Journal of

Nanoscience and Nanotechnology
Vol. 15, 972-988, 2015

www.aspbs.com/jnn

Copyright © 2015 American Scientific Publishers
éc':wlgﬁ'lr(l:é\lg Al.l rigth reserqu ) )
PUBLISHERS Printed in the United States of America

Biomedical Applications of Nanodiamonds: An Overview

D. Passeri', F. Rinaldi?, C. Ingallina®, M. Carafa?, M. Rossi" 4,
M. L. Terranova®, and C. Marianecci? *

' Department of Basic and Applied Sciences for Engineering, Sapienza,
University of Rome, via A. Scarpa 16, 00161 Roma, ltaly
2 Department of Drug Chemistry and Technologies, Sapienza University of Rome,
Piazzale A. Moro 5, 00185, Rome, ltaly
3 Center for Life Nano Science@Sapienza, Istituto ltaliano di Tecnologia (1IT),
Viale Regina Elena 291, 00185, Rome, Italy
4 Center of Nanotechnologies for Engineering (CNIS), Sapienza University of Rome,
Piazzale A. Moro 5, 00185, Rome, Italy
5Department of Chemical Sciences and Technologies, University of Rome ‘Tor Vergata,’
via della ricerca Scientifica, 00133, Rome, ltaly

Nanodiamonds are a novel class of nanomaterials which have raised much attention for application
in biomedical field, as they combine the possibility of being produced on large scale using relatively
inexpensive synthetic processes, of being fluorescent as a consequence of the presence of nitrogen
vacancies, of having their surfaces functionalized, and of having good biocompatibility. Among other
applications, we mainly focus on drug delivery, including cell interaction, targeting, cancer therapy,
gene and protein delivery. In addition, nanodiamonds for bone and dental implants and for antibac-
terial use is discussed. Techniques for detection and imaging of nanodiamonds in biological tissues
are also reviewed, including electron microscopy, fluorescence microscopy, Raman mapping, atomic
force microscopy, thermal imaging, magnetic resonance imaging, and positron emission tomogra-
phy, either in vitro, in vivo, or ex vivo. Toxicological aspects related to the use of nanodiamonds are
also discussed. Finally, patents, preclinical and clinical trials based on the use of nanodiamonds for
biomedical applications are reviewed.
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offer an innovative approach in the field of delivery,
providing a range of features including cargo protection
and increased dose delivery to target sites. Actually, the
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complexity of human diseases may lead to ineffective
in vivo drug treatments, consequently the development
of biologically functional nanocarriers that incorporate
drugs or imaging agents to selectively bind and target
specific cells becomes crucial. There have been many
attempts to functionalize and design nanocarriers so as
to increase their efficacy; nevertheless, although the crite-
ria for a successful nanocarrier are quite numerous, only

few nanocarriers have actually shown significant clinical
potential. By molding nanomaterials numerous nanocarti-
ers (Fig. 1) have been developed to securely deliver drugs
and various other therapeutic and diagnostic agents specif-
ically into target sites. Many of the conventional nano
DS (e.g., liposomes, micelles, and polymer-based nanode-
vices) have reached the late stages of development, and
some of them were approved. Over the last two decades,
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the development of synthesis and characterization tech-
niques including the ability to manipulate molecules and
supramolecular structures for beneficial functions blos-
somed into innovative-engineered nanomaterials suitable
for biopharmaceutical/therapeutic/diagnostic applications.
Another important development is that nanocarriers are
becoming highly integrated and multifunctional so as to
include a range of applications such as on demand release,
specific tissue/cell type targeting, in vivo imaging and
diagnosis, and photothermal treatment.! The ultimate goal
of nano DS is to generate therapeutically, diagnostically
and clinically useful formulations for disease treatments or
diagnoses in patients. While actively studied in academia
and industry, the pursuit of optimized nanocarriers is in
continuous evolution and the topic requires innovation
and skill in order to translate them into human trials.
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A successful nanocarrier should ideally meet the following
requirements:

(1) formulation with biocompatible/biodegradable/bio-
excretable materials,

(2) high drug and cargo loading capacity,

(3) site-specific delivery mechanism to avoid normal cells
and tissues,

(4) zero or negligible premature drug release, and

(5) controlled release mechanism to provide an effective
dose to the target site.

To date, there is a very limited number of nanocarriers
which can achieve such prerequisites’ and in particular
most of the potential products have been based on
liposomes and polymeric materials while ignoring the
potentialities of inorganic materials with unique physio-
chemical properties. In particular, carbon allotropes such
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Polymeric Nanoparticle

Figure 1. Sketch of the leading nanocarriers for drug delivery: (A) car-
bon based inorganic nanocarriers; (B) other inorganic nanocarriers; (C)
organic nanocarriers.

as graphene oxide, carbon nanotubes, and nanodiamonds
(NDs) have similar unique features suitable for being used
as diagnostic and therapeutic delivery nanocarriers. The
carbon-based materials have sufficient surface-to-volume
ratio, thermal conductivity, rigid structural properties capa-
ble of post-chemical modification, and excellent biocom-
patibility. These NDs are very versatile and are able to
deliver water insoluble drugs, antigens, antibodies, nucleic
acids and imaging agents into target cells, where the thera-
peutic or imaging/diagnostic molecules would be released,
and efficiently utilized. These systems can be also easily
scaled up for an industrial production and easily mod-
ificated to create a DS equipped with a set of designed
functionalities. NDs simply seem similar to very small
diamonds, but they are synthesized by an inexpensive
large scale synthesis based on the detonation of carbon-
containing explosives. The first records of nanosized dia-
mond particle production come from the Union of Soviet
Socialist Republics in the 1960s. However, until the mid-
1980s they remained unrecognized, when they found use
in wear-resistant coatings and as an anti-wear additive for
motor oil. The first report of NDs production in the United
States did not arrive until 1988, but today, numerous
methods for commercially producing diamond nanopar-
ticles ranging from the purification of detonation soot
(reviewed in Refs. [3-5]) and laser ablation to milling
down larger diamond micro-particles are available. How-
ever, since 1990s researchers began to take interest in
NDs for biomedical applications. Since then, the field has
expanded significantly, with NDs finding use in a multi-
tude of applications from nanoscale magnetic resonance
imaging to cancer therapy.>’* The constantly growing
interest in NDs and their applications in biomedicine is
reflected in the increase of the number of publications in
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Figure 2. Number of articles published in each year retrieved through
a scientific search engine (Scopus) searching the word ‘nanodiamond’ in
the title, abstract, or keywords (black circles, which refer to ‘ND publica-
tions”). The number of articles addressing biomedical applications of NDs
(red squares, which refer to ‘ND and BioMed publications’) is obtained
by adding ‘drug delivery,” ‘diagnostic,” ‘imaging’ or ‘theranostic.’

such a field. As an example, Figure 2 shows the number
of articles published in each year retrieved through a sci-
entific search engine (Scopus) searching the word ‘nanodi-
amond’ in the title, abstract, or keywords (black circles).
One can observe that the number of published articles has
increased ten fold in the last ten years. Moreover, the num-
ber of articles addressing biomedical applications of NDs
can be obtained by adding ‘drug delivery, ‘diagnostic,’
‘imaging’ or ‘theranostic’ among the words to search for.
No articles are obtained before 2000. Nevertheless, since
2000 the ratio between the number of such articles and the
total number of articles obtained searching only ‘nanodi-
amonds’ (red squares) has constantly increased, reaching
about the 20% in recent years.

