. 3363–3370,
dec 2011.

[9] Z. Chu, S. Zhang, B. Zhang, C. Zhang, C. Y. Fang, I. Rehor, P. Cigler,
H. C. Chang, G. Lin, R. Liu, and Q. Li, “Unambiguous observation of

27



IMPROVING THE CELLULAR UPTAKE

shape effects on cellular fate of nanoparticles,” Sci. Rep., vol. 4, mar
2014.

[10] O. Faklaris, V. Joshi, T. Irinopoulou, P. Tauc, M. Sennour, H. Girard,
C. Gesset, J. C. Arnault, A. Thorel, J. P. Boudou, P. A. Curmi, and
F. Treussart, “Photoluminescent diamond nanoparticles for cell label-
ing: Study of the uptake mechanism in mammalian cells,” ACS Nano,
vol. 3, pp. 3955–3962, dec 2009.

[11] E. Perevedentseva, S. F. Hong, K. J. Huang, I. T. Chiang, C. Y. Lee,
Y. T. Tseng, and C. L. Cheng, “Nanodiamond internalization in cells
and the cell uptake mechanism,” J. Nanoparticle Res., vol. 15, no. 8,
2013.

[12] S. R. Hemelaar, A. Nagl, F. Bigot, M. M. Rodŕıguez-Garćıa, M. P.
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SAMPLE PREPARATION IN PROTEOMICS

Abstract

Protein analysis of potential disease markers in blood is complicated by
the fact that proteins in plasma show very different abundances. As a re-
sult, highly abundant proteins dominate the analysis, which often render
analysis of low abundance proteins impossible. Depleting highly abundant
proteins is one strategy to solve this problem. Here we present for the first
time a very simple approach based on selective binding of serum proteins
to the surface of nanodiamonds. In our first proof of principle experiments
we were able to detect on average 8 proteins that are below a ng/ml (in-
stead of 0.5 in the control without sample preparation). Remarkably, we
detect proteins down to a concentration of 400 pg/ml after only one simple
depletion step. Among the proteins we could analyse are also numerous
disease biomarkers including markers for multiple cancer forms, cardiovas-
cular diseases or Alzheimer’s disease. Remarkably, many of the biomarkers
we find could also not be detected with a state-of-the-art UHPLC column
(which depletes the 64 most abundant serum proteins).
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3.1 Introduction

It is believed that the majority of disease markers are still unidentified since
they are among the low abundance proteins in plasma[1]. However, in the
past years several methods have been developed to deplete high abundant
proteins from serum and thus allow analysis of low abundance proteins:
For instance, there are commercially available HPLC (high pressure liquid
chromatography) columns, which contain antibodies against high abundant
proteins and thus retain them in the column[2, 3, 4]. While initially only
a few proteins were depleted, now columns are available which deplete
several tens of proteins simultaneously. An alternative is extraction with
an organic solvent[5]. Another approach is to use nanoparticles, which bind
to certain proteins. Liu et al for instance used several steps of precipitation
with PEG for this purpose followed by depletion with one of the above-
mentioned antibody columns[6]. Large amounts of proteins have also been
identified. However, the authors used more complex multi-step protocols[7].
An alternative where you do not need specific antibodies for are molecularly
imprinted polymer particles[8]. To produce these one needs to imprint a
polymer with the proteins that need to be depleted. However, in order to
achieve this one needs know the proteins that should be depleted and have
them available. This issue was solved elegantly by Yang et al.;[9, 10] the
authors imprinted with the full bovine serum. By varying the concentration
that was used for imprinting, they could tune the amount of proteins that
are adsorbed.

An alternative approach for protein enrichment is combinatorial pep-
tide ligand libraries (CPLL)[11]. To produce the library, beads are coated
with many different covalently attached peptides[12]. These bind different
proteins in the serum, which are thus removed from the sample. The re-
maining serum is strongly depleted of all kinds of proteins including the
most abundant ones. This approach does not require specific antibodies
or prior knowledge and has already been successfully applied to several
different samples with a complex proteome[13, 14, 15].

However, despite these efforts depletion of high abundance proteins still
remains an issue[16]. Here we show a simple, fast and cost effective method
to achieve high abundant protein depletion. To achieve protein depletion,
we use the fact that only some proteins bind to nanodiamonds. Our ap-
proach works similarly to CPLLs in the sense that there are particles that
bind to a lot of different proteins. However, we have the advantage that
our particles are slightly simpler and since there is no biomolecules attached
they are likely more durable. A disadvantage is probably that the surface
chemistry is less complex and thus probably binds less proteins than the
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complex surface of CPLLs.

The nanodiamonds in our experiments have traditionally been used as
abrasive and are thus readily available commercially. They also recently
gained popularity for their magneto-optical properties[17] their use as long-
term fluorescent label[18, 19], as well as their use in drug delivery[20]. How-
ever, their application in depleting high abundant proteins from plasma is
entirely new.

3.2 Materials and Methods

To eliminate high abundance proteins nanodiamonds and NaCl were added
to the serum. As a result, aggregates precipitate. Since several of the highly
abundant proteins bind poorly to the diamond surface one can deplete them
by removing the supernatant. When the protein corona on the diamond
surface is analysed with mass spectrometry we find an increased number
of low abundance proteins. For a schematic representation of the protein
depletion see Figure 3.1.

Figure 3.1: Schematic representation of the experiment: First nanodiamonds
and salts are mixed with the serum samples. Certain proteins (mostly proteins
who’s biological function is binding to negatively charged molecules) adhere to the
diamonds. Analysing proteins on the diamond particles reveals that high abundant
proteins were successfully depleted. At this point loosely binding proteins, the so-
called soft corona is still adhered. These proteins can be removed by an additional
washing step, which further depletes some proteins.

3.2.1 Materials

Throughout this article we used nanodiamonds with a hydrodynamic di-
ameter of 25 nm from Microdiamant and a flake like structure[21]. They
are produced by the manufacturer via grinding high pressure high temper-
ature diamonds. Since the diamonds are acid cleaned their surface contains
oxygen groups[22]. As a result, mostly proteins with positive domains or
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proteins, which in nature bind to negatively charged molecules adhere to
the particles. Human plasma was donated to us from the Bischoff group
and stored at −80◦C in aliquots until use.

3.2.2 Sample preparation

To achieve binding, we added nanodiamonds (25 nm diameter from Micro-
diamant) and NaCl, which were previously identified to facilitate diamond
aggregation, to the serum[23]. After aggregation the samples were cen-
trifuged (13200 rpm for 21 minutes) and the supernatant was removed.
These aggregates contain also loosely bound proteins, the so-called soft
corona (which was also found on other nanoparticles[24, 25, 26]). The sam-
ples were then either analysed immediately or washed. To wash the par-
ticles the pellets were resuspended in distilled water once and centrifuged
again. Subsequently, the supernatant was removed leaving only the tightly
bound proteins behind in the pellet followed by freeze-drying. The control
sample was the pure serum. To prepare the samples for mass spectrome-
try, they were subjected to the digesting protocol published in [27]. Small
amounts of the freeze-dried sample (and a few microliters of the control,
respectively) were first treated with 20 µL freshly prepared 10 mM dithio-
threitol (DTT) in 100 mM NH4HCO3 to reduce the protein. This was
followed by an incubation step at 55-60◦C for 30 minutes. The alkylation
of the cysteines was achieved by adding 10 µL iodoacetamide in 100 mM
NH4HCO3 (incubation for 45 minutes). Subsequently a second treatment
with DTT followed for 30 minutes (to remove unreacted iodoacetamide). A
trypsin digest followed by adding 20 µL solution with 10 ng/µL trypsin (se-
quencing grade, Promega, Madison, United States). An overnight incuba-
tion followed at 37◦C. A clean-up using SPE with C-18 cartridges followed
using a 70/30/0.1 acetonitrile/water/formic acid mixture for elution.

3.2.3 Sample preparation with carbon black

Next we answered whether the protein depletion is specific for diamond
nanoparticles. To this end, we prepared our samples in the exact same way
as with FND except replacing the FNDs with carbon black.

3.2.4 Protein analysis

The samples were analysed by nanoLC–MS/MS on an Ultimate 3000 sys-
tem (Dionex, Amsterdam, The Netherlands) interfaced on-line with a Q-
ExactivePlus (Orbitrap) mass spectrometer (Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, United States). Peptide mixtures were loaded
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onto a 5 mm × 300 µm i.d. trapping micro column packed with C18
PepMAP100 5 µm particles (Dionex) in 2% acetonitrile in 0.1% formic acid
at the flow rate of 20 µL/min. After loading and washing for 3 minutes,
peptides were back-flush eluted onto a 15 cm × 75 µm i.d. nanocolumn,
packed with C18 PepMAP100 1.8 µm particles (Dionex). The following mo-
bile phase gradient (total run time: 75 minutes) was delivered at the flow
rate of 300 nL/min: 2–50% of solvent B in 60 min; 50–90% B in 1 min; 90%
B during 13 min, and back to 2% B in 1 min (held for 15 minutes). Solvent
A was 100:0 H2O/acetonitrile (v/v) with 0.1% formic acid and solvent B
was 0:100 H2O/acetonitrile (v/v) with 0.1% formic acid. Peptides were
infused into the mass spectrometer via dynamic nanospray probe (Thermo
Fisher Scientific Inc.) with a stainless steel emitter (Thermo Fisher Scien-
tific Inc.). Typical spray voltage was 1.8 kV with no sheath and auxiliary
gas flow; ion transfer tube temperature was 275◦C. Mass spectrometer was
operated in data-dependent mode. DDA cycle consisted of the survey scan
within m/z 300–1650 at the Orbitrap analyser with target mass resolution
of 70,000 (FWHM, full width at half maximum at m/z 200) followed by
MS/MS fragmentations of the top 10 precursor ions. Singly charged ions
were excluded from MS/MS experiments and m/z of fragmented precursor
ions were dynamically excluded for further 20 s.

