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Long-term tracking of nanoparticles to resolve intracellular structures
and motions is essential to elucidate fundamental parameters as well
as transport processes within living cells. Fluorescent nanodiamond
(ND) emitters provide cell compatibility and very high photostability.
However, high stability, biocompatibility, and cellular uptake of these
fluorescent NDs under physiological conditions are required for
intracellular applications. Herein, highly stable NDs encapsulated with
Cowpea chlorotic mottle virus capsid proteins (ND-CP) are prepared.
A thin capsid protein layer is obtained around the NDs, which imparts
reactive groups and high colloidal stability, while retaining the opto-
magnetic properties of the coated NDs as well as the secondary
structure of CPs adsorbed on the surface of NDs. In addition, the
ND-CP shows excellent biocompatibility both in vitro and in vivo.
Long-term 3D trajectories of the ND-CP with fine spatiotemporal
resolutions are recorded; their intracellular motions are analyzed by
different models, and the diffusion coefficients are calculated.
The ND-CP with its brilliant optical properties and stability under
physiological conditions provides us with a new tool to advance the
understanding of cell biology, e.g., endocytosis, exocytosis, and active
transport processes in living cells as well as intracellular dynamic
parameters.

Nanodiamonds (NDs), which consist of an all-carbon sp®-scaffold,
exhibit both exciting opto-magnetic properties and excellent
biocompatibility. Point defects in the lattice of NDs, such as
nitrogen-vacancy (NV) centers, provide stable fluorescence without
bleaching or blinking, even after several months of continuous
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irradiation." In addition, the emission wavelength of NDs is
size-independent and tunable from the visible to the near-
infrared region by using different defects (e.g. SiV, GeV etc.).”
Hence, NDs are widely used in bioimaging,>” and drug
delivery.® In addition, it has been proven that NDs can act as
cellular biomarkers for long-term intracellular tracking.''™"?
Furthermore, NDs containing negatively charged NV centers can
also serve as single-spin sensors to detect many essential proper-
ties in the biological microenvironment, such as temperature,***°
magnetic fields,"”'® electron spins,'®** and strain®" with nano-
scale resolution.

For most of these applications, appropriate surface functio-
nalization of NDs is required because the poor colloidal
stability of unmodified NDs under physiological conditions
leads to uncontrolled aggregation in aqueous media.>* Surface
functionalization, like harsh chemical treatments or air oxida-
tion, improves surface uniformity and provides new binding
sites for the attachment of drug molecules, dyes, targeting
groups, or antibodies.>®** Furthermore, surface coating is
crucial to avoid foreign body interactions of the particles
in vivo®® and allows the nanoparticles to accumulate and
remain at the target sites for a prolonged time period. Different
surface coatings have been developed for this purpose, such as
silica,”® hyperbranched polyglycerol (HPG),>” poly(1.-DOPA),’
insulin,”® and human serum albumin (HSA), which was modi-
fied with polymers,® among others. In addition to synthetic
common protein coatings, hybrid virus-like particles have
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recently gained attention due to their straightforward prepara-
tion, high biocompatibility, and unique properties and their
application as drug delivery vehicles.*™?

Viruses are evolutionary optimized carrier systems. Uptake
and diffusion pathways of viruses to their host cells are still
barely understood.>> However, it is very important to elucidate
virus cell interactions and their trafficking inside cells in order
to identify new therapeutic interventions or to mimic such
processes for improved drug delivery of virus-like nanoparticle
transporters. Cowpea chlorotic mottle virus (CCMV) has gained
great interest in recent years as tools in nanotechnology as well
as for the development of targeted drug delivery vehicles due to
their perfectly defined structure, high stability, good biocom-
patibility, homogeneity, self-assembly, and low toxicity.>* The
size of the native CCMV is about 30 nm in diameter and can be
disassembled into capsid proteins (CP). The genome can be
removed by centrifugation under high salt concentrations at
neutral pH.>* The thus obtained CPs reassemble into either
empty capsids at lower pH or virus-like particles (VLPs) at
neutral pH using templates such as negatively charged inor-
ganic nanoparticles,*>® negatively charged polymers,*”
enzymes,*® and organic aggregates®® among others. Further-
more, by controlling the pH and ionic strength of the assembly
buffer, CCMV can be reassembled into a variety of geometries
such as tubes, multilayered structures, and dumbbells.**™*®
Despite their broad applications,***> CCMV cell uptake and
diffusion inside cells is still barely understood.