Based upon their primary particle sizes, Shenderova and
McGuire classified NDs into nanocrystalline particles (1 to
150 nm), ultrananocrystalline particles (2 to 10 nm), and
diamondoids (1 to 2 nm). Ultrananocrystalline diamond
particles are of particular interest for biomedical applica-
tions and detonation NDs with a primary particle size of
4 to 5 nm are the most interesting.>'* NDs can be clas-
sified on the basis of synthetic production methods such
as: chemical vapor deposition diamonds, high-pressure
high-temperature diamonds (HPHT), and detonation NDs
(DNDs). In the context of biological and medical applica-
tions, diamond-based platforms including NDs produced
via detonation and HPHT, ultra-/nanocrystalline diamond
films (UNCD/NCD), and single/polycrystalline diamond
films. Although the size, shape and surface properties of
NDs are determined by the nature of preparation technique
and purification conditions, their structure can be summa-
rized in a core and shell model. The inert core is com-
posed by the diamond carbon while the surface shell is
partially comprised of graphitic structures. A wide variety
of functional groups such as carboxyl, hydroxyl, lactone,
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anhydride, ketone, and ether can be added on the sur-
face of NDs. These structures can be characterized by
X-ray diffraction, able to determine their size, structure,
and composition.

Some articles and books can be found in literature where
synthetic and functionalization processes as well as appli-
cations of NDs are reviewed in details, which we con-
sider and recommend to the reader as landmarks in the
field.*> 132 The aim of this review is to give a synthetic
general overview and depict the state of the art as much
up-to-date as possible in the use of NDs for biomedi-
cal applications. In particular as biomedical application is
meant their use in drug delivery and imaging for in vitro
and in vivo studies. The toxicological aspect that affect
their safe employment will be also discussed. Finally, the
future directions and challenges of NDs research in engi-
neering, medicine, and biotechnology will be considered.

2. APPLICATIONS

The application of NDs in biomedical field requires the
ability to obtain stable dispersions in an opportune formu-
lation medium, to conjugate with biomolecules, to show
inherent biocompatibility, and to reach target tissues and
cells where deliver the therapeutic or imaging agent. The
wide surface area of biocompatible NDs, with several sur-
face functionalities, is ideal for conjugating various bio-
chemical entities. The suitability of the carrier is highly
dependent from its loading capacity as well as from its
ability to protect and maintain the therapeutic and imag-
ing properties of the attached entities. A high loading
capacity means a high concentration of payload to be
delivered using lower concentration of DS itself. At the
same time, to the loading capacity, the release of pay-
load from the carrier is also important. The feasibility of
being able to tune the release of loaded material from the
carrier is advantageous in developing novel applications
of these delivery agents, such as controlledand sustained-
release delivery. NDs are being investigated globally for
improving the intracellular delivery of small molecules
and biotechnological products, with a major focus on
chemotherapeutic agents. In addition to drug delivery,
NDs are being widely investigated for imaging applica-
tions. Both detonation NDs and HPHT NDs have offered
important advantages in this area because HPHT NDs,
which can be implanted with nitrogen vacancy centers,
have been shown to be remarkably photostable while
maintaining biocompatibility.!® Although the bonding of
drugs or imaging agents have been made by chemical
reactions, it is also possible to obtain physical adsorp-
tion procedures. The physical interactions avoid the use
of complex chemical reactions, which, are of high cost,
and can also cause structural alterations of the attached
molecule.”’ The complexity of the NDs aggregates as
delivery systems is continuing to evolve with the goal
of simplify these systems and achieve controlled release
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of immobilized substances by specialized enzymes such
as lipases, esterases, and proteases. Fundamental is the
retention of the NDs-biomolecule complex conformation
and functionality to maintain the delivery and targeting
characteristics. NDs can be synthesized at low cost (i.e.,
detonation synthesis) and in large quantities, while their
particle and film forms have exhibited high biocompatibil-
ity and low toxicity and they are not attacked by body’s
immune system. Although NDs have recently become
commercially available (Alit, Diamond Center, Sinta, Real
Dzerzinsk, ITC, Nanoblox, Aldrich, and others), there
remains a large variety of size distributions and purities
with variable uniformity.'® In addition, the unique optical
properties and the relative easiness of functionalization,
together with good biocompatibility, make NDs particu-
larly suitable as labels for different imaging techniques
(e.g., confocal fluorescence microscopy, Raman mapping,
electron microscopy).'618:21.22

2.1. Cell Interaction Studies and Cell

Receptor Targeting
Biologically active molecules exploit many mechanisms
and for most of them the passage through the cell mem-
brane in a cell-type or tissue-specific manner is needed,
especially when the pharmacological target is located
intracellularly. In this case, a complex series of interactions
with the cells are required. The way that the therapeutic
molecule must generally go through is:
(1) cross one or various biological membranes (e.g.,
mucosa, epithelium, endothelium) before
(2) diffusing through the plasma membrane to
(3) finally gain access to the appropriate organelle where
the biological target is located.?

From what above mentioned it is clear that an analysis
of NDs uptake by cells is fundamental, but less explored
particularly at the cellular and sub-cellular levels.

A number of studies have demonstrated the ability of
NDs to internalize into cells.?*2*?% The cell internaliza-
tion of NDs could be dependent upon their physicochem-
ical characteristics such as: surface characteristics, size,
shape, and aggregation degree or other parameters like
incubation time and concentration. Faklaris et al. demon-
strated that NDs having an average size of 46 nm inter-
nalize into HeLa cells predominantly by clathrin-mediated
endocytosis after 2 hours of incubation,?® on the contrary
NDs of 100 nm internalize into cancer and stem cells
after 4 hours of incubation via macropinocytosis.?’ These
results are in agreement to what reported in literature about
the dependence of cellular entry mechanism to nanocar-
rier dimension.*® The intracellular localization of the NDs
suggests that they have the potential to be employed for
intracellular delivery of therapeutic molecules (Table I).
Only in few cases the nuclear localization of NDs has
been reported, the most showed only perinuclear local-
ization. The nuclear delivery is fundamental when DNA

J. Nanosci. Nanotechnol. 15, 972-988, 2015
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Table I. NDs in cell interaction studies and targeting.

Composition Cell studies Results References
NDs (size 100 nm) Cancer cells A549 and non cancer cells Clathrin dependent endocytosis [31]
HFLI1 and Beas-2b
NDs lipid hybrids with EGFR Cancer cells Enhance internalization [32]
Fluorescein labeled dT-nucleotide for PTX  EGFR-overexpressing MDA-MB-231 Selective internalization [11]
delivery together with an anti-EGFR cancerous cells
monoclonal antibody on NDs surface
sulfo-LC-SPDP
ND-IgGI125 and RAM-ND BSAI125 Sepharose 6B matrix with antigen Derivatized NDs bind to the target antigen [34]

complexes immoblized

immobilized on Sepharose 6B matrix
through antibody-antigen interaction

is the loaded material.?® In an interesting study Pereve-
dentseva et al.’' compare NDs internalization in human
cancer and non-cancer cells. In particular, they study
the peculiarities and describe quantitatively the difference
of NDs interaction with these two kinds of cells. The
uptake of NDs (with particles size of 100 nm) by differ-
ent cell lines was analyzed; human lung carcinoma cell
(A549) and two kinds of non cancer cells: human lung
fibroblast cell (HFL1) and human bronchial epithelial cell
(Beas-2b). The NDs inside cells were visualized via confo-
cal fluorescence imaging. The mechanisms of NDs uptake
were analyzed via alternatively blocking different possi-
ble endocytosis pathways. NDs penetrate into both cancer
and non-cancer cells predominantly via clathrin-dependent
endocytosis, but for cancer cells some additional mech-
anisms of penetration are not fully excluded. Moreover,
the amount of NDs internalized is significantly more in
cancer cells than in non-cancer cells. Note that for cancer
cells, clathrin-dependent endocytosis was also observed
previously in researches of Faklaris et al.”’ Moore et al.*?
used lipids to make a thin film on the NDs surface and
obtained a cancer-targeting characteristic onto the lipo-
somal complex with anti-EGFR (Epitelial Growth Fac-
tor Receptor) antibodies. In addition, functionalized NDs
have been studied to enhance the efficacy of cancer drugs.
Another example for targeting chemotherapy with NDs is
represented by multimodal NDs particles studied by Zhang
et al.'! The authors attached both a fluorescein labeled dT-
nucleotide for paclitaxel delivery and used an anti-EGFR
monoclonal antibody on the NDs surface for selective tar-
geting with the hetero-bifunctional crosslinker sulfosuc-
cinimidyl 6-(30-[2-pyridyldithio]propionamido) hexanoate
(sulfo-LC-SPDP). The obtained NDs selectively entered
into EGFR-overexpressing MDA-MB-231 cancerous cells
than in the case of basal EGFR expressing MCF7 cells.
Along with visualizing the NDs, the covalent attached
ND complex increased targeting and therapeutic activ-
ity as well.*®> NDs can be opportunely derivatized to
obtain specific tumor targeting. An example is the study
carried out by Purtov et al.** Surface of DNDs was
functionalized for the covalent attachment of immunoglob-
ulin, and simultaneously bovine serum albumin and
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Rabbit Anti-Mouse Antibody. The nanodiamond-IgGI125
and RAM-nanodiamond-BSAI125 complexes are stable
in blood serum and the immobilized proteins retain
their biological activity. It was shown that the RAM-
nanodiamond-BSAI125 complex is able to bind the target
antigen immobilized on the Sepharose 6B matrix through
antibody-antigen interaction. The idea can be extended to
use nanodiamonds as carriers for delivery of bioactive sub-
stances (i.e., drugs) to various targets in vivo.3*