3.2.5 Data processing

The software PEAKS Studio version 7 (Bioinformatics Solutions Inc., Wa-
terloo, Canada) was applied to the spectra generated by the Q-exactive plus
mass spectrometer to search against either the protein sequence database
UniProtKB/Trembl of the UniProt Knowledgebase (UniProtKB), limited
to protein sequences of homo sapiens (a search including the whole database
was performed as well in order to rule out the relevance of possible con-
tamination). Searching for the fixed modification carbamidomethylation of
cysteine and the variable post-translational modifications oxidation of me-
thionine was done with a maximum of 5 post-translational modifications
per peptide at a parent mass error tolerance of 10 ppm and a fragment
mass tolerance of 0.02 Da. False discovery rate was set at 0.1%.

From the mass spectrometry one obtains spectral counts. These reflect
how often protein fragments are found that can be attributed to a cer-
tain protein. However, larger proteins naturally lead to more fragments.
To compensate this fact one needs to calculate normalised spectral counts.
These give a semi-quantitative measure for the (relative) concentration of
a certain protein in the sample. The normalized spectral counts are calcu-
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lated by using the following equation[28, 29, 30].

NpSpC k = 100 ∗
(

(SpC/MW )k∑n
i=1(SpC/MW )i

)
(3.1)

Where NpSpCk is the normalized percentage of spectral count (which
is the number of spectra associated to a protein) for protein k, SpC is the
spectral count identified and Mw is the molecular weight (in daltons) of
the protein k.

Waterfall plots were created by comparing the protein lists with the
human proteome project database (HPP-DB). The concentrations in the
database reflect the current knowledge from selected references.
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3.3 Results

When we precipitate proteins together with nanodiamonds in a salt-contain-
ing medium, we find that some of the most abundant serum proteins bind
poorly to the nanodiamonds surface. We then used liquid chromatogra-
phy coupled with mass spectrometry (LCMS) analysis to determine which
proteins can be found on the diamond surface. We typically find several
hundred proteins on our diamond surface. Figure 3.2 summarizes the de-
pletion that we find for different media.

To generate the figure, we added the normalized spectral count val-
ues (which give a rough estimate for the concentration) for the five most-
abundant proteins. The first bar (shown in green in Figure 3.2) represents
the control, where the serum was analysed without our method. We in-
vestigated the depletion after adding Dulbecco Modified Eagle Medium
(DMEM), since this is one of the most common cell culture media. In
addition, we had first found a similar depletion effect for bovine serum pro-
teins, which are routinely used in mammalian cell cultures[16]. However,
as we can see here, mainly the salt component of the medium is responsible
for the precipitation.

To determine the optimal conditions where most low-abundance pro-
teins bind to the surface while high-abundance proteins remain in the su-
pernatant, we tested different salt concentrations. The concentrations that
we chose were near the physiological concentration of 6.9 mg/mL NaCl. In
addition to varying the salt concentration, we also investigated the effect of
washing in order to differentiate between the hard and soft protein corona.
The soft corona (before washing) contains loosely and strongly binding pro-
teins. The hard corona is what remains after washing and only contains
strongly binding proteins. For most cases, we do see a small decrease in
high-abundance proteins after washing. In addition to quantifying the most
abundant proteins, we were also interested in the composition of the pro-
tein corona. Figure 3.3 shows which categories of proteins we find on which
sample.

The categories are chosen based on their biological function. To make
this classification, we ranked the proteins from the highest concentration to
the lowest concentration. We took into account all proteins in the top 50%.
We chose to use the top 50% here, since, for lower-abundance proteins,
these classifications are scarce or not available at all. The groups, based on
biological functions that we could distinguish, are apolipoproteins (APO),
complement factors (COM), other (O), immunoglubulins (IG), acute phase
proteins (ACP), and coagulation factors (COA). We found large differences
in the corona composition. Whereas, in the control, the top 50% of the
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Figure 3.2: Depletion of high-abundance proteins with nanodiamonds. Com-
pared to the control (serum without any treatment), shown in green, the amount
of high-abundance proteins that is found by mass spectrometry is significantly re-
duced when these were previously depleted with nanodiamonds. Different media
are used to precipitate protein-coated diamonds, and the depletion is compared.
Error bars are generated from three different independent experiments and repre-
sent the standard error of the mean.
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Figure 3.3: Analysing the proteins that are found on the diamonds. Depending
on the sample (panels (a)–(i)), the most prominent 50% can be assigned to different
groups of proteins with different functions. [Legend: APO, apolipoproteins; COM,
complement factors; O, other; IG, immunoglubulins; ACP, acute phase proteins;
and COA, coagulation factors.

corona consists of apolipoproteins, the diamond samples are more diverse.
Most likely binding to the diamond surface occurs via electronegative oxy-
gen groups on the diamond surface, which can interact with electropositive
groups within proteins. While we could not establish a clear relationship
between, for instance, binding and the isoelectric point of the proteins, we
do often see proteins binding whose function in biology is to bind to elec-
tronegative structures. What we observe is similar to CPLLs, which offer
a rich surface chemistry, to which proteins can bind. Similar to CPLLs,
we also do not target a specific protein or a number of protein (as an anti-
body column does) but rather deplete anything that does not bind. Next,
we compared the samples based on their ability to detect low-abundance
proteins. To this end, we used so-called “waterfall plots”. To construct
a waterfall plot, the protein lists are compared with the database. Figure
3.4 shows one of these waterfall plots, which we obtained for the best con-
dition (serum + 6.9 mg/mL NaCl + FND). The proteins in the database
are plotted in order of decreasing concentrations. Every protein that is
identified in the sample receives a blue dot. To illustrate the improvement,
a dotted line is used to indicate the lowest concentrated protein that we
could detect with the control. The proteins below that dotted line (marked
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Figure 3.4: Graphical depiction of the waterfall plot: the waterfall plot lists all
proteins, starting with the most-concentrated ones down to the least concentrated
ones. Each blue dot indictes that the protein was found in the sample. The
waterfall plot shown here is from the condition with serum + 6.9 mg/mL NaCl +
nanodiamonds. The dotted green line shows the detection limit for the control.
All the proteins in the red square are only accessible with our sample preparation
method.

with a rectangle) are only accessible with the diamond sample preparation
step.

Most interesting for proteomics are proteins with concentrations of <1
ng/mL. These are challenging to analyse without specialized sample prepa-
ration. In Figure 3.5, we compare how many of these low-abundance pro-
teins one can find with each sample preparation method. The condition
with serum + 6.9 mg/mL NaCl + FND, which can reveal eight proteins,
on average, gives the best results. For instance, the control only gives 0.5
proteins, on average.

As a final assessment of usefulness of our method, we compared the pro-
teins that we could identify with proteins that are already used as biomark-
ers in the literature. Table 3.1 gives a few examples, which seemed to be
most interesting to us.
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Figure 3.5: Low-abundance proteins: To demonstrate the abilities of our method,
we compare the amount of proteins that were found in the samples that are below
1 ng/mL in the original plasma sample. Error bars are generated from three
different independent experiments and represent the standard error of the mean.
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Protein Clinical relevance Ref.

von Willebrand
factor

Willebrand disease, the most common inherited
bleeding disorder.

[31]

Tetranectin
Marker for disease activity in patients with
rheumatoid arthritis.

[32]

Proteoglycan 4
Diagnostic biomarker for COPD (chronic
obstructive pulmonary disease).

[33]

Vitamin D- binding
protein

Risk factor for colorectal cancer. [34]

Fibulin-1
Cardiovascular risk markers in chronic kidney
disease and diabetes.

[35]

Hornerin Aberrantly expressed in breast cancer. [36]

Hepatocyte growth
factor activator

Diagnostic value for numerous diseases as well as
age and pregnancy.

[37]

Apolipoprotein M
Suspected to be a biomarker for certain diabetes
types.

[38]

Endostatin
Diagnosing malignant pleural effusions, anti
angiogenic agent.

[39]

Suprabasin Tumor endothelial cell marker. [40]

Angiogenin
Used in prediction of failure on long-term treatment
response and for poor overall survival in
non-Hodgkin lymphoma (a certain cancer type).