Here, we report the preparation and characterization of
fluorescent nanodiamonds encapsulated within cowpea chloro-
tic mottle virus capsid proteins (ND-CP) as model system for
fluorescence imaging and single particle tracking applications
inside living cells. We believe that our strategy could also be
applicable to other viruses, which could give new insights into
their intracellular pathways, which would be of fundamental
interest as well as for the design of improved drug delivery
systems.

A schematic outline of the preparation of ND-CP is displayed
in Fig. 1. Firstly, CPs were isolated from the CCMV and stored in
a capsid storage buffer (50 mM NaOAc, 500 mM NacCl, pH 5)
according to our previous work.*® Before encapsulation of the
NDs, the CPs were transferred into a coat protein buffer (Tris
buffer (50 mM Tris, 50 mM NacCl, 10 mM KCl, pH 7.2), or PBS
buffer (PBS, 150 mM NaCl, pH 7.2)). Then NDs in a polyvinyl-
pyrrolidone (PVP) solution were added to the CPs and the
mixture was stirred at 4 °C overnight.

.

CP isolation

ccmv cP
(cowpea chlorotic mottle virus )

Fig. 1
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Free CPs and encapsulated ND-CPs were separated and
removed by fast protein liquid chromatography (FPLC)
equipped with a UV-vis detector. As shown in Fig. 2A, the
NDs coated with CP both in PBS buffer and Tris buffer eluted
at a lower volume (V &~ 8 mL) than the native CCMV virus
(Vv & 9.5 mL, from our previous results),>* suggesting that NDs
were successfully coated. The successful coating of NDs
with CPs was also confirmed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. S2, ESIf),
which shows that the band of purified ND-CP appeared at the
same position as native CCMV. To test whether the CPs
retained their native structure after adsorption to the ND sur-
face, the secondary structure was investigated by circular
dichroism (CD) spectroscopy. As shown in Fig. 2B, only native
CP and ND-CP showed a signal in CD, and both spectra were
very similar, indicating that the native structure of CP was not
affected. Subsequently, the hydrodynamic sizes of the ND-CP
were characterized by dynamic light scattering (DLS) (Fig. 2C).
The average hydrodynamic diameters changed from 35 &+ 2 nm
in water before coating to 46 + 3 nm for NDs in Tris buffer
containing PVP, and 52 + 5 nm for ND-CP in Tris buffer,
respectively. Furthermore, ND-CP showed a monomodal dis-
tribution in DLS. Uncoated NDs and ND-CP were characterized
in terms of their distribution, shape, and morphology by
transmission electron microscopy (TEM). Whereas bare NDs
were prone to significant aggregation and displayed a hetero-
geneous distribution (Fig. 2D), non-aggregating, homogeneous
single particles were observed for ND-CP (Fig. 2E). The histo-
gram analysis of TEM images of ND and ND-CP showed a size
increase from 15.9 £+ 10.6 nm to 23.2 + 11.2 nm, respectively
(Fig. S3, ESIf). From the TEM images (Fig. S4, ESIt), we
determined a shell thickness of 3.03 + 0.96 nm (n = 36) of
ND-CP, which corresponds nicely to the thickness of the CCMV
capsid, as also observed by Cheng Zeng et al.*® They found that
the protein shell retains its sub unit such as pentamers and
hexamers and preserves the intrinsic interfacial interactions
when coated around gold nanorods. The diameter of ND-CP is
different in DLS and TEM, because the TEM considers the ND
diameter extracted from the images, whereas DLS takes into
account the solvated shell with CP and bound water molecules.
To further assess the structure of the ND-CP, the liquid mode
atomic force microscopy (AFM; Fig. S5, ESIt) was applied. The
topographic image of ND-CP showed a narrow size distribution
with no significant aggregation. The height-sensor images
recorded by AFM were converted into deformation images