2.2. pH Sensitive Targeting

pH-sensitive nanocarriers can be destabilized when the
external pH is changed, usually from a neutral or slightly
alkaline pH to an acidic pH. They are designed to cir-
cumvent delivery of nanocarrier contents to the lysosomes
of cells following internalization of the vesicle via the
endocytic pathway® and to release their content in par-
ticular sites of the body characterized by acidic pH such
as: tumor and inflammation zones. The concept of pH-
sensitive nanocarriers emerged from the fact that certain
enveloped viruses developed strategies to take advantage
of the acidification of the endosomal lumen to infect
cells, as well as from the observation that some patholog-
ical tissues (tumors, inflamed and infected areas) exhibit
an acidic environment as compared to normal tissues.
Different classes of pH-sensitive nanocarriers have been
proposed in the literature according to the mechanism trig-
gering pH-sensitivity.**=% Guan et al.*® reported the possi-
bility of entrap Cisdichlorodiammineplatinum(II) (CDDP,
cisplatin) in pH sensitive NDs conjugating the carboxylic
groups of the carriers with Pt(II) due to their higher affin-
ity. Actually, numerous pH sensitive nanocarriers have
been evaluated for CDDP delivery as well as for other
anticancer drugs. However, the biocompatibility of the
studied carriers still receives continued assessment, which
increases adverse effects during chemotherapy. Owing to
their superior chemical and physical properties as well as
good biocompatibility, diamond-based materials have been
attracting great attention for biological applications. Pre-
vious works have examined the use of diamond thin films
produced by chemical vapor deposition (CVD) for robust
implant coatings and biosensors.*>*! Herein, the authors
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demonstrate that NDs serve as an efficient CDDP vehicle.
CDDP was successfully loaded onto NDs by adsorption
and complexation. The pH-controlled release properties of
the carrier system were investigated comparing the release
rate in different solutions at pH 6.0 and 7.4. In addition,
the CDDP released from the NDs complex retained its
anticancer activity in vitro; this behavior was observed
from the inhibition of proliferation of human cervical
cancer (HeLa) cells. Therefore, the cited work demon-
strates a new type of controlled-release system for CDDP,
and suggests a strong potential for the application of
NDs as significant drug-delivery nanomaterial.* In a more
recent study Yan et al.*? firstly demonstrated that doxoru-
bicine (DOX) loaded NDs are pH sensitive, as the addi-
tion of a base improves drug loading, while the addition
of an acid triggers drug release. Theoretical calculations
were applied to further understand the release mecha-
nism. Moreover, NDs were coupled with fluorescein to
produce Fc-NDs-DOX that have promising applications in
imaging as well as triggered DOX delivery, making them
good candidates for theranostic applications. The use of
theranostic nanoparticles, which combine both therapeutic
and diagnostic capabilities, has the potential to advance
the biomedical field toward personalized medicine.! The
results show that basic conditions increase the loading effi-
ciency and acidic conditions are favorable to the release
of DOX from the Fc-NDs complex. Furthermore, theoret-
ical calculations support this conclusion since the interac-
tion energies between NDs surface carboxyl groups and
DOX at pH < 7, pH 7 and pH > 7 are 10.4 k cal mol~!,
25.0 k cal mol~! and 27.0 k cal mol~! respectively. The
loading efficiency is 64 ug mg=! (6.4 wt%) and the des-
orption ratio can reach to 50% at 25 °C and 80% at 37 °C
in one day. Cellular imaging experiments show that Fc-
NDs can easily enter breast adenocarcinoma (BA) cells
and cell viability results prove that Fc-NDs are safe to use
as drug carriers, in both neutral and acidic conditions. In
addition, DOX release has been tested in vitro on BA cells,
showing that the release is activated at pH 4.83. Thus,
these Fc-NDs have a promising dual potential of imaging
and controlled drug release at the same time, making them
suitable for theranostic nanomedicine.*?

2.3. Cancer Therapy

An ideal nanocarrier to be effective in cancer treatment
must: enhance drug therapeutic efficacy, be able to selec-
tive target the pathological site minimizing the drug distri-
bution throughout the body and be able to track the drug.
The most recently studied nanocarriers must incorporate
all these useful properties. Up to date nanocarriers have
been widely studied for cancer treatment and a lot of them
are on the market and commonly used. However, NDs are
particularly attractive, for their solubility, low toxicity and
for the absence of cellular resistance mechanism with all
of the issues in one particle (Table II). In a comparative
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study the nanodiamond cluster interactions with several
water-insoluble therapeutics was evaluated to enhance their
suspension in water with preserved functionality. These
therapeutics include Purvalanol A, a highly promising
compound for hepatocarcinoma (liver cancer) treatment,
4-hydroxytamoxifen (4-OHT), an emerging drug for the
treatment of breast cancer, as well as dexamethasone, a
clinically relevant anti-inflammatory that has addressed an
entire spectrum of diseases that span complications from
blood and brain cancers to rheumatic and renal disor-
ders. The authors demonstrated that NDs-drug interactions,
enhanced dispersion in water, as well as preserved drug
activity. That is an evidence of the broad applicability
of the NDs toward delivering poorly water-soluble thera-
peutics to realize novel treatment routes. To assess drug
functionality following NDs complexing, DNA laddering
assays were performed to confirm Purvalanol A-induced
DNA fragmentation demonstrating the retained biological
activity of Purvalanol after undergoing sequestration to and
release from the NDs.** Additionally, the chemotherapeu-
tic effects of the ND 4-OHT complexes were evaluated
via MTT cell viability assay and no significant difference
in cell viability between MCF-7 cultures with and with-
out NDs was assessed, confirming the reported biocom-
patibility of NDs. Moreover, the NDs 4-OHT complexes
have the same magnitude of chemotherapeutic potency as
the drug alone.** Another study coupled the NDs tech-
nology to a microfilm device. The development of a scal-
ably fabricated flexible microfilm patch device harnesses
the release activity of NDs for significantly extended drug
release in a specific site. These nanodiamond-embedded
polymeric microfilms utilize the aforementioned benefits
associated with NDs with minimal to no impact upon the
dimensions of the device, thereby realizing a high-load
capacity system. Because of the innate biostability of the
parylene polymer platform that was utilized for encapsu-
lation, this technology can be useful to prepare a long
termdrug elution, and viral infection in a tangible form
allowing directed device placement toward virtually any
specified location. The hybrid film consists of doxoru-
bicin (DOX)-NDs conjugates located between a thick base
and thin permeable layer of parylene C. NDs efficiently
load DOX, and can be released gradually upon appropriate
stimuli, that is, DOX concentration gradients and acidic
pH conditions, which have been shown to be indicative
of cancerous cells. The authors postulate that by alter-
ing DOX-NDs deposition amounts and the thickness of
the permeable parylene layer, dosage amounts and thus,
total release time can be calibrated. Since drug release
is presumably driven by drug concentration gradients, the
patches can be optimized to reduce elution rates until the
local therapeutic concentration reach a defined threshold.
Since the DOX-NDs complex is highly efficient and useful
for controlled drug release, the patch may serve as a trans-
formative technology for pre- and postoperative therapies
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Table II. NDs in cancer therapy.