[41]

Desmoplakin Biomarker for Creutzfeldt-Jakob disease. [42]

Ribonuclease 4 Diagnosis of pancreatic cancer. [43]

Table 3.1: Examples of Proteins Identified in the Best Sample (Serum + 6.9
mg/mL NaCl + FND) That Could Be Detected Neither in the Reference nor
with a State-of-the-Art Depletion Column with 64 Antibodies and Their Clinical
Relevance
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Sample preparation with carbon black: Finally, we wanted to de-
termine if the depletion effect that we see is specific for diamond. When
diamond is replaced in the above-mentioned experiments, as shown in Fig-
ure 3.6, we do not observe any depletion effects under any conditions. This
finding indicates that the depletion of high-abundance serum proteins is
indeed a peculiarity of diamond nanoparticles (or particles that resemble
them). The main difference between carbon black and HPHT diamond is
the content of SP2 vs SP3. While carbon black contains large amounts
of SP2 (carbon black is actually more similar to graphite than it is to dia-
mond), HPHT diamond is almost exclusively SP3 carbon. The consequence
is that carbon black can interact with proteins via π–π interactions (which
are not available in diamond). If such groups are exposed on the protein
surface, they will interact more with carbon black. Oxygen-containing po-
lar groups, on the other hand, are more prominent on the diamond surface.
Since graphitic layers are (apart from defects) saturated and give less op-
portunities for oxygen-containing groups.

Figure 3.6: Comparison with carbon black. Compared with the control (green,
just serum), we do not observe any significant depletion for any conditions using
carbon black (blue). Also, the washing step did not improve the situation (red).
We added the FND samples for comparison and for a positive control.
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3.4 Conclusions

While antibody-based depletion columns are generally quite expensive, nan-
odiamonds are surprisingly inexpensive, since they are commercially avail-
able mass products, which are used as abrasives. In addition, the deple-
tion process is just one fast and straightforward step. While antibodies
bind very specifically to a predefined target, here, we use a less-specific
approach. We believe that proteins bind to specific groups on the dia-
mond. Diamond particles provide a rich surface chemistry, which provide
all types of oxygen-containing groups that (similar to a CPLL) can interact
with different proteins. During our experiments, we were able to deplete
high-abundance proteins significantly. As a result, we have access to low-
abundance proteins for analysis, which would otherwise be undetectable.
With this simple method, we were able to detect proteins down to the
pg/mL range. The best results (the highest number of low-abundance pro-
teins) that we can achieve were found when salt was added in physiological
concentrations. With this approach, we are able to detect several disease
biomarkers, including, among others, markers for several cancer types, car-
diovascular diseases, or kidney function.
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DETECTING FREE RADICALS

Abstract

The novel field of diamond magnetometry recently lead to powerful quan-
tum sensing methods that allow detecting magnetic resonances with nano-
scale resolution. For instance, T1 relaxation measurements, inspired from
equivalent concepts in MRI, provide a signal which is equivalent to T1 in
conventional MRI but from a nanoscale environment. Here we provide the
first real-time measurements of free radicals while they are generated in a
chemical reaction. More specifically, we follow photolysis of H2O2 as well as
the so-called Haber-Weiss reaction. Both of these processes are important
reactions biological environments. Unlike with other fluorescent probes we
are able to detect both increase and decrease in real time. We also inves-
tigate different diamond probes and their ability to sense gadolinium spin
labels. While this was so far only done in a clean environment, we take into
account the effect of salts and proteins that are present in a biological en-
vironment. Furthermore, we conduct our experiments with nanodiamonds,
which are compatible with intracellular measurements. Surprisingly, we
find that in contrast to single defect measurements, smaller nanodiamond
have better coherence times. This is an important step towards label-free
nano-MRI and quantifying signals in a biological environment.
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4.1 Introduction

Color defects in diamonds have been studied intensively as novel and pow-
erful (quantum) magnetometers[1]. This field has recently gained attention
in other disciplines including biology[2] and geoscience[3], or for industrial
applications[4, 5, 6]. Due to its nearly infinite photo-stability, the nitrogen-
vacancy (NV) defect in diamond has been presented as an attractive label
for cellular structures[7, 8]. Additionally, nanodiamonds show excellent
biocompatibility in all kinds of cell types[9] and organisms[10].

Arguably more remarkable, however, is the NV center’s ability to sense
magnetic resonances optically. It does so by changing its brightness based
on the magnetic surrounding. The technique is so sensitive that the faint
magnetic resonance of a single electron[11] or even a few nuclear spins[12,
13] can be detected experimentally. This effect has already been utilised for
several different applications including characterizing magnetic vortices[14],
hard drives[15, 16], nanoparticles[17], single proteins[18] or different chem-
icals as vacuum oil[19].

One particularly interesting sensing scheme are the so-called relaxation
(or T1) measurements, that are sensitive to spin fluctuations. This puls-
ing scheme, which only requires optical pulsing, has already been used
successfully, to detect spin labels[20] copper ions[21], temperature[22] or
conductivity[23]. Sushkov et al. demonstrated single-molecule sensitivity
when detecting gadolinium-containing molecules attached to a diamond
surface[24]. Kaufmann et al. have achieved gadolinium detection in lipid
bilayers[25]. Besides detecting spin labels in water Steinert et al. have
demonstrated the first nano-MRI with this technique from a fixed slice of a
cell embedded in a polymer[20]. The cell was prepared similarly to samples
for electron microscopy but stained with gadolinium.

For the first time, here we detect free radicals in-situ during a chemical
reaction. We were able to measure a low concentration of *OH radicals (2
micro molar) as naturally present in living cells. We generate them from
an H2O2 precursor either by UV radiation or by using iron ions with the
Haber-Weiss reaction, which can be used to generate radicals. The hydroxyl
radical, like other free radicals, can easily react with important components
of the cell, affecting its function and contributing to the development of
diseases[26]. For example, oxidative alterations of DNA are linked with
the causes and development of cancer[27]. In Alzheimer’s disease, reactive
oxygen species (ROS), and the hydroxyl radical is one of them, play a role
in the origin and propagation of this neuropathology[28]. Hydroxyl radicals
also play a major role in fighting bacterial or viral infections by the immune
system, in apoptosis (programmed cell death) as well as the natural ageing
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process.

There are a couple of indicators for the hydroxyl radical[29], which
can be used directly in cells or in solutions, but diamond magnetometry
offers additional advantages. The fluorescent labels (some of which are
used here for direct comparison) suffer from bleaching and thus continuous
measurements are not possible. Additionally, the label is consumed in
the reaction and thus it is only possible to detect an increase in radical
formation. Diamond magnetometry allows for better spatial and temporal
resolution as well as the ability to repeat the measurement over time with
neither destructing the probe nor killing the cell. In addition, we have
shown that it also offers improved sensitivity when quantifying free radical
concentrations.

Additionally, we perform calibration measurements with known concen-
trations of gadolinium to directly compare different sensing conditions. For
the first time we take the presence of salts and proteins into account. We
investigate different effects by comparing the T1 responses to gadolinium
under various conditions. Moreover, we have also considered the effect of
the size of the nanodiamonds in the T1 relaxation constant.

4.2 Results and discussion

In this article, we measure and compare the spin-lattice relaxation times
(T1) under biologically relevant conditions. To perform a T1 there is a
specific pulse sequence required which is shown in Figure 4.1a. To do the
measurement we first prepare the defects in the ground state. This is done
by a laser pulse. Then we measure again after specific times to see whether
the NV centers are still in this state or not. Since the states differ in
brightness (the ground state is brighter) we can observe the process by
recording the change in fluorescence. When there are flipping spins (in
this case from gadolinium or free radicals) in the surrounding, the NV
centers will lose this state faster. Thus the time that is required to lose the
prepared state gives a quantitative measure for the concentration for the
concentration of these species. Two typical curves taken in presence and
absence of gadolinium are shown in Figure 4.1b.

Unlike many other groups in the field, we use NV center ensembles
hosted in nanodiamonds. Compared to single NV center measurements this
has the advantage, that each particle is brighter (and thus easier to find
even if there is background fluorescence). Additionally, each measurement
already combines multiple NV centers. As a result, the variability between
particles is smaller.
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Figure 4.1: T1 measurements: (a)
shows the pulsing sequence to gener-
ate a T1 curve. The green rectangles
indicate when the laser is on while blue
rectangles indicate when we read out.
The green bars are separated by a dark
time τ . This dark time is systemati-
cally increased. Plotting the different
dark times against the fluorescence in-
tensity that we record during the blue
windows results in curves shown in (b).
In the presence of flipping spins, this
decay is faster. This is for example
the case when adding gadolinium. The
blue curve results from adding 0.5 mM
Gd3+

It has to be noted, that the form of the curve we obtain for ensembles
of NV centers is slightly different from single NVs. While for a single NV
the T1 relaxation can be described by a two exponential model[30], here we
observe multiple of these decays with different relaxation times at the same
time. The difference in relaxation times within a particle likely results from
different distances to the particle surface as well as their respective nano-
scale environment. The result is a decay curve with a shoulder (see figure
4.1b (water)). We also do not observe the effect of the relaxation through
the metastable state, which is related to an initial build-up of the relax-
ation curve. Instead, we obtained monotonically decreasing functions. We
explain this difference by two reasons. First, in our experiments, the short-
est dark-times are not small enough to sample the effect of the metastable
state. Second, because the signal is emitted from hundreds of NV centers,
following different dynamics, the initial small build-up of the relaxation
curve is covered by the dispersion of the photoluminescent signals emitted
by the NV centers in the excited ensemble.