Z 9
; ,{ Encapsulation
¢

ND ND-CP

Schematic illustration of the preparation of cowpea chlorotic mottle virus capsid protein encapsulated fluorescent nanodiamonds (ND-CP).
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Fig. 2

(A) FPLC of ND and ND-CP in Tris buffer (50 mM Tris, 50 mM NaCl, 10 mM KCL, pH 7.2), ND-CP in PBS buffer (PBS, 150 mM NaCl, pH 7.2); (B) CD

spectra of ND, CP and ND-CP; (C) DLS diagram of uncoated NDs in water, ND + PVP and ND-CP in Tris buffer; (D) TEM image NDs (scale bar: 500 nm);
(E) TEM images of ND-CP at different magnifications (negatively stained with 4% uranyl acetate).

using the NanoScope Analysis 1.8 software to visualize the CP
coating. In addition to the height profile images, other nano-
mechanical properties were simultaneously recorded. In parti-
cular, the deformation of the sample caused by the probe was
analyzed to obtain in-depth information on the structure of the
coated NDs. As the ND core is much harder than the CP shell,
the deformation of the CP shell under the same stress condi-
tions could be detected with a high intensity. The deformation
image revealed clearly that all ND-CP possessed a core-shell
structure.

To prove that the optical properties of NDs were retained,
the influence of the CP shell on the charge state of the NV
centers in NDs was investigated (Fig. 3A). Spectra measure-
ments were performed on a custom-built confocal microscope
with an excitation laser at A = 532 nm and 100 pW power in
front of the objective (oil, NA = 1.35) (Fig. S1, ESIT). The spectra
of ND-CP revealed that the CP on the surface of NDs did not
affect the fluorescence, and the zero phonon lines of NV~
centers were clearly visible without any shift or background
noise. NV~ centers in NDs are very sensitive to the surface
states and their charge state can switch to neutral or positive,
which is optically nonactive. These results demonstrate that the
CP coating did not affect the charge properties of NV centers.
These remained in the optical and spin active state (NV),
which is essential for applications of ND-CP in bioimaging,

This journal is © The Royal Society of Chemistry 2021

tracking, and nanoscale sensing. The biocompatibility of ND-
CP was investigated using HeLa cell line as well as in a
chorioallantoic membrane (HET-CAM) ex vivo model.”” As
depicted in Fig. 3B, the ND-CP showed low cytotoxicity upon
treating cells at high concentrations of up to 200 pg mL™". It is
worth noting that the HET-CAM method represents a potential
alternative to animal experiments to assess toxicity and is
widely applied to replace animal experiments.?” In our HET-
CAM assay, we observed hemorrhage from blood vessels that
started within 2-4 seconds after applying 1% sodium dodecyl
sulfate (SDS) as positive control. Lysis occurred after 27 sec-
onds, and we observed coagulation within 24 hours. The
negative control (phosphate buffered saline) and two concen-
trations of ND-CP (50 ug mL ™", 100 pg mL™ ") did not show any
irritation (such as hemorrhage, vascular lysis, or coagulation)
within 5 minutes to 24 hours after application (Fig. S6, ESIT).
A summary of the results is shown in Table S2 (ESIt). These
in ovo results verify the high biocompatibility of ND-CP.

To track the motion of the ND-CP inside living cells, HeLa lung
cancer cells were incubated with 20 pg mL~" ND-CP for 4 hours.
The measurements were performed on a custom-built confocal
microscope with an excitation laser at 532 nm (Fig. S1, ESIt). As
depicted in Fig. 3C, ND-CPs were efficiently taken up by HeLa cells
at concentrations of 20 pg mL™". To track ND-CP nanoparticles,
the spectrum of the selected spots inside living cells was first

J. Mater. Chem. B, 2021, 9, 5621-5627 | 5623
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(A) Normalized emission spectra (ex. 532 nm) of ND and ND-CP. NV~ zero phonon lines are visible in both spectra. (B) Cell viability of ND-CP in Hela

cells. (C) X-Y axis confocal microscopy images of ND-CP taken up into Hela cells at 20 pg mL™ for 4 hours incubation. (D) Emission spectra
(ex. 2 = 532 nm) of ND-CP in HelLa cell. (E) The trajectory of tracked ND-CP spot 1 in the intracellular space of Hela cell. (F) Real-time counts of fluorescence
of the tracked ND-CP spot 1 with continuous refocusing (upper panel) and regional enlarged view showing three refocusing steps (lower panel).