Composition Drug Results References
NDs Purvalanol A, 4-hydroxytamoxifen = NDs enhance drug dispersion in water, and mantain [43]
drug cytotoxicity
Nanodiamond-embedded polymeric Doxorubicin Slow release; DOX-NDs patch in pre- and [44]
microfilms postoperative therapies; localized therapeutic
release and tumor apoptosis prior to surgical
intervention, or reduce the recurrence of cancer
after surgery
Novel covalently bonded ND-PTX Paclitaxel Mitotic arrest and apoptosis of cancer cells. [45]
conjugate Inhibition of tumorigenesis in human lung cancer
cells in xenograft SCID mice
DOX and TAT conjugated to NDs surface ~ Doxorubicin TAT-ND-DOX enhance translocation across C6 [48]
through carbodiimide coupling glioma cells membrane and exhibit a higher
cytotoxicity effect
NDs covalently conjugated with PEG-4000 Doxorubicin Delivery of Dox into HepG2 via a clathrin-dependent [49]

NDs embedded in PEG diacrylate gels

DSPE-PEG 2K coating NDX DNX Doxorubicin

ND with cisplatin incorporated via direct
attachment to ND surface, physical
adsorption POEGMEMA surface coating,
or complexation to MAETC groups of a
POEGMEMA-st-PMAETC surface layer

Cisplatin

Daunorubicin and Doxorubicin

endocytosis, increase of uptake half-life of
ND-PEG-DOX in comparison to free DOX.
Sequential elution [50]
Enhancement of DOX cytotoxicity, cell apoptosis, [50]
inhibition of lung metastasis of breast cancer,
reduction of systemic toxicity
All ND systems displayed lower IC50 values than [52]
free cisplatin in A2870 and A2870cis ovarian
cancer cells. POEGMEMA-coated particles the
most cytotoxic,

to induce localized therapeutic release and tumor apop-
tosis prior to surgical intervention, or reduce the recur-
rence of cancer after surgery.** Liu et al.*® carried out
a pioneristic study on the Paclitaxel (PTX) delivery by
NDs. In this study, a novel covalently bonded NDs-PTX
conjugate was prepared for cancer therapy. NDs-paclitaxel
can be used to treat human lung carcinoma cells. Inter-
estingly, NDs-paclitaxel displayed anticancer activities by
inducing mitotic arrest and apoptosis. This is the first
time to demonstrate that ND-PTX inhibits the tumori-
genesis of human lung cancer cells in xenograft SCID
mice but ND alone did not induce the effects on mitotic
arrest, apoptosis and antitumorigenesis.*’ In another study
the importance of NDs interaction with cell proteins and
the toxicity of NDs to three kinds of mammalian cells
were evaluated. The study indicated that serum proteins
in cell culture medium had significant effect. When cells
were exposed to NDs dispersed in complete cell culture
medium, no cytotoxicity was detected. However, severe
cell death was found after exposition to NDs dispersed in
serum-free medium. Possible reasons for serum-dependent
cytotoxicity were discussed and the potential influence of
serum on the efficacy was pointed for anticancer drug
delivery system based on NDs. The present study showed
that NDs were able to largely adsorb serum proteins in
culture medium and the adsorbed amount of serum pro-
teins was determined to be as high as 48 wt% at 37 °C.
After internalization, the ‘bare’ NDs uncoated by serum
proteins were responsible for broad cell death, while,
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the serum proteins coated NDs seemed to play a pro-
tective role of cells. The experiments showed that serum
could stabilize the dispersion of NDs in culture medium
probably via increasing the hydrophilicity and reducing
the size of aggregates of NDs. Then adsorption of anti-
cancer drug 10-hydroxycamptothecin (HCPT) by NDs was
studied. Experiments indicated that diluted NaOH solu-
tion could promote the loading of HCPT on NDs and a
slow release of HCPT from the HCPT-ND complex was
established in low pH media. Assessments of cell via-
bility and imaging with transmission electron microscopy
demonstrated a much higher efficacy of the HCPT-ND
complex compared with HCPT alone.* Several studies
have been performed to study different formulations of
NDs and DOX. For example, DOX and cell penetrating
peptide TAT were conjugated to the surface of NDs in
sequence through carbodiimide coupling in order to avoid
premature release and enhance the intracellular delivery of
DOX. The cell penetrating peptide TAT,*” not only show
a highly efficient translocation through membranes into
cytoplasm, but also circumvent the chemotherapeutic resis-
tance in cells, increasing the cytotoxicity against cancer
cells. The authors demonstrated that conjugation of TAT
to ND-DOX could enhance the translocation across the C6
glioma cells membrane and exhibit a higher cytotoxicity
effect than free DOX.* In another study NDs were cova-
lently conjugated with hydroxypolyethylene glycol-4000
(PEG-4000) and then DOX was physically adsorbed onto
the PEGylated nanodiamond (ND-PEG-OH). The authors
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found that the formulation ND-PEG-DOX is able to effi-
ciently deliver the drug into the human liver cancer cells
(HepG2) via a clathrin-dependent endocytosis pathway,
and especially to enhance the DOX uptake as compared
to the drug alone. The uptake half-life of ND-PEG-DOX
was approximately two times that of free DOX uptake.
The results also demonstrated the ability of DOX to detach
from ND-PEG-DOX composites inside the cytoplasm and
to migrate and enter in the nucleolus to inhibit the cel-
lular growth.* PEG was also used in another study to
form a matrix loaded with ND-drug complexes to form
a multi-drug releasing tablet with sequential elution capa-
bilities. NDs embedded in PEG diacrylate (PEGDA) gels
were prepared and widely characterized. Furthermore, the
addition of PEGDA has been shown to decrease degrada-
tion and improve the elastic modulus of gel materials, such
as polymer tissue adhesives. The chemotherapeutics DOX
and Daunorubicin (DNR), which rely on intercalation of
DNA to kill cancerous cells, were used as model drugs
for these release experiments, and their post release activ-
ity was verified using a cellular viability assay. A dual-
layered PEGDA structure with ND-drug carriers, was also
prepared and demonstrated the sequential elution of DNR
and Temozolomide (TMZ).*® DOX was also physically
dispersed into long-circulating NDs-mediated drug deliv-
ery system with excellent dispersibility and high stability.
The system was coated by 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (DSPE-PEG 2K). The resulting system DSPE-PEG
2K coating the NDs-DOX complex (NDX) was first inves-
tigated to inhibit the lung metastasis of breast cancer.
DSPE-PEG 2K coated NDs-DOX significantly enhanced
the cytotoxicity of DOX, induced cell apoptosis, and inhib-
ited the lung metastasis of breast cancer with reduced
systemic toxicity. In addition, NDX exhibited good tissue
compatibility.®® A recent work by Xi et al.>! deepened the
use of NDs for DOX delivery for treatment of malignant
brain gliomas via convection-enhanced delivery (CED).
CED is expected to overcome obstacles associated with the
treatment of glioblastoma; the lack of penetration of the
blood-brain barrier (BBB) and insufficient concentration
of the agent in tumor tissue after systemic administration.
NDs effectively bind DOX, resulting in markedly reduced
myelosuppression while mediating sustained therapeutic
release and enhanced efficacy. To demonstrate the applica-
bility of the ND-DOX complex for glioblastoma treatment,
uptake and retention of unmodified DOX and ND-DOX
was investigated in vitro and additional parameters were
investigated in vivo: toxicity and distribution in healthy rat
brain, and efficacy in a rodent glioma model. The results
indicate that ND-DOX administered via CED improves
drug distribution and retention in brain tissue. In addi-
tion, ND-DOX increased apoptosis and decreased cell via-
bility in glioma cell lines. In vivo results in normal rat
brain tissue showed, for the first time, that ND-mediated
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delivery limited DOX distribution, and reduced toxicity,
while increasing retention. Finally and most critically, ther-
apeutic efficacy was enhanced and survival time increased
in rats treated with ND-DOX compared to unmodified
DOX.3' An interesting work of comparison between three
different formulations was carried out by Huynh et al.>
They compared the cytotoxicity of three ND-cisplatin
systems in which cisplatin was incorporated via direct
attachment to the ND surface, physical adsorption within
a poly(oligo(ethylene glycol) methyl ether methacry-
late) POEGMEMA surface coating, or complexation to
1,1-di-tert-butyl 3-(2-methacryloyloxy)ethyl)butane-1,1,3-
tricarboxylate (MAETC) groups of a POEGMEMA-st-
PMAETC surface layer. All three ND systems displayed
lower IC50 values than free cisplatin in ovarian cancer
cells. The two polymer-containing systems out performed
their ‘naked’ counterpart, with the POEGMEMA-coated
particles the most cytotoxic, more than an order of mag-
nitude lower than that of cisplatin. The enhanced cytotox-
icity is attributed to promotion of cellular uptake by the
hydrophilic surface polymer.>