Due to the fact that we have an ensemble rather than a single center we
use a different model to fit the data and calculate the relaxation constant.
For analysis, we approximate that the relaxation of the ensemble consists of
two components[31], one from NV centers that are very close to the surface
and another one from NV centers that are deeper in the crystal and thus
less influenced by the surface. The model used to fit the data is:

PL(τ) = Iinf + Cae
−τ/Ta + Cbe

−τ/Tb

T1 = max(Ta, Tb)
(4.1)
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From equation 4.1, we obtain the constants Ta and Tb. Longer T1 times
are more sensitive to changes in magnetic noise. Generally, the longer the
T1 before adding the analytes, the more it can still be reduced which leads
to higher sensitivity. Thus we used the slower one of these relaxation con-
stants for analysis and quantification throughout this article. We performed
measurements of known concentrations of gadolinium under different con-
ditions. The aim of these measurements is to optimise the measurement
conditions and understand what influence different factors have on the sens-
ing capabilities.

4.2.1 Dependence of the size of the nanodiamonds on the
relaxation constant T1

The size of the nanodiamonds used in the experiment is an important pa-
rameter to set in diamond magnetometry experiments. At first, particles of
different sizes host a different amount of defects. Larger particles contain
more NV centers and thus are brighter and easier to detect. On the other
hand, when using the NV centers for sensing, having more NVs in the par-
ticles could deteriorate the signal if some of them are not exposed to the
external magnetic noise. If the NV centers are too close to one another they
will also start to sense each other rather than the external environment.
This process decreases sensitivity. In this case, defects in the core of the
particle (too far away to sense the external spins) would only add noise to
the signal.

Figure 4.2: Spin-Lattice (T1) relax-
ation constant of three sizes of nanodi-
amonds. Under the same conditions, the
T1 constant changes depending on the
size of the nanodiamond. The sensitivity
to Gd3+ (100 nM) also depends on the
size of the nanoparticles. The error bars
show the standard error of the mean.

To investigate which size is
suited best, nanodiamonds of differ-
ent sizes were diluted in water and
exposed to a fixed concentration of
gadolinium (100 nM). The results
of these measurements are shown in
Figure 4.2. This experiment reveals
two main conclusions. The value of
the relaxation constant depends on
the size of the nanodiamond host-
ing the defects. The smaller the
particle the longer is the relaxation
time. This is unexpected from par-
ticles with a single defect where the
size dependency is reversed. Also
in bulk diamonds coherence times
decrease with the distance to the
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surface[25]. In our case, we can explain this behaviour considering that
larger particles contain not just more NVs but also a higher density. The
interaction between many NV centers promotes the relaxation of the en-
semble, decreasing the value of the T1 constant.

A second observation over this result is made considering the change of
the T1 constant after adding gadolinium to the sample. The average change
in the T1 constant for the different particle size is 209.38 µs (57.3%) for the
40 nm, 64.832 µs (45.50%) for the 70 nm and 19.478 µs (46.00%) for the
120 nm. This means that the 40 nm particles are more sensitive than the
bigger ones. However, as the error bars (standard error) show, the 40 nm
particle show highest dispersion of values compared with the particles of 70
and 120 nm. Thus, the accuracy is decreased. The reason is that smaller
particle contain fewer defects. Thus, a lower number of defects leads to a
greater spread. On the contrary, on big particles, having a high amount
of NVs, the differences are compensated in the average photoluminescent
signal. Taking this result into account, we suggest using bigger particles in
applications where absolute accuracy is crucial and smaller particles when
sensitivity is a key and when a high dynamic range is expected.

To reduce the variability of values of T1 while retaining higher coherence
times and thus sensitivity, the following experiments were performed using
the 70 nm nanodiamonds.

4.2.2 Performance of the NVs in biologically relevant con-
ditions

When sensing spins in a biological environment, the molecules of interest
coexist with other chemicals. Salts and proteins available in the medium
might cover the surface of the particle hosting the NVs[32].To quantify
chemicals accurately in such an environment, it is important to know how
these factors influence the signal from the NV centers.

The cell culture medium is composed of salts, proteins, glucose and
water. We have tested the effect of adding these components to a solution
of Gd3+ (a common spin label). Then we compared with the performance of
the NV centers in water. Figure 4.3 summarises the investigated conditions.

GdCl3 in water

Gadolinium is one of the most common contrast agents in conventional
magnetic resonance measurements. Thus, measuring gadolinium ions pro-
vides a convenient way to compare conditions and determine the influence
of different factors. Measurements in water were conducted as a reference.
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The concentration of GdCl3 was increased in steps of one order of magni-
tude from 1 nM to 100 mM. As expected, there was an inverse relationship
between the relaxation constant T1 and the concentration of GdCl3 (red
dots in Figure 4.4). The signal saturates around 10 µM. The lowest con-
centration we were able to detect was 1 nM.

The presence of salts

Phosphate-buffered saline (PBS) is the most common buffer for biological
experiments. The most abundant salts present in the medium are sodium
chloride (NaCl) and disodium phosphate (Na2HPO4). PBS is used to main-
tain the pH of the growth medium constant at 7.4 and it is required for cells
to prevent osmotic stress. To investigate how these salts influence the sen-
sitivity of quantum sensing we used 70 nm nanodiamonds with ensembles
of NV-centers. We measured different concentrations of gadolinium trichlo-
ride (GdCl3) diluted in PBS. Figure 4.4 (green dots) shows the result of the
measurements. The measured T1 constants are close to the control sample
(water), indicating that PBS doesn’t influence the sensing performance.

Figure 4.3: Overview of the samples in this article. The experiments in the first
line aim to measure (a) GdCl3 in water, (b) GdCl3 in PBS and (c) GdCl3 in cell
culture medium. The goal of these experiments is to determine the influence of
salts and cell medium proteins on the sensing ability of NV center ensembles in
nanodiamonds. The lower half of the figure represents measurements of naturally
occurring species which give a magnetic resonance signal. In (d) Fe(OCl4)2 is
measured in water and in (e) H2O2 is added to Fe(OCl4)2, which leads to the
generation of *OH radicals. In each experiment, the compound which causes is
measured is circled in green dotted lines.
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Nanodiamonds covered with a protein corona

In a biological medium, nanoparticles never just stand by themselves. In-
stead, a corona of proteins and salts surrounds them. We have also ob-
served this for diamond particles in our group[32]. There are some ongoing
efforts to avoid corona formation on nanodiamonds[33], however they re-
quire elaborate chemistry and the coating that is required might influence
sensing performance as well. Here we investigate how the presence of the
corona influences sensing performance. The blue points in Figure 4.4 show
how the T1 values change as the concentration of Gd3+ increases. In the
presence of proteins, the change in T1 is shifted towards higher concentra-
tions. This is likely due to a shielding effect, in which the proteins attach
to the surface of the nanodiamonds and thus hinder Gd3+ to approach the
surface. Thus the decrease in T1 is considerably slower. Additionally, we
observe a larger spread of data in presence of the corona. Although the dis-
persion of the measurements we clearly see the reduction of the relaxation
constant as the concentration of gadolinium increases. The larger spread
in T1 values in the samples with protein corona is likely due to differences
in the corona that is formed around each particle. Thickness and exact
composition (the medium contains a mixture of thousands of proteins) of
the protein corona can vary significantly.

Figure 4.4: T1 value at sev-
eral concentrations of Gd3+.
The gadolinium salt was di-
luted in three different media,
Water, PBS and cell growth
medium (DMEM complete).
The error bars represent the
standard error of the mean
from 4 particles.
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4.2.3 Measuring free radicals in situ

Photolysis of H2O2

In two different experiments, we show the detection of the hydroxyl radi-
cal produced in situ. In the first experiment, we have produced *OH by
photolysis of hydrogen peroxide (H2O2) as indicated in equation 4.2.

H2O2 + hν → 2 *OH (4.2)

To this end, the T1 constant was first measured in H2O2 (30%) in the
dark and then with a UV light on (λ = 275 nm). Finally, we also performed
another measurement in the dark (after the radicals had reacted) to test
the reversibility of the measurement.

To estimate the concentration of *OH during the reaction we performed
a quantification with disodium terepthalic acid[34]. Na2TH reacts with
the hydroxyl radical, resulting in the formation of the fluorescent molecule
HTA (2-hydroxy terepthalic acid) in a 1:1 proportion. Based on the HTA
calibration curve (see supplementary information Figures 4.8,4.9,4.10) we
estimate a concentration of *OH radicals is 0.9 µM.

As Figure 4.5 shows, after initiating the photolysis reaction, the relax-
ation of the NV centers find the thermal equilibrium about 30% faster. The
speedup in the relaxation (and the reduction of T1) in this case, only can
be explained by the generation of the hydroxyl radicals. Moreover, after
stopping the photolysis, we observe a recovery of the initial value indicat-
ing a reduction in the concentration of radicals in the NV center’s near
environment. As a control we performed the same experiment in absence
of H2O2. This is an important control to rule out any effects the UV ir-
radiation might have on the NV centers themselves (as for instance charge
conversion which might occur during irradiation.). In absence of H2O2

we observed the relaxation time to be unperturbed by the UV light (see
supplementary Figure 4.7).