measured to confirm the presence of ND-CP in the focus volume
(Fig. 3D). Then, the fluorescence intensities of the tracked ND-CPs
were recorded simultaneously to ensure that the same ND-CP was
being tracked (Fig. 3F). A representative trajectory of single
particles is shown in Fig. 3E for 43 minutes and two other
trajectories are depicted in Fig. S7 (ESIT).

The high photostability of NDs provides the opportunity to
study intracellular dynamic parameters of ND-CP inside living
cells. We performed a set of proof of principle experiments by
recording 3D trajectories of three different ND-CP spots. Tra-
jectory 1 was observed for 43 minutes containing 520 points,
whereas Trajectories 2 and 3 were recorded for 7 minutes with
88 and 81 points, respectively. For trajectories 2 and 3, long-
time trajectory measurements did not succeed due to inter-
ference from other ND-CPs that could not be distinguished
during the refocusing process. With increasing tracking time,
the probability of interference from nearby ND-CPs increases as
well, thus limiting the maximum tracking time for individual
ND-CPs. The obtained data points allowed calculating the
mean square displacement (MSD), which is a measure of the
deviation of the position of ND-CP nanoparticles with respect to
a reference position over time. The results for each ND-CP spot
are presented in Fig. 4A (see MSD analysis for calculations
details in ESIt). Subsequently, the diffusion behavior of the
ND-CPs was obtained by fitting the MSD data with a power-law
(eqn (S2), ESIt), where the power index o reflects the diffusion
behavior of the tracked nanoparticle with « < 1, « = 1, and
o > 1 to identify the dynamic movements of ND-CPs inside
cells.*®**® Wwithin the complex and highly heterogeneous,

5624 | J Mater. Chem. B, 2021, 9, 5621-5627

crowded environment in the cell’s cytoplasm, normal diffusion,
anomalous diffusion, confined diffusion or directed motion of
nanoparticles may occur.’® In normal diffusion, nanoparticles
diffuse completely unrestricted, whereas directed motion repre-
sents an active process that has been observed when small
vesicles are transported by molecular machines along
microtubules.”** Confined diffusion has been observed for
trapped particles or particles whose free diffusion is confined
by cytoskeletal elements.”® However, the origin of anomalous
diffusion is commonly traced back to the macromolecular
crowding in the interior of cells, but its precise nature is still
under discussion.”*>*

According to Saxton,” we focused on data with fiag < tiorar/4,
where tq is the total time of the trajectory. Our experiments
showed a confined diffusion at the short lag time, which was
also observed for single-walled-carbon-nanotube (SWNT)-
labeled kinesins in COS-7 cells before.*® Previously, this behav-
ior was allocated to the existence of mechanical obstacles such
as microtubule-microtubule intersections that exist in the
complex cytoskeletal network of cells.***” We have distin-
guished normal and anomalous diffusion of ND-CPs by deter-
mining the cumulative distribution function (CDF) of the
square displacements at a given t,,."*°® To provide the CDF
computation, the probability distribution function (PDF) of the
square displacements was first calculated. The PDF and CDF
were analyzed only for trajectory 1 because of the largest
number of points, as shown in Fig. 4B. The CDF data were
fitted with single and double exponential functions, where
the double function has fast and slow mobility components.

This journal is © The Royal Society of Chemistry 2021
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(A) Mean square displacement (MSD) vs. lag time (t,,g) for three independent trajectories. The segments of the MSD profiles at short and intermediate

lag times are analyzed using a power law relation. The power indices are indicated. (B) Probability density function (PDF, upper panel, note the linear scale of the
x axis) and cumulative density function (CDF, lower panel) distributions of the square displacements at t,g = 2At = 10 s. The CDF distribution is fitted with single
and double exponential functions. The residuals of the fitting are shown on the top of the lower panel. (C) Time-dependent diffusion coefficient (D) of the three
trajectories (see (A) for the legends). The nominal D values are calculated as the average values at intermediate lag times, as indicated by the black horizontal
lines. In these ranges of the lag times, the power indices in (A) are close to one, implying normal diffusion.