2.4. Antibacterial Use

NDs can exploit an anti bacterial activity non only load-
ing anti bacterial drugs, but by immobilizing bacteria
on their surface. This activity is of high importance in
the case of implants, where NDs loaded with opportune
enzymes or polysaccharides can conjugate and remove
bacteria or loaded with silver particles can reduce infec-
tions (Table III). Lysozyme for example is a globular
antimicrobial protein able to lyse the bacterial cell wall
by catalyzing the hydrolysis of the sulfur backbone of
the peptidoglycan component thereby distorting the normal
packing between the phosphate groups of the phospho-
lipids and lipopolysaccharides. Nguyen et al.’* demon-
strated that lysozyme linkage to NDs surface maintain

Table III. NDs in antibacterial use.

Composition Drug Results References
Saccharide- No drug, but NDs useful to [56]
modified NDs; linkage with flocculate bacteria
Glyco-NDs E. coli and allow their
through removal by
specific filtration
protein—
carbohydrate
interactions
NDs composites  Ag With low doses of [57]

Ag/NDs the growth
of E. coli was
almost inhibited
Detection of [58]
Mycobacterium

NDs coupled with Antigen
an antigen able captured by

to identify NDs is cell tuberculosis rapid,
Mpycobacterium  filtrate protein  specific, safe,
tuberculosis 10 (CFP-10) reliable, and
complex inexpensive
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its hydrolytic activity. Then Perevedentseva et al.’** found
that a formulation of NDs with lysozyme electrostatically
adsorbed can bind on E. coli surface. There appeared to
be no specific binding or interaction between the non-
conjugated NDs and E. coli, but ND-lysozyme showed
to attach and perturb the outer cell membrane resulting
in significant decreases in bacterial colonies compared
with controls and similar activity to lysozyme in solution.
It was demonstrated that NDs loaded with sol-gel syn-
thesized epoxy-silicate coatings have mild antimicrobial
effects against seven different mold fungi.>> In the study
of Hartmann et al.’® the synthesis and application of a
novel, saccharide-modified ND material for the detection
and agglutination of bacteria is reported. The saccharide
molecule is covalently linked to ND surface. The linkage
with E. coli is through specific protein-carbohydrate inter-
actions. Bacterial adhesion to cell surfaces can eventually
lead to the formation of biofilms and infection of the host
organism. The surface decoration can be flexibly selected
according to the targeted interaction, the synthesis strat-
egy is suited for a wide range of applications. Depending
on the respective surface termination the ND conjugates
can either interact specifically or nonspecifically with the
surface of different pathogenic bacterial strains. The agglu-
tination experiments with E. coli corroborate ND particles
as a useful means to flocculate bacteria and thereby
allow their removal by filtration through a low-cost, high-
throughput filter material with large pore size. Glyco-NDs
can easily be recycled by addition of a low-cost, com-
mercially available inhibitor of bacterial adhesion such
as MeMan.”® In a recent study Xu et al.”’ reported the
synthesis and characterization of diamond-silver compos-
ite with anti-bacterial properties. The preparation of the
composite has been carried out through an in sifu reduc-
tion/deposition method. The obtained NDs were used as
support material. They show narrow size distribution, and
an uniform presence of Ag on their surface. The anti-
bacterial activity of Ag/ND composite was determined by
using E. coli as test bacteria. Obtained results demon-
strated that the Ag/ND composite may have great potential
as coating materials for bioimplants.”” Another aspect of
the use of NDs is the possibility of use them as diag-
nostic method for the identification of Mycobacterium
tuberculosis complex (MTBC) in broth culture media.
Detonation NDs capture the antigen secreted by MTBC
which is cultured in BACTEC MGIT 960 without albu-
min interference. The antigen captured by NDS is cell
filtrate protein 10 (CFP-10), secreted in the medium of
mycobacterium growth indicator tube. Five hundred con-
secutive clinical specimens subjected to routine mycobac-
teria identification in hospital were used and the sensitivity
of the authors method is 100% and the specificity is
98%. The authors demonstrated that NDs coupled with
the analytical method MALDI-TOF MS for the detec-
tion of MTBC are rapid, specific, safe, reliable, and
inexpensive.’®
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2.5. Immunogenic Effect

The possibility of antigen coupling to nanocarrier surface
have been used to obtain an immunogenic response, but
attention must be done on possible conformation alter-
ation of the antigen that can occur after surface adsorp-
tion or shielding of critical functional groups decreasing
the availability, stability, and activity of the antigen. In
the study of Kossovsky et al.*® NDs have been investi-
gated as potential antigen carriers to maintain the confor-
mational stability of mussel adhesive protein (MAP) after
injection into mice leading to antibody production. NDs
with different sizes ranging in size from 5 to 10 nm, with
some 100 to 300 nm were coated with cellobiose, a dis-
accharide that was capable of hydrogenbonding to MAP
to minimize surface denaturation of the adsorbed anti-
gen. The antigen MAP-NDs complexes resulting in about
300 nm aggregates. The ND-MAP conjugates were intra-
muscularly injected into white rabbits and after 1 month
the production of anti-MAP antibodies was quantified by
enzyme-linked immuno sorbent assay (ELISA) demon-
strating a strong and specific antibody. The success of
the ND-MAP conjugate was attributed to the nature of the
cellobiose matrix and protein-cellobiose interactions at the
surface of the NDs.*