Figure 4.5: Detection of *OH
produced by photolysis of hydro-
gen peroxide. The change in the
T1 relaxation time after turning on
the UV light is explained by the
emergence of 0.9 µM of hydroxyl
radicals. Error bars show the stan-
dard error of the mean obtained
from 7 different experiments with
different diamonds.
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The ability to sense both an increase and decrease in the radical con-
centration in real-time is specific for the NV center. To the best of our
knowledge this cannot be achieved with any other fluorescent probe to
date.

Haber-Weiss reaction

The second experiment performed to detect *OH, mimics the Haber-Weiss
reaction. This is one of the pathways that cells use to produce *OH. One key
step in this process is the well-known Fenton reaction[35], which describes
the oxidation of Iron II to Iron III by the action of hydrogen peroxide
(equation 4.3) producing one hydroxyl radical and one hydroxide ion.

Fe2+ +H2O2 → Fe3+ + *OH +OH− (4.3)

Cellular iron is present mostly linked to other molecules, such as pro-
teins or chelated in the labile iron pool (LIP). Free iron (Fe(II) and Fe(III))
available in the cell can catalyse a Haber-Weiss reaction, generating oxygen,
hydroxide, and the highly reactive hydroxyl radicals[36].

We have reproduced this reaction and measured the radicals created.
To benchmark the performance of diamond magnetometry we have run
two experiments in parallel. One using NV centers and another using the
reactive oxygen species probe hydroxyphenyl fluorescein (HPF). While T1

measurements are sensitive to spin noise (giving the overall concentration of
radicals or paramagnetic chemicals), HPF is sensitive to *OH. The results
can be seen in Figure 4.6. In both cases, we have used ultrapure water as
the negative control, we do not expect to find a measurable trace of *OH in
this sample. The second sample consisted of only the salt which provides
the iron II (Iron II Perchlorate) in ultrapure water. Finally, we start the
Fenton reaction by incorporating hydrogen peroxide to the sample.

In the HPF measurement the fluorescence intensity of HPF is propor-
tional to the amount of *OH in the sample. In Figure 4.6a, it is clearly
visible that the production of the *OH starts only after the addition of H2O2

to the sample. Also here we determined the concentration of *OH using
Na2TH. The amount of *OH radicals during the reaction is approximately
1.96 µM.

When using diamond magnetometry the T1 relaxation time already re-
sponds to iron (II) perchlorate. Then, the relaxation constant T1 is reduced
even more after starting the generation of *OH. The first drop is associ-
ated with the presence of a paramagnetic form of iron in the sample. The
second drop in the T1 value is explained by the generation of the radical
in the sample and it proves that the sensitivity of diamond magnetometry
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is sufficient to detect the radical, even when it coexists with other sources
of magnetism. This measurement also demonstrates a useful feature of di-
amond magnetometry: the ability to perform a measurement before and
after a change. Having the ability to measure at the exact same spot on
the exact same particle, before and during the reaction gives a powerful
control measurement. It is also important to point out that using the HPF
probe took 14 hours of incubation before having a measurable fluorescent
signal from the sample. The experiment using NV centers required only 20
minutes of acquisition.

In this article, we have investigated several aspects of diamond mag-
netometry. We have shown that the NV center’s sensitivity to fluctuating
spins depends on the size of the particle which hosts it. The study of the
performance of the NVs under different conditions suggests that a pro-
tein corona interferes with the measurement while salts do not alter the
outcome significantly. Despite this perturbation, it is remarkable that di-
amond magnetometry detects a concentration of gadolinium as small as 1
nM. The detection of hydroxyl radicals, in situ, by means of NV centers,
demonstrates the potential of the technique as a sensor. While conventional
probes suffer from bleaching (and thus can often only be measured in one
shot) NV centers are almost infinitely stable and thus allow real time detec-
tion over long times. We also showed that we can follow radical generation
during a chemical reaction and that the detection is fully reversible.

Figure 4.6: Detection of *OH and iron: (a) shows the results of a conventional kit
to detect *OH (HPF). An increase in the *OH concentration leads to an increase in
fluorescence (b) shows the same measurements using NV centers in nanodiamonds
and T1 relaxation time. The errors bars show the standard error generated from
3 independent measurements on different particles.
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4.3 Experimental Details

4.3.1 Nanodiamonds

The nanodiamonds used in the experiments were ground HPHT diamonds
of different sizes, which are commercially available from Adámas Nanotech-
nologies. As a last step of the manufacturing process, these are cleaned with
an oxidizing acid and thus have an oxygen-terminated surface. They are
also irradiated by the manufacturer and contain NV centers in a propor-
tion of 2 ppm for 40 nm diamonds, 2.5 ppm for 70 nm diamonds and 3
ppm for 120 nm diamonds. To produce a homogeneous distribution of nan-
odiamonds on the bottom of a glass-bottom cell-culture dish, 100 µl of a
suspension of fluorescent nanodiamonds (0.1 µg/ml) was poured into the
dish and then the medium was removed. 200 microliters of new media (wa-
ter, PBS, cell medium, gadolinium chloride solution or iron(II) perchlorate
solutions) were added.

4.3.2 T1 measurements

Using a home-made diamond magnetometer (a confocal microscope with
the ability for sensitive detection with an avalanche photodiode and puls-
ing), nanodiamonds were identified. For our measurements we excluded
obvious aggregates. We also chose particles with counts between 106 and
107 counts per seconds, and relaxation times between 90 and 300 µs. Ex-
treme values were excluded since they were either from dirt particles on the
surface, aggregates or background or exceptionally large or small particles.
T1 relaxation measurements were conducted. The same set of parameters
was used in each T1 relaxometry experiment. The NV centers were polar-
ized by a train of laser pulses with variable dark times (from 0.2 µs to 10
ms). The laser (532 nm, CNI, Changchun, China) was attenuated to 100
µW at the location of the sample. To ensure the polarization of the NV
centers, the pulse length was set to 5 µs. The photoluminescent signal (PL)
was quantified in a detection window of 0.6 µs. The T1 relaxation curve
was fitted with a bi-exponential function, the reported T1 constant is the
higher time constant yield by the fitting (equation 4.1).

4.3.3 GdCl3 sensitivity in different conditions

To prepare a stock solution gadolinium (III) chloride (Aldrich 439770-5G)
was dissolved in MQ water, PBS or cell medium to a concentration of
1 M. Starting with the control sample (100 µL of solvent). Before the
measurement the GdCl3 solution was added gradually to give the desired
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concentrations (0.001 µM, 0.01 µM, 0.1 µM, 1 µM, 10 µM, 100 µM, 1 mM 10
mM and 100 mM,). T1 measurements were recorded at each concentration
according to the procedure described above.

4.3.4 Hydrogen Peroxide and UV light

The hydrogen peroxide 30% was purchased from Sigma-Aldrich. *OH rad-
icals are generated by photolysis of hydrogen peroxide stimulated by UV
light (275 nm, 23.7 mW cm-2). The relaxation constant T1 was recorded
with and without exposure to UV light. The particles were exposed to the
UV radiation during the complete acquisition time, which was about 17
minutes.

4.3.5 Measuring the hydroxyl radical by HPF

To validate our results we repeated the same experiments that we did with
T1 measurements with HPF. The hydroxyl radical and hydroxyphenyl flu-
orescein (HPF) were purchased from ThermoFisher (H36004). The exper-
iments were conducted by following the procedure proposed by the manu-
facturer. The samples were prepared in a 96 well-plate in sextuplet. The
concentration of HPF in each well was 10 µM. Iron (II) perchlorate was
added to a concentration of 100 µM, and hydrogen peroxide at 1 mM. The
samples were excited with light at 485 nm and the signal was quantified at
520 nm using a FLUOstar OPTIMA plate reader (BMG LABTECH). The
samples were measured at intervals of one hour for 14 hours.

4.3.6 Measuring the concentration of hydroxyl radical by
HTA

This assay was used to validate our T1 data and to determine which con-
centration of *OH was present. 2-hydroxy terepthalic acid (HTA, sigma-
aldrich used without further purification) acts as a standard chemical trap
for hydroxyl radicals and is a standard hydroxyl dosimeter. To determine
the concentrations of *OH in our reaction and to validate our T1 results,
we used iron (II) perchlorate (10 µM), H2O2 (1000 µM) and Na2TH (200
µM). A calibration curve has been established with different concentrations
of HTA (vs) Intensity using fluorimeter (Edinburgh instruments (module
sc-20), λExcition = 330 nm and λEmission = 420 nm). From the calibration
curve the concentration of hydroxyl radicals is determined[34].
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4.3.7 Measuring the Fenton reaction by diamond magne-
tometry

70 nm nanodiamonds were fixated in a glass bottom culture dish according
to the procedure described above (section “Nanodiamonds”). After finding
a particle containing the ensemble of NVs, 180 µl of ultrapure water was
added to the plate and the first set of measurements was performed (in
water only). Iron (II) perchlorate was added until a concentration of 10 µM
was reached. Another set of T1 relaxometry measurements was conducted
over the same ensemble of NV center used in the previous case. To finish,
H2O2 was incorporated into the previous solution and a new set of measures
were taken.