The double fit has a much smaller residual than the single
exponential fit. The ratio between the fast and slow mobility parts
in the double fit confirms that the diffusion behavior of the ND-CP
in HeLa cells is indeed a combination of normal (i.e., MSD oC tjq)
and anomalous (ie.,, MSD oc t,,, with o deviating from one)
diffusion. The diffusion coefficient (D,) calculated from the
single exponential fit is equal to 2.09 x 10* pm® s .
The double exponential fit gives two diffusion coefficients
D; =295 x 107° pm* s~ ' and D, = 2.93 x 10~* pm” s~ '. We also
calculated the lag-time-dependent diffusion coefficient of the ND-CP
in HeLa cell from the MSD data for each of the three recorded
trajectories (for more details see ESIt). We obtained the diffusion
coefficients of 1.25 x 10~* pm? s, 3.07 x 10~* pm? s~ ', and
1.39 x 10 pm? s~ for trajectory 1, 2, and 3, respectively (Fig. 4C).
They are comparable to the values obtained from the single and
double exponential fits of the CDF data. The nominal diffusion
coefficient of the ND-CP in the HeLa cell was then determined to be
the average of these three values, that is, 6.07 x 10~* um® s,
The trajectories in Fig. 4A exhibit anomalous diffusion
(¢ < 1) at short time and normal diffusion (x ~ 1) at long
time, which, according to Saxton and Jacobson,>® could be
attributed to random point obstacles. Interestingly, the
recorded intracellular trajectories of ND-CPs are in line with
previous reports on the diffusion of adeno-associated virions in
the cytoplasm of a living HeLa cell, where intracellular trajec-
tories have also been classified as anomalous diffusion and
normal diffusion.’®®° The interactions between the viruses and
obstacles could involve nonspecific interacting (e.g., touching),
short-term binding/releasing, long-term binding, and penetra-
tion events. It has been shown that in the infection pathway the
adeno-associated viruses experienced a mean of 4.4 repetitive

This journal is © The Royal Society of Chemistry 2021

touching events per virus and a penetration efficiency of 13%.%*
This suggests that the majority of the interactions are not
strong interactions that would cause stopping or binding of
the viruses; instead, they only hinder the free diffusion of the
viruses, leading to anomalous diffusion. We speculate that this
mechanism could also be the origin of the anomalous diffusion
of ND-CPs in our study. Therefore, ND-CPs consisting of a
fluorescent nanodiamond core and capsid protein corona
could represent valuable tools to elucidate the infection path-
way of the virions over the cytoplasm.

Conclusions

In conclusion, we have developed a virus-inspired NDs hybrid
system consisting of a negatively charged fluorescent nanodia-
mond core stabilized by a corona of virus capsid proteins.
ND-CP showed excellent stability in PBS and Tris buffer. Both
the NDs and CPs retained their unique features, such as
photophysical properties and 3D structure facilitating cellular
uptake. Furthermore, they showed good biocompatibility up to
100 pug mL ™' in vitro and in vivo, which is essential for
bioapplications, such as bioimaging and intracellular trajectory
analysis. The estimation of intracellular motions of ND-CP
revealed confined diffusion at the beginning, which then
changed to normal diffusion (i.e., MSD oc t,4), Which has also
been observed for adenovirus-like particles. We believe that
ND-CP represent a useful tool to study the intracellular motions
over long time periods and with spatiotemporal details in living
cells. In combination with optically detected magnetic reso-
nance technique,®® one could also envision simultaneous

J. Mater. Chem. B, 2021, 9, 5621-5627 | 5625
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elucidation of intercellular magneto-, electro-, and temperature-
information at the nanoscale, which will allow acquiring quanti-
tative information on the intracellular pathways of virions. The
trajectory analysis of the ND-CP have the potential to enhance the
conceptual understanding of cell-virus interactions, host adap-
tion, and immune regulation, and elucidate the interactions
between eukaryotes and viruses during infection.
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