2.6. Gene Therapy

Gene therapy research is still problematic owing to a
paucity of acceptable vector systems to deliver nucleic
acids to patients for therapy. Viral vectors are efficient but
may be dangerous for routine clinical use. Synthetic non
viral vectors are fundamentally safer but are currently not
efficient enough to be clinically viable. A possible solution
for gene therapy lies with improved synthetic non viral
vectors based upon well-established platform technolo-
gies and a thorough understanding of the barriers to effi-
cient gene delivery and expression (transfection) relevant
to clinical applications of interest. Once inside the cell,
nanocarriers must offer protection from DNA degradation
but do not often allow for an adequate DNA release from
endosomal compartments. If gene payload is not released
from endosomes, it is shuttled to the lysosomes, where
it is degraded by the abundant nucleases and transfection
may fail. One of the most common non viral gene deliv-
ery vectors are DNA cationic lipid complexes (lipoplexes).
But to overcome this problem, researchers are lavishing
many efforts to develop an efficient nanocarrier.® NDs
can also serve as a safe and effective alternative to viral
gene delivery. When coated with polyethyleneimine (PEI),
a polycationic polymer, NDs are capable of safely and
efficiently introducing DNA coding for the production of
multiple proteins to the cells in a culture.'® RNA inter-
ference (RNAi) delivery is another field where NDs have
a potential impact. Alhaddad et al. performed two dif-
ferent studies to assess the possibility to deliver nucleic
material to Ewing sarcoma. In the first study NDs were
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used as a cell targeting bifunctional device: a drug-delivery
vehicle and a fluorescent label at the same time. NDs
were used as a cargo to deliver siRNA in human cell
lines originating from Ewing sarcoma tumors. Treatment
of this cancer involves surgical resection, radiotherapy, and
chemotherapy. New strategies based on the inhibition of
EWS-Flil gene by antisense oligonucleotides or siRNA
targeting the EWS-Flil junction at the mRNA level have
been developed.®! siRNA were shown to trigger the EWS-
Flil mRNA cleavage and showed an inhibition in vitro
of EWS-Flil expression and in vivo of tumor growth.
Cationic NDs were developed to bind siRNAs at their sur-
face comparing the effectiveness of two types of poly-
mers capable of interacting with anionic oligonucleotides:
polyethyleneimine (PEI) and polyallylamine hydrochlo-
ride (PAH). PEI is currently used as an oligonucleotide
transfection agent. However, the water-soluble PEI does
not form siRNA polyplexes stable enough in extracellular
media for effective delivery, but the system consisting in
non covalent coating of PEI to the surface of a nanoparticle
has proved to be a very efficient DNA and siRNA deliv-
ery device. PAH forms a reproducible complex leading to
a stable aqueous suspension with a low cell toxicity. Flu-
orescent NDs, were used to evaluate their capacity (i) to
bind to siRNA, (ii) to allow its cell uptake, and (iii) to
inhibit EWS-Flil expression in cell culture at both the
mRNA and protein levels. This vector shows advantages
compared to the usual transfection agent Lipofectamine,
inducing a larger efficiency in inhibiting the EWS-Flil
expression, combined with a lower toxicity to the cell in
serum supplemented medium. A larger adsorption affin-
ity of siRNA onto PAH-coated NDs than onto PEI-coated
NDs was observed and results in a much slower dis-
sociation of the siRNA:ND-PAH complex than of the
siRNA:ND-PEI ones, and hence a lower siRNA-associated
biological activity. Moreover, the less toxicity of ND-PEI
carrier than the ND-PAH ones has been demonstrated.®?
In the second study the uptake mechanisms and cellular
localization of the two different types of cationic polymer
coated NDs vectors were investigated. siRNA gene silenc-
ing occurred only if the siRNA:cationic nanodiamond
complex followed the macropinocytosis route of internal-
ization in the NIH/3T3 murine fibroblast cells stably trans-
fected with the human EWS-Flil oncogene. The authors
demonstrated that the nature of the polymer coating plays
an essential role determining the siRNA:ND uptake mech-
anisms used and the biological activity of the siRNA.
ND-PEI internalization occurred by both endocytosis and
macropinocytosis, whereas ND-PAH tended to stay out-
side the cell, entering only by clathrin-mediated endocy-
tosis. Despite the existence of several different pathways
for cationic NDs uptake, the obtained results indicate that
only the macropinocytosis pathway, which mediates the
uptake of ND-PEI:siRNA, allows the efficient delivery of
siRNA to the cell, resulting in destruction of the target
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mRNA. By contrast, the clathrin-dependent endocytosis
pathway delivers the siRNA and its carrier to the lyso-
somal compartment, in which siRNA hydrolysis probably
occurs.” In an interesting study Kim et al.* developed
a modeling framework to accurately guide the design of
ND-PEI gene platforms and elucidate binding mechanisms
between NDs, PEI, and siRNA. This is among the first
NDs simulations to comprehensively account for NDs size,
charge distribution, surface functionalization, and graphi-
tization. The simulation results are compared with exper-
imental results both for PEI loading onto NDs and for
siRNA (c-Myc) loading onto ND-PEI for various mix-
ing ratios. Remarkably, the model is able to predict load-
ing trends and saturation limits for PEI and siRNA while
confirming the essential role of ND surface functionaliza-
tion in mediating ND-PEI interactions.** Functional nan-
odiamonds (NDs) were also used to develop tools for
DNA detection. Covalent, stable and functional conjugate
of peptide nucleic acids (PNA) with 20 nm HPHT (High
Pressure High Temperature) nanodiamonds were prepared.
Peptide nucleic acid is a DNA mimic related to both pep-
tides via its backbone and to nucleic acid via its bases.
The novel functionalization route is based on an opti-
mized amidation of ND carboxylic acid groups, to produce
ND-PNA conjugates via an efficient, simple and repro-
ducible method. The covalent binding of the ND-PNA and
the loading of nucleic acid grafted onto the NDs were
performed using various characterization methods. Then,
ND-PNA conjugates were validated through a successful
recognition of complementary DNA in a mixture, show-
ing their efficiency toward nucleic acid detection. More-
over, ND-PNA showed absence of cyto-toxicity on A 549
cells. Such nucleic acid-functionalized nanodiamonds offer
a wide range of applications as the possibility to target and
to recognize DNA.%

2.7. Protein Delivery

In addition to nucleic acids delivery, NDs can also be
used to control the release of therapeutic proteins. NDs
have been non covalently functionalized with the pep-
tide hormone insulin. The hormone insulin is used as
a model for protein desorption due to its relative sta-
bility and measurable response in cellular studies. The
adsorption and desorption characteristics of insulin on
NDs as a platform for protein-based drugs were investi-
gated by numerous techniques. Furthermore, the confir-
mation of protein functionality was confirmed using the
RAW 264.7 cell line for insulin-mediated cellular recovery
MTT assays. In addition, the 3T3-L1 cell line was utilized
for quantitative real-time polymerase chain reaction assays
for insulin-induced upregulated Insulin 1 and Granulo-
cyte colony-stimulating factor gene expression, which are
both readouts for cellular-insulin interactions. In this study
the pH-dependency of protein desorption was also stud-
ied, the exposure of the ND-insulin complex to alkaline
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environments mediates the interaction between the NDs
and insulin resulting in protein release. Imaging methods
and adsorption/desorption assays reveal effective binding
of insulin to the NDs and significant insulin release under
alkaline conditions. MTT and RT-PCR analysis indicate
preserved function following desorption, while adsorbed
insulin remained largely inactive.%® In a recent study bone
morphogenetic proteins (BMPs) were loaded to NDs for
bone formation. These proteins are regulators of carti-
lage and bone development. Of the BMPs, rhBMP-2 and
rhBMP-7 have been granted Food and Drug Administra-
tion approval and are used for a variety of on- and off-label
procedures involving the promotion of bone formation®’-%
and in oral and maxillofacial procedures (i.e., INFUSE®
for use in sinus and localized alveolar ridge augmenta-
tion). The effects of BMP-2 in vivo are strictly dependent
on its local concentration and this can be achieved using a
carrier to prevent rapid clearance by diffusion. The poten-
tial of NDs suspensions as a protein delivery vehicle for
the promotion of bone formation was evaluated by Moore
et al.% Although BMP-2 and -7 are effective at promoting
bone formation on their own, there are numerous proteins
involved in the signaling cascade that may augment the
response to BMPs, for example the fibroblast growth fac-
tor (FGF) that is able to promote myoblast proliferation
and to inhibit differentiation and at low doses to enhance
BMP-2 activity in vivo. The authors demonstrate that
NDs are capable of simultaneously delivering 2 functional
proteins: BMP-2 and bFGF. ND-BMP induced differ-
entiation of C2C12 myoblasts into alkaline-phosphatase-
producing osteo-blasts, while the combination of BMP-2
and bFGF in ND clusters induced proliferation of the pre-
cursor myoblasts in addition to differentiation. However,
the response to BMP-2 and FGF in cultured cells is com-
plex and it seems that bFGF induced proliferation while
inhibiting myoblast differentiation. In contrast, in vivo the
addition of FGF augments bone formation in response
to BMP-2. Although the BMP-2 and bFGF pathways are
competitive in cultured cells, both pathways are necessary
for effective bone healing in vivo. bFGF (FGF-2) is critical
for promoting the proliferation of osteoblast progenitors,
while BMP-2 is necessary for stimulating osteoblast dif-
ferentiation and mineral production NDs are capable of
simultaneously delivering various doses of two proteins,
BMP-2 and bFGF, for the promotion of bone cell differ-
entiation and proliferation in vitro.%