4.4 Concluding remarks

While so far chemicals have only been detected by diamond magnetometry
in water we take into account the presence of salts, glucose and proteins
in the medium. We find, that the formation of a protein corona in nan-
odiamonds influence sensing performance while no differences are observed
in presence of salts. These experiments are essential for understanding
and quantifying measurements in biological environments. Here we also
demonstrate diamond magnetometry measurements of free radicals which
are generated in situ in a chemical reaction for the first time. Compared
to measurements with the conventional probe HPF, our T1 measurements
provide real-time data rather than accumulating over the entire incubation
period. While HPF required 14 hours to reveal the concentration of *OH,
we obtain a signal from an equivalent sample within a few minutes. More-
over, our experiments have proven that, unlike chemical probes, the NV
center can detect decreases and increases in the concentration of hydroxyl
radical. In addition, we found that surprisingly smaller nanodiamonds show
higher coherence times for particles containing dense ensembles.
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4.5 Supporting Information

4.5.1 Measuring free radicals in-situ

Photolysis of H2O2

Figure 4.7: Spin-lattice re-
laxation time of a 70 nm par-
ticle immersed in water. The
T1 constant for the particle in
absence of UV light was 976.5
µs, while the value of T1 after
turning the UV light on was
1055 µs. The relaxation con-
stant increases 8% after turn-
ing the UV lamp on. This
shifting is considered negligi-
ble and part of the experimen-
tal error.

4.5.2 Measuring the concentration of hydroxyl radical by
HTA

Figure 4.8: The formation of HTA by Fenton reaction of Fe(ClO4)2 (10 µM)
with H2O2 (1000 µM) and Na2TH (200 µM) over 20 min.

68



SUPPORTING INFORMATION

Figure 4.9: The spectra measured after the formation of HTA by photolysis of
H2O2 (9.7 M) with Na2TH (200 µM) using UV lamp (λ=275 nm) for 20 min.

Figure 4.10: Calibration of HTA with intensities plotted against concentrations.
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4.5.3 Size distribution of the nanodiamonds

Figure 4.11: The size dis-
tribution of the nanodiamonds
used in the experiments. In
section 4.3, the reported size of
the nanodiamonds is the nom-
inal value given by the man-
ufacturer (Adámas Nanotech-
nologies). This figure shows
the distribution of sizes, of
a sample of 70 nm nanodia-
monds, measured by dynamic
light scattering (DLS). The
mode of the particle’s size is
68.06 nm and the standard de-
viation is 21.89 nm.
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[26] W. Dröge, “Free radicals in the physiological control of cell function,”
Physiol. Rev., vol. 82, no. 1, pp. 47–95, 2002.

[27] M. Valko, D. Leibfritz, J. Moncol, M. T. Cronin, M. Mazur, and
J. Telser, “Free radicals and antioxidants in normal physiological func-
tions and human disease,” Int. J. Biochem. Cell Biol., vol. 39, no. 1,
pp. 44–84, 2007.

73



DETECTING FREE RADICALS

[28] W.-J. Huang, X. Zhang, and W.-W. Chen, “Role of oxidative stress in
Alzheimer’s disease (Review),” Biomed. Reports, vol. 4, no. 5, pp. 519–
522, 2016.

[29] X. Chen, X. Tian, I. Shin, and J. Yoon, “Fluorescent and luminescent
probes for detection of reactive oxygen and nitrogen species.,” Chem.
Soc. rev., vol. 40, no. 9, pp. 4783–804, 2011.

[30] J. P. Tetienne, T. Hingant, L. Rondin, A. Cavaillès, L. Mayer, G. Dan-
telle, T. Gacoin, J. Wrachtrup, J. F. Roch, and V. Jacques, “Spin re-
laxometry of single nitrogen-vacancy defects in diamond nanocrystals
for magnetic noise sensing,” Phys. Rev. B - Condens. Matter Mater.
Phys., vol. 87, no. 23, pp. 1–12, 2013.

[31] J. A. Rioux, I. R. Levesque, and B. K. Rutt, “Biexponential longitu-
dinal relaxation in white matter: Characterization and impact on T1
mapping with IR-FSE and MP2RAGE,” Magn. Reson. Med., vol. 75,
no. 6, pp. 2265–2277, 2016.

[32] S. R. Hemelaar, A. Nagl, F. Bigot, M. M. Rodŕıguez-Garćıa, M. P.
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5
Discussion

Progressively, the research on applying the Nitrogen-Vacancy center (NV
center) in nanodiamonds to biomedical challenges has unveiled a long series
of opportunities to exploit. In parallel of the main focus of this project,
applying diamond magnetometry to sense oxidative stress, this research has
yielded significant knowledge about the interaction of the nanodiamonds
with the physiological medium and the cell. Chapter 3, is a clear example
of this.

In commercially available high-pressure high-temperature (HPHT) nan-
odiamonds, the diamond’s surface is covered by oxygen-containing groups[1].
In chapter 3 we investigate which proteins available in human serum are
more likely to attach to the diamond’s surface. As a result, we found that
certain low abundance proteins are more likely to bind to the nanodia-
monds than the more plentiful ones. Although the mechanism of affinity
is not completely understood, this fact directly suggests the use of nanodi-
amonds to deplete high abundance proteins from a biological sample, or
more precisely, in this case, to seize low abundance proteins. Moreover, we
also have determined that part of the recovered proteins play an important
role as biomarkers for several diseases. We expect that the discovery of this
affinity will promote a deeper study of the mechanism to determine more
precisely which proteins are willing to be recuperated with nanodiamonds.
Meanwhile, the current performance of depleting using nanodiamonds can
be compared with other nonspecific depletion techniques such as combina-
torial peptide ligand libraries (CPLLs).

A closer investigation about the interaction of nanodiamonds with the
cell and its environment is presented in chapter 2. Sensing the cellular
oxidative stress from the interior of cells critically depends on ingestion of
particles by the cells. From previous experiments, we learned that several
factors are involved in the number of particles that are taken up effectively.
The particle size, the chemical properties of the particle’s surface and the
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cell type are relevant factors which determine the degree of engulfment
of nanodiamonds[2]. In that chapter, we present a successful method to
improve the particle uptake of a colon cancer cell line (HT29). The im-
provement in uptake was addressed by controlling two variables, effective
particle size and surface chemistry of the nanodiamonds. By using the re-
combinant proteins C4 and C4-K12 we have gained in colloidal stability of
the nanoparticles, resulting in the reduction of the flocculation of the par-
ticles. At the same time, and partially as a consequence of the reduction
of the effective particle size, the number of cells having taken up nanodia-
monds increased, particularly in the case of the HT29 cells. Initially, after
exposing the HT29 to nanodiamonds without any special treatment, only
30% of the cells were found with at least one particle in the cytoplasm.
The situation changed drastically after coating the particles with the C4-
K12 protein. In that case, all the assessed HT29 cells contain at least one
particle on the inside. As mention before, this finding can be explained by
two factors. First, the reduction of the particle size facilitates the engulf-
ment of the nanodiamonds by the cells. Second, the hydrophilic character
of the polypeptide brush layer enhances the interaction with the hydrophilic
external surface of the cell membrane, promoting the internalization.

It is known that a similar effect can be observed by producing the corona
from the proteins available in the cellular growth medium[3]. Making use
of the engineered proteins C4 and C4-K12 also enable the potential addi-
tion of supplementary motifs which serve for modulating the interactions
between the nanodiamonds and the cell. Additionally, taking into account
the main aim of this work, this research has shown that the sensing prop-
erties of the NV centers remain practically unaltered after coating the host
nanodiamonds with a C4 or C4-K12 protein corona. This point is par-
ticularly relevant because it is known that the NV centers bleach by the
action of near charges (due to the conversion from the NV− to the NV0

states)[4], which is the case when coating with the C4-K12 protein. The
fact that the protein corona is not banishing the NV center’s photolumi-
nescent signal might be explained as a consequence of using ensembles of
NV centers. The total signal produced by several hundred of, randomly
localised, NV centers is more stable to perturbations than one produced
by a small amount of defects, in which the weight of each one in the total
signal is higher.

Finally I would like to recall the main aim of this PhD project, “research
the implementation of Diamond Magnetometry to detect free radical inside
living cells”. Here we focus on building a measuring technique for the
detection of free radicals in a biological environment. Because of its sim-
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plicity, we have implemented the measuring of the spin-lattice relaxation
time (T1) of an ensemble of NV centers. The T1 experiment allows sensing
the strength of random magnetic noise[5] employing a simple laser pulse
sequence, avoiding the use of additional microwaves and magnets which
might disturb the biological samples and complicate experiments.

