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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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