2.8. Bone Implants

Tissue engineering is a promising technique for repair-
ing or replacing partial or whole diseased tissues using
artificial constructs. A proper scaffold must exhibit a
mechanical strength similar to natural bone, good bio-
compatibility, and adjustable biodegradability so that the
scaffold could be gradually replaced with the new grow-
ing tissue. Carbon based nanomaterials, such as single-
walled or multi-walled carbon nanotubes (SWCNTs or
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MWCNTs, respectively) or NDs, have been widely used
as nanofillers in polymeric films or fibers to improve the
mechanical properties (i.e., elastic modulus and hardness)
of the nanocomposites.”>” A multifunctional fluorescent
composite bone scaffold material has been produced
utilizing a biodegradable polymer, poly(L-lactic acid)
(PLLA), and octadecylamine-functionalized nanodiamond
(ND-ODA)."? The uniform dispersion of nanoparticles in
the polymer led to significant increase in hardness and
Young’s modulus of the composites. Addition of 10% wt
of ND-ODA resulted in more than 200% increase in
Young’s modulus and 800% increase in hardness, bringing
the nanocomposite properties close to that of the human
cortical bone. ND-ODA/PLLA were also studied as a
matrix supporting murine osteoblast (7F2) cell growth for
up to 1 week and the addition of ND-ODA had no negative
effects on cell proliferation. ND-ODA can act as a multi-
functional nanocarrier characterized by improved mechan-
ical properties, bright fluorescence, and useful for drug
loading and delivery via surface modification. Cytotoxicity
and biocompatibility experiments together with osteogenic
marker gene expression analysis demonstrated that both
NDs and ND-ODA are nontoxic to murine osteoblasts,
and support cell proliferation and differentiation in vitro.'?
A different approach is the one proposed by Mansoorianfar
et al.” who prepared diamond nanoparticles in alginate-
bioactive glass films by electrophoretic process as func-
tional coatings for biomedical implants. The characteristics
of the films were analyzed and the effect of NDs on the
in vitro bioactivity and cell toxicity was examined. The
results indicate that NDs hamper co-deposition of alginate
and BG during EPD and that the addition of BG par-
ticles enhances the deposition kinetics of alginate while
NDs reduces the deposition rate. The deposited alginate
film showed a rough surface due to the gas bubbles. The
addition of BG particles increased the surface roughness
while NDs showed no effect. In vitro bioactivity assay
revealed the formation of granular HA particles on the
surface of the composite films after 28 days of incuba-
tion. The particles were cauliflower-like with an average
size of about 70 nm. The presence of NDs enhanced for-
mation of HA without a change in the morphology, size,
and composition of the apatite particles. MTT assay using
human osteoblast-like cells showed an improved cell via-
bility of the coated substrates due to appropriate surface
nanotopography and changes in the wettability and zeta
potential %

2.9. Imaging

The presence of NDs is biological systems can be detected
using different techniques, taking advantage of intrinsic
properties as well as properties obtained through differ-
ent modifications/functionalizations of NDs. Therefore, in
addition to their visualization to understand their fate in
biological tissues, NDs have been used as biomarkers, e.g.,
in intracellular labelling or in vivo tracking and imaging,
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also due to the relative easiness of specifically function-
alizing their surface. Transmission electron microscopy
(TEM) and high resolution TEM (HRTEM) have been
used by Zurbuchen et al.”® to localize single ND particles
in HeLa cells with high spatial resolution revealing their
adherence on the nuclear membrane, while both the crys-
talline fringes visualized in the real space and the electron
diffraction pattern confirmed the crystallinity of ND parti-
cles. TEM has been used to investigate the uptake of func-
tionalized NDs into different biological tissues, e.g., Ewing
sarcoma,” HeLa,*>”’ and human breast adenocarcinoma
cells.*? Finally, scanning electron microscopy (SEM) has
been used to study the interaction of NDs with the surface
of E. coli cells.>

While NDs with ideal crystalline structure are not
fluorescent or optically absorptive in the near-infrared
(NIR),”® they are made fluorescent by the presence of
color centers, mainly nitrogen vacancies.!”"!%2° In addi-
tion, fluorescence can be induced in NDs by the cova-
lent conjugation to the NDs surface of specific molecules,
such as octadecylamine.!®” Fluorescent NDs have been
proposed as ideal biomarkers for long term imaging, as
they are high photostable and do not photobleach or blink
on relatively long time scales.’’ Due to these unique
properties, fluorescent NDs have been used as contrast
agent in several studies to visualize internalization path-
ways and cellular uptake of several molecules in different
biological tissues.'!3!:4>93 Taking advantage of the time
stability of fluorescent NDs, Kuo et al.2! used them as
probes to investigate the intracellular transport and the of
yolk lipoproteins in a nematode (Caenorhabditis elegans)
using fluorescence lifetime imaging microscopy. Also, as
nitrogen vacancies are located in the inner of NDs par-
ticles, the resulting fluorescence is not altered by surface
functionalizations.?’ In addition, in a recent work Zhang
et al.® demonstrated the synthesis of water dispersible
NDs with tunable photoluminescence. Finally, core—shell
multifunctional nanocomposites have been obtained by
incorporating fluorescent NDs cores in silica shells.?'~%3

ND exhibits a sharp Raman peak approximately at
1330 cm™!> which is generally well distinguished from
Raman signals from biological samples.'”2% 3! Therefore,
NDs can be detected in biological systems by mapping
the intensity of such a characteristic Raman peak on the
sample with a spatial resolution that can be as small as
100 nm. Raman mapping has been used to study the
internalization of NDs into different cells, i.e., A549 lung
human adenocarcinoma, Beas-2b non-tumorigenic human
bronchial epithelial, and HFL-1 fibroblast-like human fetal
lung cells.?! Here, we would mention that although atomic
force microscopy (AFM) has been used to study the size
distribution of NDs on substrates*> 3 and to visualize NDs
interacting with cells surfaces,? it could be used to obtain
Raman mapping at the nanoscale through an AFM based
technique, namely the tip-enhanced Raman spectroscopy
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(TERS). To the best of our knowledge, such a promising
new approach has not been attempted yet.

In a recent work, Kucsko et al.®* have demonstrated an
exciting new approach in which electron spin resonance
(ESR) spectroscopy of nitrogen vacancy color centers in
NDs is used to measure the local environment at sub-
micrometrical scale. Moreover, the combination of gold
nanoparticles (to locally heat the sample) and NDs (to
measure the temperature gradient) allowed the authors to
control and map temperature variations at the subcellular
scale in single human embryonic fibroblasts without com-
promising their viability.

Recently Zhang et al.”® reported on the use of He™ ion
beam irradiation to obtain detonation NDs with high NIR
absorption. The authors used such NDs as contrast agent
for photoacoustic imaging, where a pulsed NIR laser is
used to produce a periodical local heating of the sample,
leading to the emission of ultrasonic waves which are col-
lected by a transducer to reconstruct the three dimensional
image of the sample. The authors demonstrated the poten-
tial of radiation damaged NDs as photoacoustic contrast
agent both ex vivo in raw chicken breast and in vivo in
mice.

Finally, in vivo distribution of functionalized NDs
has been imaged through the conjugation to various
radionuclides.®> Rojas et al.® studied the in vivo biodistri-
bution of NDs labelled with ®F radionuclide in mice using
positron emission tomography (PET), also after the addi-
tion of either Tween 80 or PEG-8000 to the labelled NDs.
Finally, Manus et al.® reported the about tenfold increase
in the contrast in magnetic resonance imaging (MRI) of
NDs conjugated to Gd(III), which makes Gd(III)-ND a
promising contrast agent for MRI.

2.10. Toxicological Aspects

Carbon-based materials generally have been considered
chemically inert with minimal reactivity toward cells of
the body. However, carbon nanocarriers (i.e., nanotubes,
fullerenes, nanodiamonds), with very small sizes, high sur-
face to volume ratios, and reactive surface chemistries,
show high cellular permeability and dynamics.'>8” The
carbon nanocarrier biocompatibility, rely on the elemental
impurities and structure (i.e., ropes, aggregates) of the final
product. Some examples of impurities include metallic
species, Fe and transition metals or metal residues, ceramic
graphitic or amorphous material and so on depending on
the preparation method. Among all carbon nanocarriers,
NDs show good biocompatibility.

