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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.
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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.
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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
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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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IMPROVING THE CELLULAR UPTAKE

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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RESULTS AND DISCUSSION

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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IMPROVING THE CELLULAR UPTAKE

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.

14



RESULTS AND DISCUSSION

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).

16



RESULTS AND DISCUSSION

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).

17
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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.

18



EXPERIMENTAL DETAILS

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
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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
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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.
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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.
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