Chapter 4 presents the first results of using the T1 relaxation experi-
ments for detecting a relevant biological free radical, the hydroxyl radical.
The success of actually measuring the radical while it is produced by two
different reactions has a consequence on validating the main hypothesis
which originated the present study. Additionally, we demonstrate the ad-
vantages and potential of using diamond magnetometry over the standard
chemicals indicator. The sensitivity of diamond magnetometry allows mea-
suring a small amount of the radical (1 µM) in a short period (about 20
minutes) compared with the performance of a chemical indicator (hydrox-
yphenyl fluorescein, HPF). Besides, the research has shown that diamond
magnetometry allows the direct measurement of increase and decrease in
the concentration of the radical. This capacity is not present in chemical
indicators and in combination with the reduced time of sensing, it might
allow the monitoring of the dynamics of a reaction at a time resolution in
the order of few minutes.

Another important output of this research is the comparison between
three different sizes of nanodiamonds containing ensembles of NV centers.
As was discussed earlier, the size of the nanodiamonds plays a role in the
particle uptake by the cell. A smaller particle is in many cases preferred
over a big one. We also found that having more NV centers in an ensemble
contributes to the stability of the photoluminescent signal. This situa-
tion presents the problem of finding a nanodiamond’s size which is small
enough to facilitate uptake but big enough to contain a number of NV cen-
ters which enable for robust sensing. The experiment measured the change
in the T1 relaxation time when the concentration of a spin-label (Gd3+) is
increased from zero to 100 nM. The experiment showed an inverse relation-
ship between the nanodiamond size and the T1 relaxation time, a bigger
particle manifests a shorter T1. This counter-intuitive result suggests that
as more NV centers are in the particle, the interaction between closer spins
turns more important than the relaxation propelled by an external source
of magnetic noise. Having tested nanodiamonds with sizes of 40, 70 and
120 nm, the biggest change in the T1 value, which represents the dynamic
range of the sensor, was expressed by the 40 nm particle (57.3%). The 70
nm and the 120 nm particle were very close to each other (45.5% and 46%
respectively). Due to its reduced signal intensity, the 40 nm particle also
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showed the highest standard deviation of the measured T1 values. Taking
those two results into account, we propose the 70 nm nanodiamond offers
a good compromise between sensitivity and signal intensity.

An additional assay was performed to determine the effect of the pro-
teins present in the serum (which is a component of the cell growth medium)
on the performance of the T1 relaxation experiment. When measuring T1

on a serum coated nanodiamond, the operation of the NV centers is af-
fected. The thick layer of proteins seems to act as a shield that reduces the
sensitivity of the ensemble and increases the uncertainty of the measure-
ment. This is a weakness which should be studied in more details. One
approach that might help to reduce the effect of the serum in measuring
the T1 constant is to previously coat the nanodiamonds with the protein
C4-K12 as was presented in chapter 2. Doing this, there will be less free
domains for the serum proteins to bind, reducing the diversity of proteins
anchored in the diamond’s surface. Replacing the serum protein corona
with one that has been proven to be innocuous, should improve the sensing
performance of the NV centers immersed in cell growth media.

The next step in this investigation is to finally measure changes in the
concentration of free radicals inside a living cell. Under this condition,
the complexity of the problem increases substantially, because the level of
control over the environment is very limited. Although there is knowledge
of the fate of the nanodiamonds in the cell[6, 7], there are still several
questions regarding how the nanoparticles are internalised and released in
the cytoplasm. It is also an open question how the cell reacts against this
exogenous element and where the particles are conducted after the uptake.
Also, it is expected to find gradients or accumulation of radicals in certain
locations of the cell. Gaining control of the location of the nanoparticles
in the cell is an important requirement for a systematic study of the cell’s
stress.

Although the core of the magnetometer is already complete, a couple of
upgrades are proposed to enable faster and more sensitive measurements.
The time resolution of a T1 experiment can be improved by simplifying
the pulse sequence used during the experiment (choosing a smaller set of
dark times to measure). This requires more knowledge of the behaviour of
the ensemble of NV centers in the biological sample. Defining clear criteria
about which nanodiamonds are better to use for sensing might increase the
consistency of the results. In addition, improving the post-acquisition data
analysis might improve the signal to noise ratio of the measured signal and
thus the sensitivity. Such an improvement would also shorten the acquisi-
tion time. Implementing the measurement of the spin-spin relaxation time
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(T2) and the transverse relaxation time constant (T2*) might also improve
the sensitivity of the system, at expense of increasing the complexity of the
experiment and the operation of the system. Even more complex pulsing
modalities as for instance double electron electron resonance (DEER mea-
surements) would potentially offer a way to differentiate between radicals.

At this point, the research presented in this thesis has proven the viabil-
ity of applying diamond magnetometry to detect free radicals in a biological
environment. This is the first prove that sustain the idea of measuring this
quantity using diamond magnetometry.
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6
Summary — Samenvatting

6.1 Summary

Several diseases are related to the overproduction of free radicals in the
organism. Cancer, Alzheimer’s, diabetes mellitus to mention only a few.
Also, the natural and unavoidable process of ageing has been, partially,
explained by the action of free radicals. This relation has been broadly
advertised even outside the scientific community. For example, nowadays
it is common to read about the benefits of antioxidant products and anti-
ageing creams. In both cases, the promoted underlying effect of those
products is counteracting free radicals to keep your body young and healthy.
Leaving aside the questions about the efficacy of that products, there is
scientific support that relates the development of diseases[1, 2, 3, 4, 5]
and the declination of the cellular function over time[6, 7] with the loss of
balance between the generation and clearance of free radicals in our cells.
Considering the high impact of free radicals in health, the importance of
having relevant tools available to facilitate its research is obvious.

One characteristic of the molecules classified as free radicals is the ab-
sence of one electron in their last orbital. This characteristic is responsible
for the high reactivity of the free radicals and gives a magnetic moment
to the molecule. Therefore, measuring the magnetic moment in a sample
might give information about the amount of free radicals in the sample.

The equipment used to measure the magnetic field is called Magne-
tometer. Several principles allow the measurement of magnetism. In this
project we took the challenge of implementing a very sensitive magnetome-
ter which is able to detect a small amount of radicals in a very small volume.
Making use of nanodiamonds as a magnetic sensor allows us to measure at
high spatial and temporal resolution, at room temperature and physiolog-
ical conditions.T he key element of these diamonds are specific impurities
called Nitrogen-Vacancy centers (NV centers).
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In our application the NV center is a quantum sensor. The signal we
read out is equivalent to conventional magnetic resonance signals. But, in
our case, all the manipulation and reading of the NV center is done with
light (in contrast with the use of radio waves). Thereby the method is called
Optically Detected Magnetic Resonance (ODMR). When the NV center is
excited with a green LASER, it emits a red fluorescence. The intensity
can be processed and translated to the strength of an external magnetic
field at the location of the nanodiamond. Measuring that magnetic field
we might be able to know the amount of radicals at that location. That
idea sets the main hypothesis of this research. To prove it, we have built a
magnetometer and conducted an investigation to get knowledge about how
our sensor (the nanodiamond containing NV centers) interacts with the cell
and the cell’s environment.

Across the course of the investigation, we found several problems, which
needed our attention. To be able to measure from the inside of a cell
first it is needed to cross the cell membrane and place the sensor in the
cytoplasm. We found that the nanodiamond size, the chemistry of the
surface of the particle and the cell type are key variables that set the degree
of ingestion of nanodiamonds by cells. In general terms, it is more likely
for a small particle to be engulfed than for a big one. Also, Macrophages
(a type of white blood cell) are more willing to ingest external particles
than other cells such as HeLa or HT29 (cells from cervical and colon cancer
respectively). In our experiments (chapter 2) we were able to increase the
number of cells ingesting nanodiamonds by wrapping the nanodiamonds
with artificial proteins. Using this method, we succeed in avoiding the
formation of clusters of nanodiamonds, reducing the effective particle size
of the sensor. Moreover, the chemical properties of the proteins covering
the nanodiamonds improved the interaction between the sensor and the cell
membrane, promoting the voluntary engulfment of the nanodiamonds. In
the same investigation, we also have demonstrated that the magneto-optical
properties of the NV centers are not compromised after the modification of
the nanodiamonds’ surface.

A closer look at the interaction between the nanodiamonds and the cell
growth medium yielded an astonishing result (Chapter 3). Knowing the
favourable affinity of the nanodiamond’s surface for certain proteins, we
have mixed uncoated nanodiamond with human blood plasma and analysed
the proteins that attached strongest to the diamonds. As a result, we
found that most of the proteins anchored to the nanodiamond’s surface
were low abundant proteins, many of which also can be used as indicators
for certain diseases. This outcome presents a new biomedical application
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for nanodiamonds, the capture of low abundance proteins from a plasma
sample.