In particular Zhang et al.”’ carried out a comparative
study of cellular uptake and cytotoxicity of multi-walled
carbon nanotubes (MWNT), graphene oxide (GO), and
nanodiamond. They demonstrated that all the nanomate-
rials were internalized by HeLa cells through a non spe-
cific cellular uptake and that ND were taken up more than
MWNT and GO and that this is related their structural
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characteristics. The key biological responses induced by
these three systems were evaluated by biological assays,
including the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide, malondialdehyde, superoxide dismu-
tase, lactate dehydrogenase and reactive oxygen species.
Citotoxicity studies evidenced a concentration dependent
effect and that NDs show the higher internalization ratio
with the lower toxicity.”” Data concerning NDs toxicology
in literature are conflicting, usually they show high bio-
compatibility with selected cellular systems in vitro and
NDs-mediated systemic toxicity in vivo. Therefore further
comprehensive studies on NDs effects on other biological
systems are required. For example Dworak et al.3 inves-
tigated the potential genotoxic and mutagenic activity of
commercially available diamond nanopowder (particle size
< 10 nm) in human peripheral lymphocytes in vitro. They
chose human peripheral lymphocytes, because they repre-
sent the first exposed cell types upon intravenous adminis-
tration of NDs in therapeutic and diagnostic nanodevices.
They checked the effect of NDs after long-term treatment
(72 h) and found that NDs cytotoxicity was evidently man-
ifested at concentration of 50 wg/ml and was potentiated
at concentration of 100 wg/ml. There are contrast results
in the case of neuroblastoma cells that were not affected
by NDs (particle size 2-10 nm), while macrophages exhib-
ited a concentration-dependent and statistically significant
sensitivity to 24-h treatment of 50 and 100 wg/ml (MTT
assay), in fact NDs may contribute to elevation in the total
ROS level as well as superoxide production (both total
and mitochondrial) in human lymphocytes. Moreover NDs
at non-cytotoxic concentrations (<50 ug/ml), were able
to promote genotoxicity in human peripheral lymphocytes.
NDs induced DNA single-strand breaks at lowest concen-
tration examined (1 ug/ml) and oxidative DNA damage
and micronuclei formation at concentration of wg/ml. Oxi-
dized nanodiamonds induced more potent DNA damage
than raw NDs, this suggested that nanodiamond genotoxi-
city is surface chemistry-specific and that the NDs-induced
DNA damage was mediated by oxidative stress: total ROS
and specific superoxide production was elevated after NDs
treatment.3® The influence of surface derivatization on NDs
was also evaluated in terms of short-term cytotoxicity and
embryonic development in zebrafish. In this study, the
authors show that the short term cytotoxicity of a nanoma-
terial is determined by the surface functionality, rather than
the core nanomaterial. A so-called ‘non-toxic and biocom-
patible’ nanomaterial, such as core/shell iron-filled carbon
nanoparticles (FeCNPs) and NDs, can become cytotoxic
when a cationic surface functionality, such as imidazolium
(IM) and tertiary methyl ammonium ethyl methacrylate
(TMAEA) moieties, was grafted onto the surface. The two
nanomaterials FeCNPs and NDs were surface-modified
with different surface functionalities: anionic COOH, zwit-
terionic PVP, neutral OH, cationic IM and TMAEA, and
investigated for their cytotoxicities in both in vitro cancer
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cells (HeLa and U-87MG cells) and in vivo embryo devel-
opment of zebrafish. Cationic IM and TMAEA function-
alities of both FeCNPs and NDs cause acute cytotoxicity
to a similar extent in the in vitro cancer cell experiments,
as well as affect severely the embryonic development and
survival rates of zebrafish. Other surface functionalities do
not show particularly strong cytotoxicities. To evaluate the
origins of cytotoxicities, parameters such as the lactate
dehydrogenase levels, cellular ROS generation, apopto-
sis, and changes in lysosomal membrane integrity, mito-
chondrial membrane potential, the intracellular pH, and
cell cycles were evaluated. The obtained results clearly
point out that surface functionality, rather than the core
nanomaterials, plays a critical role in dictating the short-
term cytotoxicities.* The above mentioned results show
the necessity to deepen the toxicological aspects of NDs
administration both in vivo and in vitro.

The influence of physical-chemical aspects of NDs tox-
icity has been demonstrated and must be more and more
evaluated both in vivo and in vitro. Long-term effects of
cell-internalized NDs and subsequent cell fate (e.g., poten-
tial oxidative stress or cell death) or distribution and tox-
icity in animal models with a particular attention to route
of administration or exposure must be evaluated.

3. NDs BASED PATENTS, PRECLINICAL
AND CLINICAL TRIALS

In spite of the large number of publications and the wide
research carried out over the last few decades on NDs
formulations and possible applications, as above reported,
only few studies have stepped into patents and pre-clinical
and clinical trials, and these are exclusively oriented
towards synthetic and functionalization methods, few on
the possibility to bound drugs. The ‘NDs approach’ was
proposed for different drugs: adriamicine,”’ for unspeci-
fied antitumor drugs, for cosmetic purpose.’’ An interest-
ing and recent paper is the one related to NDs use as drugs
generating free radicals for treating tumors. The inven-
tion is based on generating free radicals on the surface
of the nanodiamonds when they are exposed to radiation,
for example ionizing radiation. In order to increase the
effectiveness of the nanodiamonds, they can be complexed
with a radiosensitizing agent.”? Another one is about the
preparation of a block of carbon composite-nanodiamond
graphite-like carbon with diamond content of 50-95 wt%
and the porosity of 40-75 vol% to entrap the drug. This
system may be used as targeted drug delivery system into
the central nervous system of a living body. That is ensured
by making a surgical approach to a segment of the cen-
tral nervous system specified for local administration of
the drug.”® The derivitizing patents are about the possibil-
ity to obtain particles being modified by chlorine with a
chlorine content of up to 14 at.%, and to a method to link
them drugs or biologically active agents.** In another study
drugs were coupled to functional groups on the surfaces
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of nanosized diamond enhance their efficacy. The method
involves hydrating a plurality of NDs having a plurality
of carbon chain surface molecules on its surface. Cations
are embedded within the lattice structure of the NDs sur-
face. The embedded cations attract anions that cause crys-
tal growth. The anion are represented by drug molecules.
The efficacy of antimicrobial drugs, as well as other drugs
are enhanced by their attachment to the NDs. NDs were
hydrated and functionalized with oxone or with silver ions
from silver nitrate. A 1.5 mm thick polyurethane foam was
created containing almost 4% of antimicrobial NDs. The
foam was used in the treatment of wounds.”
No clinical trials are in progress at the moment.

4. CONCLUDING REMARKS AND
PERSPECTIVES

NDs have been extensively studied as an alternative to car-
bon nantubes and they have some advantages over carbon
nanotubes such as lower toxicity. As with carbon nano-
tubes, the in vitro/in vivo properties of NDs depend both
on the surface composition and on method of their produc-
tion. NDs drug delivery has not yet made its clinical debut
even though these systems have been demonstrated to
yield promising therapeutics. Although numerous papers,
among those reported in this review, show data related to
cytotoxicity of NDs and up to date there are some spe-
cific wide studies aimed to investigate toxicity of NDs
after in vivo administration, in particular in long term tri-
als. From published information it is possible to evaluate
the safe concentration of NDs that can be used in cell
interaction studies. The need of more specific toxicological
study can represent an intriguing opportunity for toxicol-
ogists to enrich the knowledge in drug delivery system
tolerability. For example there are no studies on the fate
of NDs in cells, animals, humans, while the understanding
of their metabolism is a fundamental step in reaching the
clinical trials. We can look forward to many more efforts
in developing NDs, according to the evidence that, despite
the many promising proof of concept studies there is still a
long road ahead to becoming a clinical reality. In addition,
the big chance to the field consists of its highly interdisci-
plinary nature from basic chemistry and physic to clinical
evaluations. This means there are still many open chal-
lenges that need to be overcome and there are still oppor-
tunities for academic and industrial scientists to make a
decisive impact.
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