After having gained experience and knowledge about the interaction of
nanodiamonds with biological samples, we focused the research to detect
the generation of free radicals in a biological environment (Chapter 4). In
this set of experiments, we have produced the free radicals by two meth-
ods, first by the photolysis of hydrogen peroxide (H2O2) and by mimicking
a biological reaction named Fenton reaction. In both cases, we have used
nanodiamonds containing NV centers to perform relaxometry experiments.
In the first case, the results showed that using our technique we can detect
the increment of the quantity of free radicals in the sample. Moreover, after
stopping the reaction that generates the radicals we are able to detect the
reduction of the concentration of radicals. This last result distinguishes our
technique from other chemical methods of measuring free radicals, which
are not able to directly detect the decay in the concentration of radicals.
Additionally, our method proved to be faster than other chemical indica-
tors. Analogously, the experiments using the Fenton reaction shown that
Diamond magnetometry can detect the generation of a free radical, but
this time the results also suggested the detection of intermediate products
of the reaction. The Fenton reaction is a more complex process, involving
hydrogen peroxide and ferrous iron, that creates additional products. Here
the origin of the signal is not completely clear yet. Although this result
brought new questions to our investigation, it is an important input to our
knowledge as it represents the situations we will find better when measuring
inside a living cell.

The research conducted in this project was able to confirm the viability
of using Diamond Magnetometry as a tool for detecting free radicals in
a biological environment. The next step is to improve it for allowing the
sensing inside living cells.
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6.2 Samenvatting

Verschillende ziektes zijn gerelateerd aan een overproductie van zuurstofrad-
icalen die in een organisme plaats vindt. Kanker, Alzheimer en diabetes
mellitus zijn enkele voorbeelden hiervan. Ook het natuurlijke en onafwend-
bare verouderingsproces is deels toe te wijzen aan de acties van deze vrije
radicale deeltjes. Dit verband wordt ook buiten de wetenschappelijke ge-
meenschap breed uitgedragen. Producten met antioxidanten of anti-verou-
dering crèmes baseren hun reclame op dit principe. In beide gevallen wordt
geadverteerd met de werking tegen oxidatieve radicalen, om je lichaam
jong en gezond te houden. Buiten de vraag over de efficiëntie van deze pro-
ducten, is er ook wetenschappelijk bewijs dat een verband legt tussen het
ontstaan van ziektes [1, 2, 3, 4, 5] en het verval van cellulaire functie met
de tijd enerzijds [6, 7] met de verstoring van de balans tussen de productie
en het opruimen van vrije radicalen in onze cellen anderzijds. De grote
impact van vrije radicalen op de gezondheid toont aan hoe belangrijk het
is om de juiste onderzoeksmiddelen te hebben om het onderzoek hiernaar
uit te voeren.

Een belangrijk karakteristiek van moleculen geclassificeerd als vrije rad-
icalen is de afwezigheid van een elektron in de buitenste schil van een atoom.
Deze eigenschap is de reden van de hoge reactiviteit van de vrije radicalen
en geeft de moleculen een magnetisch moment. Daardoor kan het meten
van een magnetisch moment in een specimen informatie geven over de ho-
eveelheid van vrije radicalen.

De apparatuur die wordt gebruikt voor het meten van een magnetisch
veld heet een magnetometer. Verschillende principes liggen ten grondslag
aan het meten van magnetisme. De uitdaging van dit project was om een
hoog sensitieve magnetometer, welke een kleine hoeveelheid radicalen kan
meten in een zeer klein volume, te implementeren in een onderzoeksopzet.
Met behulp van nanodiamanten welke dienen als een magnetische sensor
kunne we met een zeer hoge ruimtelijke en temporale resolutie metingen
verichten, bij kamertemperatuur en onder fysiologische condities. De sleutel
hierbij zijn kleine imperfecties in de diamant die Nitrogen Vacancy centers
(NV centers) worden genoemd.

In onze opzet dient het NV center als een kwantum sensor. Het sig-
naal dat we uitlezen is equivalent aan dat van conventionele magnetis-
che resonantie. Maar in ons geval, wordt zowel de manipulatie, als het
uitlezen van het signaal gedaan met licht (in tegenstelling tot radiogolven).
Daarom wordt deze techniek ook wel Optically Detected Magnetic Reso-
nance (ODMR) genoemd. Wanneer het NV center wordt geëxciteerd met
een groene LASER, reageert het door een rode fluorescentie te verspreiden.
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De intensiteit van deze fluorescentie van worden vertaald naar de sterkte
van het externe magnetische veld in de nabijheid van de nanodiamant. Het
meten van dit magnetische veld kan leiden tot wetenschap van de hoeveel-
heid radicalen op die locatie. Dit idee is de overkoepelende hypothese van
dit onderzoek. Om het te bewijzen, hebben we een magnetometer gebouwd
en onderzocht hoe onze sensor (de nanodiamant met NV centers) reageert
met een cel en de cellulaire omgeving.

Gedurende het onderzoeksproces liepen we tegen verscheidene prob-
lemen aan die onze aandacht vereisten. Om binnen in een cel te kun-
nen meten, is het vereist om eerst het celmembraan te passeren, zodat de
sensor in het cytoplasma terecht kan komen. Wij vonden dat de grootte
van de nanodiamant, de scheikundige samenstelling van het oppervlak van
deze deeltjes en het celtype een sleutelrol spelen in de hoeveelheid van
nanodiamanten die worden opgenomen in cellen. Algemeen beschouwd
is het waarschijnlijker dat een klein deeltje wordt geaccepteerd dan een
groot deeltje. Macrofagen (een type witte bloedcel) zijn sneller geneigd
om externe deeltjes op te nemen dan andere cellen zoals HeLa of HT29
cellen (cellen van cervixcarcinoom en coloncarcinoom, respectievelijk). In
onze experimenten (hoofdstuk 2) hebben we aangetoond dat we de opname
konden verhogen door de nanodiamanten een schil van kunstmatige eiwit-
ten te geven. Met deze methode konden we met succes het vormen van
nanodiamant-clusters tegengaan, waardoor we de effectieve deeltjesgrootte
van de sensor verminderden. Daarnaast leverde de chemische eigenschap-
pen van de eiwitten die de nanodiamanten bedekten een verbetering op van
de interactie van het celmembraan met de sensor, wat leidde tot een ver-
hoogde inname van nanodiamanten. In hetzelfde onderzoek hebben we ook
gedemonstreerd dat de magnetisch-optische kenmerken van de NV centers
niet aangetast worden door de aanpassingen op het nanodiamant opper-
vlak.

Een gedetailleerd onderzoek naar de interacties tussen nanodiamanten
en het medium waar cellen in groeien leverde verrassende resultaten op
(Hoofdstuk 3). In de wetenschap dat het oppervlak van de nanodiamanten
een zekere affiniteit heeft voor een bepaald soort eiwitten, hebben we de
ongecoate nanodiamanten met menselijk bloedplasma gemengd en geanal-
yseerd welke eiwitten zicht het sterkst aan de diamanten hechtten. We von-
den dat de eiwitten die geankerd waren op het nanodiamantoppervlak, juist
de eiwitten waren die relatief weinig voorkomen in het bloedplasma. Velen
van die eiwitten zijn ook indicatoren voor specifieke ziektebeelden. Deze
uitkomst presenteerde een nieuwe biomedische applicatie voor nanodiaman-
ten; het aantonen van de relatief zeldzamere eiwitten uit het bloedplasma.
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Met de ervaringen en kennis opgedaan met het onderzoek naar de in-
teractie van nanodiamanten met een biologisch specimen, hebben we ons
gefocust op het detecteren van vrije radicalen in een biologische omgev-
ing (Hoofstuk 4). In deze set experimenten hebben op twee verschillende
manieren zuurstof radicalen geproduceerd: eerst door fotolyse van water-
stofperoxide (H2O2) en ten tweede door het imiteren van een biologische
proces genaamd de Fenton reactie. In beide gevallen hebben we nanodia-
manten met NV centers gebruikt om relaxometrie metingen uit te voeren.
In de eerste opzet lieten de resultaten zien dat onze techniek gebruikt kan
worden om een stapsgewijs verhoogde hoeveelheid vrije radicalen in het
specimen te detecteren. Daarnaast kan gedetecteerd worden dat er na het
stoppen van de fotolyse een vermindering van het aantal vrije radicalen
plaatsvindt. Dit laatste resultaat onderscheid onze techniek van andere
chemische methodes om vrije radicalen te meten. Deze andere methodes
kunnen namelijk niet het direct de vermindering van de radicalenconcen-
tratie meten. Daarnaast is onze methode sneller dan andere chemische
indicatoren. In aanvulling hierop lieten de experimenten met de Fenton
reactie zien dat diamant magnetometrie het ontstaan van vrije radicalen
kon detecteren, maar suggereerde het ook dat we intermediaire producten
van de reactie konden analyseren. De Fenton reactie is een complex pro-
ces, waar met waterstof peroxide en geoxideerd ijzer meerdere producten
gegenereerd worden. De origine van het magnetische signaal is hier nog
niet eenduidig. Ondanks dat dit resultaat ons nieuwe vragen bracht over
ons onderzoek, achtten wij deze kennis zeer belangrijk omdat het de daad-
werkelijke omstandigheden in een levende cel beter reflecteert.

Dit onderzoek heeft het gebruik van diamantmagnetometrie gevalideerd
als onderzoeksmiddel om vrije radicalen te detecteren in een biologische
omgeving. De volgende stap in dit onderzoek zal het verbeteren van meten
binnenin levende cellen zijn.
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